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Preface & Disclaimer

This manual is not complete and has no pretention to be so due to lack of time of the contributors
— our first priority is to improve the software. It is meant as a source of information and references
for the GROMACS user. It covers both the physical background of MD simulations in general and
details of the GROMACS software in particular. The manual is continuously being worked on,
which in some cases might mean the information is not entirely correct.

When citing this document in any scientific publication please refer to it as:

van der Spoel, D., A. R. van Buuren, E. Apol, P. J. Meulenhoff, D. P. Tieleman,

A. L. T. M. Sijbers, B. Hess, K. A. Feenstra, E. Lindahl, R. van Drunen and H. J. C.
Berendsen, Gromacs User Manual version 3.0Nijenborgh 4, 9747 AG

Groningen, The Netherlands. Internetvw.gromacs.or@2001)

or, if you use BibTeX, you can directly copy the following:

@Manual{gmx30,

titte = "Gromacs {U}ser {M}anual version 3.0",

author = "David van der Spoel and Aldert R. van Buuren and
Emile Apol and Pieter J. Meulen\-hoff and D. Peter
Tieleman and Alfons L. T. M. Sij\-bers and Berk Hess
and K. Anton Feenstra and Erik Lindahl and
Rudi van Drunen and Herman J. C. Berendsen",

address= "Nij\-enborgh 4, 9747 AG Groningen, The Netherlands.
Internet: http://www.gromacs.org",

year = "2001"

We humbly ask that you cite the GROMACS papetsd] when you publish your results. Any
future developement depends on academic research grants, since the package is distributed as free
software!

Any comments are welcome, please send them by e-mgiimacs@gromacs.arg
Groningen, August 10, 2001.

Department of Biophysical Chemistry
University of Groningen

Nijenborgh 4

9747 AG Groningen

The Netherlands

Fax: +31-503634800
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g lie 200 harmonic interaction 85
g-mdmat 143 201 Hessian 34
g-mindist 143 201 highway 220
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-b  time -1 First frame (ps) to read from trajectory
-e time -1 Last frame (ps) to read from trajectory
-dt  time -1 Only use frame when t MOD dt = first time (ps)
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List of Figures E.72. xpm2ps 231

4.12 Positionrestraintpotential. . . . . ... ... ... ...............61 the usual output will be written to file. When running with MPI, a signal to one of the mdrun processes is
4.13 Distance Restraint potential 63 sufficient, this signal should not be sent to mpirun or the mdrun process that is the parent of the others.
. ) . Files
_ 05 A_ (A _ B _ B _
4.14 Soft-core interactions at= 0.5, withC§' = C{, =C¢ =Cj5=1........ 68 s topol.tpr Input Generic run input: tpr tpb tpa
4.15 Atoms along analkanechain. . . ... ... ... ............... 69 -0 traj.trr Output Full precision trajectory: trr trj
. -X traj.xtc Output, Opt. Compressed trajectory (portable xdr format)
4.16 Dummy atom construction.. . . .. ... T2 -C confout.gro Output Generic structure: gro g96 pdb
-e ener.edr Output Generic energy: edr ene
6.1 Schematic picture of pulling a lipid out of a lipid bilayer with AFM pullinig,.,, -g md.log  Output Log file
is the velocity at which the spring is retractef];,,. is the atom to which the spring -dgdl dgdl.xvg Output, Opt. x<@:x3@;_m
is attached andy,in, is the location of the spring. . . . .. ... ....... 104 -table table.xvg Input, Opt.  xvgr/xmgr file .
. . I . . -rerun rerun.xtc Input, Opt.  Generic trajectory: xtc trr trj gro g96 pdb
6.2 Overview of the different reference group possibilities, applied to interface sys- -ei sam.edi Input, Opt.  ED sampling input
tems. C is the reference group. The circles represent the center of mass of 2 -eo sam.edo  Output, Opt. ED sampling output
groups plus the reference group, ahds the reference distance.. . . . . . .. 105 Bl wham.gct  Input, Opt.  General coupling stuff
. -jo bam.gct Input, Opt.  General coupling stuff
6.3 Dummy atom constructions for hydrogen atoms.. . . . . ... ... ... .. 109 fout getxvg Output, Opt. xvgrixmgr file
6.4 Dummy atom constructions for aromatic residues.. . . . . ... ....... 111 -devout  deviatie.xvg Output, Opt. xvgr/xmgr file
-runav runaver.xvg Output, Opt. xvgr/xmagr file
8.1 The window ofigmx showing a box of water. . . . . .. ............136 P pull.ppa Input, Opt.  Pull parameters
-po pullout.ppa Output, Opt. Pull parameters
8.2 Definition of slicesimgrdf .. . ... ... ... ... ... ... ........137 -pd pull.pdo Output, Opt. Pull data output
8.3 goo(r) for Oxygen-Oxygen of SPC-water.. . . . . ... ............138 -pn pull.nclx Input, Opt.  Index file
8.4 Mean Square Displacement of SPC-water.. . . . . ... ...........141 Other options
. . -h  bool no Print help info and quit
8.5 Dihedralconventions. . . . . ... ... ... .. L. 142 -nice int 19 Set the nicelevel
8.6 Optionsofgsgangle . . .. ... ... ... ... .. ... ... ... 142 -deffnrm  string Set the default filename for all file options
. . . . -np int 1 Number of nodes, must be the same as used for grompp
8.7 A minimum distance matrix forapeptid®[ . . .. ... ... ... ......144 v bool no Be loud and noisy
8.8 Geometrical Hydrogen bond criterion.. . . . . .. ... ... .........147 -compact  bool yes Write a compact log file
. . -multi bool no Do multiple simulations in parallel (only with -np 1)
8.9 Insertion of waterintoanH-bond. . .. ... 147 -glas bool no Do glass simulation with special long range corrections
8.10 Analysis of the secondary structure elements of a peptide intime.. . . . . . 149 -ionize  bool no Do a simulation including the effect of an X-Ray bombardment on your
system
8.11 Definition of the dihedral anglesands) of the protein backbone.. . . . . . . . 149 Y
8.12 Ramachandran plotofasmallprotein. . . . .. ... .............149
8.13 Helical wheel projection of the N-terminal helix of HPr. . . . . .. ... ... 150 E.72 xpm2ps
B.1 IEEE single precision floating pointformat . . . . ... ............162 xpm2ps makes a beautiful color plot of an XPixelMap file. Labels and axis can be displayed, when they are
supplied in the correct matrix format. Matrix data may be generated by programs suchisspigrms
or g mdmat.

Parameters are set in th2pfile optionally supplied withdi . Reasonable defaults are provided. Settings
for the y-axis default to those for the x-axis. Font names have a defaulting hierarchy: titleflegendfont;
titlefont -> (xfont -> yfont -> ytickfont) -> xtickfont, e.g. setting titlefont sets all fonts, setting xfont sets
yfont, ytickfont and xtickfont.

With -f2  a 2nd matrix file can be supplied, both matrix files will be read simultaneously and the upper
left half of the first one {f ) is plotted together with the lower right half of the second ofi2 (). The
diagonal will contain values from the matrix file selected wiiag . Plotting of the diagonal values can

be suppressed altogether by settidgag to none. With -combine an alternative operation can be



91T

€6
26
€8
08

TL
65

ov
€T

0 0 o O

~ndino/indul 10} pasn ag ued Aay) moy pue sadAl ajiy SOVINOHO 8yl T2

‘uoniuysp /nNdsowW Byl ¥’

“a|y ( doykABojodorayl €'g

T 'SOVINOYD ul sauadoid adA wore onels  Z'g
T SOVINOYO ulsadAispiied  T'G

'SUOITORISIUI PAPUOG-UOU BU} JO SWI0J [eUOIOUNY JUBISYIP BY) IO} SIslawered  Z'v
© |y renusiod suews|jeg-1ae)oAy o) siueisuod T

* "sajonted UssMIag SUONORIBIUI JO JIBqUINU BYL  Z'E
" "UOJP3LIO0 PAYRIUN) B} PUR UOIPSYRISPOP JIqUIoyl 3y} 'Xoq aignd 8yl T'E

* sannuenb sauor-pieuuaT paonpey 'z
"SjuRISUOD [edIsAyd aWoS €2
“suunpaAlad e

T T 'SOVINOYD Ul pesn syundiseg  T°¢

~salpuanbaly reuoneiqia [ealdAl  T'T

sa|geL JO ISIT

|le sased yioq u| “dais 1uauNnd 8y} Jaye INOXISU Jo ajdininw 1xau ay) 0} sdaisu 18s ||Im U ‘reubis THSN €
SAAI993) unJpw Uaypn duo snid dais ualind ay) 03 sdalsu 18s ||IM )1 ‘[eubis INYT 1 B SaAI998) unJpw USYAA

‘lenuew 29s
‘Burdwes ejjaiquin pue suone|ndjed 8210} ueaw Jo [enualod Joj pasn are ud- ¢ pd- ¢ od-* 1dsuondo ay)

‘quio|noD

Jewlou yum spenuajod ssuor preuusT ZT-9 ‘TT-9 ‘0T-9 ‘6-9 ‘8-9 10} ‘IIp XD 8y ul pajussaid ale
so|qe: panewloyald Jo Jaquinu v "A1010811p gITXIND BY} Woy Jo A10)0811P JUSLIND By} JBYNS WOl pesl si
3|l 8y "suonouny [epusiod paulap-1asn YIM a|ge) paiewio) e unipw ssed o) pasn ag ued uondo ajqel- ay |

's10)09AUBHI8 Pa)0a|as 0IUO S3I0) pue SaNI0I3A ‘suonisod jo suondafoid sureyuod jeys |y opa’
® saonpoud unipw “weiboid 4] 1YHM 3yl Jo nuaw uApssa ay ul suondo Buisn paonpoid aq ued aj  1pa°
ayl ‘s Ipaue Aq pamojjo} Bejy aupHuisn Ag uo payoums si Buldwes (solweuAp [enuassa) 3

‘(814 dpusy) 83s) 019z SI 1sigsajun ‘awely A1ana Joy pawiopad aq [jim Bulydless Jog
-ybraN "pare|nofea(al) aq |m salbiaua pue sa21oj Yoiym Joy uanib ag ued A1oyoafel indur ue  unial- Yupa

"uo paulny si uoneglnuad ABlaua aal uaym pasn Ajuo s |pbp-uondo ayl

'Sapou Jo Jaquinu
ay) areaipul 0) uanIb aq 1snw uondo dayl |dIA JO UOISISA Plo Ue 10 NAd Ynm |3)ieed ul Buiuuni usym

(x) el

Aio108(e) passaidwod e 0} usnM g ued sareulpsood AjreuondQ "0 apou jo aji boj ayy ul paund osfe are
sBuiyy asays Jo 10| e ‘018 ‘ainssald ‘ainyesadwsal sy ‘salbisua surejuod ()ee|y ABisua ay) -dais ise| ayl jo
S311100|9A puUe S3JRUIPIO0D BUj) SURIUOY |g-21n1oNAS 8y "S32.04 Ajjeuondo pue SallId0|aA ‘SaJeUIPI00D
surejuod ‘( pajy A1o010afen ay] ‘spou Jad fi-60| suo snid ‘aji Indino saiy) 1ses| 1e saonpolid unipw

‘yreq e 01 Buiidnod yeam Buisn pa||0U0d 8 UBD aINssald pue ainjeladwsa] ‘sa|bue
puoq Jo/pue syibua| puoq uressuod o} pawopad s| axeys Alessasau J| ‘parepdn are suonisod pue Saio0jaA
3y} pue ‘pawwns Ajreqo|f are s9210} 8y "paIndwod are S9210} 8y} uay) ‘apew si isiioqybiau e 1sii4 “uibaq

ueo suoieindwod yey) os ‘punole passed ale SaJRUIPIO0 BY ] "Papaau JI sapou Jano ABojodol ayl sainguisip
Ppuegy(1eelul uns ay) speal 1'suoirenwis wapuadapul |9jjesed pue sjuswplequog Aey-x ‘uoneginl

-189d ABiaua aai4 ‘suonenwis sselb ‘Aljiqizuelod :are uonebisaaul Jspun Apuaiind “unJpw jnejap ayl ul
paluswsa|dwi Buiaq aioyaqg welboid siyy ul paisa) ase saintea) MaN “welbold g reuawadxa ay) S| unipwx

unipwx T3

"M3I2 SOVINOYO 8y} 01 30B( SHNSaJ 3y} puas pue )l pualxe ases|d
*(A10103.1p gITXINDS BU3 Ul )1 1ZU° TeeyOY) a1ajdwooul si djqe) uone|sues adAlwole o) swoe ay| e

palelauab ale sjespayip Jadoidwi oN e
Buipuoq ayy dn ma19s suonpuod Arepunog dipolad e

pasn si abpajmouy| [ealwayd ou AjrenuiA “aamwiLd si uonosjes adAy wore ay| e

a|ndajow InoA jo sweN 3JD| Buys aweu-
a|ly ABojodoy ui (sired) suonoeiaiul -1 INdINO S8k j00q sired-
SanfeA painseaw Jo punoy sak |00q  punol-
s[edpayip Jodoud e eresauss ou jooq yipire-
swole uabolpAy Joj suonaelaiul Inogqyblau pig asn  ou j0og YTH-
SUOISN[OXa JO JaqWINN € ul |oxau-
péy/jow/C) JueIsuod 8210y sjbue [eipayld § ear  dy-

feJ/jowy ) 1ueISU0D 8210} 8|BuY 00 [eal P

sabed renuey "3 xipuaddy (01574



XX

List of Tables

E.69. wheel 229

of the first n waters is made, the ordered trajectory can be used with any Gromacs program to analyze the n
closest waters.

Files
-f traj.xtc Input Generic trajectory: xtc trr trj gro g96 pdb
-S topol.tpr Input Structure+mass(db): tpr tpb tpa gro g96 pdb
-n index.ndx Input, Opt.  Index file
-0 ordered.xtc Output Generic trajectory: xtc trr trj gro g96 pdb
Other options
-h  bool no Print help info and quit
-nice int 19 Setthe nicelevel
-b  time -1 First frame (ps) to read from trajectory
-e time -1 Last frame (ps) to read from trajectory
-dt  time -1 Only use frame when t MOD dt = first time (ps)
-na int 3 Number of atoms in a molecule
-da int 1 Atom used for the distance calculation
E.69 wheel

wheel plots a helical wheel representation of your sequence.The input sequence is in the .dat file where the
first line contains the number of residues and each consecutive line contains a residuename.

Files
-f nnnice.dat Input Generic data file
-0 plot.eps Output Encapsulated PostScript (tm) file
Other options
-h  bool no Print help info and quit
-nice int 19 Setthe nicelevel
-r0 int 1 The first residue number in the sequence
-rot0 real 0 Rotate around an angle initially (90 degrees makes sense)
-T string Plot a title in the center of the wheel (must be shorter than 10 characters,
or it will overwrite the wheel)
-nn  bool yes Toggle numbers
E.70 x2top

x2top generates a primitive topology from a coordinate file. The program assumes all hydrogens are present
when defining the hybridization from the atom name and the number of bonds. The program can also make
an rtp entry, which you can then add to the rtp database.

Files
-f conf.gro Input Generic structure: gro g96 pdb tpr tpb tpa
-0 out.top Output, Opt. Topology file
-r out.rtp Output, Opt. Residue Type file used by pdb2gmx
Other options
-h  bool no Print help info and quit
-nice int 0 Set the nicelevel

-kb  real 400000 Bonded force constant (kJ/mol/fn
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2 Chapter 1. Introduction

(either equilibrium or non-equilibrium) of molecular systems. For molecular modeling this has
two important consequences:

e The knowledge of a single structure, even if it is the structure of the global energy min-
imum, is not sufficient. It is necessary to generate a representative ensemble at a given
temperature, in order to compute macroscopic properties. But this is not enough to compute
thermodynamic equilibrium properties that are based on free energies, such as phase equi-
libria, binding constants, solubilities, relative stability of molecular conformations, etc. The
computation of free energies and thermodynamic potentials requires special extensions of
molecular simulation techniques.

While molecular simulations in principle provide atomic details of the structures and mo-
tions, such details are often not relevant for the macroscopic properties of interest. This
opens the way to simplify the description of interactions and average over irrelevant details.
The science of statistical mechanics provides the theoretical framework for such simp
fications. There is a hierarchy of methods ranging from considering groups of atoms as
one unit, describing motion in a reduced number of collective coordinates, averaging over
solvent molecules with potentials of mean force combined with stochastic dynaghics [

to mesoscopic dynamiakescribing densities rather than atoms and fluxes as response to
thermodynamic gradients rather than velocities or accelerations as response to5jorces [

For the generation of a representative equilibrium ensemble two methods are availpblente

Carlo simulationsand ¢) Molecular Dynamics simulationg-or the generation of non-equilibrium
ensembles and for the analysis of dynamic events, only the second method is appropriate. While
Monte Carlo simulations are more simple than MD (they do not require the computation of forces),
they do not yield significantly better statistics than MD in a given amount of computer time. There-
fore MD is the more universal technique. If a starting configuration is very far from equilibrium,
the forces may be excessively large and the MD simulation may fail. In those cases a&reiggt
minimizationis required. Another reason to perform an energy minimization is the removal of all
kinetic energy from the system: if several 'snapshots’ from dynamic simulations must be com-
pared, energy minimization reduces the thermal 'noise’ in the structures and potential energies, so
that they can be compared better.

1.2 Molecular Dynamics Simulations

MD simulations solve Newton’s equations of motion for a systenvVahteracting atoms:

0%r; .
m; m&mw =F;,i=1...N. (1.2
The forces are the negative derivatives of a potential fundtiom, ro, ..., 7y):
v
F=——-" 1.2
= o (1.2)

The equations are solved simultaneously in small time steps. The system is followed for some
time, taking care that the temperature and pressure remain at the required values, and the coor-
dinates are written to an output file at regular intervals. The coordinates as a function of time

E.67. trjconv 227

E.67 triconv

trjconv can convert trajectory files in many ways:

1. from one format to another

2. select a subset of atoms

3. remove periodicity from molecules

4. keep multimeric molecules together

5. center atoms in the box

6. fit atoms to reference structure

7. reduce the number of frames

8. change the timestamps of the frame® ( and-timestep )

The prograntricat ~ can concatenate multiple trajectory files.

Currently seven formats are supported for input and outgtd: , .trr ,.trj ,.gro ,.g96 ,.pdb and

.g87 . The file formats are detected from the file extension. The precisioxtof and.gro output is
taken from the input file forxtc , .gro and.pdb , and from thendec option for other input formats.

The precision is always taken fromdec , when this option is set. All other formats have fixed precision.
.trr - and.trj  output can be single or double precision, depending on the precision of the triconv binary.
Note that velocities are only supportedirr ,.trj ,.gro and.g96 files.

Option-app can be used to append output to an existing trajectory file. No checks are performed to ensure
integrity of the resulting combined trajectory filgpdb files with all frames concatenated can be viewed
with rasmol -nmrpdb

It is possible to select part of your trajectory and write it out to a new trajectory file in order to save disk
space, e.g. for leaving out the water from a trajectory of a protein in watBWAYS put the original
trajectory on tape! We recommend to use the portalite format for your analysis to save disk space
and to have portable files.

There are two options for fitting the trajectory to a reference either for essential dynamics analysis or for
whatever. The first option is just plain fitting to a reference structure in the structure file, the second option
is a progressive fit in which the first timeframe is fitted to the reference structure in the structure file to

obtain and each subsequent timeframe is fitted to the previously fitted structure. This way a continuous
trajectory is generated, which might not be the case when using the regular fit method, e.g. when your
protein undergoes large conformational transitions.

Option-pbc sets the type of periodic boundary condition treatmenmltole puts the atoms in the box

and then makes broken molecules whole (a run input file is requiietpx puts all the atoms in the

box. nojump checks if atoms jump across the box and then puts them back. This has the effect that all
molecules will remain whole (provided they were whole in the initial conformation), note that this ensures a
continuous trajectory but molecules may diffuse out of the box. The starting configuration for this procedure
is taken from the structure file, if one is supplied, otherwise it is the first frapfee. is ignored whenfit

of -pfit  is set, in that case molecules be made whole.

Option-ur sets the unit cell representation for optievisole andinbox of -pbc . All three options give
different results for triclinc boxes and identical results for rectangular bavees. is the ordinary brick
shapetric s the triclinic unit cell.compact puts all atoms at the closest distance from the center of the
box. This can be useful for visualizing e.g. truncated octahedrons.

Option-center  centers the system in the box. The user can select the group which is used to determine
the geometrical center. Use optigsbc whole in addition to-center  when you want all molecules
in the box after the centering.

With -dt it is possible to reduce the number of frames in the output. This option relies on the accuracy of
the times in your input trajectory, so if these are inaccurate usdithestep  option to modify the time
(this can be done simultaneously).
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4 Chapter 1. Introduction

QM _ el a?e” 1.4

Q<\<+w3|~, 1.4)
wherez = hv/kT. The classical oscillator absorbs too much enekgy)( while the high-
frequency quantum oscillator is in its ground state at the zero-point energy _wwwvoﬁ
(b) We can treat the bonds (and bond angleg)astraintsin the equation of motion. The
rational behind this is that a quantum oscillator in its ground state resembles a constrained
bond more closely than a classical oscillator. A good practical reason for this choice is
that the algorithm can use larger time steps when the highest frequencies are removed. In
practice the time step can be made four times as large when bonds are constrained than when
they are oscillators7]. GROMACS has this option for the bonds, and for the bond angles.
The flexibility of the latter is rather essential to allow for the realistic motion and coverage
of configurational spacef].

Electrons are in the ground state
In MD we use aonservativdorce field that is a function of the positions of atoms only. This
means that the electronic motions are not considered: the electrons are supposed to adjust
their dynamics infinitely fast when the atomic positions change Bbe-Oppenheimer
approximation), and remain in their ground state. This is really all right, alImost always. But
of course, electron transfer processes and electronically excited states can not be treated.
Neither can chemical reactions be treated properly, but there are other reasons to shy away
from reactions for the time being.

Force fields are approximate
Force fields provide the forces. They are not really a part of the simulation method and their
parameters can be user-modified as the need arises or knowledge improves. But the form
of the forces that can be used in a particular program is subject to limitations. The force
field that is incorporated in GROMACS is described in Chapter 4. In the present version
the force field is pair-additive (apart from long-range coulomb forces), it cannot incorporate
polarizabilities, and it does not contain fine-tuning of bonded interactions. This urges the
inclusion of some limitations in this list below. For the rest it is quite useful and fairly
reliable for bio macro-molecules in aqueous solution!

The force field is pair-additive
This means that alon-bondedorces result from the sum of non-bonded pair interactions.
Non pair-additive interactions, the most important example of which is interaction through
atomic polarizability, are represented bffective pair potentialsOnly average non pair-
additive contributions are incorporated. This also means that the pair interactions are not
pure, i.e., they are not valid for isolated pairs or for situations that differ appreciably from the
test systems on which the models were parameterized. In fact, the effective pair potentials
are not that bad in practice. But the omission of polarizability also means that electrons in
atoms do not provide a dielectric constant as they should. For example, real liquid alkanes
have a dielectric constant of slightly more than 2, which reduce the long-range electrostatic
interaction between (partial) charges. Thus the simulations exaggerate the long-range
Coulomb terms. Luckily, the next item compensates this effect a bit.

Long-range interactions are cut-off
In this version GROMACS always uses a cut-off radius for the Lennard-Jones interactions

E.64. protonate 225

-n clean.ndx Output, Opt. Index file
-q clean.pdb Output, Opt. Generic structure: gro g96 pdb
Other options
-h  bool no Print help info and quit
-nice int 0 Set the nicelevel
-merge  bool no Merge multiple chains into one molecule
-inter bool no Setthe next 6 options to interactive
-ss  bool no Interactive SS bridge selection
-ter bool no Interactive termini selection, iso charged
-lys bool no Interactive Lysine selection, iso charged
-asp  bool no Interactive Aspartic Acid selection, iso charged
-glu  bool no Interactive Glutamic Acid selection, iso charged
-his bool no Interactive Histidine selection, iso checking H-bonds
-angle real 135 Minimum hydrogen-donor-acceptor angle for a H-bond (degrees)
-dist real 0.3 Maximum donor-acceptor distance for a H-bond (nm)
-una  bool no Select aromatic rings with united CH atoms on Phenylalanine, Trypto-
phane and Tyrosine
-sort bool yes Sort the residues according to database
-H14 bool no Use 1-4 interactions between hydrogen atoms
-ignh  bool no Ignore hydrogen atoms that are in the pdb file
-alldih bool no Generate all proper dihedrals
-dummy enum  none Convert atoms to dummy atomsone , hydrogens or aromatics
-heavyh  bool no Make hydrogen atoms heavy
-deuterate bool no Change the mass of hydrogens to 2 amu

E.64 protonate

protonate  reads (a) conformation(s) and adds all missing hydrogens as defirffggnix2.hdb . If
only -s is specified, this conformation will be protonated, if atfois specified, the conformation(s) will
be read from this file which can be either a single conformation or a trajectory.

If a pdb file is supplied, residue names might not correspond to to the GROMACS naming conventions, in
which case these residues will probably not be properly protonated.

If an index file is specified, please note that the atom numbers should correspongrottmated state.

Files
-S topol.tpr Input Structure+mass(db): tpr tpb tpa gro g96 pdb
-f traj.xtc Input, Opt.  Generic trajectory: xtc trr trj gro g96 pdb
-n index.ndx Input, Opt.  Index file
-0 protonated.xtc Output Generic trajectory: xtc trr trj gro g96 pdb
Other options
-h  bool no Print help info and quit
-nice int 0 Set the nicelevel
-b  time -1 First frame (ps) to read from trajectory
-e time -1 Last frame (ps) to read from trajectory
-dt  time -1 Only use frame when t MOD dt = first time (ps)



pue ajiym e Joj ainjeladwal ybiy e 1e waisAs InoA uni :qn pajdnod-ainieladwal yum juswadxs
0} S| 82IApe 1S8( 3y} ‘ssad0.d 8y} ul wnwiuiw [eqolb ayl JaAodsIp 01 adoy pue ewiuiw 1aylo pul
0} Juem noA §| jA110s ‘NoA 10} op Ued SOVINOYED 1Byl |[e SI wnwiulw [ed0] }saseau siy} Buipuiq
‘Juaipesb [eao| 1sadasls sy umop Buinow AjjeonewsisAs Aq payoess ag ued Jeyl wnwiuiw syl
sueaW g ‘(saoualayip S1eUIPI00D atenbs Jo wns 1Ses| ay) '9'l) asuas [eaL1dWoab e ul jsaleau
Aldwi sAemle Jou sa0p X8I0 SIY} Ul ISaseaN wnwiuiw [e30] }saleawdy} puy o} ajqissod si )
‘uoiresnByuod Bunuels e usnlb ‘JIaAsMOH “WwiNwiuIW [eqolB sy} Jo uoneUIWISIBP Byl sadluerenh
Jeyl SIsixa poylaw uoneziwiuiw ou ‘reinaped u| “Aaains a19|dwod e ureqo o} swuiod jo Jaquinu
juaIoIYNs e 1e aoeds ay) ajdwes 01 a|qissodwil SI 11 ey ybiy oS SI BwiUIW [B0] JO Jaquinu 3y} pue
9oeds [euoneinbiyuod syl Jo Aljeuoisuswip ayl ‘Ajdreunuojun SUORISUEJ] [INIdNAIS JO SolWeuAp
ay} se [|am se ‘salblaua 8aJ) JIaY) pue SUOIeWIOU0D puB SaINJONIIS JUeAS|a) Ay} 8qHISap 0} SN
a|qeua pjnom sjuiod a|ppes |[e jo pue ‘auo [eqo|b ay) Buipnjoul ‘ewiuiw [e20] |fe jo abpajmouy

"JAYIoU® 0} WNWIUIW [B20] SUO WOy 8yebiw ued

waisAs ay1 yoiym ybnoayy sassed ureyunow ayl aJte syuiod asay | “anfeauabla anebau auo Ajuo sey
XUrew ueissaH ay) alaymsiuiod sj@pesiay) eWIUIW [e20] 8y} Usamiag U| ‘sanfeausbls o0iaz

aney (s|ndajow pale|os! Ue 10j) UOITeI0) pue uoie|suel) 0} puodsaliod Jeyl Saleulplood 3AII9|[0d
ay1 Ajuo ‘sanjeausble anrefauuou Sey Xujew URISSEY) Pajed S| YoIym ‘SSAITRALISP pu0das

10 Xuyew 8y -aAelBauuou are SSAITRALISP PUODSS [[e pue 019z ale Safeulplood ay) o0} 10adsal
yum uonouny ABiaua [enuajod ay) JO SBARALIBP || 24aym Buiuiw [ed30Jo Jaquinu abire| Alan

e puewnuwiuiw [gEpfuiod 1sadasp auo sey 3 ‘suoisuswip jo Jaquinu able| e ul aepuns
Japddgospue| xajdwod A1aA e s| WwalsAs Jejndsjow(oloew) e jo uonouny ABiaua jenualod ay L

‘poyI81US0Sap 1SadaagE) ‘uoneziwiuiw ABIaua [eao] o wioy ajdwis
e sapinoid SOVINOYD "palinbal s uoneziwiuiw ABIaus sased Auew Ul ‘T Pas Ul pauonuaw sy

SPOYIBIA YyoJeas pue uoneziwiul ABisug €T

‘Buiiaplo elxe 83NPOo.IUl SBWIIBWIOS O} UMOUY| aJe 3say}

2ouIs ‘soielsondsle abuel-buol Joy swns aome| Buisn usym jueuodwi Ajeroadss si siyL

"9ZIS WIBISAS JO 9oUBN|jUI B 1SB] pUR SIemad ‘8sed Jeyl Ul "UoNe[a1i0d [eulaiul soueyus Aew

salepunod dipouad ay) ‘uone|a.1109 [eneds [eulalul JO 10| B YIM SWSISAS [[ews 1o} Ing ‘|lews

aJe slold ay) swalsAs abie| 104 ‘|[e JO |IAS 1Se3| 3y} S )l 9snedaq ade|d Ise| 8y} ul pauonuawl

S| W8l SIYl "surewsal [einreuun Bulyidwos os ‘sjeisAlo jou ale spinbi iIng ‘sauepunog

aseyd |eal ploAe 0] ‘suonipuod Alepunoq dipouad asn am 0S ‘WAISAS ¥|ng e ale|nwis 0}

USIM 8M JI pPIOAR 1SnW aM SIYL “(WNNJBA) JUBSWIUOIIAUS S)I YlIiM Arepunog pajuemun Jo 10|

© aney |Im sajonJed Jo 1alsnio e ‘(jrews si sajonsed 000‘0T USAS) |lewsS S| 9zIS WAISAS 9uIS
[eJnjeuun are suonpuod Arepunog

‘swiylobe

211e1S04109|9 abuel-Buo| pajuawa|dwi 8y} Jo auo Buisn JBPISUOI PINOYS NOA SWBISAS Yyans 104
isalblaua Buoim A1an 1o Arepunog Jo-1nd ay 1e sabieyd Jo uone|nwnade a8y ‘uaddey Aew
sBuiyy peq [eas uayl Ing ‘sajonsed pabieys Bulureiuod swalsAs 10) pardadxa Auo si a|gnosl
pue ‘swaisAs abue| Jo) Biq Anaid |ns SI eyl '9zIs Xoq ay) jey pasaxa lJou ued abuel Jo-1nd
ay} ‘(uonoesaiul Jred e 1oy paIapISUOD S| SUOHIPUOD Arepunod dipouad ayy ui ajonsed yoes jo
abew auo Ajuo) uonuaAuod abewi-wnwiuiW 8y} 0} aNJ "quojnNoD 10} OS[e SaWN|BWOoS pue

[ SPOYIBIN Youeas pue uoneziwiuly Abisug €'t

ABojodoy 1oy 8|1y apn|ou| indino dyraisod I-

oy ABojodo L ndino doy'jodoy d-

gpd 966 046 :8i1njoNNS JBUBD indino 016Juod o-

ed) qd ud1 gpd 966 046 :ainjonas ollBULD induj qpd-umia -

S9|l4

"(666T) 982 ‘0Z "way) ‘INdwo) ‘[ ““[e 19 BIISUSSH 3dUI8}0Y dwes ay) sulewal walsAs

8y} Jo ssew [e]0} 8y} Jeyl os wole (Anesy) papuoq ey wouy paoenqgns si suaboipAy syl Jo ssew ul asealdul
8UL "JaYem Jo uonow [euolyelol 8yl UMop Mojs 0} SuaboipAy Jarem 1oy aUop Osfe SI SIYL ¥ JO 1030k} e Aq
ssew-uaboipAy ay: Buisealoul Ag suop yAneagmi suop ag Ued UOOW [eIPaYIP JO UMOP BuIMO|S 0S|y

‘swioje ANeay ay) 0} pappe sl ‘swoke AWwnp oJul PAUSAUOD e Jey) SWoJe [[e JO SSew ay | ‘swoye Awwnp
0] PalJdAUOD OS[e ale swole uaboipAy Jaylo |[e ased siy) ul Jey) 8loN ‘sbBuu 8say ul suoienionyy [eJpayip
Jadoidwi 1se) ay) Buneuiwd ‘swore Awwnp Ojul PaLBAU0D g ued (SIH pue YAl ‘dYl ‘IHd "@'1) spioe
oujwe prepue)s ay jo sbull drewore ayl ul swore |fe ‘Ajeuomppy ‘swore Bunoqubiau 0} anire|al uoiisod
J1|y1 saxiy yaiym ‘sajbue Buixy pue swore Awwnp ojul suabolpAy Buibueys Aq pasowas aq ued suonow
aue|d-jo-1no pue Jenbuy ‘suonow [elpayip Jadoidwi i1se} pue uaboipAy sanowal Awwnp-uondo ayl

‘PI8182.104 WWIBYD U} YIIM 8sn 10} [njasn
s1 sy} ‘a|qissod se suaboipAy ma} se yim asoyl Ajuo Jo pealsul sfespayip Jadoud |e aressuab im  yipje-

"1ayiabol sdnolib
abreyd 196 01 Aressadau S| SIy) SaWBWOS ‘@seqerep ay} ul Japlo ay} 01 Buiplodde sanpisal ||e LoS |IM oS-

*a|ij gpd ureyonRNW e UBAUOD 0} Juem noA uaym uondo 08y} Je aweu
3|l gpd e Jajua 01 |nyasn sI 1l d10ja18Y | "slaynuapl ureyd yoddns 1ou op srewloy )y 9eh pue 016 ayL

asnyofiip|noys nNoA eyl sueaw siy] ‘pappe ate suaboipAy mau aiojaq pue indui ayy woiy paddiuis

ale suaboipAy ay Jaye auop si Bulispioal :uolelWwi| U0 SI 818y ‘SOWO0I9) 01 3|1} B1eUIPI00I pue Aloydalesn
SOWO0J9 B LI9AUO0D 0) NOA smoj[e SiyL ‘Aem awes sy} ul paiapioal dnosb auo surejuod ey pajelsusb aq ued
9|1} XaPUI YIGWU-SUOIIUSAUOD SIewW oIS 0} Buipiodde palspioal aq ||im swole ayl Buissadoid Buung

‘(jajonue ayr pead) erep Indul ay) Jo SSaU01I00 BY) AJlIaA 01 Jasn ay) 01 dn sI

11 ‘Kem Jayy3 "01az aq Aew spjaly Aouednddo |e uoieuIwIlep ainans Aey-xX Ue woly areulblio 10u saop
3y gpd e uaypn “panssi si abessaw Buiutem e ‘a1njonns ay) Ul [|oM PaAjosal Jou SI wole ay) ey Buneaipul
‘auo 10U are salPduednad0 ay Jo Aue | "y qpd au jo pialy Aouednado syl }Iayd osfe [Im xwbzgpd

*apBlig apyInsIp © yum sureys Bunosuuod
10} [NJBSN 3Q UBD S|y} ‘8|NI3j0W BUO 03I SURYD SAIINIBSUOD dBIaW 01 Juem noA Ji yse |im abiaw-uondo

‘Alonnoadsal  1sIp-

pue Ag@sie ydiym ‘@ouelsip Joidasde-iouop pue ajbue 101dadde-iouop-uabolpAy wnwixew ayl

Aq payioads ‘wnuailo ouewoab ajdwis e uo paseq pauyap are spuoq usabolpAH "uonew.lojuod Buipuoq
uaboipAy rewndo ue uo paseq si Siyl ‘SiH 104 "Ajfeanewoine auop ale suonds|as asayl yneyep Ag (HSIH)
y1og uo 10 (gSIH) Z3N uo ‘(vSIH) TAaN uo Jayua aq ued uojoid ay) S|H Joy ‘pareuoiold Jo (ynejap)
pajeuoloidun N9 pue dsSy Joj ‘Qineap ‘suoloid aaiyl) HSAT Jo (ZN uo suoloid om)) SAT usamiaq
SI1 9210Yd 3yl SAT 404 ‘sluem sys anpisal SIH 10 SAD ‘NTD 'SV ‘SAT JO pulj ydlym 1099s 0} Jasn
ay} 1dwoud ues weiboid ayl “Ajjenuew auop ag ued siyr Aressadau i ‘(*018 ‘siH-awaH ‘SAD-SAD) spuoq
[e1oads axew 0} 31 moje Teyy ‘sajly aseqelep Jo Jaquinu e speal ) ‘aouabyji@iul paywi sey weiboid ay L

"J|9SIN0A )| ppe ued NoA ‘aseqerep ay ul
1oddns ou si 818y} §| "PALIBAUOD B UBD aseqerep ay) ul Loddns s 818yl YydIym 1oy 3|Nd3JOW JO pury A1sn3
*21mon.is ul)oid B urejuod AjLessadau 10U Pasu 1l pue ‘few.oy aji e uey) aiow Buiylou st ajy gpd e 1ey) 10N

"ajiy indur unu e ajelauab o) passasoid ag Ajuanbasgns ued sajiy asay L
‘Jew.o} soewols) ul ABojodol e pue 1ew.o} (SOWOID) SOeWOIS) Ul Saleulplood sarelauab pue sajndsjow ayl
0] suabolpAy sppe ‘sa|l} aseqerep awos speal ‘p|aladlio) B asooyd noA sig| ‘el gpd e speas welboid siy

xwbzgpd €93

sabed renuey "3 xipuaddy vee



6 Chapter 1. Introduction

then quench it slowly down to the required temperature; do this repeatedly! If something as a
melting or glass transition temperature exists, it is wise to stay for some time slightly below that
temperature and cool down slowly according to some clever scheme, a processicallizded
annealing Since no physical truth is required, you can use your phantasy to speed up this process.
One trick that often works is to make hydrogen atoms heavier (mass 10 or so): although that will
slow down the otherwise very rapid motions of hydrogen atoms, it will hardly influence the slower
motions in the system while enabling you to increase the time step by a factor of 3 or 4. You can
also modify the potential energy function during the search procedure, e.g. by removing barriers
(remove dihedral angle functions or replace repulsive potentialofiycorepotentials §]), but

always take care to restore the correct functions slowly. The best search method that allows rather
drastic structural changes is to allow excursions into four-dimensional slatel{ this requires

some extra programming beyond the standard capabilities of GROMACS.

Three possible energy minimization methods are:

e Those that require only function evaluations. Examples are the simplex method and its
variants. A step is made on the basis of the results of previous evaluations. If derivative
information is available, such methods are inferior to those that use this information.

Those that use derivative information. Since the partial derivatives of the potential energy
with respect to all coordinates are known in MD programs (these are equal to minus the
forces) this class of methods is very suitable as modification of MD programs.

Those that use second derivative information as well. These methods are superior in their
convergence properties near the minimum: a quadratic potential function is minimized in
one step! The problem is that fo¥ particles 88N x 3N matrix must be computed, stored

and inverted. Apart from the extra programming to obtain second derivatives, for most
systems of interest this is beyond the available capacity. There are intermediate methods
building up the Hessian matrix on the fly, but they also suffer from excessive storage re-
quirements. So GROMACS will shy away from this class of methods.

The steepest descentethod, available in GROMACS, is of the second class. It simply takes

a step in the direction of the negative gradient (hence in the direction of the force), without any
consideration of the history built up in previous steps. The step size is adjusted such that the search
is fast but the motion is always downhill. This is a simple and sturdy, but somewhat stupid, method:
its convergence can be quite slow, especially in the vicinity of the local minimum! The faster
convergingconjugate gradient methotsee e.g. 10]) uses gradient information from previous
steps. In general, steepest descents will bring you close to the nearest local minimum very quickly,
while conjugate gradients brings yeeryclose to the local minimum, but performs worse far away
from the minimum.

E.61. nmrun 223

E.61 nmrun

nmrun builds a Hessian matrix from single conformation. For usual Normal Modes-like calculations, make
sure that the structure provided is properly energy-minimised. The generated matrix can be diagonalized
by g nmeig.

Files
-S topol.tpr Input Generic run input: tpr tpb tpa
-m hessian.mtx Output Hessian matrix
-g nm.log  Output Log file
Other options
-h  bool no Print help info and quit
-nice int 19 Setthe nicelevel
-np int 1 Number of nodes, must be the same as used for grompp
-v  bool no Verbose mode
-compact  bool yes Write a compact log file
E.62 options
All GROMACS programs have 6 standard options, of which some are hidden by default:
Other options
-h  bool no Print help info and quit
-nice int 0 Setthe nicelevel
e Optional files are not used unless the option is set, in contrast to non optional files, where the default

file name is used when the option is not set.

All GROMACS programs will accept file options without a file extension or filename being specified.
In such cases the default filenames will be used. With multiple input file types, such as generic
structure format, the directory will be searched for files of each type with the supplied or default
name. When no such file is found, or with output files the first file type will be used.

All GROMACS programs with the exception afdrun, nmrun andeneconv check if the com-
mand line options are valid. If this is not the case, the program will be halted.

Enumerated options (enum) should be used with one of the arguments listed in the option description,
the argument may be abbreviated. The first match to the shortest argument in the list will be selected.

Vector options can be used with 1 or 3 parameters. When only one parameter is supplied the two
others are also set to this value.

For many GROMACS programs, the time options can be supplied in different time units, depending
on the setting of thetu option.

All GROMACS programs can read compressed or g-zipped files. There might be a problem with
reading compressesdtc ,.trr  and.trj files, but these will not compress very well anyway.

Most GROMACS programs can process a trajectory with less atoms than the run input or structure
file, but only if the trajectory consists of the first n atoms of the run input or structure file.

Many GROMACS programs will accept thes option to set the time units to use in output files
(e.g. forxmgr graphs oxpm matrices) and in all time options.
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8 Chapter 2. Definitions and Units

Quantity Symbol | Unit

length r nm=10""m

mass m u (atomic mass unit: 1.6605402(10) 10~%7 kg
(1/12 of the mass of a C atom)

1.6605402(10) x 10727 kg

time t ps=10"2s
charge q e = electronic charge= 1.60217733(49) x 107 C
temperature T K

Table 2.1: Basic units used in GROMACS. Numbers in parentheses give accuracy.

Quantity Symbol | Unit
energy E,V | kImol!
Force F kJ mol! nm!
pressure P kJ mol-! nm=3 = 103 /N 4y, Pa
1.660 54 x 10° Pa= 16.6054 Bar
velocity v nm ps! = 1000 m/s
dipole moment m enm
electric potential| & kJ mol! e = 0.010 364 272(3) Volt
electric field E kd mol-! nm™! e™! = 1.0364272(3) x 107 V/m

Table 2.2: Derived units

Electric potentialsb and electric fieldsE are intermediate quantities in the calculation of energies
and forces. They do not occur inside GROMACS. If they are used in evaluations, there is a choice
of equations and related units. We recommend strongly to follow the usual practice to include the
factor f in expressions that evaluateand E:

o(r) =1 T mﬁ | (2.5)
J
E(r) = \MQ\‘WMM&W 2.6)
j J

With these definitiong® is an energy andE is a force. The units are those given in TaBl&
about 10 mV for potential. Thus the potential of an electronic charge at a distance of 1 nm equals
f =~ 140 units~ 1.4 V. (exact value: 1.439965 V)

Note that these units are mutually consistent; changing any of the units is likely to produce incon-
sistencies and is therefos&ongly discourageldin particular: ifA are used instead of nm, the unit

of time changes to 0.1 ps. If the kcal/mol (= 4.184 kJ/mol) is used instead of kJ/mol for energy,
the unit of time becomes 0.488882 ps and the unit of temperature changes to 4.184 K. But in both
cases all electrical energies go wrong, because they will still be computed in kd/mol, expecting nm
as the unit of length. Although careful rescaling of charges may still yield consistency, it is clear
that such confusions must be rigidly avoided.

In terms of the MD units the usual physical constants take on different values, see2 TalAd
guantities are per mol rather than per molecule. There is no distinction between Boltzmann’'s
constant: and the gas constait their value is0.008 314 51 kJ mol! K—1.
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E.58 mdrun

The mdrun program performs Molecular Dynamics simulations. It reads the run inpusfijeagd dis-

tributes the topology over nodes if needed. The coordinates are passed around, so that computations can
begin. First a neighborlist is made, then the forces are computed. The forces are globally summed, and the

velocities and positions are updated. If necessary shake is performed to constrain bond lengths and/or bond
angles. Temperature and Pressure can be controlled using weak coupling to a bath.

mdrun produces at least three output file, plus one log-ijg per node. The trajectory filed ), contains
coordinates, velocities and optionally forces. The structure-fil§ ¢ontains the coordinates and velocities

of the last step. The energy file() contains energies, the temperature, pressure, etc, a lot of these things
are also printed in the log file of node 0. Optionally coordinates can be written to a compressed trajectory
file (-x ).

When running in parallel
number of nodes.

ith PVM or an old version of MPI thgp option must be given to indicate the

The option-dgd! is only used when free energy perturbation is turned on.

With -rerun  an input trajectory can be given for which forces and energies will be (re)calculated. Neigh-
bor searching will be performed for every frame, unlessist is zero (see thendp file).

ED (essential dynamics) sampling is switched on by using¢he flag followed by anedi file. The
.edi file can be produced using options in the essdyn menu of the WHAT IF program. mdrun produces a
.edo file that contains projections of positions, velocities and forces onto selected eigenvectors.

The -table option can be used to pass mdrun a formatted table with user-defined potential functions. The file
is read from either the current directory or from the GMXLIB directory. A number of preformatted tables
are presented in the GMXLIB dir, for 6-8, 6-9, 6-10, 6-11, 6-12 Lennard Jones potentials with normal
Coulomb.

The optionspi ,-po ,-pd , -pn are used for potential of mean force calculations and umbrella sampling.
See manual.

When mdrun receives a TERM signal, it will set nsteps to the current step plus one. When mdrun receives
a USRL1 signal, it will set nsteps to the next multiple of nstxout after the current step. In both cases all
the usual output will be written to file. When running with MPI, a signal to one of the mdrun processes is
sufficient, this signal should not be sent to mpirun or the mdrun process that is the parent of the others.

Files

-S topol.tpr Input Generic run input: tpr tpb tpa
-0 traj.trr Output Full precision trajectory: trr trj
-X traj.xtc Output, Opt. Compressed trajectory (portable xdr format)
-C confout.gro Output Generic structure: gro g96 pdb
-e ener.edr Output Generic energy: edr ene
-g md.log  Output Log file
-dgdl dgdl.xvg Output, Opt. xvgr/xmgr file
-table table.xvg Input, Opt.  xvgr/xmgr file
-rerun rerun.xtc Input, Opt.  Generic trajectory: xtc trr trj gro g96 pdb
-ei sam.edi Input, Opt.  ED sampling input
-eo sam.edo  Output, Opt. ED sampling output
-pi pull.ppa Input, Opt.  Pull parameters
-po pullout.ppa Output, Opt. Pull parameters
-pd pull.pdo Output, Opt. Pull data output
-pn pull.ndx Input, Opt.  Index file
Other options
-h  bool no Print help info and quit
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Chapter 2. Definitions and Units E.55. grompp 219

grompp calls the c-preprocessor to resolve includes, macros etcetera. To specify a macro-preprocessor
other than /lib/cpp (such as m4) you can put a line in your parameter file specifying the path to that cpp.
Specifying-pp will get the pre-processed topology file written out.

If your system does not have a c-preprocessor, you can still use grompp, but you do not have access to the
features from the cpp. Command line options to the c-preprocessor can be givemidghéle. See your
local manual (man cpp).

When using position restraints a file with restraint coordinates can be suppliedrwitbtherwise con-
straining will be done relative to the conformation from tee option.

Starting coordinates can be read from trajectory with The last frame with coordinates and velocities
will be read, unless thegime option is used. Note that these velocities will not be used vgemvel
= yes inyour.mdp file. If you want to continue a crashed run, it is easier totpbeonv

When preparing an input file for paralleldrun it may be advantageous to partition the simulation system
over the nodes in a way in which each node has a similar amount of work. The -shuffle option does just
that. For a single protein in water this does not make a difference, however for a system where you have
many copies of different molecules (e.g. liquid mixture or membrane/water system) the option is definitely
a must.

A further optimization for parallel systems is tkgort  option which sorts molecules according to coor-
dinates. This must always be used in conjunction wéthuffle  , however sorting also works when you
have only one molecule type.

Using the-morse option grompp can convert the harmonic bonds in your topology to morse potentials.
This makes it possible to break bonds. For this option to work you need an extra file in your $§GMXLIB
with dissociation energy. Use the -debug option to get more information on the workings of this option
(look for MORSE in the grompp.log file using less or something like that).

By default all bonded interactions which have constant energy due to dummy atom constructions will be
removed. If this constant energy is not zero, this will result in a shift in the total energy. All bonded
interactions can be kept by turning effndumbds . Additionally, all constraints for distances which will

be constant anyway because of dummy atom constructions will be removed. If any constraints remain
which involve dummy atoms, a fatal error will result.

To verify your run input file, please make notice of all warnings on the screen, and correct where necessary.
Do also look at the contents of tedout.mdp file, this contains comment lines, as well as the input that
grompp has read. If in doubt you can start grompp with tdebug option which will give you more
information in a file called grompp.log (along with real debug info). Finally, you can see the contents of the
run input file with thegmxdumpprogram.

Files
-f grompp.mdp Input grompp input file with MD parameters
-po mdout.mdp  Output grompp input file with MD parameters
-C conf.gro Input Generic structure: gro g96 pdb tpr tpb tpa
-r conf.gro Input, Opt.  Generic structure: gro g96 pdb tpr tpb tpa
-n index.ndx Input, Opt.  Index file
-deshuf deshuf.ndx Output, Opt. Index file
-p topol.top Input Topology file
-pp processed.top Output, Opt. Topology file
-0 topol.tpr Output Generic run input: tpr tpb tpa
-t traj.trr Input, Opt.  Full precision trajectory: trr trj
Other options
-h  bool no Print help info and quit
-nice int 0 Set the nicelevel

-v  bool yes Be loud and noisy
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Figure 3.1: Periodic boundary conditions in two dimensions.

There are several possible shapes for space-filling unit cells. Some,rasthieic dodecahedron

and thetruncated octahedrofil1] approach a spherical shape better than a cubic box and are
therefore more economical for studying an (approximately spherical) macromolecule in solution,
since less solvent molecules are required to fill the box given a minimum distance between macro-
molecular images. However, a periodic system based on the rhombic dodecahedron or truncated
octahedron is equivalent to a periodic system basedtdoliaic unit cell. The latter shape is the

most general space-filling unit cell; it comprises all possible space-filling shagesTherefore
GROMACS is based on the triclinic unit cell.

GROMACS uses periodic boundary conditions, combined withnti@mum image convention:

only one - the nearest - image of each particle is considered for short-range non-bonded inter-
action terms. For long-range electrostatic interactions this is not always accurate enough, and
GROMACS therefore also incorporates lattice sum methods like Ewald Sum, PME and PPPM.

Gromacs supports triclinic boxes of any shape. The box is defined by the 3 box webtarsdc.
The box vectors must satisfy the following conditions:

ay=a,=b,=0 (3.1)
az >0, by>0, c;>0 (3.2)
1 1 1
_va_ < MQ\? TL < MQ&, ini < M@@ (3.3)

Equations 3.1) can always be statisfied by rotating the box. Equati@rd @nd 3.3) can always
be statisfied by adding and subtracting box vectors.

Even when simulating using a triclinic box, GROMACS always puts the particles in a brick shaped
volume, for efficiency reasons. This is illustrated in R3dL for a 2-dimensional system. So from
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Files
-s topol.tpr Input Generic run input: tpr tpb tpa
-n index.ndx Input, Opt.  Index file
-0 out.gro Output Generic structure: gro g96 pdb
-g genion.log Output Log file
-pot pot.pdb Output, Opt. Protein data bank file
Other options
-h  bool no Print help info and quit
-nice int 19
-np int 0
-pname string Na Name of the positive ion
-pq real 1 Charge of the positive ion
-nn int 0 Number of negative ions
-nname string Cl Name of the negative ion
-nq real -1 Charge of the negative ion
-rmin real 0.6  Minimum distance between ions
-random  bool no Use random placement of ions instead of based on potential. The rmin
option should still work
-seed int 1993 Seed for random number generator
E.52 genpr

genpr produces an include file for a topology containing a list of atom numbers and three force constants
for the X, Y and Z direction. A single isotropic force constant may be given on the command line instead
of three components.

WARNING: genpr only works for the first molecule. Position restraints are interactions within molecules,
therefore they should be included within the corrfecholeculetype ] block in the topology. Since

the atom numbers in every moleculetype in the topology start at 1 and the numbers in the input file for genpr
number consecutively from 1, genpr will only produce a useful file for the first molecule.

Files

-f conf.gro Input Generic structure: gro g96 pdb tpr tpb tpa
-n index.ndx Input, Opt.  Index file
-0 posre.itp Output Include file for topology
Other options
-h  bool no Print help info and quit
-nice int 0 Set the nicelevel
-fc  vector

1000 1000 1000 force constants (kJ mol-1 nm-2)

E.53 gmxcheck

gmxcheck reads atrajectoryr{ ,.trr  or.xtc )oran energy file.ene or.edr )and prints out useful
information about them.

Option-c checks for presence of coordinates, velocities and box in the file, for close contacts (smaller than
-vdwfac and not bonded, i.e. not betwedsonlo and-bonhi , all relative to the sum of both Van

der Waals radii) and atoms outside the box (these may occur often and are no problem). If velocities are
present, an estimated temperature will be calculated from them.

The program will compare run inputr , .tpb or.tpa ) files when bothsl and-s2 are supplied.
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14 Chapter 3. Algorithms

square cross-section with the xy-plane. This orientation was chosen because the first two box
vectors coincide with the x and y-axis, which is easier to comprehend. The other orientation can
be useful for simulations of membrane proteins. In this case the cross-section with the xy-plane is
a hexagon, which has an area which is 14% smaller than the area of a square with the same image
distance. The height of the box.] should be changed to obtain an optimal spacing. This box
shape does not only save CPU-time, it also results in a more uniform arrangement of the proteins.

3.2.2 Cut-off restrictions
The minimum image convention implies that the cut-off radius used to truncate non-bonded inter-
actions must not exceed half the shortest box vector for grid search:

1
R. < 5 min(||al], [|b]|

D 34)

otherwise more than one image would be within the cut-off distance of the force. When a macro-
molecule, such as a protein, is studied in solution, this restriction does not suffice. In principle a
single solvent molecule should not be able to ‘see’ both sides of the macromolecule. This means
that the length of each box vector must exceed the length of the macromolecule in the direction of
that edgeplustwo times the cut-off radiug.. It is common to compromise in this respect, and
make the solvent layer somewhat smaller in order to reduce the computational cost. For efficiency
reasons the cut-off with simple search in triclinic boxes (grid search always us&s&}is(more

restriced: 1

R. < ) min(az, by, cz) (3.5)
Each unit cell (cubic, rectangular or triclinic) is surrounded by 26 translated images. Thus a
particular image can always be identified by an index pointing to one tB®glation vectorand

constructed by applying a translation with the indexed vector3seg).

3.3 The group concept

In the GROMACS MD and analysis programs one ugesipsof atoms to perform certain actions
on. The maximum number of groups is 256, but every atom can only belong to four different
groups, one of each of the following kinds:

T-coupling group The temperature coupling parameters (reference temperature, time constant,
number of degrees of freedom, s&é.4 can be defined for each T-coupling group sepa-
rately. For example, in a solvated macromolecule the solvent (that tends to produce more
heating by force and integration errors) can be coupled with a shorter time constant to a bath
than a macromolecule, or a surface can be kept cooler than an adsorbing molecule. Many
different T-coupling groups may be defined.

Freeze group Atoms that belong to a freeze group are kept stationary in the dynamics. This is
useful during equilibration, e.g. to avoid that badly placed solvent molecules will give un-
reasonable kicks to protein atoms, although the same effect can also be obtained by putting
a restraining potential on the atoms that must be protected. The freeze option can be used

E.49. genbox 215

E.49 genbox

Genbox can do one of 3 things:

1) Generate a box of solvent. Specify -cs and -box. Or specify -cs and -cp with a structure file with a box,
but without atoms.

2) Solvate a solute configuration, eg. a protein, in a bath of solvent molecules. Specifgolute) and

-cs (solvent). The box specified in the solute coordinate fit® () is used, unlessbox is set, which

also centers the solute. The progragitconf  has more sophisticated options to change the box and
center the solute. Solvent molecules are removed from the box where the distance between any atom of the
solute molecule(s) and any atom of the solvent molecule is less than the sum of the VanderWaals radii of
both atoms. A databasedwradii.dat ) of VanderWaals radii is read by the program, atoms not in the
database are assigned a default distande .

3) Insert a number(mol ) of extra molecules-¢i ) at random positions. The program iterates umtilol

molecules have been inserted in the box. To test whether an insertion is successful the same VanderWaals
criterium is used as for removal of solvent molecules. When no appropriately sized holes (holes that can
hold an extra molecule) are available the program triesfiorol * -try  times before giving up. Increase

-try if you have several small holes to fill.

The default solvent is Simple Point Charge water (SPC), with coordinates§@vXLIB/spc216.gro

Other solvents are also supported, as well as mixed solvents. The only restriction to solvent types is that a
solvent molecule consists of exactly one residue. The residue information in the coordinate files is used, and
should therefore be more or less consistent. In practice this means that two subsequent solvent molecules
in the solvent coordinate file should have different residue number. The box of solute is built by stacking
the coordinates read from the coordinate file. This means that these coordinates should be equlibrated in
periodic boundary conditions to ensure a good alignment of molecules on the stacking interfaces.

The program can optionally rotate the solute molecule to align the longest molecule axis along a box edge.
This way the amount of solvent molecules necessary is reduced. It should be kept in mind that this only
works for short simulations, as eg. an alpha-helical peptide in solution can rotate over 90 degrees, within
500 ps. In general it is therefore better to make a more or less cubic box.

Setting -shell larger than zero will place a layer of water of the specified thickness (nm) around the solute.
Hint: it is a good idea to put the protein in the center of a box first (using editconf).

Finally, genbox will optionally remove lines from your topology file in which a number of solvent molecules
is already added, and adds a line with the total number of solvent molecules in your coordinate file.

Files
-cp protein.gro Input, Opt.  Generic structure: gro g96 pdb tpr tpb tpa
-Cs spc216.gro Input, Opt., Likseneric structure: gro g96 pdb tpr tpb tpa
-Ci insert.gro Input, Opt.  Generic structure: gro g96 pdb tpr tpb tpa
-0 out.gro Output Generic structure: gro g96 pdb
-p topol.top In/Out, Opt. Topology file
Other options
-h  bool no Print help info and quit
-nice int 19 Setthe nicelevel
-box vector 0 0 O box size
-nmol int 0 no of extra molecules to insert
-try int 10 try inserting -nmol*-try times
-seed int 1997 random generator seed
-vdwd real 0.105 default vdwaals distance
-shell real 0 thickness of optional water layer around solute
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Chapter 3. Algorithms

THE GLOBAL MD ALGORITHM

1. Input initial conditions

Potential interactio¥” as a function of atom positions
Positionsr of all atoms in the system
Velocitieswv of all atoms in the system

I

repeat 2,3,4required number of steps:

2. Compute forces
The force on any atom

oV
Fi=—4r,

is computed by calculating the force between non-bonded atom
pairs:
Fi=%,F;
plus the forces due to bonded interactions (which may depend on
2, 3, or 4 atoms), plus restraining and/or external forces.
The potential and kinetic energies and the pressure tensor are
computed.

I

3. Update configuration

The movement of the atoms is simulated by numerically solving
Newton’s equations of motion

Qmi& _ Nu&
a2 my
or
dr; dv; F;
= v;; ==
dt dt m;
4

4. if required: Output step
write positions, velocities, energies, temperature, pressure, etc.

Figure 3.3: The global MD algorithm
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When the box is cubic, one can use the optioa , which averages the tcaf’s over all k-vectors with the
same length. This results in more accurate tcaf’s. Both the cubic tcaf's and fits are written Tthe cubic
eta estimates are also written-tov .

With option-mol the transverse current is determined of molecules instead of atoms. In this case the index
group should consist of molecule numbers instead of atom numbers.

The k-dependent viscosities in thev file should be fitted to eta(k) = eta0 (1 - &Ko obtain the viscosity
at infinite wavelength.

NOTE: make sure you write coordinates and velocities often enough. The initial, non-exponential, part of
the autocorrelation function is very important for obtaining a good fit.

Files
-f traj.trr Input Full precision trajectory: trr trj
-S topol.tpr Input, Opt.  Structure+mass(db): tpr tpb tpa gro g96 pdb
-n index.ndx Input, Opt.  Index file
-ot  transcur.xvg Output, Opt. xvgr/xmgr file
-oa tcaf _all.xvg Output xvgr/xmgr file
-0 tcaf.xvg Output xvgr/xmgr file
-of tcaf fitxvg Output xvgr/xmgr file
-oc tcaf _cub.xvg  Output, Opt. xvgr/xmgr file
-ov visc _k.xvg Output xvgr/xmgr file
Other options
-h  bool no Print help info and quit
-nice int 19 Setthe nicelevel
-b  time -1 First frame (ps) to read from trajectory
-e time -1 Last frame (ps) to read from trajectory
-dt  time -1 Only use frame when t MOD dt = first time (ps)
-w  bool no View output xvg, xpm, eps and pdb files
-mol  bool no Calculate tcaf of molecules
-k34  bool no Also use k=(3,0,0) and k=(4,0,0)
-wt  real 5 Exponential decay time for the TCAF fit weights
E.47 g._tra

g-traj plots coordinates, velocities, forces and/or the box. Withm the coordinates, velocities and forces
are calculated for the center of mass of each group. Wimaah is set, the numbers in the index file are
interpreted as molecule numbers and the same procedure agarithis used for each molecule.

Option-ot plots the temperature of each group, provided velocities are present in the trajectory file.This
implies-com.

Option-ekr plots the rotational kinetic energy of each group, provided velocities are present in the trajec-
tory file. This implies-com.

Files
-f traj.xtc Input Generic trajectory: xtc trr trj gro g96 pdb
-S topol.tpr Input Structure+mass(db): tpr tpb tpa gro g96 pdb
-n index.ndx Input, Opt.  Index file
-0X coord.xvg Output, Opt. xvgr/xmgr file
-ov veloc.xvg Output, Opt. xvgr/xmgr file
-of force.xvg Output, Opt. xvgr/xmagr file

-ob box.xvg Output, Opt. xvgr/xmgr file
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18 Chapter 3. Algorithms

3.4.2 Neighbor searching

As mentioned in chaptet, internal forces are either generated from fixed (static) lists, or from
dynamics lists. The latter concern non-bonded interactions between any pair of particles. When
calculating the non-bonded forces, it is convenient to have all particles in a rectangular box. As
shown in Fig.3.1, it is possible to transform a triclinic box into a rectangular box. The output
coordinates are always in a rectangular box, even when a dodecahedron or triclinic box was used
for the simulation. Equation8(1) ensure that we can reset particles in a rectangular box by first
shifting them with box vectoe, then withb and finally witha. Equations §.3) ensure that we can

find the 14 nearest triclinic images within a linear combination which does not involve multiples
of box vectors.

Pair lists generation

The non-bonded pair forces need to be calculated only for thoseipaifsr which the distance

ri; between and the nearest image pfs less than a given cut-off radid&.. Some of the particle

pairs that fulfill this criterion are excluded, when their interaction is already fully accounted for by
bonded interactions. GROMACS employair list that contains those particle pairs for which
non-bonded forces must be calculated. The pair list contains the particle numbers and an index for
the image displacement vectors that must be applied to obtain the nearest image, for all particle
pairs that have a nearest-image distance lessrfaort . The list is updated evenystlist

steps, wherastlist is typically 10 for the GROMACS forcefield and 5 for the GROMOS-96
forcefield. There is an option to calculate the total non-bonded force on each particle due to all
particle in a shell around the list-cutoife, at a distance betweeshort andrlong . This force

is calculated during the pair list update and retained dumsttist steps.

To make the neighbor list all particles that are close (i.e. within the cut-off) to a given particle must
be found. This searching, usually called neighbor searching (NS), involves periodic boundary
conditions and determining thenage (see sec3.2). Without periodic boundary conditions a
simple O(N?) algorithm must be used. With periodic boundary conditions a grid search can be
used, which iD(N).

Simple search

Due to equations3(1) and @.5), the vectorr;; connecting images within the cut-off. can be
found by constructing:

o= rj—r (3.7)
v = ¢” —axround (r)/c.)) (3.8)
v = v’ —bxround (r)/b,) (3.9)
rij = v’ —cxround (r,/a;) (3.10)

When distances between any two particles in a triclinic box are needed, many shifts of combina-
tions of box vectors need to be considered to find the nearest image.

E.44. gsgangle 211
Other options
-h  bool no Print help info and quit
-nice int 19 Setthe nicelevel
-b  time -1 First frame (ps) to read from trajectory
-e time -1 Last frame (ps) to read from trajectory
-dt  time -1 Only use frame when t MOD dt = first time (ps)
-w  bool no View output xvg, xpm, eps and pdb files
-solsize real 0.14 Radius of the solvent probe (nm)
-ndots int 24 Number of dots per sphere, more dots means more accuracy
-gmax real 0.2 The maximum charge (e, absolute value) of a hydrophobic atom
-minarea real 0.5 The maximum charge (e, absolute value) of a hydrophobic atom
-skip int 1 Do only every nth frame
-prot bool yes Output the protein to the connelly pdb file too

E.44 g_sgangle

Compute the angle and distance between two groups. The groups are defined by a number of atoms given
in an index file and may be two or three atoms in size. The angles calculated depend on the order in which
the atoms are given. Giving for instance 5 6 will rotate the vector 5-6 with 180 degrees compared to giving
65.

If three atoms are given, the normal on the plane spanned by those three atoms will be calculated, using the
formula P1P2 x P1P3. The cos of the angle is calculated, using the inproduct of the two normalized vectors.

Here is what some of the file options do:

-oa: Angle between the two groups specified in the index file. If a group contains three atoms the normal
to the plane defined by those three atoms will be used. If a group contains two atoms, the vector defined by
those two atoms will be used.

-od: Distance between two groups. Distance is taken from the center of one group to the center of the other
group.

-od1: If one plane and one vector is given, the distances for each of the atoms from the center of the plane
is given seperately.

-0d2: For two planes this option has no meaning.

Files
-f traj.xtc Input Generic trajectory: xtc trr trj gro g96 pdb
-n index.ndx Input Index file
-s topol.tpr Input Generic run input: tpr tpb tpa
-0a  sg _angle.xvg Output xvgr/xmgr file
-od sg _dist.xvg Output xvgr/xmgr file
-odl  sg _distl.xvg Output xvgr/xmgr file
-0d2  sg _dist2.xvg Output xvgr/xmgr file
Other options
-h  bool no Print help info and quit
-nice int 19 Setthe nicelevel
-b  time -1 First frame (ps) to read from trajectory
-e time -1 Last frame (ps) to read from trajectory
-dt  time -1 Only use frame when t MOD dt = first time (ps)
-w  bool no View output xvg, xpm, eps and pdb files



sdnoib abreyd ou ‘sa2104 211LIS0J103]3 BY) 10} PASN aJe SUoRdUNY YIYS pa1onnsuod Ajgreldoidde j|

] sbywodo Aq paiiddns spoyiaw wns aonie| ays jo auo Buisn Japisuod

pINoOYS NoA pue ‘s10a4a 1J0-1NJ asiaApe ploAe Jou op sdnoib abreyd ‘(suol) sabieyd |ny aney sdnoib
Jejnosjow §| 'snipes Jo-INd 3y} Jeau SaoueisIp Je UOROUN} UONIBISIUI qUIOIN0D 3y} JO JoiAeyad sy}
10} s20uanbasu09 snossesip aney ued yaiym ‘(3ou Jayio ayx pue abuel uiynm si sjodip e jo abreyd
U0 UBaYM) J0-1Nd e Jo asn ay} 0] anp sabileyd Jo uoneald ay) spiore ainpasoid siyl isy dred
ay) ul papnjoul ale sdnoib abreyd ay) usamiaq siied Woje |e ‘snipel Joind ay) ueyl ssa| sI sdnoib
abJeyd om] Jo swole ay) Jelsluad [eaulaumpiaamiaq aoue)sip abewi 1saseau ayy §| “Abojodoy
Je|naajow ayl ul pauyap ase sdnoib abreyd "01az abreyd 1ou aney eyl swore Agieau Jo 18s |ews e s|
dnoub abreyd ysdnoib sfoeyseq ay) uo 1no paLed si buiyaseas Joqybiau ‘sjgedldde aisym

sdnolb abirey)d

"adeys xoq a|qelajaid ay) ag |jIm uoipayedapop

olqwioys ay) suoirenwis apndad pue uisiold 1sow Joj SNyl 'saxoq dluloL} pue seinbueloal o)
1se} Ajjenba si yoreas pub syl "palpuny ma} e spasdxa sajdied Jo Jaquinu syl usym wyilobie
fppim@Is ay) Jano Jouadns sey wyloble sy sexew Joineyaq Buiieas ayy abie| s Jojoejeid

ay1 ybnoyyy ‘sajdiled Jo Jaquinu ayl yum Jeaul| sajedas wyioble ay) ‘alojaiayl paydless ale
s1190 BunoqubRIGET ueys ssa| ‘sjoited AlsAs 104 "uonRUSAUOD SfewI WNWIUIW 8y} 0} 8np
‘aoippd:Fas, ||Im abewl auo 1sow e aouls ‘wajqold e 1ou SI SIyl "paydseas aq ybiw |99

pub awes ayljo sabewl awos 1o} ‘G'Bi4 Ul usas usaq ued Sy4a abewi rey) o) Buipuodsaliod
sloqybiau yoleas uay) pue isiiy sabewl ay) 1onisuUo0d Jayrel Ing ‘abewi ay) aye|ndfed uayl pue ?
jo sioqybiau oy s||82 pub SN Buipunolins ayy yoreas Jou op s\ '10JI8A XOq T+ 10 Q ‘T- J9NO
uonejsuel) e 0} Buipuodsaliod ‘T 1o 0‘T- 8g Aew abew ay) uondalIp Yoea 104 "sabew aaly) sey ¢
a|o1Jed e ‘10]09A X0 UYoBa JO UONJaJIp Y} U] "SUONIIaIIP 3y} Jo yoes ul g/°y Buioeds 1ss|ews
ay1 yum ‘pub sN ayl uo Ind ate sapoiued ||y g ul pajoidap Ajlesnewayas s yoseas pub syl

yoJeas puo

"SI0}08A XO( Y} 8Je SMO.Ie 8] "SUOISUSWIP OM) Ul Yoreas puo :G'g ainbi4

mEECi
. N

N

.11

6T SolWweuAQ JeindsjoN v'E

ABojodoy Joy 3y spnjou) 1do ‘Indino dyyeuns I-
9|y xapul  1do ‘indu| Xpu°xapul u-
aly 16wix/1b6ax 1do ‘indino BAxearewole  oe-
a|l} yueq erep uidlold 1do ‘ndino gpd-Ajjpuuod  b-
3|1y IBWIX/IBAX indino BAxearesal 1
3|1} 1Bwx/16AX indino Baxeare o-
ed) qdi ud) :indui uni ouBURD induj Jidy’jodoy s-
gpd 966 046 [1 113 91x :A10108[e)) JUBUBD indu| oix'fen g

salld

'swioye adeyIns urelisal
0] pasn ag ued yaiym (1- uondo) parelauab aq ued o)} dr uondo Jane| syl Yyum uoneuiquod u| “(oe-
uondo) |jam se anpisal Jad pue wole Jad panojd ag ued eale ay| 'Splodal 1 DINOD Se Sapou 1saseau ayl
Bunoauuod sadIaA ay) pue swole se pajuasaldal ale sapou ayr alaym ajy qpd e ul ||am se pajelauab ag ued
99.LINS AJJoUU0) 83U} 10848 BpIS B SY "Bale 32BlNS 9|qISSadJk JUBA|0S [e10} pue digoydoipAy saindwod sesH

ses b ¢ep'3
(ANVIN 8q Aew) uonoeiaiul yoea 10} sa|ij ayesedas asn  ou jooq das-
aouelsIp ounil Q00T jealr -
(sd) awn 1s1y =1p AOW I UBym awrely asn AuQ  T- awn  Ip-
Aioyoafen wouy peal 01 (sd) swelyise  T- awn e-
Ai0108feny wouy peal 0y (sd) sawelyisiq4 T awn Q-
19A8|90IU BY118S 6T i 8o1u-
1unb pue oyur djay uid ou joog y-
suondo Jay10
ed) qdi ud1 :indui uni ouBURD induj Jidy'jodoy s-
gpd 966 046 [1 113 91x :A10108fe)) JUBUBD indu| oix'fen g
S9|l4

pa199|es J ured-uol fenpinipul Aiana

10} sayly 40 ‘Baxsnid-snid pue BAx snid-uiw‘BAX UIW-UIW ‘SBWeUS|Y Paxl Jo Jaquinu e ul aq |IM Indino
‘pano|d aq 10U ||IM SOUB]SIP Tey) uey) Jaso|d Jansu

aJe 1ey) sdnoib uay ‘(Jo-1nd ayy ‘Ha) ‘usaib g ued BJUEBISIP WNWIUIW \'SABM JUBIaYIp Ul pauIquiod are
sdnoJb ay] "awn jo uonouny e se sdnolb pabireyd Jo uoeUIqUIOD |[e UBaMIaQ aduaiayip ayl s1old Jqyesb

loqes 6 zvy'3
pus ayy

|3 SI T- ‘UOIdUNY UOMIR[21I02 3Y} JO 1 [enuauodxa ay) pua 0} aiaym awil  T- [eas npua-
uonouNy UoITe|a1102 3y} JO 1 fenuauodxa ayy uibag 0} alaym awil 0 [eal wuibag-

suonouny uone|a.iod Jo ajy indino ayy ui siulod N diys 0 L diysou-

oeAn o dxa~ dxa ‘ dxae ‘ dxa ‘suou:uonouniii4 Buou  wWnNud upy-
€10 Z ‘T(@uou sareaipul 0) 40V J0} elwouAjod aipuaba jo Japi0 0 wnus d-
40V 9zllewioN SaA j0oq azijewou-
Salel} JO Jaquinu ay) ey sl ynejap 4OV ayp jo yibua  T- I uajjoe-

sabed renuey "3 xipuaddy (o) 4



20 Chapter 3. Algorithms

are needed. Such shift functions are implemented in GROMACS (see chpptémust be used
with care: in principle they should be combined with a lattice sum for long-range electrostatics.

3.4.3 Compute forces
Potential energy

When forces are computed, the potential energy of each interaction term is computed as well.
The total potential energy is summed for various contributions, such as Lennard-Jones, Coulomb,
and bonded terms. It is also possible to compute these contributiogsfgusof atoms that are
separately defined (see s8¢c3).

Kinetic energy and temperature
The temperature is given by the total kinetic energy of shearticle system:

1 ¥
Bgin = 5 > m? (3.11)
=1

From this the absolute temperatdrean be computed using:
1
MZ&.\AH = Ekin (3.12)

wherek is Boltzmann's constant anty,, is the number of degrees of freedom which can be
computed from:
Ny = 3N — Ne — Neom (3.13)

HereN. is the number ofonstraintsmposed on the system. When performing molecular dynam-

ics N..,, = 3 additional degrees of freedom must be removed, because the three center-of-mass
velocities are constants of the motion, which are usually set to zero. When simulating in vacuo,
the rotation around the center of mass can also be removed, in thisvggse= 6. When more

than one temperature coupling group is used, the number of degrees of freedom forigroup

Nj = (3N — Ni) 2V = Ne = Neom

. A (3.14)

The kinetic energy can also be written as a tensor, which is necessary for pressure calculation in a
triclinic system, or systems where shear forces are imposed:

1
Egin = 3 ME:S ® v; (3.15)

Pressure and virial

The pressure tenséris calculated from the difference between kinetic endigy, and the virial

=
=

2

P= ﬂﬁwi: -5) (3.16)

E.41. grotacf 209
-f traj.xtc Input Generic trajectory: xtc trr trj gro g96 pdb
-s topol.tpr Input Structure+mass(db): tpr tpb tpa gro g96 pdb
-n index.ndx Input, Opt.  Index file
-q eiwit.pdb Input, Opt.  Protein data bank file
-0q bfac.pdb Output, Opt. Protein data bank file
-0X xaver.pdb Output, Opt. Protein data bank file
-0 rmsf.xvg Output xvgr/xmgr file
-od rmsdev.xvg Output, Opt. xvgr/xmgr file
-0c correl.xvg Output, Opt. xvgr/xmgr file
-dir rmsf.log Output, Opt. Log file
Other options
-h  bool no Print help info and quit
-nice int 19 Setthe nicelevel
-b  time -1 First frame (ps) to read from trajectory
-e time -1 Last frame (ps) to read from trajectory
-dt  time -1 Only use frame when t MOD dt = first time (ps)
-w  bool no View output xvg, xpm, eps and pdb files
-res  bool no Calculate averages for each residue
-aniso bool no Compute anisotropic termperature factors

E.41 g rotacf

g_rotacf calculates the rotational correlation function for molecules. Three atoms (i,j,k) must be given in
the index file, defining two vectors ij and jk. The rotational acf is calculated as the autocorrelation function
of the vector n = ij x jk, i.e. the cross product of the two vectors. Since three atoms span a plane, the order
of the three atoms does not matter. Optionally, controlled by the -d switch, you can calculate the rotational
correlation function for linear molecules by specifying two atoms (i,j) in the index file.

EXAMPLES
g.rotacf -P 1 -nparm 2 -fft -n index -o rotacf-x-P1 -fa expfit-x-P1 -beginfit 2.5 -endfit 20.0

This will calculate the rotational correlation function using a first order Legendre polynomial of the angle
of a vector defined by the index file. The correlation function will be fitted from 2.5 ps till 20.0 ps to a two
parameter exponential

Files
-f traj.xtc Input Generic trajectory: xtc trr trj gro g96 pdb
-S topol.tpr Input Generic run input: tpr tpb tpa
-n index.ndx Input Index file
-0 rotacf.xvg Output xvgr/xmgr file
Other options
-h  bool no Print help info and quit
-nice int 19 Setthe nicelevel
-b  time -1 First frame (ps) to read from trajectory
-e time -1 Last frame (ps) to read from trajectory
-dt  time -1 Only use frame when t MOD dt = first time (ps)
-w  bool no View output xvg, xpm, eps and pdb files
-d  bool no Use index doublets (vectors) for correlation function instead of triplets
(planes)
-aver  bool yes Average over molecules
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22 Chapter 3. Algorithms

Berendsen temperature coupling

The Berendsen algorithm mimics weak coupling with first-order kinetics to an external heat bath
with given temperaturdy. See ref. 20] for a comparison with the N@&Hoover scheme. The
effect of this algorithm is that a deviation of the system temperature fipima slowly corrected
according to 4
T To-T

i (3.22)
which means that a temperature deviation decays exponentially with a time constdiis
method of coupling has the advantage that the strength of the coupling can be varied and adapted
to the user requirement: for equilibration purposes the coupling time can be taken quite short (e.g.
0.01 ps), but for reliable equilibrium runs it can be taken much longer (e.g. 0.5 ps) in which case
it hardly influences the conservative dynamics.

The heat flow into or out of the system is effected by scaling the velocities of each particle every
step with a time-dependent factbrgiven by

1/2
-1 (3.23)

2

The parameter is close to, but not exactly equal to the time constarf the temperature
coupling (eqn3.22:
T = MQ‘\.G;\Z&\\A Awmhv

where CYy is the total heat capacity of the systeinjs Boltzmann’s constant, and¥y is the

total number of degrees of freedom. The reason that 7 is that the kinetic energy change
caused by scaling the velocities is partly redistributed between kinetic and potential energy and
hence the change in temperature is less than the scaling energy. In practice, thgmat@nges

from 1 (gas) to 2 (harmonic solid) to 3 (water). When we use the term 'temperature coupling
time constant’, we mean the parameter Note that in practice the scaling factoris limited

to the range of 0.8&= A\ <= 1.25, to avoid scaling by very large numbers which may crash the
simulation. In normal use) will always be much closer to 1.0.

Strictly, for computing the scaling factor the temperaftiis needed at timg but this is not avail-

able in the algorithm. In practice, the temperature at the previous time step is used (as indicated
in eqn.3.23), which is perfectly all right since the coupling time constant is much longer than one
time step. The Berendsen algorithm is stable upitez At.

Nosé-Hoover temperature coupling

The Berendsen weak coupling algorithm is extremely efficient for relaxing a system to the target

temperature, but once your system has reached equilibrium it might be more important to probe
a correct canonical ensemble. This is unfortunately not the case for the weak coupling scheme,
although the difference is usually negligible.

To enable canonical ensemble simulations, GROMACSalso supports the extended-ensemble ap-
proach first proposed by Nef. 8] and later modified by HoovetP]. The system Hamiltonian is
extended by introducing a thermal reservoir and a friction term in the equations of motion. The

E.39. grmsdist 207

All the structures are fitted pairwise.
With -f2 |, the "other structures’ are taken from a second trajectory.
Option-bin does a binary dump of the comparison matrix.

Option-bm produces a matrix of average bond angle deviations analogously tmtbption. Only bonds
between atoms in the comparison group are considered.

Files
-s topol.tpr Input Structure+mass(db): tpr tpb tpa gro g96 pdb
-f traj.xtc Input Generic trajectory: xtc trr trj gro g96 pdb
-f2 traj.xtc Input, Opt.  Generic trajectory: xtc trr trj gro g96 pdb
-n index.ndx Input, Opt.  Index file
-0 rmsd.xvg Output xvgr/xmgr file
-mir rmsdmir.xvg Output, Opt. xvgr/xmgr file
-a avgrp.xvg Output, Opt. xvgr/xmgr file
-dist rmsd-dist.xvg Output, Opt. xvgr/xmgr file
-m rmsd.xpm  Output, Opt. X PixMap compatible matrix file
-bin rmsd.dat Output, Opt. Generic data file
-bm bond.xpm  Output, Opt. X PixMap compatible matrix file
Other options
-h  bool no Print help info and quit
-nice int 19 Setthe nicelevel
-b  time -1 First frame (ps) to read from trajectory
-e time -1 Last frame (ps) to read from trajectory
-dt  time -1 Only use frame when t MOD dt = first time (ps)
-tu  enum ps Time unit:ps, fs ,ns,us, ms s, morh
-w  bool no View output xvg, xpm, eps and pdb files
-what enum  rmsd Structural difference measunensd, rho orrhosc
-pbc  bool yes PBC check
-fit bool yes Fit to reference structure
-prev int 0 Compare with previous frame
-split bool no Split graph where time is zero
-skip int 1 Only write every nr-th frame to matrix
-skip2 int 1 Only write every nr-th frame to matrix
-max real -1 Maximum level in comparison matrix
-min  real -1 Minimum level in comparison matrix
-bmax  real -1 Maximum level in bond angle matrix
-bmin  real -1 Minimum level in bond angle matrix
-nlevels int 80 Number of levels in the matrices

E.39 g_rmsdist

g-rmsdist computes the root mean square deviation of atom distances, which has the advantage that no fit
is needed like in standard RMS deviation as computed_bmg The reference structure is taken from the
structure file. The rmsd at time t is calculated as the rms of the differences in distance between atom-pairs
in the reference structure and the structure at time t.

g.rmsdist can also produce matrices of the rms distances, rms distances scaled with the mean distance and
the mean distances and matrices with NMR averaged distancésaftirl/f averaging). Finally, lists of
atom pairs with 1/t and 1/f averaged distance below the maximum distareek , which will default to



*anoge spoyraw Buidnod ainjesadwal ayl Jo Aue yim pauiquiod

80 ued 8say} Jo ylog ‘yoeoidde uewyey-ojjaullied ajquasud papualxa ay} pue ‘dais A1ans S10)109A
X0( pue sayeuIpiood safeds Jey} {ugulobe usspuaiag ayr yioq suoddns SOVINOHD ".UYreq
ainssald, e 0} pajdnod ag ose ued waisAs ayl ‘Buidnod ainjeladwa) ayy se Juids swes ayj U]

Buidnod ainssald 9'v'E

‘Aren Aew abes|iw InoA 1nq

‘Buidnod xeam yum pasn awiy uoiexe|al ayl uey) Jable| sawn G— aq pjnoys Ajlew.iou jueisuod
awin 8y eyl sueaw osfe (uoiexe|al [enuauodxa 0] ISeIU0D Ul) SUONE||I9SO 8Say | 198|8S NOoA 1eyl
suone||19so ay} Jo pouad ay ueyy Jabie| sawn [e1anss si Bulidnod JISBAOOH-EDN UNM Xe|al 0} Sayel

J awi [enyoe ay uonexe|al Alore||1o8e saonpold yoeoidde 1aA00H-3ON 8y} 9|iym ‘uone

-xe|al fenuaugebdiuep AjBuons e 196 noA Buldnod seam Buisn :puiw ul wyniobe JanooH

SON ot pue awayas Buiidnod seam ayl usamiaq asualayip ay) deay o) weuodwi Jarsmoy si 3|

‘alnyesadwa)
299UaJ3Ja1 pue 9zIS WalsAS Jo uapuadapul sidanippe ul pue ‘(uonexelal buidnod yeam ay) o}
rejiwis) yibuaans Buidnod Jjanocgp oyl Bunosias Jo Aem aainiul 10w yanw e sapinoid siyL

L _
orNerF

(Lz'€) 0O

se Ormumaie|al AJ0alIp SI1| "pealsul JI0AI9SaI 8y} pue WalsAs ayl usamiaq ABiaua anauy

JO suolye|[19S0 a8y} Juofiad ayl Yum MJom J1asnSOVINOYD a8yl 18] 01 Jajaid am ‘uoseal Siy) 104
alnyeladwa)l 8duaIa)al Ul 8bueyd INoA 0] [euoniodoidsBueyd 0y aney pjnom noA ‘yibuans bBuid
-nod ay} urejurew ofulidiap usym walsAs INoA uj wopaaly Jo sasibiap Jo Jaquinu sy} apnjo

-Ul uana suoneluswsa|dwi awos pue) ainjesadwa) 9dUaIajal UO aduapuadap S) 01 anp Ajeloadsa
‘yibuans Buldnoos Buiquosap Jo Aem premyme reymawos e si Ja1eweled ssew ay) ‘uoluido Ino uj

‘alnresadwia) @ouUaIaal BY) YIIM UoeUIqUIOD Ul (1I0AI9Sa1 3y) JO Jaraweled
sseuwl, ay} pa|es Ajjensakduod ayl Ag pauiwiaiap si buldnod ay) jo yibuans syl ‘waisAs
ay jJo ainjeladwa) Arejuswiow JualNd ay} si 7, ajiym pdgouap s ainjesadwal aoualagal ay L

o_wm

(9z°€) 0z - 1) T

J@suesred yreq reay ay) Joj uonow Jo uoienba ay) aI1aym

Pyt e
,ﬁL\U w,.yN NLNU

(sz'e)

Aq paoejdal arefig ul uonow jo suonenba ,sajonted ay) 4ISA0O0H JO uoneNWIOo) ay) u|

‘ainyesadwa)l 8dualafal Y} pue

ABi1aua anaun| JU31INI B} USSMISQ S2UBIBYIP B} WO} Pale|nd[ed Si SAIeALISP 8wl 3y} ‘Uonow Jo
uonenba umo su yum Anuenb oiwreuAp Ajny e si (sjgeuea yreq 1eay, Jo) Jarsweled uonouy siyL
Ja19%eled uonouy e pue AI00jaA s,8jo1ed yoes Jo 1onpoid syl 0} reuonodoid sI 82104 UOROLY

£z SolWweuAQ JeindsjoN v'E

sdzwdxyum 1duosisod
0} PSLISAUOD 8 UBD PEdURISUl 10} YIM PaZI[ensiA 8q Ued 3|l SIYL "84njonuis Jaylo yoes o} 1oadsal
yum A1o3oafel) ayy ul 81njanJis Yyoaes Jo sanjea uosuedwod Jo yewloy wdxal Xuyew e saanpoid w-uondo

‘awrel} snoinaid e yum uosiedwod ay) saonpoid  Asid-uondo

‘pale|noed Si INJONIIS 82UBIS 8. SU) JOo dbew Jouiw 3y} yim uostredwod e osfe  Jiw-uondo Y

(s)

3|l 8INJONAS BY) WO} UdYE] S| 8INJdNIIS 8dUBISYBI BYL “Jaylo yoea jo doy uo sainionis ay) bumiy satenbs
-1sea| Ag 9|1} Indul unJ e WoJj ain1onils adualalal e o) pasedwod si () )Kioloalen e wolj ainonis yoeg

" Jeuse pajoayes st siyL ‘(S66T) L2
‘22 SNIFLOHd ‘uadduDd % Aolorey adualaal ‘(9soys) oyl pafeas ayl Jo (oys) Ja1eweled Auejwis 0y,
juspuadapui-azis ay ‘{(QSINY) uoneinap arenbs ueaw jool ayy Bunndwod Ag sainjonis omi saredwod swib

swi b ge3g
A& 2T Alybnos
0} spuodsaiiod wu T'Q "Buleneds 1oy suonnan/shel-x 1oy yibusiprep 10 [eas  anem-
abew| UoIIRIYIP B} Ul SI0[0D JUBIBYIP JO JBqWINN 02 W [ELEIE
slojoe} ainjonas Bunndwod uaym s 44 Joj (wu ur) Buoeds puo 500 [eal pub-
‘auop
si Buiyiou 0°0 st apey J| “Ajyroows T 0} 06 1l axew o) (T-apey/)-)dxs
[T-(1)B] + T = (4).6 Ag pawuojues SI 4@y dYl Spremuo aduelsip Siyl wol4 o [eas apey-
paJapIsuod aq 0} (Wu) 82Ue)ISIP ISSUOUS 0 [eal no-
dnouB 1114 Jo ssew Jo Jajuad ay) 01 39adsal yim 4gy  ou |00g  WO0d-
(wu) ypwwulg  TO0°0  [ed1  ulg-
sa|ly gpd pue sda ‘wdx ‘BAx Indino maip  ou joog M-
(sd) swin 14y = 1p QO 3 UBYM Bwely dsn Aluo  T- awn  1p-
AKioyoafen wouy peal 0 (sd) swelyise]  T- awn e-
Aioyoalen wouy peas 0} (sd) swelyisii4  1- awn Q-
19A8|9dIU BY118S 6T i 3olu-
1unb pue ojur djgy Juud ou |ooq y-
suondo J1ay10
a|ly xurew sjqedwod deyxid X do ‘indino wdx'bs abew-
a|y JBwix/1bax 1do ‘indino Bax-by by-
oy JBwix/bax 1dO ‘inding  BAx'udT  pi uo-
ay IBbwx/ibAx  1do ‘ndino Bax-bs bs-
aly IBwix/ibAx  1do ‘Indino BAXypl o-
oy xapul  do ‘indu Xpuxapul u-
qpd 966 046 edy qd) ud) :(gp)ssew+ainonins  1do ‘induy idyjodoy S-
qpd 966 046 (11 111 21 :A10108fe1) DLIBUBD induj ox'fen -
S9|l4

pafeo Ag pauiwialap si yoiym jo Buioedspub ayl ‘144 sasn wyiobre
ay uoijdamy-paindwos ag ued si0joe) ainjonis Juswiadxa pue Aloayl usamiag deb ay) abplqg ol

"JpJ Jaquinu dAIRINWND 3y} saonpoid  ud-uondo

'SUONOBIBIUI SBUOC-PJRUUST SARY 1,UOP JeY) SBUO 8y} osfe ‘pasn are sdnolb pajos|es

8y Ul swore |[e Tey) 810N “JpJ 8Y) 03 SUOINQLIUOD Je|NIBjOWRUI [[e SJBUIWI® PINOM G 0} 18S [9XalU YlIim
ABojodo) e suszuaq ‘B3 104 ‘suoisn|oxa Jo Jaquinu Jaybiy e yum aji iIndul uni e Aiddns 031 Janaqg Janamoy
s11] "10|d JpJ ay} ul syead Jejnoajowenul pioAe 0} Aem aAieula)e ue se jueaw si - nouondo ayl Jpi 8yl
Bunenofes usym JUNOJE OlUI USXe) aJe 3 Jeyl Ul paulap suoisnjoxa ‘( 9-paiddns si ajy indui uni e §

sabed renuey "3 xipuaddy 90¢



24 Chapter 3. Algorithms

Berendsen pressure coupling

The Berendsen algorithm rescales the coordinates and box vectors every step with gumatrix
which has the effect of a first-order kinetic relaxation of the pressure towards a given reference
pressuréP:

dP Po—-P

— =207 (3.28)

dt Tp

The scaling matrixu is given by

Y

5, Bia{Poi; — Fij(t)} (3.29)
p

pij = 05 —

Here 3 is the isothermal compressibility of the system. In most cases this will be a diagonal
matrix, with equal elements on the diagonal, the value of which is generally not known. It suffices
to take a rough estimate because the valug ohly influences the non-critical time constant of
the pressure relaxation without affecting the average pressure itself. For water at 1 atm and 300 K
B=46x10"Pal =4.6x 107° Bar !, which is7.6 x 10~* MD units (see chaptet). Most

other liquids have similar values. When scaling completely anisotropically, the system has to be
rotated in order to obey the box restrictidh). This rotation is approximated in first order in the
scaling, which is usually less than—*. The actual scaling matrip’ is:

Pae Moy + Uye Moz + Pz
u = 0 Hyy Hyz T+ Py (3.30)
0 0 Hzz

The velocities are neither scaled nor rotated.

In GROMACS, the Berendsen scaling can also be done isotropically, which means that instead
of P a diagonal matrix with elements of size tra#9/3 is used. For systems with interfaces,
semi-isotropic scaling can be useful. In this caseatfig-directions are scaled isotropically and
the z direction is scaled independently. The compressibility inutjg or z-direction can be set to

zero, to scale only in the other direction(s).

If you allow full anisotropic deformations and use constraints you might have to scale slower or
decrease your timestep to avoid errors from the constraint algorithms.

Parrinello-Rahman pressure coupling

In cases where the fluctuations in pressure or volume are imp@ease(e.g. to calculate ther-
modynamic properties) it might at least theoretically be a problem that the exact ensemble is not
well-defined for the weak coupling scheme.

For this reason, GROMACSalso supports constant-pressure simulations using the Parrinello-Rahman
approach?l, 22], which is similar to the Nos-Hoover temperature coupling. With the Parrinello-
Rahman barostat, the box vectors as represented by the rhatbey the matrix equation of

motiont

The box matrix representatidnin GROMACScorresponds to the transpose of the box matrix representaiion
the paper by Nasand Klein. Because of this, some of our equations will look slightly different.
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Files
-f traj.xtc Input Generic trajectory: xtc trr trj gro g96 pdb
-n index.ndx Input Index file
-S topol.tpr Input Generic run input: tpr tpb tpa
-0 potential.xvg Output xvgr/xmgr file
-oc charge.xvg Output xvgr/xmgr file
-of field.xvg Output xvgr/xmgr file
Other options
-h  bool no Print help info and quit
-nice int 19 Setthe nicelevel
-b  time -1 First frame (ps) to read from trajectory
-e time -1 Last frame (ps) to read from trajectory
-dt  time -1 Only use frame when t MOD dt = first time (ps)
-w  bool no View output xvg, xpm, eps and pdb files
-d string Z Take the normal on the membrane in direction X, Y or Z.
-sl int 10 Calculate potential as function of boxlength, dividing the box in #nr
-cb int 0 w_“mmw.a first #nr slices of box for integration
-ce int 0 Discard last #nr slices of box for integration
-tz real 0 Translate all coordinatesdistance- in the direction of the box
-spherical bool no Calculate spherical thingie

o Discarding slices for integration should not be necessary.

E.36 g._rama

g-rama selects the Phi/Psi dihedral combinations from your topology file and computes these as a function
of time. Using simple Unix tools such @sepyou can select out specific residues.

Files
-f traj.xtc Input Generic trajectory: xtc trr trj gro g96 pdb
-S topol.tpr Input Generic run input: tpr tpb tpa
-0 rama.xvg  Output xvgr/xmgr file
Other options
-h  bool no Print help info and quit
-nice int 19 Setthe nicelevel
-b  time -1 First frame (ps) to read from trajectory
-e time -1 Last frame (ps) to read from trajectory
-dt  time -1 Only use frame when t MOD dt = first time (ps)
-w  bool no View output xvg, xpm, eps and pdb files
E.37 g.rdf

The structure of liquids can be studied by either neutron or X-ray scattering. The most common way to
describe liquid structure is by a radial distribution function. However, this is not easy to obtain from a
scattering experiment.

g.rdf calculates radial distribution functions in different ways. The normal method is around a (set of)
particle(s), the other method is around the center of mass of a set of particles.
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26 Chapter 3. Algorithms

whereL, is the height of the box and is the number of surfaces. The pressure in the z-direction
is corrected by scaling the height of the box with

At

DNUNN = ﬂ‘ﬁﬁOnn - wnnﬁvv Awwﬂv
P

Mz =1+ B22AP,, nwWMV

This is similar to normal pressure coupling, except that the power of one third is missing. The
pressure correction in the z-direction is then used to get the correct convergence for the surface
tension to the reference valgg. The correction factor for the box-length in the x/y-direction is:

\ Dw 3)5 muaaﬁv.fﬁ@r@v Wv
Papy =1+ md\wa\c Atunhn ﬁﬁﬁﬁv +DT§ 2 Aw.wmv

The value off3.. is more critical than with normal pressure coupling. Normally an incorrect
compressibility will just scale;,, but with surface tension coupling it affects the convergence of
the surface tension. Wheh . is set to zero (constant box heighf) P, is also set to zero, which

is necessary for obtaining the correct surface tension.

The complete update algorithm

The complete algorithm for the update of velocities and coordinates is given irBFig.The
SHAKE algorithm of step 4 is explained below.

GROMACS has a provision to "freeze” (prevent motion of) selected particles, which must be
defined as a 'freeze group’. This is implemented usiriigeaze factorf ;, which is a vector, and
differs for eachfreezegrouf(see sec3.3). This vector contains only zero (freeze) or one (don't
freeze). When we take this freeze factor and the external acceledgtimio account the update
algorithm for the velocities becomes:

At

v+ 50 = fexs ol 5+

F(i)
m

At + apAt (3.40)

whereg andh are group indices which differ per atom.

3.4.7 Output step

The important output of the MD run is theajectory filename.trj  which contains particle
coordinates and -optionally- velocities at regular intervals. Since the trajectory files are lengthy,
one should not save every step! To retain all information it suffices to write a frame every 15 steps,
since at least 30 steps are made per period of the highest frequency in the system, and Shannon’s
sampling theorem states that two samples per period of the highest frequency in a band-limited
signal contain all available information. But that still gives very long files! So, if the highest
frequencies are not of interest, 10 or 20 samples per ps may suffice. Be aware of the distortion of
high-frequency motions by ttetroboscopic effectalledaliasing higher frequencies are mirrored

with respect to the sampling frequency and appear as lower frequencies.
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Other options

-h  bool no Print help info and quit
-nice int 19 Setthe nicelevel
-b  time -1 First frame (ps) to read from trajectory
-e time -1 Last frame (ps) to read from trajectory
-dt  time -1 Only use frame when t MOD dt = first time (ps)
-tu  enum ps Timeunit:ps,fs ,ns,us,ms s, morh
-w  bool no View output xvg, xpm, eps and pdb files
-type enum no Compute diffusion coefficient in one directiono, x, y or z
-lateral enum no Calculate the lateral diffusion in a plane perpendiculant; x, y or z
-ngroup int 1 Number of groups to calculate MSD for
-mw  bool yes Mass weighted MSD
-trestart time 0 Time between restarting points in trajectory (ps)
-beginfit time 0 Start time for fitting the MSD (ps)
-endfit time -1 End time for fitting the MSD (ps), -1 is till end
E.32 g_nmeig

g-nmeig calculates the eigenvectors/values of a (Hessian) matrix, which can be calculatedmwith The
eigenvectors are written to a trajectory file (. The structure is written first with t=0. The eigenvectors

are written as frames with the eigenvector number as timestamp. The eigenvectors can be analyzed with
g-anaeig . An ensemble of structures can be generated from the eigenvectorg wittens.

Files

-f hessian.mtx Input Hessian matrix
-S topol.tpr Input Structure+mass(db): tpr tpb tpa gro g96 pdb
-0 eigenval.xvg Output xvgr/xmgr file
-v  eigenvec.trr Output Full precision trajectory: trr trj
Other options
-h  bool no Print help info and quit
-nice int 19 Setthe nicelevel
-m  bool yes Divide elements of Hessian by product of sqrt(mass) of involved atoms
prior to diagonalization. This should be used for '"Normal Modes’ analy-
-first int 1 _mm__wm.ﬁ eigenvector to write away
-last int 100 Last eigenvector to write away

E.33 g_nmens

g_-nmens generates an ensemble around an average structure in a subspace which is defined by a set of
normal modes (eigenvectors). The eigenvectors are assumed to be mass-weighted. The position along each
eigenvector is randomly taken from a Gaussian distribution with variance kT/eigenvalue.

By default the starting eigenvector is set to 7, since the first six normal modes are the translational and
rotational degrees of freedom.

Files
-v  eigenvec.trr Input Full precision trajectory: trr trj
-e eigenval.xvg Input xvgr/xmgr file
-S topol.tpr Input Structure+mass(db): tpr tpb tpa gro g96 pdb
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28 Chapter 3. Algorithms

3.5 Shell molecular dynamics

GROMACS can simulate polarizability using the shell model of Dick and Overha@sgr In

such models a shell particle representing the electronic degrees of freedom is attached to a nucleus
by a spring. The potential energy is minimized with respect to the shell position at every step
of the simulation (see below). Succesfull applications of shell models in GROMACS have been
published forN, [24] and water £5)].

3.5.1 Optimization of the shell positions
The forceF's on a shell particleS can be decomposed into two components:
Fgs = Foona + Fpp (3.41)

whereF,,,,q denotes the component representing the polarization energy, usually represented by a
harmonic potential and’,,; is the sum of Coulomb and Van der Waals interactions. If we assume

that F',,;, is almost constant we can analytically derive the optimal position of the shell, i.e. where
Fs =0. If we have the shell S connected to atom A we have
Fiona = ki (s —x4) (3.42)

In an iterative solver, we have positions;(n) wheren is the iteration count. We now have it
iterationn:

F.p = Fs—ky(zs(n) —xa) (3.43)

and the optimal position for the sheltg(n + 1) thus follows from

Fg—k AHQAS\V|H\—v+w§AHmA3+C|HbV”O Awbbv
if we write
Axg =xs5(n+1) —xs(n) (3.45)
we finally obtain
DHw = N«JM\\A@ Awbmv

which then yields the algorithm to compute the next trial in the optimization of shell positions:

zs(n+1) = xg(n)+ Fg/k (3.47)

3.6 Constraint algorithms

Constraints can be imposed in GROMACS using LINCS (default) or the traditional SHAKE
method.

E.28. gmdmat 201

E.28 g mdmat

g-mdmat makes distance matrices consisting of the smallest distance between residue pairs. With -frames
these distance matrices can be stored as a function of time, to be able to see differences in tertiary structure
as a funcion of time. If you choose your options unwise, this may generate a large output file. Default
only an averaged matrix over the whole trajectory is output. Also a count of the number of different atomic
contacts between residues over the whole trajectory can be made. The output can be processed with xpm2ps
to make a PostScript (tm) plot.

Files
-f traj.xtc Input Generic trajectory: xtc trr trj gro g96 pdb
-s topol.tpr Input Structure+mass(db): tpr tpb tpa gro g96 pdb
-n index.ndx Input, Opt.  Index file
-mean dm.xpm Output X PixMap compatible matrix file
-frames dmf.xpm Output, Opt. X PixMap compatible matrix file
-no num.xvg  Output, Opt. xvgr/xmgr file
Other options
-h  bool no Print help info and quit
-nice int 19 Setthe nicelevel
-b  time -1 First frame (ps) to read from trajectory
-e time -1 Last frame (ps) to read from trajectory
-dt  time -1 Only use frame when t MOD dt = first time (ps)
-t real 1.5 trunc distance
-nlevels int 40 Discretize distance in # levels

E.29 g_mindist

g-mindist computes the distance between one group and a number of other groups. Both the minimum
distance and the number of contacts within a given distance are written to two separate output files.

With option -pi  the minimum distance of a group to its periodic image is plotted. This is useful for
checking if a protein has seen its periodic image during a simulation. Only one shift in each direction is
considered, giving a total of 26 shifts. It also plots the maximum distance within the group and the lengths
of the three box vectors. This option is very slow.

Files
-f traj.xtc Input Generic trajectory: xtc trr trj gro g96 pdb
-S topol.tpr Input, Opt.  Structure+mass(db): tpr tpb tpa gro g96 pdb
-n index.ndx Input, Opt.  Index file
-od mindist.xvg Output xvgr/xmgr file
-on numcont.xvg Output xvgr/xmgr file
-0 atm-pair.out Output Generic output file
Other options
-h  bool no Print help info and quit
-nice int 19 Setthe nicelevel
-b  time -1 First frame (ps) to read from trajectory
-e time -1 Last frame (ps) to read from trajectory
-dt  time -1 Only use frame when t MOD dt = first time (ps)
-w  bool no View output xvg, xpm, eps and pdb files
-matrix bool no Calculate half a matrix of group-group distances
-d  real 0.6 Distance for contacts
-pi bool no Calculate minimum distance with peri images
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30 Chapter 3. Algorithms

. projecting out correction for
unconstrained ; )
— forces working — rotational
update )
along the bonds lengthening

Figure 3.8: The three position updates needed for one time step. The dashed line is the old bond
of lengthd, the solid lines are the new bonds= d cos  andp = (242 — I2)2.

whereF is the3 N force vector andV is a3N x 3N diagonal matrix, containing the masses of
the particles. The system is constrainedibyime-independent constraint equations

gi(r) = |riy —7iy| —di = i=1,..., K (3.52)

In a numerical integration scheme LINCS is applied after an unconstrained update, just like
SHAKE. The algorithm works in two steps (see figure Bd). In the first step the projections of

the new bonds on the old bonds are set to zero. In the second step a correction is applied for the
lengthening of the bonds due to rotation. The numerics for the first step and the second step are
very similar. A complete derivation of the algorithm can be foun®].[Only a short description

of the first step is given here.

A new notation is introduced for the gradient matrix of the constraint equations which appears on
the right hand side of the equation
By = W.SN (3.53)
i
Notice thatB is aK x 3N matrix, it contains the directions of the constraints. The following equa-
tion shows how the new constrained coordinates, are related to the unconstrained coordinates

unc
Tnt1

Tntl = A.N - H._:m:vimﬂm + HJ:& =

ri — M7 By (BuM B (Buril — d)

(3.54)

whereT = M~'BT(BM~'BT)~'. The derivation of this equation from eqr&s51and3.52
can be found inZ8].

This first step does not set the real bond lengths to the prescribed lengths, but the projection of the
new bonds onto the old directions of the bonds. To correct for the rotation ofibtelprojection
of the bond on the old direction is set to

pi = (3.55)
wherel; is the bond length after the first projection. The corrected positions are
rh1 =T —TpByp)rny1 +Thp (3.56)

E.26. ghelix 199

insertion into hydrogen bonds. Ordering is identical to thahimn index file.
-da : write out the number of donors and acceptors analyzed for each timeframe. This is especially usefull
when usingshell

Files
-f traj.xtc Input Generic trajectory: xtc trr trj gro g96 pdb
-S topol.tpr Input Generic run input: tpr tpb tpa
-n index.ndx Input, Opt.  Index file
-g hbond.log Output, Opt. Log fi
-sel select.ndx Input, Opt.  Index file
-num hbnum.xvg  Output xvgr/xmgr file
-ac hbac.xvg Output, Opt. xvgr/xmgr file
-dist hbdist.xvg Output, Opt. xvgr/xmgr file
-ang hbang.xvg Output, Opt. xvgr/xmgr file
-hx hbhelix.xvg Output, Opt. xvgr/xmagr file
-hbn hbond.ndx Output, Opt. Index file
-hbm hbmap.xpm Output, Opt. X PixMap compatible matrix file
-da danum.xvg  Output, Opt. xvgr/xmgr file
Other options
-h  bool no Print help info and quit
-nice int 19 Setthe nicelevel
-b  time -1 First frame (ps) to read from trajectory
-e time -1 Last frame (ps) to read from trajectory
-dt  time -1 Only use frame when t MOD dt = first time (ps)
-ins  bool no Analyze solvent insertion
-a  real 60 Cutoff angle (degrees, Donor - Hydrogen - Acceptor)
-r real 0.25 Cutoff radius (nm, Hydrogen - Acceptor)
-abin real 1 Binwidth angle distribution (degrees)
-rbin real 0.005 Binwidth distance distribution (nm)
-nitacc bool yes Regard nitrogen atoms as acceptors
-shell real -1 when> 0, only calculate hydrogen bonds within # nm shell around one
particle
E.26 g_helix

g-helix computes all kind of helix properties. First, the peptide is checked to find the longest helical part.
This is determined by Hydrogen bonds and Phi/Psi angles. That bit is fitted to an ideal helix around the
Z-axis and centered around the origin. Then the following properties are computed:

1. Helix radius (file radius.xvg). This is merely the RMS deviation in two dimensions for all Calpha atoms.
it is calced as sqrt((SUM i&i)+y?(i)))/N), where N is the number of backbone atoms. For an ideal helix
the radius is 0.23 nm

2. Twist (file twist.xvg). The average helical angle per residue is calculated. For alpha helix it is 100
degrees, for 3-10 helices it will be smaller, for 5-helices it be larger.

3. Rise per residue (file rise.xvg). The helical rise per residue is plotted as the difference in Z-coordinate
between Ca atoms. For an ideal helix this is 0.15 nm

4. Total helix length (file len-ahx.xvg). The total length of the helix in nm. This is simply the average rise
(see above) times the number of helical residues (see below).

5. Number of helical residues (file n-ahx.xvg). The title says it all.

6. Helix Dipole, backbone only (file dip-ahx.xvg).

7. RMS deviation from ideal helix, calculated for the Calpha atoms only (file rms-ahx.xvg).
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32 Chapter 3. Algorithms

if Ao =1 andAM\ is 0 this is the plain MD algorithm. Note that for standard A must be
negative. WhefTj(step)< O itis setto 0, as negative temperatures do not have a physical meaning.
This “feature” allows for an annealing strategy in which at first the temperature is scaled down
linearly until 0 K, and when more steps are taken the simulation proceeds at 0 K. Since the weak
coupling scheme does not couple instantaneously, the actual temperature will always be slightly
higher than 0 K.

3.8 Stochastic Dynamics

Stochastic or velocity Langevin dynamics adds a friction and a noise term to Newton’s equations
of motion: )

QEQ T —my h$ + Fi(r)+ 7 (3.60)
whereg; is the friction constanfl/pg and 7; (t) is a noise process <<Eﬁ. (t) w«. (t+s)) =
2m;&kpTd(s)d;;. Whenl/¢; is large compared to the time scales present in the system, one
could see stochastic dynamics as molecular dynamics with stochastic temperature-coupling. The
advantage compared to MD with Berendsen temperature-coupling is that in case of SD the gen-
erated ensemble is known. For vacuum simulations there is the additional advantage that there is
no accumulation of errors for the overall translational and rotational degrees of freedom. When
1/¢&; is small compared to the time scales present in the system, the dynamics will be completely
different from MD, but the sampling is still correct.

GROMACS uses a complicated third-order leap-frog algorit28j} fo integrate equation3(60).

When constraints are present in the system, two constraint steps are performed per time step. The
kinetic energy is computed at the whole time step, this is done by averaging the velocities at minus
and plus a half time step, with a correction for the friction:

w0y (o[ 5) o F)) e enfoee)) e

2 2 2
Exact continuation of a stochastic dynamics simulation is not possible, since apart from the coor-
dinates and the velocities one random term of the previous step in required, however, the error will
be very small.

3.9 Brownian Dynamics

In the limit of high friction stochastic dynamics reduces to Brownian dynamics, also called posi-
tion Langevin dynamics. This applies to over-damped systems, i.e. systems in which the inertia
effects are negligible. The equation is:

dr; 1 o
wheren; is the friction coefficienfamu/p$ andr;(t) is a noise process witf¥;(t) @Q +3s)) =
20(s)0;jkBT/~;. In GROMACS the equations are integrated with a simple, explicit scheme:

At At
p N.JAQAWVV + N\amﬂ .
K3 !

ri(t + At) = r(t) + r& (3.63)

E.23. ggyrate 197
-nmol int 1 Number of molecules in your sample: the energies are divided by this
-ndf int 3 ﬁﬂﬂ;ﬂmmﬂ of degrees of freedom per molecule. Necessary for calculating
the heat capacity
-fluc bool no Calculate autocorrelation of energy fluctuations rather than energy itself
-acflen int -1 Length of the ACF, default is half the number of frames
-normalize bool yes Normalize ACF
-P enum 0 Order of Legendre polynomial for ACF (0 indicates nor@)1, 2 or 3
-fitfn enum  none Fitfunction:none, exp, aexp , exp _exp orvac
-ncskip int 0 Skip N points in the output file of correlation functions
-beginfit real 0 Time where to begin the exponential fit of the correlation function
-endfit real -1 Time where to end the exponential fit of the correlation function, -1 is till
the end

E.23 g gyrate

g-gyrate computes the radius of gyration of a group of atoms and the radii of gyration about the x, y and z
axes,as a function of time. The atoms are explicitly mass weighted.

Files
-f traj.xtc Input Generic trajectory: xtc trr trj gro g96 pdb
-S topol.tpr Input Structure+mass(db): tpr tpb tpa gro g96 pdb
-0 gyrate.xvg Output xvgr/xmgr file
-n index.ndx Input, Opt.  Index file
Other options
-h  bool no Print help info and quit
-nice int 19 Setthe nicelevel
-b  time -1 First frame (ps) to read from trajectory
-e time -1 Last frame (ps) to read from trajectory
-dt  time -1 Only use frame when t MOD dt = first time (ps)
-w  bool no View output xvg, xpm, eps and pdb files
-q bool no Use absolute value of the charge of an atom as weighting factor instead
-p  bool no mﬁmﬁw_wwﬁm the radii of gyration about the principal axes.

E.24 g_h2order

Compute the orientation of water molecules with respect to the normal of the box. The program determines

the average cosine of the angle between de dipole moment of water and an axis of the box. The box is
divided in slices and the average orientation per slice is printed. Each water molecule is assigned to a slice,
per time frame, based on the position of the oxygen. When -nm is used the angle between the water dipole
and the axis from the center of mass to the oxygen is calculated instead of the angle between the dipole and
a box axis.

Files
-f traj.xtc Input Generic trajectory: xtc trr trj gro g96 pdb
-n index.ndx Input Index file
-nm index.ndx Input, Opt.  Index file
-s topol.tpr Input Generic run input: tpr tpb tpa

-0 order.xvg Output xvgr/xmgr file
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34 Chapter 3. Algorithms

3.11 Normal Mode Analysis

Normal mode analysis3p, 31, 32] can be performed using GROMACS, by diagonalization of the
mass-weighted Hessian:
M™PHEMT?Q = w?Q (3.66)

whereM contains the atomic masség contains eigenvectors, andcontains the corresponding
eigenvalues (frequencies).

First, the Hessian matrix, which is3aV x 3N matrix whereN is the number of atoms, has to be
calculated: )
0%V
H — 3.67
’ @Q{@%g A v
wherez; andz; denote the atomic x,y or z coordinates. In practice, these equations have not been
developed analytically, but the force is used

ov

mﬂm = —
%&&

(3.68)

from which the Hessian is computed numerically. It should be noted that for a usual Normal Mode
calculation, it is necessary to completely minimize the energy prior to computation of the Hessian.
This should be done with conjugate gradient in double precision. A number of GROMACS pro-
grams are involved in these calculations. Rmstrun , which computes the Hessian, and secondly
g-nmeig which does the diagonalization and sorting of normal modes according to frequencies.
Both these programs should be run in double precision. An overview of normal mode analysis and
the related principal component analysis (see 8&.can be found in33].

3.12 Free energy calculations

Free energy calculations can be performed in GROMACS using slow-growth methods. An exam-
ple problem might be: calculate the difference in free energy of binding of an inhibttoan
enzymeE and to a mutated enzynig. It is not feasible with computer simulations to perform a
docking calculation for such a large complex, or even releasing the inhibitor from the enzyme in a
reasonable amount of computer time with reasonable accuracy. However, if we consider the free
energy cycle in (Fig3.9A) we can write

AGy — AGy = AGs — AGy (3.69)

If we are interested in the left-hand term we can equally well compute the right-hand term.

If we want to compute the difference in free energy of binding of two inhibitoasd !’ to an
enzymek (Fig. 3.9B) we can again use eql.69to compute the desired property.

Free energy differences between two molecular species can be calculated in GROMACS using the
“slow-growth” method. In fact, such free energy differences between different molecular species
are physically meaningless, but they can be used to obtain meaningful quantities employing a
thermodynamic cycle. The method requires a simulation during which the Hamiltonian of the
system changes slowly from that describing one system (A) to that describing the other system

E.21. genemat 195
Files
-f dyndom.pdb Input Protein data bank file
-0 rotated.xtc Output Generic trajectory: xtc trr trj gro g96 pdb
-n domains.ndx Input Index file
Other options
-h  bool no Print help info and quit
-nice int 0 Setthe nicelevel
-firstangle real 0 Angle of rotation about rotation vector
-lastangle real 0 Angle of rotation about rotation vector

-nframe int 11 Number of steps on the pathway

-maxangle real 0 DymDom dtermined angle of rotation about rotation vector
-trans real 0 Translation (Aangstroem) along rotation vector (see DynDom info file)
-head vector 0 O O Firstatom of the arrow vector
-tail  vector 0 O O Lastatom of the arrow vector

E.21 g_enemat

g-enemat extracts an energy matrix from an energy file. Vgtbups a file must be supplied with on each
line a group to be used. For these groups a matrices of interaction energies will be calculated. Also the total
interaction energy energy per group is calculated.

An approximation of the free energy is calculated using: E(free) = EO + KT 4a(p((E-E0)/KT)> ),

where ‘<>’ stands for time-average. A file with reference free energies can be supplied to calculate the
free energy difference with some reference state. Group names (e.g. residue names in the reference file
should correspond to the group names as used ingifteeips file, but a appended number (e.g. residue
number)in thegroups will be ignored in the comparison.

Files
-f ener.edr Input, Opt.  Generic energy: edr ene
-groups groups.dat Input Generic data file
-eref eref.dat Input, Opt.  Generic data file
-emat emat.xpm  Output X PixMap compatible matrix file
-etot energy.xvg Output xvgr/xmgr file
Other options
-h  bool no Print help info and quit
-nice int 19 Setthe nicelevel
-b  time -1 First frame (ps) to read from trajectory
-e time -1 Last frame (ps) to read from trajectory
-dt  time -1 Only use frame when t MOD dt = first time (ps)
-w  bool no View output xvg, xpm, eps and pdb files
-sum  bool no Sum the energy terms selected rather than display them all
-skip int 0 Skip number of frames between data points
-mean bool yes with -groups calculates matrix of mean energies in stead of matrix for
each timestep
-nlevels int 20 number of levels for matrix colors
-max real 1e+20 max value for energies
-min  real -1e+20 min value for energies
-coul  bool yes calculate Coulomb SR energies
-coulr bool no calculate Coulomb LR energies

-coull4 bool no calculate Coulomb 1-4 energies
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average:

dA _ J[(0H/OX) exp[=BH (p,q; N dpdg _ Amm (3.76)

dx — [[exp[-BH(p,¢; )] dpdg 2N vé\ﬁh
with a similar relation folG/d) in the N, p, T ensemble. The difference in free energy between
A and B can be found by integrating the derivative oxer

1
AB(V,T) — AA(V,T) = \o Awm vif d\ 3.77)
1
e -ctor = [0 i (3.78)
g pT;

If one wishes to evaluat€®(p, T) — G*(p, T), the natural choice is a constant-pressure simu-
lation. However, this quantity can also be obtained from a slow-growth simulation at constant
volume, starting with system A at pressgrand volumel” and ending with system B at pressure
pB, by applying the following small correction:
B
G (p) — GAp) = AB(V) — AAW) = [T (VR - vy (379)
P

Here we omitted the constafitfrom the notation. This correction is roughly mnch@ (pB —
p)AV = (AV)?/(2xV), whereAV is the volume change atandx is the isothermal compress-
ibility. This is usually negligible. For example, the growth of a water molecule from nothing in a
bath of 1000 water molecules at constant volume would produce an additional pressure of 22 bar
and a correction to the Helmholtz free energy of -20 J/mol.

In cartesian coordinates, the kinetic energy term in the Hamiltonian depends only on the momenta,
and can be separately integrated and in fact removed from the equations. When masses do not
change, there is no contribution from the kinetic energy at all; otherwise the integrated contribution
to the free energy Wwwmj:?:w}i;. This is no longer true in the presence of constraints.

GROMACS offers the possibility to integrate )77 or eq. 3.78in one simulation over the full

range from A to B. However, if the change is large and sampling insufficiency can be expected,
the user may prefer to determine the value(@f/d\) accurately at a number of well-chosen
intermediate values of. This can be easily done by setting the stepsieka lambda to zero.

Each simulation can be equilibrated first, and a proper error estimate can be made for each value of
dG /d) from the fluctuation 0O H/O\. The total free energy change is then determined afterwards

by an appropriate numerical integration procedure.

The A-dependence for the force-field contributions is described in sectiod Sc.

3.13 Essential Dynamics Sampling

The results from Essential Dynamics (see €28). of a protein can be used to guide MD simula-
tions. The idea is that from an initial MD simulation (or from other sources) a definition of the
collective fluctuations with largest amplitude is obtained. The position along one or more of these
collective modes can be constrained in a (second) MD simulation in a number of ways for several
purposes. For example, the position along a certain mode may be kept fixed to monitor the average

E.18. gdisre 193

-s topol.tpr Input Generic run input: tpr tpb tpa

-n index.ndx Input, Opt.  Index file

-0 Mtot.xvg Output xvgr/xmgr file

-e epsilon.xvg Output xvgr/xmgr file

-a aver.xvg Output xvgr/xmgr file

-d dipdist.xvg Output xvgr/xmgr file

-C dipcorr.xvg Output, Opt. xvgr/xmgr file

-g gkr.xvg Output, Opt. xvgr/xmgr file

-q quadrupole.xvg

Other options
-h  bool no
-nice int 19
-b  time -1
-e time -1
-dt  time -1
-w  bool no
-mu real -1
-mumax real 5
-epsilonRF real 0
-skip int 0
-temp  real 300
-avercorr bool no
-gkratom int 0
-acflen int -1
-normalize bool yes
-P enum 0
-fitfn enum none
-ncskip int 0
-beginfit real 0
-endfit real -1
E.18 g disre

Output, Opt. xvgr/xmgr file

Print help info and quit

Set the nicelevel

First frame (ps) to read from trajectory

Last frame (ps) to read from trajectory

Only use frame when t MOD dt = first time (ps)

View output xvg, xpm, eps and pdb files

dipole of a single molecule (in Debye)

max dipole in Debye (for histrogram)

epsilon of the reaction field used during the simulation, needed for
dieclectric constant calculation. WARNING: 0.0 means infinity (default)
Skip steps in the output (but not in the computations)

average temperature of the simulation (needed for dielectric constant cal-
culation)

calculate AC function of average dipole moment of the simulation box
rather than average of AC function per molecule

Use the n-th atom of a molecule (starting from 1) to calculate the dis-
tance between molecules rather than the center of charge (when 0) in the
calculation of distance dependent Kirkwood factors

Length of the ACF, default is half the number of frames

Normalize ACF

Order of Legendre polynomial for ACF (0 indicates nor)1, 2 or 3

Fit function: none , exp , aexp , exp _exp orvac

Skip N points in the output file of correlation functions

Time where to begin the exponential fit of the correlation function

Time where to end the exponential fit of the correlation function, -1 is till
the end

g.-disre computes violations of distance restraints. If necessary all protons can be added to a protein
molecule. The program allways computes the instantaneous violations rather than time-averaged, because
this analysis is done from a trajectory file afterwards it does not make sense to use time averaging.

An index file may be used to select specific restraints for printing.

Files
-s
-f
-ds
-da
-dn

topol.tpr
traj.xtc
drsum.xvg
draver.xvg
drnum.xvg

Input Generic run input: tpr tpb tpa

Input Generic trajectory: xtc trr trj gro g96 pdb
Output xvgr/xmgr file

Output xvgr/xmgr file

Output xvgr/xmgr file
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38 Chapter 3. Algorithms

of hardware vendors, and that it is much harder to maintain a program that has to run on
both parallel and sequential machines, because the only standard language that supports it
is Fortran-90 which is not available on many platforms.

Both methods allow for the MD algorithm to be implemented without much trouble. Message
passing MD algorithms have been published since the mid 8874, ([38]) and development is

still continuing. Data parallel programming is newer, but starting from a well vectorized program
itis not hard to do.

Our implementation of MD is a message passing one, the reason for which is partly historical:
the project to develop a parallel MD program started when Fortran-90 was still in the making,
and no compilers were expected to be available. At current, we still believe that message passing
is the way to go, after having done some experiments with data parallel programming on a Con-
nection Machine (CM-5), because of portability to other hardware, the poor performance of the
code produced by the compilers and because this way of programming has the same drawback as
vectorization: the part of the program that is not vectorized or parallelized determines the runtime
of the program (Amdahl’s law).

The approach we took to parallelism was a minimalist one: use as little non-standard elements in
the software as possible, and use the simplest processor topology that does the job. We therefore
decided to use a standard language (ANSI-C) with as little non-standard routines as possible. We
only use 5 communication routines that are non-standard. Itis therefore very easy to port our code
to other machines.

For anO(N?) problem like MD, one of the best schemes for the interprocessor connections is a
ring, so our software demands that a ring is present in the interprocessor connections. A ring can
essentially always be mapped onto another network like a hypercube, a bus interface (Ethernet
e.g. using Message Passing Interface MPI) or a tree (CM-5). Some hardware vendors have very
luxurious connection schemes that connect every processor to every other processor, but we do
not really need it and so do not use it even though it might come in handy at times. The advan-
tage with this simplistic scheme is that GROMACS performs extremely well even on inexpensive
workstation clusters.

When using a message passing scheme one has to divide the particles over processors, which can
be done in two ways:

e Space Decomposition.
An element of space is allocated to each processor, when dividing a cubic box with edge
b over P processors this can be done by giving each processor a slab of leigthrhis
method has the advantage that each processor has about the same number of interactions to
calculate (at least when the simulated system has a homogeneous density, like a liquid or
a gas). The disadvantage is that a lot of bookkeeping is necessary for particles that move
over processor boundaries. When using more complex systems like macromolecules there
are also 3- and 4-atom interactions that would complicate the bookkeeping so much that this
method is not used in our program.

Particle Decomposition.

Every processor is allocated a number of particles. When dividingarticles overP
processors each processor will géf P particles. The implementation of this method is
described in the next section.

E.15. gdielectric 191

E.15 g _dielectric

dielectric calculates frequency dependent dielectric constants from the autocorrelation function of the total
dipole moment in your simulation. This ACF can be generated bipgles. For an estimate of the error

you can run gstatistics on the ACF, and use the output thus generated for this program. The functional
forms of the available functions are:

One parmeter : y = Exp[-al x] Two parmeters : y = a2 Exp[-al x] Three parmeter: y = a2 Exp[-al x] + (1 -
a2) Exp[-a3 x] Startvalues for the fit procedure can be given on the commandline. It is also possible to fix
parameters at their start value, use -fix with the number of the parameter you want to fix.

Three output files are generated, the first contains the ACF, an exponential fit to it with 1, 2 or 3 parameters,
and the numerical derivative of the combination data/fit. The second file contains the real and imaginary
parts of the frequency-dependent dielectric constant, the last gives a plot known as the Cole-Cole plot, in
which the imaginary component is plotted as a function of the real component. For a pure exponential
relaxation (Debye relaxation) the latter plot should be one half of a circle

Files
-f Mtot.xvg Input xvgr/xmgr file
-d deriv.xvg Output xvgr/xmgr file
-0 epsw.xvg  Output xvgr/xmgr file
-C cole.xvg Output xvgr/xmgr file
Other options
-h  bool no Print help info and quit
-nice int 19 Setthe nicelevel
-b  time -1 First frame (ps) to read from trajectory
-e time -1 Last frame (ps) to read from trajectory
-dt  time -1 Only use frame when t MOD dt = first time (ps)
-w  bool no View output xvg, xpm, eps and pdb files
-fft bool no use fast fourier transform for correlation function
-x1  bool yes use first column as X axis rather than first data set
-eint real 5 Time were to end the integration of the data and start to use the fit
-bfit real 5 Begin time of fit
-efit real 500 End time of fit
-tail real 500 Length of function including data and tail from fit
-A  real 0.5 Start value for fit parameter A
-taul real 10 Start value for fit parameter taul
-tau2 real 1 Start value for fit parameter tau2
-epsO  real 80 Epsilon 0 of your liquid
-epsRF  real 78.5 Epsilon of the reaction field used in your simulation. A value of 0 means
infinity.
-fix int 0 Fix vW\EBmqum at their start values, A (2), taul (1), or tau2 (4)
-ffn  enum none Fit function: none, exp, aexp , exp _exp orvac
-nsmooth int 3 Number of points for smoothing
E.16 g dih

g.dih can do two things. The default is to analyze dihedral transitions by merely computing all the dihedral
angles defined in your topology for the whole trajectory. When a dihedral flips over to another minimum
an angle/time plot is made.
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Figure 3.10: The interaction matrix (left) and the same using action-reaction (right).

imod2=0|imod2=0|imod2=1|imod2=1
i <N/2 i>N/2 i <N/2 i >N/2
Nmod2=1 N/2 N/2 N/2 N/2
Nmod4=2 N/2 N/2 N/2-1 N/2-1
Nmod4=0 N/2 N/2-1 N/2-1 N/2

Table 3.2: The number of interactions between particles. The numbepaticles pet particle
is a function of the total number of particldsand particle numbei: Note that here thg operator
is used for integer division, i.e. truncating the reminder.

E.12. gconfrms 189
-seed int 1993 Random number seed for Monte Carlo clustering algorithm
-niter int 10000 Number of iterations for MC
-kT real 0.001 Boltzmann weighting factor for Monte Carlo optimization (zero turns off
uphill steps)

E.12 g_confrms

g-confrms computes the root mean square deviation (RMSD) of two structures after LSQ fitting the second
structure on the first one. The two structures do NOT need to have the same number of atoms, only the two
index groups used for the fit need to be identical.

The superimposed structures are written to file. Jpdb file the two structures will be written as separate
models (useasmol -nmrpdb ).

Files
-f1 confl.gro Input Structure+mass(db): tpr tpb tpa gro g96 pdb
-f2 conf2.gro Input Generic structure: gro g96 pdb tpr tpb tpa
-0 fit.pdb Output Generic structure: gro g96 pdb
-nl fitl.ndx Input, Opt.  Index file
-n2 fit2.ndx Input, Opt.  Index file
Other options
-h  bool no Print help info and quit
-nice int 19 Setthe nicelevel
-one  bool no Only write the fitted structure to file
-pbc  bool no Try to make molecules whole again
E.13 g covar

g-covar calculates and diagonalizes the (mass-weighted) covariance matrix. All structures are fitted to
the structure in the structure file. When this is not a run input file periodicity will not be taken into account.
When the fit and analysis groups are identical and the analysis is non mass-weighted, the fit will also be
non mass-weighted.

The eigenvectors are written to a trajectory file {. When the same atoms are used for the fit and the
covariance analysis, the reference structure for the fit is written first with t=-1. The average (or reference

h —
] I = 01234567
= 0123456 0| eeee
012345 0 ' (X X )
o] eee I em eooo
I X em 3 XX
ﬁm XX 3 4 XX
3 (X ) 4 5|®e (X )
410 @ [ 5 6|l®@ [
50 6 700060
N mod 4 =2 Nmod2=1 N mod4=0

Figure 3.11: Interaction matrices for differeNt The number ofj-particles an-particle interacts
with depends on thital number of particles and on tiparticle number

when-ref

is used) structure is written with t=0, the eigenvectors are written as frames with the eigenvector

number as timestamp.
The eigenvectors can be analyzed vgtlanaeig .
Option-xpm writes the whole covariance matrix to an xpm file.

Option-xpma writes the atomic covariance matrix to an xpm file, i.e. for each atom pair the sum of the
XX, Yy and zz covariances is written.

Files
-f traj.xtc Input Generic trajectory: xtc trr trj gro g96 pdb
-S topol.tpr Input Structure+mass(db): tpr tpb tpa gro g96 pdb
-n index.ndx Input, Opt.  Index file
-0 eigenval.xvg Output xvgr/xmgr file
-V eigenvec.trr Output Full precision trajectory: trr trj

-av average.pdb Output Generic structure: gro g96 pdb
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Forces

Coordinates

Figure 3.13: Data flow in a ring of processors.

3.15 Parallel Molecular Dynamics

In this chapter we describe some details of the parallel MD algorithm used in GROMACS. This
also includes some other information on neighbor searching and a side excursion to parallel sort-
ing. Please note the following which we use throughout this chapter:

definition: N: Number of particles) number of processors.

GROMACS employs two different grids: the neighbor searching grid (NS grid) and the combined
charge/potential grid (FFT grid), as will be described below. To maximize the confusion, these
two grids are mapped onto a grid of processors when GROMACS runs on a parallel computer.

3.15.1 Domain decomposition

Modern day parallel computers, such as an IBM SP/2 or a Cray T3E consist of relatively small
numbers of relatively fast scalar processors (typically 8 to 256). The communication channels that
are available in hardware on these machine are not directly visible for the programmer, a software
layer (usually MPI) hides this, and makes communication from all processors to all others possible.
In contrast, in the GROMACS hardward fonly communication in a ring was available, i.e. each
processor could communicate with its direct neighbors only.

It seems logical to map the computational box of an MD simulation system to a 3D grid of pro-
cessors (e.g. 4x4x4 for a 64 processor system). This ensures that most interactions that are local in
space can be computed with information from neighboring processors only. However, this means
that there have to be communication channels in 3 dimensions too, which is not necessarily the
case. Although this may be overcome in software, such a mapping is complicated for the MD
software as well, without clear benefits in terms of performance for most parallel computers.

Therefore we opt for a simple one-dimensional division scheme for the computational box. Each
processor gets a slab of this box in the X-dimension. For the communication between processors
this has two main advantages:

1. Simplicity of coding. Communication can only be to two neighbors (cdéédandright in
GROMACS).

E.11. gcluster 187
-omega bool no Output for Omega dihedrals (peptide bonds)
-rama  bool no Generate Phi/Psi and Chil/Chi2 ramachandran plots
-viol bool no Write a file that gives 0 or 1 for violated Ramachandran angles
-all bool no Output separate files for every dihedral.
-shift bool no Compute chemical shifts from Phi/Psi angles
-run int 1 perform running average over ndeg degrees for histograms
-maxchi enum 0 calculate first ndih Chi dihedral§;, 1,2, 3,4,50or6
-normhisto bool yes Normalize histograms
-ramomega  bool no compute average omega as a function of phi/psi and plot it in an xpm plot
-bfact real -1 B-factor value for pdb file for atoms with no calculated dihedral order
parameter
-bmax real 0 Maximum B-factor on any of the atoms that make up a dihedral, for the

dihedral angle to be considere in the statistics. Applies to database work
where a number of X-Ray structures is analyzed. -bma0 means no

-acflen int -1 __Hﬁ_dﬁu% of the ACF, default is half the number of frames
-normalize bool yes Normalize ACF
-P enum 0 Order of Legendre polynomial for ACF (0 indicates nor@)1, 2 or 3
-fitfn enum none Fit function: none, exp, aexp , exp _exp orvac

-ncskip int 0 Skip N points in the output file of correlation functions

-beginfit real 0 Time where to begin the exponential fit of the correlation function
-endfit real -1 Time where to end the exponential fit of the correlation function, -1 is ti

the end

e Produces MANY output files (up to about 4 times the number of residues in the protein, twice that if
autocorrelation functions are calculated). Typically several hundred files are output.

E.11 g cluster

g_cluster can cluster structures with several different methods. Distances between structures can be deter-
mined from a trajectory or read from an XPM matrix file with tlien option. RMS deviation after fitting
or RMS deviation of atom-pair distances can be used to define the distance between structures.

full linkage: add a structure to a cluster when its distance to any element of the cluster is lesgdffan .

Jarvis Patrick: add a structure to a cluster when this structure and a structure in the cluster have each other
as neighbors and they have a leBsteighbors in common. The neighbors of a structure are the M closest
structures or all structures withautoff

Monte Carlo: reorder the RMSD matrix using Monte Carlo.
diagonalization: diagonalize the RMSD matrix.

gromos: use algorithm as described in Dagiral. (Angew. Chem. Int. EdL999 38, pp 236-240). Count
number of neighbors using cut-off, take structure with largest number of neighbors with all its neighbors as
cluster and eleminate it from the pool of clusters. Repeat for remaining structures in pool.

When the clustering algorithm assigns each structure to exactly one cluster (full linkage, Jarvis Patrick and
gromos) and a trajectory file is supplied, the structure with the smallest average distance to the others or
the average structure or all structures for each cluster will be written to a trajectory file. When writing all
structures, separate numbered files are made for each cluster.

Two output files are always written:
-0 writes the RMSD values in the upper left half of the matrix and a graphical depiction of the clusters in
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44 Chapter 3. Algorithms

“a little bit of everything”. The GROMACS utility prograreditconf  has an option to rotate a
whole computational box.

The following observations are important here:

e Particles may diffuse from one slab to the other, therefore each processor must hold coordi-
nates for all particles all the time, and distribute forces back to all processors as well.

o \elocities are kept on the “home processor” for each particle, where the integration of New-
ton’s equations is done.

e Fixed interaction lists (bonds, angles etc.) are kept each on a single processor. Since all
processors have all coordinates, it does not matter where interactions are calculated. The
division is actually done by the GROMACS preprocesgmmpp and care is taken that, as
far as possible, every processor gets the same number of bonded interactions.

In all, this makes for a mixed particle decomposition/domain decomposition scheme for paral-
lelization of the MD code. The communication costs are four times higher than for the simple
particle decomposition method described in s2t4 (the whole coordinate and force array are
communicated across the whole ring, rather than half the array over half the ring). However, for
large numbers of processors the improved load balancing compensates this easily.

3.15.3 Parallel PPPM

A further reason for domain decomposition is the PPPM algorithm. This algorithm works with
a 3D Fast Fourier Transform. It employs a discrete grid of dimensiens.{,n.), the FFT grid.
The algorithm consist of five steps, each of which have to be parallelized:

1. Spreading charges on the FFT grid to obtain the charge distribption This bit involves
the following sub-steps:

a. put particle in the box
b. find the FFT grid cell in which the particle resides

c. add the charge of the particle times the appropriate weight factor (seé.8e3.to
each of the 27 grid points (3 x 3 x 3).

In the parallel case, the FFT grid must be filled on each processor with its share of the par-
ticles, and subsequently the FFT grids of all processors must be summed to find the total
charge distribution. It may be clear that this induces a large amount of unnecessary work,
unless we use domain decomposition. If each processor only has patrticles in a certain re-
gion of space, it only has to calculate the charge distribution for that region of space. Since
GROMACS works with slabs, this means that each processor fills the FFT grid cells corre-
sponding to it's slab in space and addition of FFT grids need only be done for neighboring
slabs.

To be more precise, the slalfor processoi is defined as:

e . Iy
< 1 — .
~>\~I&AC+CN§ (3.82)
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E.8 g bond

g-bond makes a distribution of bond lengths. If all is well a gaussian distribution should be made when
using a harmonic potential. bonds are read from a single group in the index file in order i1-j1 i2-j2 thru
in-jn.

-tol  gives the half-width of the distribution as a fraction of the bondlendtleq ). That means, for a
bond of 0.2 a tol of 0.1 gives a distribution from 0.18 to 0.22

Files
-f traj.xtc Input Generic trajectory: xtc trr trj gro g96 pdb
-n index.ndx Input Index file
-0 bonds.xvg Output xvgr/xmgr file
-l bonds.log Output, Opt. Log file
Other options
-h  bool no Print help info and quit
-nice int 19 Setthe nicelevel
-b  time -1 First frame (ps) to read from trajectory
-e time -1 Last frame (ps) to read from trajectory
-dt  time -1 Only use frame when t MOD dt = first time (ps)
-w  bool no View output xvg, xpm, eps and pdb files
-blen real -1 Bond length. By default length of first bond
-tol real 0.1 Half width of distribution as fraction of blen
-aver  bool yes Sum up distributions

e It should be possible to get bond information from the topology.

E.9 g_bundle

g-bundle analyzes bundles of axes. The axes can be for instance helix axes. The program reads two index
groups and divides both of them-na parts. The centers of mass of these parts define the tops and bottoms

of the axes. Several quantities are written to file: the axis length, the distance and the z-shift of the axis
mid-points with respect to the average center of all axes, the total tilt, the radial tilt and the lateral tilt with
respect to the average axis.

With options-ok , -okr and-okl the total, radial and lateral kinks of the axes are plotted. An extra index
group of kink atoms is required, which is also divided imta parts. The kink angle is defined as the angle
between the kink-top and the bottom-kink vectors.

With option-oa the top, mid (or kink whenok is set) and bottom points of each axis are written to a
pdb file each frame. The residue numbers correspond to the axis numbers. When viewing this file with
rasmol , use the command line optienmrpdb , and typeset axis true to display the reference

axis.

Files

-f traj.xtc Input Generic trajectory: xtc trr trj gro g96 pdb
-S topol.tpr Input Structure+mass(db): tpr tpb tpa gro g96 pdb
-n index.ndx Input, Opt.  Index file

-ol bun _len.xvg Output xvgr/xmgr file

-od  bun _dist.xvg Output xvgr/xmgr file

-0z bun zxvg Output xvgr/xmgr file

-ot  bun _tilt.xvg Output xvgr/xmgr file
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46 Chapter 3. Algorithms

coordinates on each processor (which is technically possible since we have all the coordinates),
then this sorting procedure will take a constant time (proportionalttog NV, independent of the
number of processors. We can however do a little better, if we assume that particles diffuse only
slowly. A parallel sorting algorithm can be conceived as follows:

At the first step of the simulation

1. Do afull sort of all indices using e.qg. the quick-sort algorithm that is built-in in the standard
C-library

2. Divide the sorted array into slabs (as described above se8.E{).
At subsequent steps of the simulation:

1. Send the indices for each processor to the preceding processor (if not processor 0) and
to the next processor (if na#-1). The communication associated with this operation is
proportional to 2V/M.

2. Sort the combined indices of the three (or two) processors. Note that the CPU time associ-
ated with sorting is now (8/M)? log (3N/M).

3. On each processor, the indices belonging to it's slab can be determined from the order of
the array (Fig3.14).

E.6. ganalyze 183

This is useful for principal components obtained from covariance analysis, since the principal components
of random diffusion are pure cosines.

Option-msd produces the mean square displacement(s).
Option-dist  produces distribution plot(s).

Option-av produces the average over the sets. Error bars can be added with the-eptian . The
errorbars can represent the standard deviation, the error (assuming the points are independent) or the interval
containing 90% of the points, by discarding 5% of the points at the top and the bottom.

Option-ee produces error estimates using block averaging. A set is divided in a number of blocks and
averages are calculated for each block. The error for the total average is calculated from the variance
between averages of the m blocks 8s follows: errof = Sum (Bi- <B>)?/ (m*(m-1)). These errors are
plotted as a function of the block size. Also an analytical block average curve is plotted, assuming that the
autocorrelation is a sum of two exponentials. The analytical curve for the block average BA is:

BA(t) = sigma sqrt(2/T (a (taul ((exp(-t/taul) - 1) taul/t + 1)) +

(1-a) (tau2 ((exp(-t/tau2) - 1) tau2/t + 1)))),

where T is the total time. a, taul and tau2 are obtained by fitting BA(t) to the calculated block average.
When the actual block average is very close to the analytical curve, the error is sigma*sqrt(2/T (a taul +
(1-a) tau2)).

Option-power fits the data to bé, which is accomplished by fitting to a t + b on log-log scale. All points
after the first zero or negative value are ignored.

Files

-f graph.xvg Input xvgr/xmgr
-ac  autocorr.xvg Output, Opt. xvgr/xmgr file
-msd msd.xvg  Output, Opt. xvgr/xmgr file
-cC coscont.xvg Output, Opt. xvgr/xmgr file
-dist distr.xvg Output, Opt. xvgr/xmgr file
-av average.xvg Output, Opt. xvgr/xmgr file
-ee errest.xvg Output, Opt. xvgr/xmagr file
Other options
-h  bool no Print help info and quit
-nice int 19 Setthe nicelevel
-w  bool no View output xvg, xpm, eps and pdb files
-time  bool yes Expect atime in the input
-b  real -1 First time to read from set
-e real -1 Lasttime to read from set
-n int 1 Read # sets seperated by &
-d  bool no Use the derivative
-bw  real 0.1 Binwidth for the distribution
-errbar  enum none Error bars for -avnone, stddev , error or90
-power  bool no Fitdatato: ba
-subav  bool yes Subtract the average before autocorrelating
-oneacf  bool no Calculate one ACF over all sets
-acflen int -1 Length of the ACF, default is half the number of frames
-normalize bool yes Normalize ACF
-P enum 0 Order of Legendre polynomial for ACF (0 indicates nor@)1, 2 or 3
-fitfn enum none Fit function: none, exp, aexp , exp _exp orvac
-ncskip int 0 Skip N points in the output file of correlation functions
-beginfit real 0 Time where to begin the exponential fit of the correlation function
-endfit real -1 Time where to end the exponential fit of the correlation function, -1 is till

the end
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Figure 4.1: The Lennard-Jones interaction.

4.1 Non-bonded interactions

Non-bonded interactions in GROMACS are pair-additive and centro-symmetric:

V(ry,...rn) =Y Vij(ry); (4.1)
i<j
N Wiy
F;= M dry = F; (4.2)

The non-bonded interactions contain a repulsion term, a dispersion term, and a Coulomb term.
The repulsion and dispersion term are combined in either the Lennard-Jones (or 6-12 interaction),
or the Buckingham (or exp-6 potential). In addition, (partially) charged atoms act through the
Coulomb term.

4.1.1 The Lennard-Jones interaction

The Lennard-Jones potentidl ; between two atoms equals

c1? ¢
Vig(ry) = —2— — 21 43
hk?ﬁv jw.m ﬁwu. ﬁ v

see also Figd.1The Um«mamﬁmﬁmwv m:aQ%v depend on pairs aftom typesconsequently they
are taken from a matrix of LJ-parameters.

The force derived from this potential is:
12 6
ci? Qa.v

Fi(rij) =122 -6
ﬁd.

(4.4)

E.5. ganaeig 181

-nice int 19 Setthe nicelevel
-b  real -1 Firsttime to use
-e real -1 Lasttime to use
-dt real 0 Only write out frame when t MOD dt = offset
-offset real 0 Time offset for -dt option
-settime bool no Change starting time interactively
-sort bool yes Sort energy files (not frames)
-scalefac real 1 Multiply energy component by this factor
-error bool yes Stop on errors in the file

« When combining trajectories the sigma antl(Becessary for statistics) are not updated correctly.
Only the actual energy is correct. One thus has to compute statistics in another way.

E.5 g_anaeig

g-anaeig analyzes eigenvectors. The eigenvectors can be of a covariance ngatwgr ) or of a
Normal Modes anaysig(nmeig ).

When a trajectory is projected on eigenvectors, all structures are fitted to the structure in the eigenvector
file, if present, otherwise to the structure in the structure file. When no run input file is supplied, periodicity
will not be taken into account. Most analyses are performed on eigenvefatsts  to-last , but when

irst is set to -1 you will be prompted for a selection.

-disp : plot all atom displacements of eigenvecteisst ~ to -last

-proj : calculate projections of a trajectory on eigenvectdirst to -last . The projections of a
trajectory on the eigenvectors of its covariance matrix are called principal components (pc’s). It is often
useful to check the cosine content the pc’s, since the pc’s of random diffusion are cosines with the number
of periods equal to half the pc index. The cosine content of the pc’s can be calculated with the program
g-analyze

-2d : calculate a 2d projection of a trajectory on eigenvectfirst and-last
-3d : calculate a 3d projection of a trajectory on the first three selected eigenvectors.
-filt  : filter the trajectory to show only the motion along eigenvectfirst  to -last

-extr : calculate the two extreme projections along a trajectory on the average structure and interpolate
-nframes frames between them, or set your own extremes wiitax . The eigenvectosfirst  will be

written unlessfirst and-last  have been set explicitly, in which case all eigenvectors will be written

to separate files. Chain identifiers will be added when writingdd  file with two or three structures (you

can us@asmol -nmrpdb  to view such a pdb file).

Overlap calculations between covariance analysis:
NOTE: the analysis should use the same fitting structure

-over : calculate the subspace overlap of the eigenvectors ivelewith eigenvectorsfirst  to-last

in file -v .

-inpr : calculate a matrix of inner-products between eigenvectors in-fileand-v2 . All eigenvectors
of both files will be used unleséirst and-last have been set explicitly.

When-v , -eigl , -v2 and-eig2 are given, a single number for the overlap between the covariance
matrices is generated. The formulas are:

difference = sqrt(tr((sqrt(M1) - sqrt(M2))

normalized overlap = 1 - difference/sqrt(tr(M1) + tr(M2))

shape overlap = 1 - sqrt(tr((sqrt(M1/tr(M1)) - sqrt(M2/tr(MZ)))
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1500 T T T T
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Figure 4.3: The Coulomb interaction (for particles with equal signed charge) with and without
reaction field. In the latter cagg; was 78, and. was 0.9 nm. The dot-dashed line is the same as
the dashed line, except for a constant.

4.1.3 Coulomb interaction

The Coulomb interaction between two charge particles is given by:

Va(rij) = f 245 (4.10)

ErTij

see also Figd.3 wheref = ;- = 138.935 485 (see chapte®)

4meq
The force derived from this potential is:

.@.J.
b T (4.11)
el T

Fi(ri)=f
In GROMACS the relative dielectric constantmay be set in the in the input fgrompp .

4.1.4 Coulomb interaction with reaction field

The coulomb interaction can be modified for homogeneous systems, by assuming a constant di-
electric environment beyond the cut-eff with a dielectric constant of,;. The interaction then
reads:

3

e — 1155 4q;  3ers
1+ — — e 4.12
+ 2epp+ 173 f re 265 +1 ( )

in which the constant expression on the right makes the potential zero at the cLit-@fe can
rewrite this for simplicity as

1 .
a\nia = .\.Q&Qu. o +\?% %w‘. —Crf A\—H_.WV
2

E.3. editconf 179

E.3 editconf

editconf converts generic structure formatgeo ,.g96 or.pdb .

The box can be modified with optioASox ,-d and-angles . Both-box and-d will center the system
in the box.

Option-bt determines the box typdric is a triclinic box,cubic is a cubic box,dodecahedron

is a rhombic dodecahedron andtahedron is a truncated octahedron. The last two are special cases

of a triclinic box. The length of the three box vectors of the truncated octahedron is the shortest distance
between two opposite hexagons. The volume of a dodecahedron is 0.71 and that of a truncated octahedron
is 0.77 of that of a cubic box with the same periodic image distance.

Option-box requires only one value for a cubic box, dodecahedron and a truncated octahedrosd With
andtric  the size of the system in the x, y and z directions is used. Witandcubic , dodecahedron
oroctahedron the diameter of the system is used, which is the largest distance between two atoms.

Option-angles is only meaningful with optiorbox and a triclinic box and can not be used with option
-d.

When-n or-ndef is set, a group can be selected for calculating the size and the geometric center, other-
wise the whole system is used.

-rotate  rotates the coordinates and velocitieprinc  aligns the principal axes of the system along
the coordinate axes, this may allow you to decrease the box volume, but beware that molecules can rotate
significantly in a nanosecond.

Scaling is applied before any of the other operations are performed. Boxes can be scaled to give a certain
density (option-density ). A special feature of the scaling option, when the factor -1 is given in one
dimension, one obtains a mirror image, mirrored in one of the plains, when one uses -1 in three dimensions
a point-mirror image is obtained.

Groups are selected after all operations have been applied.

Periodicity can be removed in a crude manner. It is important that the box sizes at the bottom of your input
file are correct when the periodicity is to be removed.

The program can optionally rotate the solute molecule to align the molecule along its principal axes
(-rotate )

When writing.pdb files, B-factors can be added with tHef option. B-factors are read from a file with

with following format: first line states number of entries in the file, next lines state an index followed by a
B-factor. The B-factors will be attached per residue unless an index is larger than the number of residues
set. Obviously, any type of numeric data can be added instead of B-factors.
-legend  will produce a row of CA atoms with B-factors ranging from the minimum to the maximum
value found, effectively making a legend for viewing.

With the option -mead a special pdb file for the MEAD electrostatics program (Poisson-Boltzmann solver)
can be made. A further prerequisite is that the input file is a run input file. The B-factor field is then filled
with the Van der Waals radius of the atoms while the occupancy field will hold the charge.

The option -grasp is similar, but it puts the charges in the B-factor and the radius in the occupancy.

Finally with option-label  editconf can add a chain identifier to a pdb file, which can be useful for
analysis with e.g. rasmol.

To convert a truncated octrahedron file produced by a package which uses a cubic box with the corners cut
off (such as Gromos) use:

editconf -f <in > -rotate 0 -45 -35.264 -bt o -box <veclen > -0 <out >
whereveclen is the size of the cubic box times sqrt(3)/2.

Files
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52 Chapter 4. Force fields

function is a special case of the shift function, which we apply tddnee functionF'(r), related
to the electrostatic or Van der Waals force acting on partiblg particlej as
i (4.20)

Tij

F; = cF(ry;

For pure Coulomb or Lennard-Jones interactiéhg) = F,(r) = r—(*+1, The shifted force
F,(r) can generally be written as:

Fy(r) = Fa(r) r<r
Fy(r) = Fo(r)+8r) m<r<re (4.21)
Fy(r) = 0 re<r

Whenry = 0 this is a traditional shift function, otherwise it acts as a switch function. The
corresponding shifted coulomb potential then reads:

Vs(rij) = f®s(rij)aiqs (4.22)
where®(r) is the potential function

Dy(r) = \18 Fy(x) da (4.23)

The GROMACS shift function should be smooth at the boundaries, therefore the following bound-
ary conditions are imposed on the shift function:

m:.; =0
S = e (4.24)
S'(re) = —F(re)
A 3% degree polynomial of the form
S(r) = A(r —r1)? + B(r —r1)* (4.25)

fulfills these requirements. The constants A and B are given by the boundary condition at

(a+Dre — (a+1)m

A = -
amjrm ?c - va
(4.26)
B o AQ + wvﬁn - AD + :\:
ﬁmlwm A? _ V.Lu
Thus the total force function is
1 .

Fy(r) = ) +\2%I§vm+m?|§vu (4.27)

and the potential function reads

1 A 3 B

O(r) = a‘p\W?\SV.W\MQ@\SK\Q (4.28)

Appendix E

Manual Pages

E.1 options
All GROMACS programs have 6 standard options, of which some are hidden by default:
Other options
-h  bool no Print help info and quit
-X  bool no Use dialog box GUI to edit command line options
-nice int 0 Set the nicelevel

If the configuration script found Motif or Lesstif on your system, you can use the graphical interface
(if not, you will get an error):
-X boolno Use dialog box GUI to edit command line options

When compiled on an SGI-IRIX system, all GROMACS programs have an additional option:
-npri int 0 Set non blocking priority (try 128)

Optional files are not used unless the option is set, in contrast to non optional files, where the default
file name is used when the option is not set.

All GROMACS programs will accept file options without a file extension or filename being specified.
In such cases the default filenames will be used. With multiple input file types, such as generic
structure format, the directory will be searched for files of each type with the supplied or default
name. When no such file is found, or with output files the first file type will be used.

All GROMACS programs with the exception aidrun, nmrun andeneconv check if the com-
mand line options are valid. If this is not the case, the program will be halted.

Enumerated options (enum) should be used with one of the arguments listed in the option description,
the argument may be abbreviated. The first match to the shortest argument in the list will be selected.

Vector options can be used with 1 or 3 parameters. When only one parameter is supplied the two
others are also set to this value.

For many GROMACS programs, the time options can be supplied in different time units, depending
on the setting of thetu option.

All GROMACS programs can read compressed or g-zipped files. There might be a problem with
reading compressesdtc ,.trr  and.trj files, but these will not compress very well anyway.
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Figure 4.5: Principle of bond stretching (left), and the bond stretching potential (right).

4.2 Bonded interactions

Bonded interactions are based on a fixed list of atoms. They are not exclusively pair interac-
tions, but include 3- and 4-body interactions as well. Therebared stretching2-body),bond
angle (3-body), anddihedral angle(4-body) interactions. A special type of dihedral interaction
(calledimproper dihedral is used to force atoms to remain in a plane or to prevent transition to a
configuration of opposite chirality (a mirror image).
4.2.1 Bond stretching
Harmonic potential
The bond stretching between two covalently bonded atoarslj is represented by a harmonic
potential

Vi (rij) = L% i (rij — bij)? (4.33)

see also Fig4.5, with the force

.Nﬂ@.?\.ﬂv = \aM\AﬁQ — @Q Ahwhv

Fourth power potential

In the GROMOS-96 force fielddf] the covalent bond potential is written for reasons of compu-
tational efficiency as:
1 2
Vi (rij) = 3k (v - 03) (4.35)
the corresponding force is:
Fi(ri) = k(rd — b)) v (4.36)

D.2. Implementation 175

which we can expand to:

n S ) »vm,w 2 k.w S
p m,n m,n
$ . mn -9
QW W@L + m—-n-+1 S\:LﬁHM@ +@M_Q|Mf£@&
S n »vmm XS 2
MM (z$)? -2 LS +A Ll v = Ao (D.31)
it m-—n-+1 m—-n-+1

the terms with(z$)? cancel, so that we can simplify to:

Axmsvm n
\5\:+H\w§\:+HMM& \MMM M mel -

i=m s=1 i=m s=1s'=s+1
S n ;qu X5 2
SN e —m g+ A i v = Ao (D.32)
et m—n-+1 m—-—n+1
or 2 2
(X5n) ey 5 (Kn)
N Y —~ 7 = A D.33
m-—n+1 TM::M:\HM?L&S MH\E\wIwH o ( )
If we now expand the first term using edn.28 we obtain:
AMWI~ Xw::vw n 3 al q al A;vmw: :vm
—a L 2N N el Y = As (D.34)
m—n+l i=m s=1s'=s+1 s=1 —n+l

which we can reformulate to:

M M 3: ESATMM M && = Ao A_meV

1s'=s+1 i=m s=1s'=s+1
or
S n S ,
MXS: M ;NSJ + M M&M M &M = Ao Aowmv
s'=s+1 s=li=m s'=s+1
which gives

S n n S
|MMU o o >a Y Y a| = Ac (D.37)
s=1 s'=s+1i=m i=m s'=s+1

Since we need all data pointto evaluate this, in general this is not possible. We can then make an
estimate ofr5, ,, using only the data points that are available using the left hand side oDef.
While the average can be computed using all time steps in the simulation, the accuracy of the
fluctuations is thus limited by the frequency with which energies are saved. Since this can be
easily done with a program such as xmgr this is not built-in in GROMACS.
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Figure 4.6: The Morse potential well, with bond length 0.15 nm.

4.2.3 Cubic bond stretching potential

Another anharmonic bond stretching potential that is slightly simpler than the Morse potential
adds a cubic term in the distance to the simple harmonic form:

Vi (rig) = Kfj(rij — bij)? + K kg (riy — big)® (4.44)
A flexible water model (based on the SPC water mod8))[including a cubic bond stretching
potential for the O-H bond was developed by Fergusts).[ This model was found to yield a
reasonable Infrared spectrum. The Ferguson water model is available in the GROMACS library.

It should be noted that the potential is asymetric, overstretching leads to infinitely low energies.
The integration timestep is therefore limited to 1 fs.
The force corresponding to this potential is:
o ] e
Fi(ryj) = 2hij(rij = big) = + BkGAG (rig — big)* (4.45)
1] 1]

4.2.4 Harmonic angle potential

The bond angle vibration between a triplet of atoims; - k is also represented by a harmonic
potential on the anglé; ;.

1
VaBijr) = ki Oigr = O50)° (4.46)
As the bond-angle vibration is represented by a harmonic potential the form is the same as the
bond stretching (Figd.5).

The force equations are given by the chain rule:

Fo— dVa (i)
dry (rij - Tks)
o dVa(0ijk)  where 6, = arccos —2—2~ (4.47)
, = — Halligk) ; P
dry 3T kj

F; = —F,— F},
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D.2.1 Part of a Simulation

It is not uncommon to perform a simulation where the first part, e.g. 100 ps, is taken as equili-
bration. However, the averages and fluctuations as printed in the log file are computed over the
whole simulation. The equilibration time, which is now part of the simulation, may in such a case
invalidate the averages and fluctuations, because these numbers are now dominated by the initial
drift towards equilibrium.

Using egnsD.7 and D.8 the average and standard deviation over part of the trajectory can be
computed as:

;X‘:T.rr3+w = .vmrii.» -Xi ;m ADHmv
NT«: MWTSAIA H—m 3?3 + \Av

m  m+k k

Om+1m+k = Olm+k — Olom — _H

(D.16)

or, more generally (witlp > 1 andq > p):

Xpa = Xig—Xip (D.17)
Xip-1  Xig ﬁ (p—1)g

(D.18)
p—1 q qg—p+1

Tpyq Olg — Olp—1 — ﬁ
Note that implementation of this is not entirely trivial, since energies are not stored every time
step of the simulation. We therefore have to constiic},_, andoy ,—; from the information at
time p using eqnsD.11andD.12

Xip-1 = (D.19)

Olp-1 =

(D.20)

D.2.2 Combining two simulations

Another frequently occurring problem is, that the fluctuations of two simulations must be com-
bined. Consider the following example: we have two simulations (A) ahd (B) ofm steps, in

which the second simulation is a continuation of the first. However, the second simulation starts
numbering from 1 instead of from + 1. For the partial sum this is no problem, we have to add
X{., from run A;

X = X{ 4+ X0, (D.21)

When we want to compute the partial variance from the two components we have to make a
correctionAo:
AB A B
Q.Huiys = Q.T: + Q.H.w: + Ao AUNNV

if we definexz'” as the combined and renumbered set of data points we can write:

2
GAB :+M3 2AB _ an.r: (D.23)
1n+m = i n4+m .
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I

] k

H
H

Figure 4.8: Principle of improper dihedral angles. Out of plane bending for rings (left), sub-
stituents of rings (middle), out of tetrahedral (right). The improper dihedral gniglelefined as
the angle between planes (i,j,k) and (j,k,l) in all cases.

20.0

V, (kJ mole™)

5
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0.0
~20.0 -10.0 0.0 10.0 20.0
3

Figure 4.9: Improper dihedral potential.

Appendix D

Averages and fluctuations

D.1 Formulae for averaging

Note: this section was taken from ref 7).
When analyzing a MD trajectory averagg@s and fluctuations
1 1

((A2) = (o - (@)?)* (D.1)

of a quantityr are to be computed. The variancgof a series of N values {x; }, can be computed
from

1

2
0y = Muﬁ - — (D.2)
i=1 Ny

L
Unfortunately this formula is numerically not very accurate, especially wifeis small compared
to the values of;. The following (equivalent) expression is numerically more accurate

N
or = 3 [ — (@)]? (D.3)
i=1
with
Ly (D.4)
xr) = — Z; .
@ =

Using eqnsD.2 andD.4 one has to go through the seriesigfvalues twice, once to determine
() and again to compute,, whereas eqrD.1 requires only one sequential scan of the series
{x;}. However, one may cast edn.2 in another form, containing partial sums, which allows for
a sequential update algorithm. Define the partial sum

(D.5)
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)
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V, (k3 mole
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Figure 4.11: Ryckaert-Bellemans dihedral potential.

(Note: The use of this potential implies exclusions of LJ-interactions between the first and the last
atom of the dihedral, and is defined according to the 'polymer conventiott}(,,s = 0).)

The RB dihedral function can also be used to include the OPLS dihedral potég}ial he OPLS
potential function is given as the first four terms of a Fourier series:

Vio(dijrr) = Vo + WASC + cos()) + Va(1 — cos(2¢)) + V(1 + cos(3¢))), (4.54)

with ¢» = ¢ (protein convention). Because of the equalities(2¢) = 2(cos(4))? — 1 and
cos(3¢) = 4(cos(¢))® — 3 cos(¢), one can translate the OPLS parameters to Ryckaert-Bellemans
parameters as follows:

Co = Vo+Vo+ 3(Vi+ Vi)

G = 3B-W)

Cy = -V

Cs — -2V (4.55)
Cy = 0

C; =0

with OPLS parameters in protein convention and RB parameters in polymer convention.
Note: Mind the conversion frorkcal mol! for OPLS and RB parameters in literaturektbmol!
in GROMACS.

4.2.8 Special interactions

Special potentials are used for imposing restraints on the motion of the system, either to avoid
disastrous deviations, or to include knowledge from experimental data. In either case they are not
really part of the force field and the reliability of the parameters is not important. The potential
forms, as implemented in GROMACS, are mentioned just for the sake of completeness.

C.1. Dispersion 169

For homogeneous mixtures we can again use the average dispersion c@fistdegn.C.6):
4
Py = =3 (Ce) p?r3 (C.12)

For inhomogeneous systems e@l2can be applied under the same restriction as holds for the
energy (see se€.1.1).
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62 Chapter 4. Force fields

4.2.10 Angle restraints

These are used to restrain the angle between two pairs of particles or between one pair of particles
and the Z-axis. The functional form is similar to that of a proper dihedral. For two pairs of atoms:

ri—T T —Tg
Var(ri, 74,71, 7)) = kar (1 — cos(n(0 — 6g))), where = arccos | —L—" - "
orlris e t) = Rar (1= cos(n(0 = ) Ty vl Tri
(4.59)
For one pair of atoms and the Z-axis:
Var(7i,75) = kar(1 — cos(n(0 — 6y))), where 6 = arccos 1 -1 o (4.60)
Jg— T 1

A multiplicity (n) of 2 is useful when you do not want to distinguish between parallel and anti-
parallel vectors.

4.2.11 Distance restraints

Distance restraints add a penalty to the potential when the distance between specified pairs of
atoms exceeds a threshold value. They are normally used to impose experimental restraints, as
from experiments in nuclear magnetic resonance (NMR), on the motion of the system. Thus MD
can be used for structure refinement using NMR data. The potential form is quadratic below
a specified lower bound and between two specified upper bounds and linear beyond the largest
bound (see Figd.13.

ghar (rij = 10)? for rg < 7o
0 for rg < 1y < 7
Var(rij) = 1 5 (4.61)
skar(rij — 1) for r < 1y < 1
W@%Q,w —7r1)(2ry —rg—r1) for rp < oy
The forces are
—kar(rij —T0) HH for rij < 70
0 for ro < 1y < 1
Fi= —kay(rij — Svﬁw for 1 < ryy < (4.62)
—kap(rg =) T2 for g <y

Tij

Time averaging

Distance restraints based on instantaneous distances can potentially reduce the fluctuations in a
molecule significantly. This problem can be overcome by restraining ttme averagediis-

Appendix C

Long range corrections

C.1 Dispersion

In this section we derive long range corrections due to the use of a cut-off for Lennard Jones
interactions. We assume that the cut-off is so long that the repulsion term can safely be neglected,
and therefore only the dispersion term is taken into account. Due to the nature of the dispersion
interaction, energy and pressure corrections both are negative. While the energy correction is
usually small, it may be important for free energy calculations. The pressure correction in contrast
is very large and can not be neglected. Although itis in principle possible to parameterize a force
field such that the pressure is close to 1 bar even without correction, such a method makes the
parameterization dependent on the cut-off and is therefore undesirable. Please note that it is not
consistent to use the long range correction to the dispersion without using either a reaction field
method or a proper long range electrostatics method such as Ewald summation or PPPM.

C.1.1 Energy

The long range contribution of the dispersion interaction to the virial can be derived analytically, if
we assume a homogeneous system beyond the cut-off distariee dispersion energy between
two particles is written as:

V(rg) = —Cery® (C.1)
and the corresponding force is

.m...@. = - @.Q@i@@ﬁ@. AONV
The long range contribution to the dispersion energy in a system Migharticles and particle
densityp = N/V, whereV is the volume, is§5]:

o0
Vip = WZ\N\ 4rrg(r)V (r)dr (C.3)

which we can integrate assuming that the radial distribution fungtfehis 1 beyond the cut-off
\\,n

2 .
Vir = = NpnCer.® (C.4)
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Averaging over multiple pairs

Sometimes it is unclear from experimental data which atom pair gives rise to a single NOE, in
other occasions it can be obvious that more than one pair contributes due to the symmetry of the
system, e.g. a methyl group with three protons. For such a group it is not possible to distinguish
between the protons, therefore they should all be taken into account when calculating the distance
between this methyl group and another proton (or group of protons). Due to the physical nature of
magnetic resonance, the intensity of the NOE signal is proportional to the distance between atoms
to the power of -6. Thus, when combining atom pairs, a fixed lisWafestraints may be taken
together, where the apparent “distance” is given by:

N -1/6
() = |3 () (4.66)
n=1
where we use;; or eqn.4.64for the7,. Thery of the instantaneous and time-averaged distances
can be combined to do a mixed restraining as indicated above. As more pairs of protons contribute
to the same NOE signal, the intensity will increase, and the summed “distance” will be shorter
than any of its components due to the reciprocal summation.

There are two options for distributing the forces over the atom pairs. In the conservative option
the force is defined as the derivate of the restraint potential with respect to the coordinates. This
results in a conservative potential when no time averaging is used. The force distribution over the
pairs is proportional te—. This means that a close pair feels a much larger force than a distant
pair, which might lead to a 'too rigid’ molecule. The other option is an equal force distribution.

In this case each pair feelg N of the derivative of the restraint potential with respectto The
advantage of this method is that more conformations might be sampled, but the non-conservative
nature of the forces can lead to local heating of the protons.

It is also possible to usensemble averagingsing multiple (protein) molecules. In this case the
bounds should be lowered as in:

ro= i xMYS

o & M/6 (“4.67)

2

where M is the number of molecules. The GROMACS preprocegsompp can do this auto-
matically when the appropriate option is given. The resulting “distance” is then used to calculate
the scalar force according to:

F;, = 0 ry <711
T
= —ka(ry—r)5? mSry <7 (4.68)
T
= —ka(ra—r)=2L ry>r

Tij
wherei and; denote the atoms of all the pairs that contribute to the NOE signal.
Using distance restraints

A list of distance restrains based on NOE data can be added to a molecule definition in your
topology file, like in the following example:
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For (127 — E) = odd equation (eqnB.45) can be rewritten as

)= @) ®52)
thus 126 — E
E =" 4127 (B.53)

2

which also can be calculated exactly in integer arithmetic. Note that the fraction is automatically
corrected for its range earlier mentioned, so the exponent does not need an extra correction.

The conclusions from this are:

e The fraction and exponent lookup table are independent. The fraction lookup table exists
of two tables (odd and even exponent) so the odd/even information of the exponent (Isb bit)
has to be used to select the right table.

e The exponent table is an 256 x 8 bit table, initializeddadd andeven.

B.3.6 Implementation

The lookup tables can be generated by a small C program, which uses floating point numbers
and operations with IEEE 32 bit single precision format. Note that because oflthieven
information that is needed, the fraction table is twice the size earlier specified (13 biti.s.o. 12 bit).

The function according to equation (edd.29) has to be implemented. Applied to thé,/z
function, equation (eqrB.28) leads to

f=a- @W (B.54)
and so 5
= " (B.55)
so
.
Yn+1 = Yn — {@: ﬁmmmv
vy
or y
ynt1 = 53 = ayp) (B.57)

Wherey, can be found in the lookup tables, apdgives the result to the maximum accuracy. It
is clear that only one iteration extra (in double precision) is needed for a double precision result.

B.4 Tabulated functions

In some of the inner loops of GROMACS lookup tables are used for computation of potential and
forces. The tables are interpolated using a cubic spline algorithm. There are separate tables for
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66 Chapter 4. Force fields

4.3 Free energy interactions

This section describes thedependence of the potentials used for free energy calculations (see
sec.3.12). Allcommon types of potentials and constraints can be interpolated smoothly from state
A (A = 0) to state B § = 1) and vice versa. All bonded interactions are interpolated by linear
interpolation of the interaction parameters. Non-bonded interactions can be interpolated linearly
or via soft-core interactions.

Harmonic potentials

The example given here is for the bond potential which is harmonic in GROMACS. However,
these equations apply to the angle potential and the improper dihedral potential as well.

V, = kﬁ — NES + MDY (b — (1 — N)bg — AbF)? (4.69)

2
v, 1
T = gk =k [b— (1= N)bg + 2082 + (g — bE) (b — (1= N)bgt = NoF)]

)
(4.70)

GROMOS-96 bonds and angles

Fourth power bond stretching and cosine based angle potentials are interpolated by linear interpo-
lation of the force constant and the equilibrium position. Formulas are not given here.

Proper dihedrals

For the proper dihedrals, the equations are somewhat more complicated:
Va = (1= Nk +MF)(1+ cos(ngd — (1= N5 +AdE)) (4.71)
v,
L= (k§ = k) |1+ cos(ngg — (1= Neg +Aop]) —

O

(1= NES + XE) (00 — 68 sin(ngd — [(1 = Ngg + Aol @.72)

Note: that the multiplicityn, can not be parameterized because the function should remain peri-
odic on the interval0, 27].

Coulomb interaction

The Coulomb interaction between two particles of which the charge varieswisth

Ve = -t el (= g+ 20 (4.73)
ErfTij

ove

Dy = o[~ -+ 0 - (1= N+ )] 474)

wheref = L = 138.935 485 (see chapte®)

 drweo
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B.3.4 Specification of the lookup table

To calculate the functioh/./z using the previously mentioned iteration scheme, it is clear that the
first estimation of the solution must be accurate enough to get precise results. The requirements
for the calculation are

e Maximum possible accuracy with the used IEEE format

e Use only one iteration step for maximum speed

The first requirement states that the resultigf/z may have a relative errar, equal to the

er of a IEEE 32 bit single precision floating point number. From this Ti¢/z of the initial
approximation can be derived, rewriting the definition of the relative error for succeeding steps,
equation (eqnB.34)

En 2f
n =/er G (B.35)
So for the lookup table the needed accuracy is
AY 2
— ., /Z9-24
v 3 2 (B.36)

which defines the width of the table that mustbd 3 bit.

At this point the relative error,., of the lookup table is known. From this the maximum relative
error in the argument can be calculated as follows. The absoluteeirés defined as

Az = Ww\ (B.37)
and thus
Ar AY _
v = v ) ! (B.38)
and thus
Ax = 83\%33“ (B.39)

for the1/\/z functionY /Y’ ~ z holds, soAz/x = constant. This is a property of the used
floating point representation as earlier mentioned. The needed accuracy of the argument of the
lookup table follows from

Ax AY
=—-2— B.40
. % (B.40)

S0, using the floating point accuracy, equation (é2)66)

% = |w,\wM\§ (B.41)

This defines the length of the lookup table which should-bE bit.
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68 Chapter 4. Force fields

Figure 4.14: Soft-core interactions at= 0.5, with Cg! = Cfs = CE = CE = 1.

Constraints

The constraints are formally part of the Hamiltonian, and therefore they give a contribution to the
free energy. In GROMACS this can be calculated using the LINCS or the SHAKE algorithm. If
we have a number of constraint equatigps

Gk =T — dy (4.82)

wherer;, is the distance vector between two particles dpds the constraint distance between
the two particles we can write this using\alependent distance as

G = — Ac = Ndit + Adf) (4.83)
the contributionC'y, to the Hamiltonian using Lagrange multipliexs
Cx = Y Mgk (4.84)
k
oCy B A
= M% A (df - af) (4.85)
4.3.1 Soft-core interactions

The linear interpolation of the Lennard-Jones and Coulomb potentials gives problems when grow-
ing particles out of nothing or when making particles disappgaidse to O or 1). To circumvent
these problems, the singularities in the potentials need to be removed. This is done with soft-core
potentials. In GROMACS the soft-core potenfig]. is:

Vie(r) = (1 = NVA@ra) + \VE(rp) (4.86)

1

rA = quw\/m + ﬁmvm (4.87)
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Note that this loop provides much less optimization than the water loop, but it is slightly better
than the default routine.

The gain of these implementations is that there are more floating point operations in a single
loop, which implies that some compilers can schedule the code better. However, it turns out that
even some of the most advanced compilers have problems with scheduling, implying that manual
tweaking is necessary to get optimum performance. This may include common-subexpression
elimination, or moving code around.

B.2.2 Fortran Code

Unfortunately, Fortran compilers are still better than C-compilers, for most machines anyway. For
some machines (e.g. SGI Power Challenge) the difference may be up to a factor of 3, in the case
of vector computers this may be even larger. Therefore, some of the routines that take up a lot of
computer time have been translated into Fortran and even assembly code for Intel and AMD x86
processors. In most cases, the Fortran or assembly loops should be selected automatically by the
configure script when appropriate, but you can also tweak this by setting options to the configure
script.

B.3 Computation of the 1.0/sqrt function.

B.3.1 Introduction.

The GROMACS project started with the development @ &= processor which calculates

Y(z)= WG (B.25)
As the project continued, the Int€60 processor was used to implement GROMACS, which now
turned into almost a full software project. Thé,/= processor was implemented using a Newton-
Raphson iteration scheme for one step. For this it needed lookup tables to provide the initial
approximation. Thé /\/z function makes it possible to use two almost independent tables for the
exponent seed and the fraction seed with the IEEE floating point representation.

B.3.2 General

According to [/6] the 1/1/z can be calculated using the Newton-Raphson iteration scheme. The
inverse function is

1
Xy) =— B.26
) 7 (B.26)
So instead of calculating
Y(a)=q (B.27)
the equation
X(g)—a=0 (B.28)
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70 Chapter 4. Force fields

4.4.2 Charge Groups.

In principle the force calculation in MD is aff(N?) problem. Therefore we apply a cut-off for
non-bonded force (NBF) calculations: only the particles within a certain distance of each other
are interacting. This reduces the cost@0N) (typically 100N to 200N) of the NBF. It also
introduces an error, which is, in most cases, acceptable, except when applying the cut-off implies
the creation of charges, in which case you should consider using the lattice sum methods provided
by GROMACS.

Consider a water molecule interacting with another atom. When we would apply the cut-off on an
atom-atom basis we might include the atom-Oxygen interaction (with a charge of -0.82) without
the compensating charge of the Hydrogens and so induce a large dipole moment over the system.
Therefore we have to keep groups of atoms with total charge O together, the soetellgd

groups

4.4.3 Treatment of cut-offs

GROMACS is quite flexible in treating cut-offs, which implies there can be quite a number of
parameters to set. These parameters are set in the input file for grompp. There are two sort of
parameters that affect the cut-off interactions; you can select which type of interaction to use in
each case, and which cut-offs should be used in the neighborsearching.

For both Coulomb and van der Waals interactions there are interaction type selectors (termed
vdwtype andcoulombtype ) and two parameters, for a total of six nonbonded interaction
parameters. See sét3.1for a complete description of these parameters.

The neighbor searching (NS) can be performed using a single-range, or a twin-range approach.
Since the former is merely a special case of the latter we will discuss the more general twin-range.
In this case NS is described by two radist ~ and max{coulomb ,rvdw ). Usually one builds

the neighbor list every 10 time steps or every 20 fs (paranmsttist ). In the neighbor list all
interaction pairs that fall withimlist ~ are stored. Furthermore, the interactions between pairs
that do not fall withinrlist ~ but do fall within and maxtoulomb ,rvdw ) are computed during

NS, and the forces and energy are stored separately, and added to short-range forces at every time
step between successive NStlit = max¢coulomb ,rvdw ) no forces are evaluated during
neighbor list generation. The virial is calculated from the sum of the short- and long-range forces.
This means that the virial can be slightly asymmetrical at non-NS steps. In single precision the
virial is almost always asymmetrical, because the off-diagonal elements are about as large as each
element in the sum. In most cases this is not really a problem, since the fluctuations in de virial
can be 2 orders of magnitude larger than the average.

Except for the plain cut-off, all of the interaction functions in TaBl@ require that neighbor
searching is done with a larger radius thansthepecified for the functional form, because of the

use of charge groups. The extra radius is typically of the order of 0.25 nm (roughly the largest
distance between two atoms in a charge group plus the distance a charge group can diffuse within
neighbor list updates).

B.1. Single Sum Virial in GROMACS. 159

The algorithm to generate such a list can be derived from graph theory, considering each particle
in a molecule as a bead in a graph, the bonds as edges.

[y

represent the bonds and atoms as bidirectional graph

2 make all atoms white

3 make one of the white atoms black (atéyand put it in the central box
4 make all of the neighbors afthat are currently white, grey

5 pick one of the grey atoms (atoj), give it the correct periodicity with respect to any of its
black neighbors and make it black

6 make all of the neighbors gfthat are currently white, grey
7 if any grey atom remains, goto [5]
8 if any white atom remains, goto [3]
Using this algorithm we can
e optimize the bonded force calculation as well as shake

e calculate the virial from the bonded forces in the single sum way again

Find a representation of the bonds as a bidirectional graph.

B.1.4 Virial from Covalent Bonds.

The covalent bond force gives a contribution to the virial, we have

[ (B.15)

1
Vi = Shi(b- bo)? (B.16)
F, = -V, (B.17)

n

= h(b—bo)7* (B.18)
F; = -F; (B.19)

The virial contribution from the bonds then is

1
=p = |MA‘3H~®.~M‘@Y + Q.m.@.mﬂg.v AWNOV
H n

= rheF (B.21)
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72 Chapter 4. Force fields

3fad 3out

Figure 4.16: The six different types of dummy atom construction in GROMACS, the constructing
atoms are shown as black circles, the dummy atoms in grey.

be constructed from types 3fd (normalized, in-plane) and 3out (hon-normalized, out of plane).
However, the amount of computation involved increases sharply along this list, so it is strongly
recommended to always use the first dummy type that will be sufficient for a certain purpose. An
overview of the dummy constructions is given in Hgla

2. As alinear combination of two atoms (Fig.162):
Ty = T +arg (4.94)

in this case the dummy is on the line through atarasdj. The force on particlesand;
due to the force on the dummy can be computed as:

F; = (1-a)Fy
F = aFy (4.99)
3. As a linear combination of three atoms (Fg163):
Ty = Ti+arg+bry (4.96)

in this case the dummy is in the plane of the other three particles. The force on partjcles
andk due to the force on the dummy can be computed as:

Fi = (1=a—bF,
Fy = aFy (4.97)
k= bF,

3fd. In the plane of three atoms, with a fixed distance (Big63fd):
Tij +ari

rq =T +b
! T.@. +Q\3mw_

(4.98)

in this case the dummy is in the plane of the other three particles at a distaptéoim 7.
The force on particles j andk due to the force on the dummy can be computed as:

F, = F,—~(F,—p) ot

F; = (1-a)y(Fq—p) where § + arji (4.99)
! _Tia-Fa

F, = ay(Fq—p) @lﬁi.ﬁi id

Appendix B

Some implementation details

In this chapter we will present some implementation details. This is far from complete, but we
deemed it necessary to clarify some things that would otherwise be hard to understand.

B.1 Single Sum Virial in GROMACS.

The virial 2 can be written in full tensor form as:
1 XN
=2 = \MM?Q@.@J@. (B.1)
1<J
where® denotes thelirect productof two vectord. When this is computed in the inner loop of
an MD program 9 multiplications and 9 additions are neéded

Here it is shown how it is possible to extract the virial calculation from the inner 134 [

B.1.1 Virial.

In a system with Periodic Boundary Conditions, the periodicity must be taken into account for the
virial: <
== \wM&@ﬁg (B.2)
1<J
wherer7; denotes the distance vector of thearest imagef atomi from atomj. In this definition
we add sshift vectord; to the position vector; of atoms. The difference vectory; is thus equal
to:
Y S (8.3)

or in shorthand:
T o= T —T; (B.4)

HA=® V)8 = Uavs
2The calculation of Lennard-Jones and Coulomb forces is about 50 floating point operations.
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74 Chapter 4. Force fields

4.6 Long Range Electrostatics

4.6.1 Ewald summation

The total electrostatic energy of particles and the periodic images are given by

Iyyyyy (106)

N r;
Ng My Nz¥ 1§ j G:

(ng,ny,n.) = nis the box index vector, and the star indicates that terms ivithj should be
omitted when(n,, ny,n.) = (0,0,0). The distance;; , is the real distance between the charges
and not the minimum-image. This sum is conditionally convergent, but very slow.

Ewald summation was first introduced as a method to calculate long-range interactions of the
periodic images in crystalS§]. The idea is to convert the single slowly converging sum égtD6
into two fast converging terms and a constant term:

erfc(frijn
Vi = LTS g, ST ) (4.108)
i,j Mo Ny Nzx ij,n
N

ex] \:.E 2 Tim - r,—r;
Ve = g an LYY p (Cmm/B) % 2rim (1)) (4 109)

My My Mz* Em
_ B,
Vo = «mM? (4.110)

whereg is a parameter that determines the relative weight of the direct and reciprocal sums and
m = (mg,my,m;). In this way we can use a short cut-off (of the orderlaim) in the direct

space sum and a short cut-off in the reciprocal space sum (e.g. 10 wave vectors in each direction).

Unfortunately, the computational cost of the reciprocal part of the sum increasé’ (@s N3/2
with a slightly better algorithm) and it is therefore not realistic to use for any large systems.

Using Ewald
Don't use Ewald unless you are absolutely sure this is what you want - for almost all cases the PME

method below will perform much better. If you still want to employ classical Ewald summation
enter this in yourmdp file, if the side of your box is about nm:

coulombtype = Ewald
rvdw =09
rlist =09
rcoulomb =09
fourierspacing = 0.6
ewald_rtol = le5

A.4. Environment Variables 155

A.3.1 Multi-processor Optimization

If you want to, you could write your own optimized communication (perhaps using specific li-
braries for your hardware) instead of MPI. This should never be necessary for normal use (we
haven't heard of a modern computer where it isn’t possible to run MPI), but if you absolutely want
to do it, here are some clues.

The interface between the communication routines and the rest of the GROMACS system is de-
scribed in the fil(sGMXHOME/src/include/network.h We will give a short description of
the different routines below.

extern void gmx tx(int pid,void *buf,int bufsize);
This routine, when called with the destination processor number, a pointer to a (byte ori-
ented) transfer buffer, and the size of the buffer will send the buffer to the indicated processor
(in our case always the neighboring processor). The routinertmesait until the transfer
is finished.

extern void gmx_tx_wait(int pid);
This routine waits until the previous, or the ongoing transmission is finished.

extern void gmx txs(int pid,void *buf,int bufsize);
This routine implements a synchronous send by calling the a-synchronous routine and then
the wait. It might come in handy to code this differently.

extern void gmx.rx(int pid,void *buf,int bufsize);
extern void gmx.rx _wait(int pid);

extern void gmx.rxs(int pid,void *buf,int bufsize);
The very same routines for receiving a buffer and waiting until the reception is finished.

extern void gmx.nit(int pid,int nprocs);
This routine initializes the different devices needed to do the communication. In general it
sets up the communication hardware (if it is accessible) or does an initialize call to the lower
level communication subsystem.

extern void gmx stat(FILE *fp,char *msg);
With this routine we can diagnose the ongoing communication. In the current implemen-
tation it prints the various contents of the hardware communication registers of the (Intel
i860) multiprocessor boards to a file.

A.4 Environment Variables

GROMACS programs may be influenced by the use of environment variables. First of all, the vari-
ables set in the GMXRC file are essential for running and compiling GROMACS. Other variables
are:

1. DUMBNL, dump neighbor list. If set to a positive number #reire neighbor list is printed
in the log file (may be many megabytes). Mainly for debugging purposes, but may also be
handy for porting to other platforms.
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76 Chapter 4. Force fields

function called the triangle-shaped charged distribution:

W(r) = W) Wy) W(z)
3 (€)? h
1 AL , 1€l <35 (4.111)
WO =\ LG sy
0 <

where¢ (is x, y or z) is the distance to a grid point in the corresponding dimension. Only the 27
closest grid points need to be taken into account for each charge.

Then, this charge distribution is Fourier transformed using a 3D inverse FFT routine. In Fourier
space a convolution with functiaf is performed:

A 9(k)

G(k) = o2 (4.112)
whereg is the Fourier transform of the charge spread function g(r). This yield the long range
potentialé(k) on the mesh, which can be transformed using a forward FFT routine into the real
space potential. Finally the potential and forces are retrieved using interpoB&joit js not easy
to calculate the full long-range virial tensor with PPPM, but it is possible to obtain the trace. This
means that the sum of the pressure components is correct (and therefore the isotropic pressure) but
not necessarily the individual pressure components!

Using PPPM

To use the PPPM algorithm in GROMACS, specify the following lines in yodp file:

coulombtype = PPPM
rlist =10
rcoulomb = 0.85
rcoulomb_switch = 0.0
rvdw = 1.0

fourierspacing = 0.075

For details on the switch parameters see the section on modified long-range interactions in this
manual. When using PPPM we recommend to take at most 0.075 nm per gridpoint (e.g. 20 grid-
points for 1.5 nm). PPPM does not provide the same accuracy as PME but can be slightly faster
in some cases. Due to the problem with the pressure tensor you shouldn't use it with pressure
coupling.

We're somewhat ambivalent about PPPM, so if you use it please contact us - otherwise it might be
removed from future relases so we can concentrate our efforts on PME.

4.6.4 Optimizing Fourier transforms

To get the best possible performance you should try to avoid large prime numbers for grid dimen-
sions. The FFT code used in GROMACS is optimized for grid sizes of the $68%57¢11°13/,

Appendix A

Technical Detalils

A.1 Installation

The entire GROMACS package is Free Software, licensed under the GNU General Public License.
The main distribution site is our WWW servenaivw.gromacs.org

The package is mainly distributed as source code, but we also provide RPM packages for Linux.
On the home page you will find all the information you need to install the package, mailing lists
with archives, and several additional online resources like contributed topologies, etc. The default
installation action is simply to unpack the source code and the issue

Jconfigure
make
make install

The configuration script should automatically determine the best options for your platform, and
it tell you if anything is missing on your system. You will also find detailed step-by-step
installation instructions on the website.

A.2 Single or Double precision

GROMACS can be compiled in either single or double precision. The default choice is single
precision, butitis easy to turn on double precision by selectingémable-double option to

the configuration script. Double precision will be 0 to 50% slower than single precision depending
on the architecture you are running on. Double precision will use somewhat more memory and
run input, energy and full-precision trajectory files will be almost twice as large. Note that the

assembly loops are only available in single precision; Although the Intel SSE2 instruction set
(available on Pentium IV and later) supports double precision instructions the performance is
much lower than single precision. It would also mean very much extra work for a feature that very
few people use, so we will probably not provide double precision assembly loops in the future
either.
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78 Chapter 4. Force fields

e in GROMOS-96 neighbor searching for solvents is performed on the first atom of the solvent
molecule, this is not implemented in GROMACS, but the difference with searching with
centers of charge groups is very small

o the virialin GROMOS-96 is molecule based, this is notimplemented in GROMACS, which
uses atomic virials

The GROMOS-96 force field was parameterized with a Lennard-Jones cut-off of 1.4 nm, so be sure
to use a Lennard-Jones cut-off of at least 1.4. A larger cut-off is possible, because the Lennard-
Jones potential and forces are almost zero beyond 1.4 nm.

4.8.2 GROMOS-96 files

GROMACS can read and write GROMOS-96 coordinate and trajectory files. These files should
have the extensioy96 . Such a file can be a GROMOS-96 initial/final configuration file or a
coordinate trajectory file or a combination of both. The file is fixed format, all floats are written as
15.9 (files can get huge). GROMACS supports the following data blocks in the given order:

e Header block:
TITLE (mandatory)

e Frame blocks:
TIMESTEP (optional)
POSITION/POSITIONRED (mandatory)
VELOCITY/VELOCITYRED (optional)
BOX (optional)

See the GROMOS-96 manudld] for a complete description of the blocks. Note that all GRO-
MACS programs can read compressed or gzip:ed files.

8.13. Chemical shifts 151

the double integral of the charge density)):

0 —vi-o0) == [ @ [ i e (8.38)

where the positionr = —oco is far enough in the bulk phase that the field is zero. With this
method, it is possible to “split” the total potential into separate contributions from lipid and water
molecules. The program_potential divides the box in slices and sums all charges of the
atoms in each slice. It then integrates this charge density, giving the electric field, and the electric
field, giving the potential. Charge density, field and potential are writtewgo- input files.

The prograng_coord is a very simple analysis program. All it does is print the coordinates of
selected atoms to three files, containing respectivelythg- andz-coordinates of those atoms.

It can also calculate the center of mass of one or more molecules and print the coordinates of the
center of mass to three files. By itself, this is probably not a very useful analysis, but having the
coordinates of selected molecules or atoms can be very handy for further analysis, not only in
interface systems.

The prograng_pvd calculates a lot of properties, among which the density of a group in particles
per unit of volume, but not a density that takes the mass of the atoms into account. The program
g_density also calculates the density of a group, but takes the masses into account and gives a
plot of the density against a box axis. This is useful for looking at the distribution of groups or
atoms across the interface.

8.13 Chemical shifts

total
do_shift

You can compute the NMR chemical shifts of protons with the progianshift . This is just
an GROMACS interface to the public domain progreatal  [73]. For further information, read
the article.
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80 Chapter 5. Topologies

Particle Symbol |
atoms
nucleuss
shells

bond shells
dummys

OwwnwZz>

Table 5.1: Particle types in GROMACS

5.2.1 Atom types

GROMACS uses 47 different atom types, as listed below, with their corresponding masses (in
a.m.u.). This is the same listing as in the fif@??.atp (.atp =atom type parameter file),
therefore in this file you can change and/or add an atom type.

O 15.99940 ; carbonyl oxygen (C=0)
OM 15.99940 ; carboxyl oxygen (CO-)
OA 15.99940 ; hydroxyl oxygen (OH)
OW 15.99940 ; water oxygen
N 14.00670 ; peptide nitrogen (N or NH)
NT 14.00670 ; terminal nitrogen (NH2)
NL 14.00670 ; terminal nitrogen (NH3)
NR5 14.00670 ; aromatic N (5-ring,2 bonds)
NR5* 14.00670 ; aromatic N (5-ring,3 bonds)
NP  14.00670 ; porphyrin nitrogen
C 12.01100 ; bare carbon (peptide,C=0,C-N)
CH1 13.01900 ; aliphatic CH-group
CH2 14.02700 ; aliphatic CH2-group
CH3 15.03500 ; aliphatic CH3-group
CR51 13.01900 ; aromatic CH-group (5-ring), united
CR61 13.01900 ; aromatic CH-group (6-ring), united
CB 12.01100 ; bare carbon (5-,6-ring)
H 1.00800 ; hydrogen bonded to nitrogen
HO 1.00800 ; hydroxyl hydrogen
HW 1.00800 ; water hydrogen
HS 1.00800 ; hydrogen bonded to sulfur
S 32.06000 ; sulfur
FE 55.84700 ; iron
ZN 65.37000 ; zinc
NZ 14.00670 ; arg NH (NH2)
NE 14.00670 ; arg NE (NH)
P 30.97380 ; phosphor
OS 15.99940 ; sugar or ester oxygen
CS1 13.01900 ; sugar CH-group
NR6 14.00670 ; aromatic N (6-ring,2 bonds)
NR6* 14.00670 ; aromatic N (6-ring,3 bonds)
CS2 14.02700 ; sugar CH2-group
S| 28.08000 ; silicon
NA 22.98980 ; sodium (1+)

CL 35.45300 ; chlorine (1-)

8.11. Protein related

items

149

Figure 8.10: Analysis of the secondary structure elements of a peptide in time.

Figure 8.11: Definition of the dihedral anglésands) of the protein backbone.
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Figure 8.12: Ramachandran plot of a small protein.
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82 Chapter 5. Topologies

[ dummies3 ]
; Dummy from funct a b
5 1 2 3 1 0.7439756 0.128012

for type 3fd like this:

[ dummies3 ]
; Dummy from funct a d
5 1 2 3 2 0.5 -0.105

for type 3fad like this:

[ dummies3 ]
; Dummy from funct theta d
5 1 2 3 3 120 0.5

for type 3out like this:

[ dummies3 ]
; Dummy from funct a b c
5 1 2 3 4 -0.4 -0.4 6.9281

for type 4fd like this:

[ dummies4 ]
; Dummy from funct a b d
5 1 2 3 4 1 0.33333 0.33333 -0.105

This will result in the construction of a dummy ‘atom’, number 5 (first coluormmy), based on
the positions of 1 and 2 or 1, 2 and 3 or 1, 2, 3 and 4 (next two, three or four coldirams *) fol-
lowing the rules determined by the function number (next colufanct ) with the parameters
specified (last one, two or three columasb . .').

Note that any bonds defined between dummy atoms and/or normal atoms will be removed by
grompp after the exclusions have been generated. This way, exclusions will not be affected by an
atom being defined as dummy atom or not, but by the bonding configuration of the atom.

5.3 Parameter files

5.3.1 Atoms

A number ofstaticproperties are assigned to the atom types in the GROMACS force field: Type,
Mass, Charges ando (see Tablé.2 The mass is listed iff???.atp  (see5.2.1), whereas the
charge is listed ifff???.rtp (.rtp =residuetopologyparameter file, seb.5.1). This implies

that the charges are only defined in the building blocks of amino acids or user defined building
blocks. When generating a topologytép ) using thepdb2gmx program the information from
these files is combined.

The followingdynamicquantities are associated with an atom

8.10. Hydrogen bonds 147

D A

Figure 8.8: Geometrical Hydrogen bond criterion.

_I_

H (2 A ~)H

//U\

Figure 8.9: Insertion of water into an H-bond. (1) Normal H-bond between two residues. (2)
H-bonding bridge via a water molecule.

8.10 Hydrogen bonds

g_hbond

The programg_hbond analyses thaydrogen bondéH-bonds) between all possible donors D and
acceptors A. To determine if an H-bond exists, a geometrical criterion is used, see aB@&Fig.

T THB 0.35nm

g = 60°

(8.34)

ININ

«

The value ofryp = 0.35 nm corresponds to the first minimum of the rdf of SPC-water (see also
Fig. 8.3.

The prograng_hbond analyses all hydrogen bonds existing between two groups of atoms (which
must be either identical or non-overlapping) or in specified Donor Hydrogen Acceptor triplets, in
the following ways:

e Donor-Acceptor distance-) distribution of all H-bonds
e Hydrogen-Donor-Acceptor angle) distribution of all H-bonds
e The total number of H-bonds in each time frame

e The number of H-bonds in time between residues, divided into graupsi wheren and
n+i stand for residue numbers angoes from 0 to 6. The group far= 6 also includes
all H-bonds fori > 6. These groups include then+3, n-n+4 andn-n+5 H-bonds which
provide a measure for the formation@fhelices or3-turns or strands.
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84 Chapter 5. Topologies

]| ak funct
CP2 CP2 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495

Also in this file are the Ryckaert-Bellemar@{] parameters for the CP2-CP2 dihedrals in alkanes
or alkane tails with the following constants:

(kJ/mol)
928 Cy = -—1312 C,4
12.16 Cj —-3.06 Cs

Co
Cy

26.24
—31.5

(Note: The use of this potential implies exclusions of LJ-interactions between the first and the last
atom of the dihedral, and is defined according to the 'polymer conventiott,{,,,s = 0)).

So there are three types of dihedrals in the GROMACS force field:

e proper dihedral : funct = 1, with mult = multiplicity, so the number of possible angles
e improper dihedral : funct = 2

e Ryckaert-Bellemans dihedral : funct =3

In the file ff???bon.itp you can add bonded parameters. If you want to include parameters
for new atom types, make sure you define this new atom tyff@m?.atp  as well.

5.3.3 Non-bonded parameters

The non-bonded parameters consist of the Van der Waals parametedC', as listed in the file
ff2?2?nb.itp , Whereptype is the particle type (see Tabfel):

[ atomtypes ]

;name mass charge  ptype c6 cl2
(o] 15.99940 0.000 A 0.22617E-02 0.74158E-06
OM 15.99940 0.000 A 0.22617E-02 0.74158E-06

[ nonbond_params ]
;i j func c6 cl2
(¢] (e} 1 0.22617E-02  0.74158E-06
O OA 1 0.22617E-02  0.13807E-05

[ pairtypes ]
s j func cs6 csl2 ; THESE ARE 1-4 INTERACTIONS
o (e} 1 0.22617E-02  0.74158E-06
(o] oM 1 0.22617E-02 0.74158E-06

With A andC' being defined as
\w:. = m»ms.o.wm ﬁm”_.v

8.9. Covariance analysis 145

In stead of comparing the structures to the initial structure at time (so for example a crystal
structure), one can also calculate e§r20using a time shiftr:

1

2

N
RMSD(t:7) = |10 D eilt) — it = )] (8.22)
i=1

so comparing to a least-square structure at7. This gives some insight in the mobility as a
function of 7. Use the prograrg_run rms.

8.9 Covariance analysis

Covariance analysis, also called principal component analysis or essential dyriéBhicar find
correlated motions. It uses the covariance mattiaf the atomic coordinates:

Cij = (M (i — (o) M (2 - Evvv (8.23)

where M is a diagonal matrix containing the masses of the atoms (mass-weighted analysis) or
the unit matrix (non-mass weighted analysi€)is a symmetriN x 3N matrix, which can be
diagonalized with an orthonormal transformation mafeix

RTCR =diag A, A2, ..., Asy) whereA; > Xy > ... > Ay (8.24)

The columns ofR are the eigenvectors, also called principal or essential modedefines a
transformation to a new coordinate system. The trajectory can be projected on the principal modes
to give the principal components(t):

p(t) = BT M (x(t) — (x)) (8.25)

The eigenvalueg; is the mean square fluctuation of principal comporieithe first few principal
modes often describe collective, global motions in the system. The trajectory can be filtered along
one (or more) principal modes. For one principal métigs goes as follows:

x/ () = (x) + M~ 2R,; pi(t) (8.26)

When the analysis is performed on a macromolecule, one often wants to remove the overall rota-
tion and translation to look at the internal motion only. This can be achieved by least square fitting
to a reference structure. Care has to be taken that the reference structure is representative for the
ensemble, since the choice of reference structure influences the covariance matrix. One should
always check if the principal modes are well defined. If the first principal component resembles

a half cosine and the second resembles a full cosine, you might be filtering noise. A good way
to check the relevance of the first few principal modes is to calculate the overlap of the sampling
between the first and second half of the simulation. Note that this can only be done when the same
reference structure is used for the two halves.

The elements of the covariance matrix are proportional to the square of the displacement, so we
need to take the square root of the matrix to examine the extent of sampling. The square root can
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86 Chapter 5. Topologies

can be converted automatically to constraintgtympp . There are several options for this in the
*mdp file.

We have also implemented the SETTLE algoritt2i] fwhich is an analytical solution of SHAKE
specifically for water. SETTLE can be selected in the topology file. Check for instance the SPC
molecule definition:

[ moleculetype ]

; molname nrexcl

SOL 1

[ atoms ]

;nr at type res nr ren nm at nm cg nr  charge

1 ow 1 SOL owl 1 -0.82
2 HW 1 SOL HW2 1 0.41
3 HW 1 SOL HW3 1 0.41
[ settles ]

; OW funct  doh dhh

1 1 0.1 0.16333

[ exclusions ]

1 2 3
2 1 3
3 1 2
The sectiofj settles ] defines the first atom of the watery molecule, the settle functis always

one, and the distance between O and H, and distance between both H atoms must be given. Note
that the algorithm can also be used for TIP3P and TIR4R [TIP3P just has another geometry.
TIP4P has a dummy atom, but since that is generated it does not need to be shaken (nor stirred).

5.5 Databases

5.5.1 Residue database

The file holding the residue databas&?2?.rtp . Originally this file contained building blocks
(amino acids) for proteins, and is the GROMACS interpretation oft@iec4.dat  file of GRO-

MOS. So the residue file contains information (bonds, charge, charge groups and improper dihe-
drals) for a frequently used building block. It is betteatto change this file because it is standard
input for pdb2gmx, but if changes are needed make them in*tkep  file (see section Topol-

ogy file,5.6.1). However, in theff??22.rtp file the user can define a new building block or
molecule: see for example 2,2,2-trifluoroethanol (TFEnafecane (C10). But when defining

new molecules (non-protein) it is preferable to creatdtp  file. This will be discussed in a

next section (sectioh.6.9.

The fileff??2.rtp is only used bypdb2gmx. As mentioned before, the only extra information
this program needs frori???.rtp is bonds, charges of atoms, charge groups and improper

8.7. Radius of gyration and distances 143

For planes it uses the normal vector perpendicular to the plane. It can also calcutiisgaheed
between the geometrical center of two planes (seed®), and the distances andd, between

2 atoms (of a vector) and the center of a plane defined by 3 atoms (se8.68). It further
calculates the distanekbetween the center of the plane and the middle of this vector. Depending
on the input groups (i.e. groups of 2 or 3 atom numbers), the program decides what angles and
distances to calculate. For example, the index-file could look like this:

[ a_plane ]

1 2 3
[ a_vector ]

3 4 5

8.7 Radius of gyration and distances

g_gyrate
g_sgangle
g_mindist
g_mdmat
xpmz2ps

To have a rough measure for the compactness of a structure, you can calcutatBubef gyra-
tion with the prograng_gyrate as follows:

EA ) 8.19
>oimi ( )
wherem; is the mass of atorhandr; the position of atom with respect to the center of mass of

the molecule. It is especially useful to characterize polymer solutions and proteins.

Sometimes it is interesting to plot tliistancebetween two atoms, or theinimumdistance be-
tween two groups of atoms (e.g.: protein side-chains in a salt bridge). To calculate these distances
between certain groups there are several possibilities:

e Thedistance between the geometrical centersvo groups can be calculated with the program
g_sgangle , as explained in se8.6.

e The minimum distancéetween two groups of atoms during time can be calculated with the
programg_mindist . Italso calculates theumber of contactisetween these groups within
a certain radius, ;.

e To monitor theminimum distances between resid(g=e chaptes) within a (protein) molecule,
you can use the progragimdmat. This minimum distance between two residugsaAd
A; is defined as the smallest distance between any pair of atam&(ij € A;). The output
is a symmetrical matrix of smallest distances between all residues. To visualize this matrix,
you can use a program suchyas. If you want to view the axes and legend or if you want
to print the matrix, you can convert it witkpm2ps into a Postscript picture, see Fig7.

Plotting these matrices for different time-frames, one can analyze changes in the structure,
and e.g. forming of salt bridges.
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88 Chapter 5. Topologies

always be below each other. When using the hydrogen databagedb2gmx for adding missing
hydrogens, the atom names defined in Mg entry should correspond exactly to the naming
convention used in the hydrogen database 5582 The atom names in the bonded interaction

can be preceded by a minus or a plus, indicating that the atom is in the preceding or following
residue respectively. Parameters can be added to bonds, angles, dihedrals and impropers, these
parameters override the standard parameters iiitghe files. This should only be used in special

cases. Instead of parameters, a string can be added for each bonded interaction, this is used in
GROMOSO96.rtp  files. These strings are copied to the topology file and can be replaced by
force field parameters by the C-preprocessariompp using#define statements.

pdb2gmx automatically generates all angles, this means that for the GROMACS force field the
[ angles ] field is only useful for overridingitp  parameters. For the GROMOS-96 force
field the interaction number off all angles need to be specified.

pdb2gmx automatically generates one proper dihedral for every rotatable bond, preferably on
heavy atoms. When tHedihedrals ] field is used, no other dihedrals will be generated for

the bonds corresponding to the specified dihedrals. It is possible to put more than one dihedral on
a rotatable bond.

pdb2gmx sets the number exclusions to 3, which means that interactions between atoms con-

nected by at most 3 bonds are excluded. Pair interactions are generated for all pairs of atoms
which are seperated by 3 bonds (except pairs of hydrogens). When more interactions need to be
excluded, or some pair interactions should not be generatddeanlusions ] field can be

added, followed by pairs of atom names on seperate lines. All non-bonded and pair interactions

between these atoms will be excluded.

5.5.2 Hydrogen database

The hydrogen database is storedf???.hdb . It contains information for thedb2gmx pro-

gram on how to connect hydrogen atoms to existing atoms. Hydrogen atoms are named after the
atom they are connected to: the first letter of the atom name is replaced by an'H’. If more then one
hydrogen atom is connected to the same atom, a number will be added to the end of the hydrogen
atom name. For example, adding two hydrogen atora(in asparagine), the hydrogen atoms

will be namedHD21andHD22 This is important since atom naming in thigp ~ file (see5.5.9)

must be the same. The format of the hydrogen database is as follows:

; res  # additions

# H add type i j k
ALA 1

1 1 N -C CA
ARG 4

1 2 N CA C

1 1 NE CD cz

2 3 NH1 cz NE

2 3 NH2 Cz NE

On the first line we see the residue name (ALA or ARG) and the number of additions. After that
follows one line for each addition, on which we see:

e The number of H atoms added
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Mean Square Displacement
D =35027 (10° cm’ ™)

4000.0

3000.0

2000.0

MSD (10° cm’s™)

1000.0

00 50.0 100.0 150.0
Time (ps)

Figure 8.4: Mean Square Displacement of SPC-water.

To monitor specifidoondsin your molecules during time, the progragnbond calculates the
distribution of the bond length in time. The index file consists of pairs of atom numbers, for
example

[ bonds_1 ]
1 2
3 4
9 10

[ bonds_2 ]

12 13

The programg_angle calculates the distribution @fnglesanddihedralsin time. It also gives
the average angle or dihedral. The index file consists of triplets or quadruples of atom numbers:

[ angles ]
1 2
2 3
3 4 5

[ dihedrals ]
1 2
2 3 5 5

» w

w
IN

For the dihedral angles you can use either the “biochemical conventioa”({ = cis) or “poly-
mer convention” ¢ = 0 = trans), see Fig8.5.

To follow specificanglesin time between two vectors, a vector and a plane or two planes (defined
by 2, resp. 3 atoms inside your molecule, see 8i6A, B, C), use the program_sgangle
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90 Chapter 5. Topologies

delete ]

[

O
[ impropers ]

C o1 02 CA

The file is organized in blocks, each with a header specifying the name of the block. These
blocks correspond to different types of termini that can be added to a molecule. In this exam-
ple[ None ] is the first block, corresponding to a terminus that leaves the molecule as it is;

[ COO- ] isthe second terminus type, corresponding to changing the terminal carbon atom into
a deprotonated carboxyl group. Block names cannot be any of the follonépiace , add,

delete , bonds, angles , dihedrals , impropers ; this would interfere with the parame-

ters of the block, and would probably also be very confusing to human readers.

Per block the following options are present:
e [ replace ]

replace an existing atom by one with a different atom type, atom name, charge and/or mass.
For each atom to be replaced on line should be entered with the following fields:

— name of the atom to be replaced
— new atom name

— new atom type

— new mass

— new charge

e [ add ]
add new atoms. For each (group of) added atom(s), a two-line entry is necessary. The first
line contains the same fields as an entry in the hydrogen database (hnumber of atoms, type of
addition, control atoms, seée5.1), but the possible types of addition are extended by two
more, specifically for C-terminal additions:

8 two carboxyl oxygens, -COO
two oxygens (n1,n2) are generated according to rule 3, at a distance of 0.136 nm from
atom i and an angle (n1-i-j)=(n2-i-j)=117 degrees

9 carboxyl oxygens and hydrogen, -COOH
two oxygens (n1,n2) are generated according to rule 3, at distances of 0.123 nm and
0.125 nm from atom i for n1 and n2 resp. and angles (n1-i-j)=121 and (n2-i-j)=115
degrees. One hydrogen (n’) is generated around n2 according to rule 2, where n-i-j
and n-i-j-k should be read as n’-n2-i and n’-n2-i-j resp.

After this line another line follows which specifies the details of the added atom(s), in the
same way as for replacing atoms, i.e.:

— atom name

atom type
— mass
— charge

8.5. Correlation functions 139

intervals (§ << M), but it makes it easier to interpret the results. Another aspect that may not be
neglected when computing ACFs from simulation, is that usually the time orfdiegn.8.6) are

not statistically independent, which may introduce a bias in the results. This can be tested using a
block-averaging procedure, where only time origins with a spacing at least the length of the time
lag are included, e.g. usirigtime origins with spacing oM At (wherekM < N):

1 k—1

Cr(jAt) = m ST FEMAL)F((IM + §)At) (8.11)
i=0

However, one needs very long simulations to get good accuracy this way, because there are many
fewer points that contribute to the ACF.

8.5.2 Using FFT for computation of the ACF

The computational cost for calculating an ACF according to 8cis proportional taV?2, which

is considerable. However, this can be improved by using fast Fourier transforms to do the convo-
lution [65)].

8.5.3 Special forms of the ACF

There are some important varieties on the ACF, e.g. the ACF of a vactor
OO0
Cp(t) = [ Palcos £ (p(0). plt + ) s (8.12)

whereP, (z) is then' order Legendre polynomidl Such correlation times can actually be ob-
tained experimentally using e.g. NMR or other relaxation experiments. GROMACS can compute
correlations using thest and 2'¢ order Legendre polynomial (eq8.12. This can a.o. be used

for rotational autocorrelatiorg(rotacf ), dipole autocorrelationg( dipoles ).

In order to study torsion angle dynamics we define a dihedral autocorrelation functi®®:as [
C(t) = (cos(0(t) —0(T +1))), (8.13)

Note that this is not a product of two functions as is generally used for correlation functions, but it
may be rewritten as the sum of two products:

C(t) = (cos(0(7)) cos(O(r +t)) + sin(0(7)) sin(0(T + 1)) (8.14)

8.5.4 Some Applications
The prograng_velacc calculates thid/elocity Auto Correlation Functian

Co(1) = (vi(7) - i(0))ica (8.15)

:U:TS =1, Pi(z) =z, P2(z) = nrw;m —-1)/2
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92 Chapter 5. Topologies
Parameters
interaction directive # f.  parameters per]
type at. tp
mandatory defaults non-bonded function type;
combination rule;
generate pairs (no/yes);
fudge LJ (); fudge QQ ()
mandatory atomtypes atom type; m (u); g (e); particle type;
Cs (kJ mottnmP); ;5 (kJ mot-tnm!2)
bondtypes (see Tablé.4, directivebonds )
constrainttypes (see Tablé&.4, directiveconstraints )
pairtypes (see Tablé&.4, directivepairs )
angletypes (see Tablé.4, directiveangles )
proper dih. | dihedraltypes 20) 1 0,4, (deg); £ (kI molt); mult X(@)
improper dih. | dihedraltypes 200 2 g (deg); f. (kJ moltrad-2) X
RB dihedral | dihedraltypes 2) 3 G, Cy, Cy, C3, Cy, Cs (kI molt)
LJ nonbond _params 2 1 g (kI mottnm®); ¢;5 (kJ mol-tnm'?)
Buckingham | nonbond _params 2 2 a(kImotl); b (nmrt);
s (kJ moltnm®)
Molecule definition(s)
one or more molecule definitions as described in Tablénext page)
System
[ mandatory [ system system name
| mandatory | molecules molecule name; number of molecules

'# at’ is the number of atom types

function type

‘pert’ indicates if this interaction type can be perturbed during free energy calculations
(a) multiplicities can not be perturbed

() the inner two atoms in the dihedral

() the outer two atoms in the dihedral

For free energy calculations, the parameters for topology 'B’ (lambda = 1) should be added
on the same line, after the normal parameters, in the same order as the normal parameters.

Table 5.3: The topology*(top ) file.
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O‘ >‘

Figure 8.2: Definition of slices ig_rdf : A. gap(r). B. gap(r,6). The slices are colored grey. C.
Normalization(pg)ocqai- D. Normalization(ps)ocar, o- Normalization volumes are colored grey.

Usually the value of-,,. is half of the box length. The averaging is also performed in time. In
practice the analysis progragnrdf divides the system into spherical slices (frorto » + dr, see
Fig. 8.2A) and makes a histogram in stead of théunction. An example of the rdf of Oxygen-
Oxygen in SPC-watedf] is given in Fig.8.3

With g_rdf it is also possible to calculate an angle dependens igf(r, #), where the anglé is
defined with respect to a certain laboratory axisee Fig8.2B.

Ni Ngp
L 1 §(ri; —7)5(0;5 — 0)
rl) = ——— AN A At v B 8.4
945(r,6) (PBiocat, 0 Na WM:WW 2mr2sim(6) 84)
os(0) — _Tiie
0s®5) = el ®5)

Thisgap(r, 0) is useful for analyzing anisotropic systems. Note that in this case the normalization
(pB)iocal, 0 is the average density in all angle slices fréto 0+d6 up tor,,.., So angle dependent,
see Fig8.2D.

8.5 Correlation functions

8.5.1 Theory of correlation functions
The theory of correlation functions is well establish66][ However we want to describe here the

implementation of the various correlation function flavors in the GROMACS code. The definition
of the autocorrelation function (ACK)(t) for a propertyf(t) is

Cr(t) = (FOFE+1))e (8.6)
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94 Chapter 5. Topologies

e after[ system ] the only allowed directive if molecules ]

e using an unknown string if ] causes all the data until the next directive to be ignored,
and generates a warning.

Here is an example of a topology fikerea.top

; Example topology file
; The force field files to be included
#include "ffgmx.itp"

[ moleculetype ]
; name nrexcl

Urea 3
[ atoms ]
; nr type resnr  residu atom cgnr charge
1 C 1 UREA C1 1 0.683
2 o} 1 UREA 02 1 -0.683
3 NT 1 UREA N3 2 -0.622
4 H 1 UREA H4 2 0.346
5 H 1 UREA H5 2 0.276
6 NT 1 UREA N6 3 -0.622
7 H 1 UREA H7 3 0.346
8 H 1 UREA H8 3 0.276
[ bonds ]
;oai aj funct b0 kb
3 4 1 1.000000e-01 3.744680e+05
3 5 1 1.000000e-01 3.744680e+05
6 7 1 1.000000e-01 3.744680e+05
6 8 1 1.000000e-01 3.744680e+05
1 2 1 1.230000e-01 5.020800e+05
1 3 1 1.330000e-01 3.765600e+05
1 6 1 1.330000e-01 3.765600e+05
[ pairs ]
;ai aj funct c6 cl2
2 4 1 0.000000e+00 0.000000e+00
2 5 1 0.000000e+00 0.000000e+00
2 7 1 0.000000e+00 0.000000e+00
2 8 1 0.000000e+00 0.000000e+00
3 7 1 0.000000e+00 0.000000e+00
3 8 1 0.000000e+00 0.000000e+00
4 6 1 0.000000e+00 0.000000e+00
5 6 1 0.000000e+00 0.000000e+00
[ angles ]
;oai aj ak funct thO cth
1 3 4 1 1.200000e+02 2.928800e+02

8.2. Looking at your trajectory 135

SideChain
protein side chain atoms; that is all atoms except N, C, O, backbone amide hydrogen,
oxygens in C-terminus and hydrogens on the N-terminus

SideChain-H
protein side chain atoms excluding all hydrogens

Prot-Masses
protein atoms excluding dummy masses (as used in dummy atom constructions; of NH
groups and Tryptophane sidechains), see alsd&s2&, this group is only included when it
differs from the Protein ' group

Non-Protein
all non-protein atoms

DNA
all DNA atoms

molecule _name
for all residues/molecules which are not recognized as protein or DNA, one group per
residue/molecule name is generated

Other
all atoms which are neither protein nor DNA.

Empty groups will not be generated.

8.2 Looking at your trajectory
ngmx

Before analyzing your trajectory it is often informative to look at your trajectory first. Gromacs
comes with a simple trajectory viewegmx; the advantage with this one is that it does not require
OpenGL, which usually isn’'t present e.g. on supercomputers. Itis also possible to generate a hard-
copy in Encapsulated Postscript format, see Big. If you want a faster and more fancy viewer
there are several programs that can read the GROMACS trajectory formats — have a look at our
homepagevww.gromacs.ordor updated links.

8.3 General properties

g_energy
g_com

To analyze some or aknergiesand other properties, such &stal pressure pressure tensor
density box-volumeandbox-sizesuse the prograrg_energy . A choice can be made from a list
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96 Chapter 5. Topologies

e combination rule = 1 (supplg©® and 019, 5;; =
WAS + 0;)) or 3 (supplyo ande, 0;; = /7;0;)

,0;), 2 (supplyo ande, 0i; =

e generate pairs = no (get 1-4 interactions from pair list) or yes (generate 1-4 interactions from
normal Lennard-Jones parameters using FudgelLJ and FudgeQQ)

e FudgelJ = factor to change Lennard-Jones 1-4 interactions

e FudgeQQ = factor to change electrostatic 1-4 interactions

note: FudgelLJ and FudgeQQ only need to be specified when generate pairs is set to 'yes'.

#include “ffgmx.itp" : this includes the bonded and non-bonded GROMACS parameters,
thegmxin figmx will be replaced by the name of the force field you are actually using.

[ moleculetype ] : defines the name of your molecule in thiop  and nrexcl = 3 stands
for excluding non-bonded interactions between atoms that are no further than 3 bonds away.

[ atoms ] : defines the molecule, where andtype are fixed, the rest is user defined. So
atom can be named as you likegnr made larger or smaller (if possible, the total charge of a
charge group should be zero), and charges can be changed here too.

[ bonds ] : nocomment.

[ pairs ] :1-4interactions
[ angles ] : nocomment
[ dihedrals ] : in this case there are 9 proper dihedrals (funct = 1), 3 improper (funct =

2) and no Ryckaert-Bellemans type dihedrals. If you want to include Ryckaert-Bellemans type
dihedrals in a topology, do the following (in case of e.g. decane):

[ dihedrals ]

;oai aj ak al funct c0 cl c2
1 2 3 4 3
2 3 4 5 3

and do not forget terase the 1-4 interactiom [ pairs ] !

[ position  _restraints ] : harmonically restrain the selected particles to reference posi-
tions (sec4.2.9. The reference positions are read from a separate coordinate file by grompp.

#include "spc.itp" : includes a topology file that was already constructed (see next sec-
tion, molecule.itp).

[ system ] : title of your system, user defined

[ molecules ] . this defines the total number of (sub)molecules in your system that are de-
fined in this*.top . In this example file it stands for 1 urea molecules dissolved in 1000 water
molecules. The molecule type SOL is defined indpe.itp  file.

5.6.2 Molecule.itp file

If you construct a topology file you will use more often (like a water molecspe,itp ) it is
better to make anolecule.itp file, which only lists the information of the molecule:

Chapter 8
Analysis

In this chapter different ways of analyzing your trajectory are described. The names of the corre-
sponding analysis programs are given. Specific info on the in- and output of these programs can be
found in the on-line manual aww.gromacs.orgThe output files are often produced as finished
Grace/Xmgr graphs.

First in sec8.1the group concept in analysis is explained. Then the different analysis tools are
presented.

8.1 Groups in Analysis.

make_ndx
mk_angndx

In chapter3 it was explained hovgroups of atomsan be used in the MD-program. In most
analysis programs groups of atoms are needed to work on. Most programs can generate several
default index groups, but groups can always be read from an index file. Let’s consider a simulation
of a binary mixture of components A and B. When we want to calculate the radial distribution
function (rdf) g4 (r) of A with respect to B, we have to calculate

Na Np

drrgap(r) = VY. P(r) 8.1)

i€A jEB

whereV is the volume and’(r) is the probability to find a B atom at a distanckom an A atom.

By having the user define tr/om number$or groups A and B in a simple file we can calculate
this g4 in the most general way, without having to make any assumptions in the rdf-program
about the type of particles.
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Chapter 5. Topologies

#include "urea.itp"

; Include SPC water topology

#include "spc.itp"

[ system ]
Urea in Water

[ molecules ]

;molecule name number
Urea 1
1000

SOL

5.6.3 Ifdef option

A very powerful feature in GROMACS is the use #ifdef
By making use of this statement, different parameters for one molecule can be used in the same
*top file. An example is given for TFE, where there is an option to use different charges on the
atoms: charges derived by De Loeffal.[62] or by Van Buuren and Berendse#d. In fact you

can use all the options of the C-Preprocesspp,, because this is used to scan the file. The way

to make use of théifdef

option is as follows:

statements in yout.top file.

e in grompp.mdp (the GROMACS preprocessor input parameters) use the option

define = -DDeloof

or
define =

e put thet#tifdef statements in yout.top

[ atoms ]

;nr type  resnr residu

#ifdef DelLoof

; Use Charges from DeLoof

1 C 1 TFE
2 F 1 TFE
3 F 1 TFE
4 F 1 TFE
5 CH2 1 TFE
6 OA 1 TFE
7 HO 1 TFE

#else

; Use Charges from VanBuuren
1 C 1 TFE
2 F 1 TFE
3 F 1 TFE
4 F 1 TFE
5 CH2 1 TFE
6 OA 1 TFE

cgnr

charge

PR E

e

, as shown below:

mass

0.74
-0.25
-0.25
-0.25

0.25

-0.65
0.41

7.4. Programs by topic

131

Distances in structures over time

g_mindist
g.dist

g-mdmat
g-rmsdist

calculates the minimum distance between two groups

calculates the distances between the centers of mass of two groups
calculates residue contact maps

calculates atom pair distances averaged with power 2, -3 or -6

Mass distribution properties over time

g-traj
g-gyrate
g-msd
g-rotacf
g.rdf

plots x, v, f, box, temperature and rotational energy
calculates the radius of gyration

calculates mean square displacements

calculates the rotational correlation function for molecules
calculates radial distribution functions

Analyzing bonded interactions

g-bond

calculates bond length distributions

mk_angndx generates index files forgngle

g-angle
g-dih

calculates distributions and correlations for angles and dihedrals
analyzes dihedral transitions

Structural properties

g-hbond
g_saltbr
g.sas
g_order
g_sgangle
g-sorient
g-bundle
g-disre

computes and analyzes hydrogen bonds

computes salt bridges

computes solvent accessible surface area

computes the order parameter per atom for carbon tails
computes the angle and distance between two groups
analyzes solvent orientation around solutes

analyzes bundles of axes, e.g. helices

analyzes distance restraints

Kinetic properties

g-traj
g-velacc
g-tcaf

plots x, v, f, box, temperature and rotational energy
calculates velocity autocorrelation functions
calculates viscosities of liquids

Electrostatic properties

genion

generates mono atomic ions on energetically favorable po

g-potential calculates the electrostatic potential across the box

gdipoles

computes the total dipole plus fluctuations

g_dielectric calculates frequency dependent dielectric constants

Protein specific analysis
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100 Chapter 5. Topologies

[ angles ]
;oai aj ak funct par_A par_B
1 2 3 2 ga_11 ga_l4
2 3 4 2 ga 14 ga 14
3 4 5 2 ga_14 ga_l4
[ dihedrals ]
;oai aj ak al funct par_A par_B
1 2 3 4 1 gd_12  gd_17
2 3 4 5 1 gd_17  gd_17
[ system ]
; Name

Propanol to Pentane

[ molecules ]
; Compound #mols
PropPent 200

Atoms that are not perturbe®C2 andPC3, do not need B parameter specifications, the B pa-
rameters will be copied from the A parameters. Bonded interactions between atoms that are not
perturbed do not need B parameter specifications, here this is the case for the last bond. Topolo-
gies using the GROMACS force field need no bonded parameters at all, since both the A and B
parameters are determined by the atom types. Non-bonded interactions involving one or two per-
turbed atoms use the free-energy perturbation functional forms. Non-bonded interaction between
two non-perturbed atoms use the normal functional forms. This means that when, for instance,
only the charge of a particle is perturbed, its Lennard-Jones interactions will also be affected when
lambda is not equal to zero or one.

Note that this topology uses the GROMOS-96 force field, in which the bonded interactions are not

determined by the atom types. The bonded interaction strings are converted by the C-preprocessor.

The force field parameter files contain lines like:

#define gb_26 0.1530 7.1500e+06

#define gd_17 0.000 5.86 3

5.6.5 Constraint force

The constraint force between two atoms in one molecule can be calculated with the free energy
perturbation code by adding a constraint between the two atoms, with a different length in the A
and B topology. When the B length is 1 nanometer longer than the A length and lambda is kept
constant at zero, the derivative of the Hamiltonian with respect to lambda is the constraint force.
For constraints between molecules the pull code can be used, séelsBelow is an example for
calculating the constraint force at 0.7 nanometer between two methanes in water, by combining
the two methanes into one molecule. The added constraint is of function type 2, which means that
it is not used for generating exclusions ($8.5.

; Include forcefield parameters

7.4. Programs by topic 129

freezegrps:
Groups that are to be frozen (i.e. their X, Y, and/or Z position will not be updated; e.g.
Lipid SOL ). freezedim specifies for which dimension the freezing applies. You might
want to use energy group exclusions for completely frozen groups.

freezedim:
dimensions for which groups ifnreezegrpsshould be frozen, specify or N for X, Y and
Z and for each group (e.. Y N N N Nneans that particles in the first group can move
only in Z direction. The particles in the second group can move in any direction).

cosacceleration: (0) [nm ps?]
the amplitude of the acceleration profile for calculating the viscosity. The acceleration is in
the X-direction and the magnitudedes accelerationcos(2 pi z/boxheight). Two terms are
added to the energy file: the amplitude of the velocity profile and 1/viscosity.

7.3.19 Electric fields

Ex;Ey;E.z
If you want to use an electric field in a direction, enter 3 numbers after the approprtate E
the first number: the number of cosines, only 1 is implemented (with frequency 0) so enter
1, the second number: the strength of the electric field in V- hnthe third number: the
phase of the cosine, you can enter any number here since a cosine of frequency zero has no
phase.

E.xt; E_yt; E_zt:
not implemented yet

7.3.20 User defined thingies

userlgrps ; user2.grps:
userintl (0); userint2 (0); userint3 (0); userint4: (0)

userreall (0); userreal2 (0); userreal3 (0); userreal4: (0)
These you can use if you hack out code. You can pass integers and reals to your subroutine.
Check the inputrec definition isrc/include/types/inputrec.h

7.4 Programs by topic

Generating topologies and coordinates
pdb2gmx converts pdb files to topology and coordinate files
x2top generates a primitive topology from coordinates
editconf  edits the box and writes subgroups
genbox solvates a system
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102 Chapter 5. Topologies

"%5d%55%55%5d%8.3f%8.3f%8.3f%8.4%8.41%8.4f\n",
residuenr,residuename,atomname,atomnr,x,y,z,vx,vy,vz
}
"%10.5f%10.5f%10.5f%10.5f%10.5f%10.5f%10.5f%10.5f%10.5f\n",
box[X][X],box[Y][Y],box[Z][Z],
box[X][Y],box[X][Z],box[Y][X],box[Y][Z],box[Z][X],box[Z][Y]

Fortran format: (i5,2a5,i5,3f8.3,3f8.4)

So confin.gro is the GROMACS coordinate file and is almost the same as the GROMOS-
87 file (for GROMOS users: when used with ntx=7). The only difference is the box for which
GROMACS uses a tensor, not a vector.

7.3. Run Parameters 127

morse:

no
bonds are represented by a harmonic potential

yes
bonds are represented by a Morse potential

7.3.15 Energy group exclusions

energygrp-excl:
Pairs of energy groups for which all non-bonded interactions are excluded. An example: if
you have two energy groupgotein  andSOL, specifying

energy _excl = Protein Protein SOL SOL

would give only the non-bonded interactions between the protein and the solvent. This is
especially useful for speeding up energy calculations mitiun -rerun  and for exclud-
ing interactions within frozen groups.

7.3.16 NMR refinement
disre:

no
no distance restraints (ignore distance restraints information in topology file)
simple
simple (per-molecule) distance restraints

ensemble
distance restraints over an ensemble of molecules

disre_weighting:
equal

divide the restraint force equally over all atom pairs in the restraint

conservative
the forces are the derivative of the restraint potential, this results in‘aweighting
of the atom pairs

disre_mixed:

no
the violation used in the calculation of the restraint force is the time averaged violation

yes
the violation used in the calculation of the restraint force is the square root of the time
averaged violation times the instantaneous violation
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104 Chapter 6. Special Topics
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Figure 6.1: Schematic picture of pulling a lipid out of a lipid bilayer with AFM pullifig.,;, is
the velocity at which the spring is retracted;,.;. is the atom to which the spring is attached and
Zspring 1S the location of the spring.

at the distance they have in the input coordinate fife () file.

6.1.2 Usage
Input files

Themdrun programs needs 4 additional files: 2 input files and 2 output files.

-pi pull.ppa
If this file is specified the pull code will be used. It contains the parameters that control what
type of calculation is done. A full explanation of all the options is given below.

-pn index.ndx
This file defines the different groups for use in all pull calculations. The groups are referred
to by name, so the index file can contain other groups that are not used as well.

-po pullout.ppa
A formatted copy of the input parameter file with the parameters that were actually used in
the run.

-pdo pull.pdo
The data file with the calculated forces (AFM pulling, constraint force) or positions (um-
brella sampling).

Definition of groups

The way the reference groups and different reference types work is summarized in6figure
There are four different possibilities for the reference group.

7.3. Run Parameters 125

compressibility: [oar—! ]
compressibility (NOTE: this is now really in bal) For water at 1 atm and 300 K the
compressibility is 4.5e-5 [bar].

ref_p: [bar ]
reference pressure for coupling

7.3.12 Simulated annealing
annealing:

no
No simulated annealing.

yes
Simulated annealing to 0 [K] at timeero_temp_time (ps). Reference temperature
for the Berendsen-thermostatnsf_t x (1 - time /zero_temp_time), time constant
is tau_t [ps]. Note that the reference temperature will not go below 0 [K], i.e. after
zero_temp_time (if it is positive) the reference temperature will be 0 [K]. Negative
zero_temp_time results in heating, which will go on indefinitely.

zero_temp_time: (0) [ps]
time at which temperature will be zero (can be negative). Temperature during the run can be
seen as a straight line going throughr@tt [K] at t=0 [ps], and T=0 [K] at tzero_temp_time
[ps]. Look in our FAQ for a schematic graph of temperature versus time.

7.3.13 Velocity generation
genvel:

no
Do not generate velocities at startup. The velocities are set to zero when there are no
velocities in the input structure file.

yes
Generate velocities according to a Maxwell distribution at temperaemgemp [K],
with random seeden.seed This is only meaningful with integratond.

gentemp: (300) [K]
temperature for Maxwell distribution

genseed: (173529) [integer]
used to initialize random generator for random velocities, wiemseedis set to -1, the
seed is calculated #8me() + getpid()) % 1000000
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106 Chapter 6. Special Topics

Note that strictly speaking this is not correct if the reference group is not the whole system,
including the groups defined witroup _1 andgroup _2.

To further smooth rapidly fluctuating distances between the reference group and the other groups,
the average distance can be constrained instead of the instanteneous distance. This is defined by
settingreflag  to the number of steps to average over. However, using this option is not strictly
correct for calculating potentials of mean force from the average constraint force.

The parameter file

verbose = no
If this is set toyes, a large amount of detailed information is sensstderr , which is
only useful for diagnostic purposes. Thmlo file also becomes more detailed, which is
not necessary for normal use.

runtype = constraint
Options arestart, afm, constraint, umbrella . This selects the type of cal-
culation: making starting structures, AFM pulling, constraint force calculation or umbrella
sampling.

group 1 = MB211

group 2 = MB212
The groups with the atoms to act on. The first group is mandatory, the second optional.

reference _group = OCTA
The reference group. Distances are calculated betwgeeip _1 (andgroup _2 if spec-
ified) and this group. I&.g. the constraint force between two ions is needed, you would
specifiygroup _1 as a group with 1 ion, aneference _group as the other ion.

reftype = com
The type of reference group. Options amm, com _t0, dynamic, dynamic t0 as
explained above.

reflag = 1
The position of the reference group can be taken as average over a number of steps, specified
byreflag (see above).

direction = 0.0 0.0 1.0
Distances are calculated weighted by x, y, z as specifiglir@ction . Setting them all
to 1.0 calculates the distance between two groups, setting the first two to 0.0 and the third
to 1.0 calculates the distance in the z direction only.

reverse = to _reference
This option selects the direction in which the groups are moved with respect to the reference
group for AFM pulling and starting structure calculations. Choicegareeference,
from _reference

7.3. Run Parameters 123

pme_order (4)
Interpolation order for PME. 4 equals cubic interpolation. You might try 6/8/10 when run-
ning in parallel and simultaneously decrease grid dimension.

ewald_rtol (1e-5)
The relative strength of the Ewald-shifted direct potential at the cutoff is givemayd_rtol .
Decreasing this will give a more accurate direct sum, but then you need more wave vectors
for the reciprocal sum.

optimize_fft:

no
Don't calculate the optimal FFT plan for the grid at startup.

yes
Calculate the optimal FFT plan for the grid at startup. This saves a few percent for
long simulations, but takes a couple of minutes at start.

7.3.10 Temperature coupling
tcoupl:

no
No temperature coupling.

berendsen
Temperature coupling with a Berendsen-thermostat to a bath with temperature
[K], with time constantau_t [ps]. Several groups can be coupled separately, these are
specified in thec_grps field separated by spaces.

nose-hoover
Temperature coupling with a by using a Nose-Hoover extended ensemble. The refer-
ence temperature and coupling groups are selected as above, but in théicames)
controls the period of the temperature fluctuations at equilibrium, which is slightly
different from a relaxation time.

tc_grps:
groups to couple separately to temperature bath

tau_t: [ps ]
time constant for coupling (one for each group irgps)

ref_t: [K ]
reference temperature for coupling (one for each group_grps)

7.3.11 Pressure coupling

pcoupl:
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108 Chapter 6. Special Topics

between molecules or groups of molecules. If a group contains part of a molecule of which the
bondlengths are constrained, SHAKE or LINCS and the constraint force calculation here will
interfere with each other, making the results unreliable. If a constraint force is wanted between
two atoms, this can be done through the free energy perturbation code. In summary:

e pull code: between molecules or groups of molecules.

o free energy perturbation code:between single atoms.

e not possible currently: between groups of atoms that are part of a larger molecule for
which the bonds are constrained with SHAKE or LINCS.

6.1.5 Implementation

The code for the options described above can be found in thepfilks, pullinit.c,
pullio.c, pullutil.c and the headerfilgsull.h  andpulls.h . This last file defines a
few datatypespull.h  explains the main functions.

6.1.6 Future development

There are several additional features that would be useful, including more advanced umbrella sam-
pling, an analysis tool to analyse the output of the pull code, incorporation of the input parameters
and index file into thgrompp program input files, extension to more groups, more flexible defi-
nition of a reaction coordinate, extension to groups that are parts of molecules that use SHAKE or
LINCS, and a combination of the starting structure calculation with constraints for faster conver-
gence of starting structures.

6.2 Removing fastest degrees of freedom

The maximum time step in MD simulations is limited by the smallest oscillation period that can
be found in the simulated system. Bond-stretching vibrations are in their quantum-mechanical
ground state and are therefore better represented by a constraint than by a harmonic potential.

For the remaining degrees of freedom, the shortest oscillation period as measured from a simu-
lation is 13 fs for bond-angle vibrations involving hydrogen atoms. Taking as a guideline that
with a Verlet (leap-frog) integration scheme a minimum of 5 numerical integration steps should be
performed per period of a harmonic oscillation in order to integrate it with reasonable accuracy,
the maximum time step will be about 3 fs. Disregarding these very fast oscillations of period 13 fs
the next shortest periods are around 20 fs, which will allow a maximum time step of about 4 fs

Removing the bond-angle degrees of freedom from hydrogen atoms can best be done by defin-
ing them as dummy atoms in stead of normal atoms. Where a normal atoms is connected to the
molecule with bonds, angles and dihedrals, a dummy atom’s position is calculated from the po-
sition of three nearby heavy atoms in a predefined manner (see alsbSeé&or the hydrogens

in water and in hydroxyl, sulfhydryl or amine groups, no degrees of freedom can be removed, be-
cause rotational freedom should be preserved. The only other option available to slow down these

7.3. Run Parameters 121

PME
Fast Particle-Mesh Ewald electrostatics. Direct space is similar to the Ewald sum,
while the reciprocal part is performed with FFTs. Grid dimensions are controlled with
fourierspacing and the interpolation order withme_order. With a grid spacing of
0.1 nm and cubic interpolation the electrostatic forces have an accuracy of 2-3e-4.
Since the error from the vdw-cutoff is larger than this you might try 0.15 nm. When
running in parallel the interpolation parallelizes better than the FFT, so try decreasing
grid dimensions while increasing interpolation.

PPPM
Particle-Particle Particle-Mesh algorithm for long range electrostatic interactions. Use
for examplelist=1.0 , rcoulomb_switch=0.0 , rcoulomb=0.85 , rvdw _switch=1.0
andrvdw=1.0 . The grid dimensions are controlled Byurierspacing. Reasonable
grid spacing for PPPM is 0.05-0.1 nm. S8hift for the details of the particle-
particle potential.
NOTE: the pressure in incorrect when using PPPM.

Reaction-Field
Reaction field with Coulomb cut-oftoulomb, wherercoulomb > rvdw > rlist. The
dielectric constant beyond the cut-offeépsilonr. The dielectric constant can be set
to infinity by settingepsilon.r=0.

Generalized-Reaction-Field
Generalized reaction field with Coulomb cut-atbulomb, wherercoulomb > rvdw
> rlist. The dielectric constant beyond the cut-ofejgsilon.r. The ionic strength is
computed from the number of charged (i.e. with non zero charge) charge groups. The
temperature for the GRF potential is set wigi_t [K].

Shift
The Coulomb potential is decreased over the whole range and the forces decay smoothly
to zero betweemcoulomb_switch andrcoulomb. The neighbor search cut-aftist
should be 0.1 to 0.3 nm larger thacoulomb to accommodate for the size of charge
groups and diffusion between neighbor list updates.

User
Specifyrshort andrlong to the same valuendrun will now expect to find a file
ctab.xvg  with user-defined functions. This file should contain 5 columns:xthe
valug, f(x) , -f W) , f@x) and-f @(x) , wheref ™ (x) denotes then™”
derivative of functionf(x) with respect tox. Thex should run from 0 [nm] to
rlist+0.5 [nm], with a spacing 00.002 [nm] when you run in single precision, or
0.0005 [nm] when you run in double precision. The function valuea0 is not
important.

rcoulomb_switch: (0) [nm]
where to start switching the Coulomb potential

rcoulomb: (1) [nm]
distance for the Coulomb cut-off

epsilonr: (1)
dielectric constant
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110 Chapter 6. Special Topics

atom(s) should be preserved. Care should be taken that no unwanted correlations are introduced
by the construction of dummy atoms, e.g. bond-angle vibration between the constructing atoms
could translate into hydrogen bond-length vibration. Additionally, since dummy atoms are by
definition mass-less, in order to preserve total system mass, the mass of each hydrogen atom that
is treated as dummy atom should be added to the bonded heavy atom.

Taking into account these considerations, the hydrogen atoms in a protein naturally fall into several
categories, each req g a different approach, see als6 Big.

o hydroxyl ¢€OH) or sulfhydryl ¢SH) hydrogen: The only internal degree of freedom in a
hydroxyl group that can be constrained is the bending ofake-H angle. This angle is
fixed by defining an additional bond of appropriate length, see@8). This removes the
high frequency angle bending, but leaves the dihedral rotational freedom. The same goes for
a sulfhydryl group. Note that in these cases the hydrogen is not treated as a dummy atom.

single amine or amide-KIH-) and aromatic hydrogens@H-): The position of these hy-
drogens cannot be constructed from a linear combination of bond vectors, because of the
flexibility of the angle between the heavy atoms. In stead, the hydrogen atom is positioned
at a fixed distance from the bonded heavy atom on a line going through the bonded heavy
atom and a point on the line through both second bonded atoms, s&e3ig.

planar amine {NH-) hydrogens:The method used for the single amide hydrogen is not
well suited for planar amine groups, because no suitable two heavy atoms can be found to
define the direction of the hydrogen atoms. In stead, the hydrogen is constructed at a fixed
distance from the nitrogen atom, with a fixed angle to the carbon atom, in the plane defined
by one of the other heavy atoms, see BIgC.

amine group (umbrellaNH; or -NH3") hydrogens:Amine hydrogens with rotational free-

dom cannot be constructed as dummy atoms from the heavy atoms they are connected to,
since this would result in loss of the rotational freedom of the amine group. To preserve
the rotational freedom while removing the hydrogen bond-angle degrees of freedom, two
“dummy masses” are constructed with the same total mass, moment of inertia (for rotation
around theC-N bond) and center of mass as the amine group. These dummy masses have
no interaction with any other atom, except for the fact that they are connected to the carbon
and to each other, resulting in a rigid triangle. From these three particles the positions of the
nitrogen and hydrogen atoms are constructed as linear combinations of the two carbon-mass
vectors and their outer product, resulting in an amine group with rotational freedom intact,
but without other internal degrees of freedom. See €igD.

6.2.2 Out-of-plane vibrations in aromatic groups

The planar arrangements in the side chains of the aromatic residues lends itself perfectly for a
dummy-atom construction, giving a perfectly planar group without the inherently instable con-
straints that are necessary to keep normal atoms in a plane. The basic approach is to define three
atoms or dummy masses with constraints between them to fix the geometry and create the rest of
the atoms as simple dummy type 3 atoms (see 4é&f from these three. Each of the aromatic
residues require a different approach:
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7.3.5 Energy minimization

emtol: (100.0) [kJ mol! nm~1]
the minimization is converged when the maximum force is smaller than this value

emstep: (0.01) [nm]
initial step-size
nstcgsteep: (1000) [steps]

frequency of performing 1 steepest descent step while doing conjugate gradient energy min-
imization.

7.3.6 Shell Molecular Dynamics

The shell molecular dynamics prograamdrun optimizes the positions of the shells at every time
step until either the RMS force on the shells is less than emtol, or a maximum number of iterations
(niter) has been reached

emtol: (100.0) [kJ mol! nm~1]
the minimization is converged when the maximum force is smaller than this value. For shell
MD this value should be 1.0 at most, but since the variable is used for energy minimization
as well the default is 100.0.

niter: (20)
maximum number of iterations for optimizing the shell positions.

7.3.7 Output control

nstxout: (100) [steps]
frequency to write coordinates to output trajectory file, the last coordinates are always writ-
ten

nstvout: (100) [steps]
frequency to write velocities to output trajectory, the last velocities are always written

nstfout: (0) [steps]
frequency to write forces to output trajectory.

nstlog: (100) [steps]
frequency to write energies to log file, the last energies are always written

nstenergy: (100) [steps]
frequency to write energies to energy file, the last energies are always written

nstxtcout: (0) [steps]
frequency to write coordinates to xtc trajectory

xtc_precision: (1000) [real]
precision to write to xtc trajectory
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112 Chapter 6. Special Topics

the off-diagonal pressure elements, which can increase the calculated viscosity by an order of
magnitude.

GROMACS also has a non-equilibrium method for determining the viscosity. This makes use
of the fact that energy, which is fed into system by external forces, is dissipated through viscous
friction. The generated heat is removed by coupling to a heat bath. For a Newtonian liquid adding
a small force will result in a velocity gradient according to the following equation:

n 0%v,(2)

el (6.2)

@sANv

here we have applied an acceleratiof(z) in the z-direction, which is a function of the-
coordinate. In GROMACS the acceleration profile is:

@&ANVH\FS AMN%V Am.wv

wherel,, is the height of the box. The generated velocity profile is:

21z
vz(2) =V cos A MQV (6.4)

2
v =a" AN\V (6.5)

n \27
The viscosity can be calculated framandV:
A (1,\?

n= ﬂw AMV (6.6)

In the simulationl” is defined as:

N
21z
M M;V; 42 COS A‘v
l;

y ==L (6.7)

N
>_mi
i=1

The generated velocity profile is not coupled to the heat bath, also the velocity profile is excluded
from the kinetic energy. One would liKé to be as large as possible to get good statistics. However
the shear rate should not be so high that the system gets too far from equilibrium. The maximum
shear rate occurs where the cosine is zero, the rate is:

)

Al (6.8)

0z

ms:@x = max
z

For a simulation with:y = 1073 [kgm~'s!], p = 10°[kgm~3] andl, = 27 [nM], Shyax =
1[psnnT 1] A. This shear rate should be smaller than one over the longest correlation time in the
system. For most liquids this will be the rotation correlation time, which is around 10 picoseconds.
In this cased should be smaller than 0.1 [nmpq. When the shear rate is too high, the observed
viscosity will be too low. Becaus¥ is proportional to the square of the box height, the optimal
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7.3 Run Parameters

7.3.1 General

Default values are given in parentheses. The first option is always the default option. Units are
given in square brackets The difference between a dash and an underscore is ignored. A sample
.mdp file is available. This should be appropriate to start a normal simulation. Edit it to suit your
specific needs and desires.

7.3.2 Preprocessing

title:
this is redundant, so you can type anything you want

cpp: (/lib/cpp)
your preprocessor

include:
directories to include in your topology. format:
-I/homef/john/my  _lib -I../more _lib
define: ()

defines to pass to the preprocessor, default is no defines. You can use any defines to control
options in your customized topology files. Options that are already available by default are:

-DFLEX SPC
Will tell grompp to include FLEXSPC in stead of SPC into your topology, this is nec-
essary to makeonjugate gradientwork and will allowsteepest descertb minimize
further.

-DPOSRE
Will tell grompp to include posre.itp into your topology, used for position restraints.

7.3.3 Run control
integrator:

md
A leap-frog algorithm for integrating Newton’s equations.

steep
A steepest descent algorithm for energy minimization. The maximum step size is
emstep[nm], the tolerance ismtol [kJ mol-! nm~].

cg
A conjugate gradient algorithm for energy minimization, the tolerancaaisol [kJ
mol~! nm~!]. CG is more efficient when a steepest descent step is done every once in
a while, this is determined hystcgsteep
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114 Chapter 6. Special Topics

potential (or vice versa). One then specifies e.g. coulombtype = Cut-off or coulombtype = PME,
combined with vdwtype = User. The table file must always contain the 7 columns however, and
meaningful data (i.e. not zeroes) must be entered in all columns. A number of pre-built table files
can be found in the GMXLIB directory, for 6-8, 6-9, 6-10, 6-11, 6-12 Lennard Jones potentials

combined with a normal Coulomb.

6.5 Running GROMACS in parallel

If you have installed the MPI (Message Passing Interface) on your computer(s) you can compile
GROMACS with this library to run simulations in parallel. All supercomputers are shipped with
MPI libraries optimized for that particular platform, and if you are using a cluster of workstations
there are several good free MPI implementations. You can find updated links to these on the gro-
macs homepageww.gromacs.orgOnce you have an MPI library installed it’s trivial to compile
GROMACS with MPI support: Just set the optierenable-mpi to the configure script and
recompile. (But don'’t forget to make distclean before running configure if you have previously
compiled with a different configuration.) If you are using a supercomputer you might also want to
turn of the default nicing of the mdrun process with thdisable-nice option.

There is usually a program calledpirun  with which you can fire up the parallel processes. A
typical command line looks like:

% mpirun -p goofus,doofus,fred 10 mdrun -s topol -v -N 30

this runs on each of the machines goofus,doofus,fred with 10 processes én each

If you have a single machine with multiple processors you don't have to usephen com-
mand, but you can do with an extra optiomtalrun :

% mdrun -np 8 -s topol -v -N 8

In this example MPI reads the first option from the command line. Sindrun also wants to
know the number of processes you have to type it twice.

Check your local manuals (or online manual) for exact details of your MPI implementation.

If you are interested in programming MPI yourself, you can find manuals and reference litterature
on the web atvww.mcs.anl.gov/mpi/index.html

*Example taken from Silicon Graphics manual

Chapter 7

Run parameters and
Programs

7.1 Online and html manuals

All the information in this chapter can also be found in HTML format in your GROMACS data

directory. The path depends on where your files are installed, but the default location is
lusr/local/gromacs/share/html/online.html

Or, if you installed from Linux packages it can be found as
lusr/local/share/gromacs/html/online.html

You can also use the online from our web site,
www.gromacs.org/documentation/refererg&6/online.htmil

In addition, we install standard UNIX manuals for all the programs. If you have sourced the
GMXRGcript in the GROMACS binary directory for your host they should already be present in
your SMANPATHand you should be able to type emgan grompp.

The program manual pages can also be found in Appehdixhis manual.

7.2 File types

Table7.1lists the file types used by GROMACS along with a short description, and you can find
a more detail description for each file in your HTML reference, or in our online version.

GROMACS files written in xdr format can be read on any architecture with GROMACS version
1.6 or later if the configuration script found the XDR libraries on your system. They should always
be present on UNIX since they are necessary for the network file system support.



