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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:

D. van der Spoel, 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 3.1.1Nijenborgh 4, 9747 AG
Groningen, The Netherlands. Internetvw.gromacs.or@2002)

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

@Manual{gmx31,

titte = "Gromacs {U}ser {M}anual version 3.1",

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 development depends on academic research grants, since the package is distributed as free
software!

Comments are welcome, please send them by e-mgiimacs@gromacs.arg
Groningen, April 18, 2002.

Department of Biophysical Chemistry
University of Groningen

Nijenborgh 4

9747 AG Groningen

The Netherlands

Fax: +31-503634800

Don't forget to check out the online resourcesvaiw.gromacs.org
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Index 259
Periodic boundary conditions 11 Ryckaert-Bellemans 89
80
planar group 59 S
PME 81,131 sampling 28
Poisson solver 55 umbrella~ seeumbrella sampling
polarizability 28 Schibdinger equation 1
polymer convention 90 search
Position restraint 63 Grid ~ seeGrid search
position restraints 127 Simple~ seeSimple search
potential searching, Neighbor
energy 20 seeNeighbor searching
function 49,122 SETTLE 29,92
potentials of mean force 111 SHAKE 29,73
PPPM 45, 81,131 shake 137
precision shared memory 46
double~ 165 shell seeparticle
single~ 165 model 28
pressure 21 Shell Molecular Dynamics 129
Pressure coupling 24,134 shift function 20
Parrinello-Rahman- Simple search 18
seeParrinello-Rahman pressure couplin§imulated annealing 135
principal component analysis 32
seecovariance analysis single precision seeprecision, single
processor topology 39 Soft-core interactions 74
Programs by topic 140 solver, Poisson seePoisson solver
Proper dihedral 61 Space Decomposition 39
90 statistical mechanics 2
protonate 240 Steepest Descent 33
pulling, AFM seeAFM pulling steepest descent 128
Stochastic Dynamics 32
Q stochastic dynamics 2
QSAR 1 stretching, bond seebond stretching
quadrupole 87 Surface tension coupling 26
R T
Reaction Field 72 Tabulated function 121
reaction field 52,181 temperature 20
Reaction-Field 131 Temperature coupling 22,133
refinement,nmr 64 temperature coupling 14,22
repulsion 50 Berendsen-
restraint seeBerendsen temperature coupling
Angle ~ seeAngle restraint Group~
Distance~ seeDistance restraint seeGroup temperature coupling
Orientation~ seeOrientation restraint temperature coupling, NésHoover
Position~ seePosition restraint seeNose-Hoover temperature coupling

Run Parameter 127

termini database 96
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2 Chapter 1. Introduction E.72. xrama
(either equilibrium or non-equilibrium) of molecular systems. For molecular modeling this has Other options
two important consequences: ~-h bool
-nice int
e The knowledge of a single structure, even if it is the structure of the global energy min- b Esm
imum, is not sufficient. It is necessary to generate a representative ensemble at a given %m ”"ﬂm

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 dynashics [

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

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 aerpbust
ergy minimizatioris 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
compared, 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, .
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

no

-1
-1
-1

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)
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4 Chapter 1. Introduction

QM _ el a?e” 14

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 _mwwvoﬁ
(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 oscillator§]. GROMACS has this option for the bonds and bond angles.
The flexibility of the latter is rather essential to allow for the realistic motion and coverage
of configurational spaces].

Electrons are in the ground state
In MD we use aconservativeorce 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 instantly when the atomic positions changeBhe-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 cutoff
In this version GROMACS always uses a cutoff radius for the Lennard-Jones interactions

E.70. x2top 245

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.

When-param is set, equilibrium distances and angles and force constants will be printed in the topology
for all interactions. The equilibrium distances and angles are taken from the input coordinates, the force
constant are set with command line options.

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 Setthe nicelevel
-scale real 1.1 Scaling factor for bonds with unknown atom types relative to atom type
-nexcl int 3 mcacmq of exclusions
-H14  bool no Use 3rd neighbour interactions for hydrogen atoms
-alldih bool no Generate all proper dihedrals
-pairs bool yes Output 1-4 interactions (pairs) in topology file
-name string ICE Name of your molecule
-pbc  bool yes Use periodic boundary conditions. Please set the GMXFULLPBC envi-
ronment variable as well.
-param  bool no Print parameters in the output
-round  bool yes Round off measured values

-kb  real 400000 Bonded force constant (kJ/mol/fjn
-kt real 400 Angle force constant (kJ/mol/rayl
-kp  real 5 Dihedral angle force constant (kJ/mol/fad

e The atom type selection is primitive. Virtually no chemical knowledge is used
e Periodic boundary conditions screw up the bonding
e No improper dihedrals are generated

e The atoms to atomtype translation table is incomplete (ffG43al.n2t file in the $GMXLIB directory).
Please extend it and send the results back to the GROMACS crew.

E.71 xpm2ps

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 suchissplgrms
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: tittleflegendfont;
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
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6 Chapter 1. Introduction

with temperature-coupled MD: run your system at a high temperature for a while and 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 process caffedated annealingSince

no physical truth is required, you can use your imagination 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 procedugdgy 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 splatel{ 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 fof 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 methogseee.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.
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Option-pbc  sets the type of periodic boundary condition treatmewitole 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 frapfe. is ignored whenfit

of -pfit is set, in that case molecules will 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).

Using-trunc trjconv can truncaterj in place, i.e. without copying the file. This is useful when a run
has crashed during disk I/O (one more disk full), or when two contiguous trajectories must be concatenated
without have double frames.

tricat  is more suitable for concatenating trajectory files.

Option-dump can be used to extract a frame at or near one specific time from your trajectory.
Files

-f traj.xtc Input Generic trajectory: xtc trr trj gro g96 pdb
-0 trajout.xtc Output 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
-fr frames.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
-tu  enum ps Time unit:ps, fs ,ns,us, ms s, morh
-w  bool no View output xvg, xpm, eps and pdb files
-skip int 1 Only write every nr-th frame
-dt  time 0 Only write frame when t MOD dt = first time (ps)
-dump time -1 Dump frame nearest specified time (ps)
-t0  time 0 Starting time (ps) (default: don’t change)
-timestep time 0 Change time step between input frames (ps)

-pbc enum  none PBC treatmentnone, whole , inbox or nojump
-ur enum rect Unit-cell representatiormect ,tric or compact
-center bool no Center atoms in box

-box vector 0 0 O Size for new cubic box (default: read from input)
-shift ~ vector 0 O O All coordinates will be shifted by framenr*shift
-fit bool no Fit molecule to ref structure in the structure file
-pfit bool no Progressive fit, to the previous fitted structure
-ndec int 3 Precision for .xtc and .gro writing in number of decimal places

-vel  bool yes Read and write velocities if possible
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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 the mass of #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 % (2.5)
J
Br) = Y g1 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 constaft their value is0.008 314 51 kJ mol! K—1.

E.65. tpbconv 241

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)

E.65 tpbconv

tpbconv can edit run input files in three ways.

1st. by creating a run input file for a continuation run when your simulation has crashed due to e.g. a full
disk, or by making a continuation run input file. Note that a frame with coordinates and velocities is needed,
which means that when you never write velocities, you can not use tpbconv and you have to start the run
again from the beginning.

2nd. by creating a tpx file for a subset of your original tpx file, which is useful when you want to remove
the solvent from your tpx file, or when you want to make e.g. a pure Ca tpA#RNING: this tpx file

is not fully functional . 3rd. by setting the charges of a specified group to zero. This is useful when doing
free energy estimates using the LIE (Linear Interactio Energy) method.

Files
-S topol.tpr Input Generic run input: tpr tpb tpa
-f traj.trr Input, Opt.  Full precision trajectory: trr trj
-n index.ndx Input, Opt.  Index file
-0 tpxout.tpr Output Generic run input: tpr tpb tpa
Other options
-h  bool no Print help info and quit
-nice int 0 Set the nicelevel
-time real -1 Continue from frame at this time (ps) instead of the last frame
-extend real 0 Extend runtime by this amount (ps)
-until real 0 Extend runtime until this ending time (ps)
-zeroq  bool no Setthe charges of a group (from the index) to zero
-unconstrained bool yes For a continuous trajectory, the constraints should not be solved before
the first step (default)
E.66 trjcat

tricat concatenates several input trajectory files in sorted order. In case of double time frames the one in
the later file is used. By specifyingettime  you will be asked for the start time of each file. The input

files are taken from the command line, such that a commandtiéat -o fixed.trr *.trr

should do the trick. Usingcat  you can simply paste several files together without removal of frames with
identical time stamps.
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Chapter 2. Definitions and Units

E.63. pdb2gmx 239

Some of the more common X command line options can be used:
-bg, -fg change colors, -font fontname, changes the font.

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
Other options
-h  bool no Print help info and quit
-nice int 0 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)

e Balls option does not work

e Some times dumps core without a good reason

E.63 pdb2gmx

This program reads a pdb file, lets you choose a forcefield, reads some database files, adds hydrogens to
the molecules and generates coordinates in Gromacs (Gromos) format and a topology in Gromacs format.
These files can subsequently be processed to generate a run input file.

Note that a pdb file is nothing more than a file format, and it need not necessarily contain a protein structure.
Every kind of molecule for which there is support in the database can be converted. If there is no support
in the database, you can add it yourself.

The program has limited intelligence, it reads a number of database files, that allow it to make special
bonds (Cys-Cys, Heme-His, etc.), if necessary this can be done manually. The program can prompt the
user to select which kind of LYS, ASP, GLU, CYS or HIS residue she wants. For LYS the choice is
between LYS (two protons on NZ) or LYSH (three protons, default), for ASP and GLU unprotonated
(default) or protonated, for HIS the proton can be either on ND1 (HISA), on NE2 (HISB) or on both
(HISH). By default these selections are done automatically. For His, this is based on an optimal hydrogen
bonding conformation. Hydrogen bonds are defined based on a simple geometric criterium, specified by
the maximum hydrogen-donor-acceptor angle and donor-acceptor distance, which areasgldy and

-dist  respectively.

Option-merge will ask if you want to merge consecutive chains into one molecule, this can be useful for
connecting chains with a disulfide brigde.

pdb2gmx will also check the occupancy field of the pdb file. If any of the occupanccies are not one,
indicating that the atom is not resolved well in the structure, a warning message is issued. When a pdb file
does not originate from an X-Ray structure determination all occupancy fields may be zero. Either way, it
is up to the user to verify the correctness of the input data (read the article!).

During processing the atoms will be reordered according to Gromacs conventions:nWath index file

can be generated that contains one group reordered in the same way. This allows you to convert a Gromos
trajectory and coordinate file to Gromos. There is one limitation: reordering is done after the hydrogens are
stripped from the input and before new hydrogens are added. This means that you shouldigohuse

The.gro and.g96 file formats do not support chain identifiers. Therefore it is useful to enter a pdb file
name at theo option when you want to convert a multichain pdb file.
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12 Chapter 3. Algorithms

Figure 3.1: Periodic boundary conditions in two dimensions.

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

and thetruncated octahedroifil1] are closer to a sphere than a cube is and are therefore more
economical for studying an (approximately spherical) macromolecule in solution, since fewer
solvent molecules are required to fill the box given a minimum distance between macromolecular
images. However, a periodic system based on the rhombic dodecahedron or truncated octahedron
is equivalent to a periodic system based dnidinic unit cell. The latter shape is the most general
comprises all possible space-filling shap&ks Therefore 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

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 patrticles in a brick shaped
volume, for efficiency reasons. This is illustrated in Rdl for a 2-dimensional system. So from
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E.60 mdrun

The mdrun program is the main computational chemistry engine within GROMACS. Obviously, it performs
Molecular Dynamics simulations, but it can also perform Brownian Dynamics and Langevin Dynamics as
well as Conjugate Gradient or Steepest Descents energy minimization. Normal mode analysis is another
option. In this case mdrun 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 gimeig.

The mdrun program reads the run input fite | and distributes 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 neces-
sary 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-j§ 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 filee() 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 with PVM or an old version of MPI thgp option must be given to indicate the
number of nodes.

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, unlestist is zero (see thendp file).

ED (essential dynamics) sampling is switched on by using-¢he flag followed by an.edi 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
USR1 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. Finally
some experimental algorithms can be tested when the appropriate options have been given. Currently under
investigation are: polarizibility, glass simulations, Free energy perturbation, X-Ray bombardments and
parallel independent simulations.

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/xmagr file
-table table.xvg Input, Opt.  xvgr/xmgr file



uonoasiaul asenbs e sey ydiym uoneiualo syl saonposd  juodipauesbold syl (T gsuonenbas
AJsnes yeyl uolpayedapop JIquIoyl B JO SUOITRIUSIIO JUBISYIP OM] 3Je 8I8U] JUSAJOS Ul 3jndajow
8|qIxay} J0 [eousyds e Bulrenwis usym swi-Ndo JO %EZ IN0Je SaAes siy| "souelsip abew sawes
a1 Buiney agna e Jo aWN|OA 8Y} JO 9T/ SI 8WN|OA 8] "d2Ue)SIp awes ay} Je si s|j92 abew! ZT syl jo
yoe3 192 nun Buijy-aoeds rejnbal 1sow pue 1ss|jews ayl si (Zf§14) uoipayedsspop diquioyl ay L
3|er gl PaguIsap ale SWalSAS pareA|os Jo suonenwis 1o} sadAl xog |ngasn 1sow aaiy) ayL

sadAl xoq |njasn awos 'S

‘wiaisAs oipouiad e ul pasn aq

Ajuo uea Buiyoreas pub 1sey aduls ‘xoq diporiad abie| e ul S9|N2aj0W JO J31SN|d pale|os] Uk are|nwis
0} JUBIDIYd BI0W SI 1 NG ‘suonipuod Arepunog dipouad Inoyum ajejnwis o ajgissod osfe si 3
‘uoiejuasaidall ||32-)un Juaiayip e o0} A10joalel) 8yl USAUOD 0} pasn aq ued  Auod[n

welboid ay] xog Jejnbueloal e ul sUOp Sem uone|nwis ayl a1 waas ybiw n A1010slel; Indino ayy

"U0JPBYEIO0 PaAIRIUN) 8yl PUR UOIPaYRISPOP 2IqUIOYJ Y} ‘X0q 2Ignd 8yl T'E a|qeL

|19AB[821U BYI18S 0 w ERIIE
1unb pue oyur djay uld ou joog y-
suondo J1ay10
3|1} xapu| indino Xpurxapul o-
ol xapu|  3dO ‘Indul Xpurxapul u-
ed) qd1 ud) qpd 966 016 :81N12NNS dLBUBD indu| 016°ju0d g
S9|l4

*T Ye suUels o)l Xapul 8y} pue Joypa ay} ul Bulaquinu woye ay |

'sdnolb aweual pue 9)9]9p Ued NOA ‘Swoje Jo sanpisal ‘sureyd ol sdnoih

|ds ued noA “YO pue ANV ‘LON 3Sh ued NoA ‘Siaquinu pue ssweu ureyd pue anpisal ‘Woje uo 193[3s ued
noA Jo)pa xapul 3y} yuan "sdnoub yneyep ayy sressusb |im xprew osfe ‘paiddns si a|i xapul ou Usym
"awreu anpisal Jaylo A1ans 1o} pajessusb s

dnoub xapul Jnejap e ‘suiaroid Joj parelsauab are sdnoib xapul nejap 6 ‘WaisAs ajoym ayj Joj dnolb xapul
Jinejap e st alay L 'sdnoib xapul TvIDIdS Pasu NOA usym Xpyew asn 0} aney ATNO NoA 'sdnoif xapul
jinejap aresauab ued sweiboid asay ||y weiboid soewolb Alans 1sowle Joy Aressaoau ale sdnolb xapu|

Xpu-odew 653

POAY 0 0 [ gPLLO~
JILA OILR GILA | PTAY PEAE 0 | PEAT p uoIpPaYEIN0
pi-  pE p pareaunsy
POME 0 0 | PILOR (uoBexay-Ax)
09 09 09 vmwm wm\m 0 | PNt p  Uolpayedsspop
PT PT |4 al1quioyd
e 0 0 | WLom (asenbs-Ax)
06 09  o09 p p 0 | Pent P 01payesapop
@m 0 p alquioyd
P 0 0
o06 o06 o06 0 P 0 P P algna
0 0 P
qey oey 297 o] q e SWwIN|oA  |@duelsip
sa|bue 10109/ X0q SJI0108A X0Q X0q abew adA) xoq

(sd) awn 1s1y =1p AOW I UBYm awresy asn AU T- awn  Ip-
Aioroalen woly peas 0} (sd) swely1se]  T- awn e-
Ai0y08feny wouy peal 0y (sd) swelyisiq T awn Q-

|9A8|901U 8Y118S 0 i ELIVE
1unb pue ojur djay Juud ou jooq y-
suondo Jay10
9|l eYEp JLBUSD indu yep-oine e-

rephemybly  4-
sal4
1a1ea-NdD punolbyoeq e
10} 92IN "S8YseID JO Jaquinu sy} 8Sea12Ul 0} JJO JO U0 pauin) ag ued Ho 'sied Jo Jagquinu pauyap Jasn e yum
uyegoine (d1pouad) e smoys 1ey 18bpeb smopuim-x ue si 3| “ioreinuwis Aemybiy soewolb ayy si Aemybiy

3|1} Brep olLBuUa9 induy

‘(suonejuslio Aleligle) uoJpayeido pajeduns) pue uoIpayedspop diquioyl v (g € ainbi4

€T suonipuod Arepunog dipouad ‘Z'E

Aemybly 853
pus ayy
113 SI T- ‘UONdUNY UOITE[S4I09 3Y} JO Jij [elluauodxa sy} pus o} alsymawll  T- [eas Wpua-
uoldUN} UOIYE|S1I09 U} JO 1 [enuauodxa ay) uibag 0} alaym awil 0 [eal Wuibag-
suoIoUNy UOHE[B1109 JO 3|l INdino ayy ul sjulod N S 0 W diysou-
Jdxa 1o gdxa ‘ oen ‘ dxa~ dxa ‘ dxae ‘ dxa ‘auou:uonounjl4 BUOU  WNUd upy-
€10 Z ‘T(@uou sareaipul 0) 40V J0} eiwouAjod alpuaba jo Japi0 0 wnus d-
40V 9zllewioN Sak |ooq azIfewlou-
Sauwe} JO Jaquinu 3y} Jley s )Neyap 40V auyijo yibua  T- i usjjoe-
S8|NJ3|0W JO JeA 3)e|NdeD  Ou |oog  |ow-
sa|ly gpd pue sda ‘wdx ‘BAx Indino maip  ou joog M-
(sd) swin 14y = 1p QO 3 UBYM Bwel dsn Aluo  T- awn  1p-
A1oyoafen wouy peas 0 (sd) swelyise]  T- awn e-
Aioyoalen wouy peas 0} (sd) swelyisii4  1- awn Q-
sabed renuey "3 xipuaddy [elord



14 Chapter 3. Algorithms

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 not only saves
CPU-time, it also results in a more uniform arrangement of the proteins.

3.2.2 Cutoff restrictions
The minimum image convention implies that the cutoff 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 3.4)

otherwise more than one image would be within the cutoff 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 cutoff 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 cutoff with simple search in triclinic boxes (grid search always us&s4yjis(more
restricted: 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 th®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 each atom can only belong to six different groups,
one each of the following:

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 generate more
heating by force and integration errors) can be coupled with a shorter time constant to a bath
than is a macromolecule, or a surface can be kept cooler than an adsorbing molecule. Many
different T-coupling groups may be defined. See also center of mass groups below.

Freeze group Atoms that belong to a freeze group are kept stationary in the dynamics. This is
useful during equilibratiorg.g.to avoid badly placed solvent molecules giving unreasonable
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, if desired, on
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Options-cv and-cf write the average velocities and average forces as temperature factors to a pdb file
with the average coordinates. The temperature factors are scaled such that the maximum is 10. To get the
velocities or forces of one frame set both and-e to the time of desired frame. When averaging over
frames you might need to use thojump option to obtain the correct average coordinates.

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/xmgr file
-ob box.xvg Output, Opt. xvgr/xmgr file
-ot temp.xvg Output, Opt. xvgr/xmagr file
-ekt ektrans.xvg Output, Opt. xvgr/xmgr file
-ekr ekrot.xvg Output, Opt. xvgr/xmgr file
-cv veloc.pdb Output, Opt. Protein data bank file
-cf force.pdb Output, Opt. Protein data bank 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 Timeunit:ps,fs ,ns,us,ms s, morh
-w  bool no View output xvg, xpm, eps and pdb files
-com bool no Plot data for the com of each group
-mol  bool no Index contains molecule numbers iso atom numbers
-nojump  bool no Remove jumps of atoms across the box
-x  bool yes Plot X-component
-y bool yes Plot Y-component
-z bool yes Plot Z-component
-len  bool no Plot vector length
E.57 g.velacc

g-velacc computes the velocity autocorrelation function. When-sheoption is used, the momentum
autocorrelation function is calculated.

With option-mol the momentum autocorrelation function of molecules is calculated. In this case the index
group should consist of molecule numbers instead of atom numbers.

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
-0 vac.xvg Output xvgr/xmgr file
Other options
-h  bool no Print help info and quit
-nice int 19 Setthe nicelevel
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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 2,3,4for the required 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&
dez2  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

E.54. gsorient 233
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.54 g_sorient

g-sorient analyzes solvent orientation around solutes. It calculates two angles between the vector from one
or more reference positions to the first atom of each solvent molecule:

thetal: the angle with the vector from the first atom of the solvent molecule to the midpoint between atoms
2and 3.

theta2: the angle with the normal of the solvent plane, defined by the same three atoms.

The reference can be a set of atoms or the center of mass of a set of atoms. The group of solvent atoms
should consist of 3 atoms per solvent molecule. Only solvent molecules betmeien and-rmax are
considered each frame.

-0 : angle distribution of thetal.
-no : angle distribution of theta2.
-ro : <cos(thetal} and<3co¢(theta2)-1> as a function of the distance.

-ro : the sum over all solvent molecules within distance r of cos(thetal) and(8te2)-1 as a function
ofr.

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 sori.xvg Output xvgr/xmgr file
-no snor.xvg Output xvgr/xmgr file
-ro sord.xvg Output xvgr/xmgr file
-Cco scum.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
-com bool no Use the center of mass as the reference postion
-rmin real 0 Minimum distance
-rmax  real 0.5 Maximum distance
-nbin int 20 Number of bins
E.55 ¢ tcaf

g-tcaf computes tranverse current autocorrelations. These are used to estimate the shear viscosity eta. For
details see: Palmer, JCP 49 (1994) pp 359-366.
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18 Chapter 3. Algorithms

however, the update algorithm develops a very slow change in the center-of-mass velocity, and
thus in the total kinetic energy of the system, specially when temperature coupling is used. If such
changes are not quenched, an appreciable center-of-mass motion develops eventually in long runs,
and the temperature will be significantly misinterpreted. The same may happen due to overall
rotational motion, but only when an isolated cluster is simulated. In periodic systems with filled
boxes, the overall rotational motion is coupled to other degrees of freedom and does not give any
problems.

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. Equation$(1) ensure that we can reset particles in a rectangular box by first
shifting them with box vectoe, then withb and finally witha. Equations 3.3) 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 cutoff radiug.. 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 atoandisplacement vector for
atomi, and all particleg that are withinrshort  of this particular image of atom The list is
updated everpstlist steps, wherestlist 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-cut@ffat a distance betweeshort
andrlong . This force is calculated during the pair list update and retained dustigst

steps.

To make the neighbor list all particles that are clase (ithin the cutoff) 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 cutoff, can be
found by constructing:

- r—7 3.7)

E.51. gsaltbr 231
-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
-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, vac , exp5 orexp?
-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.51 g saltbr

g-saltbr plots the difference between all combination of charged groups as a function of time. The groups
are combined in different ways.A minimum distance can be given, (eg. the cut-off), then groups that are
never closer than that distance will not be plotted.

Output will be in a number of fixed filenames, min-min.xvg,min-plus.xvg and plus-plus.xvg, or files for
every individual ion-pair if selected

Files
-f traj.xtc Input Generic trajectory: xtc trr trj gro g96 pdb
-s topol.tpr Input Generic run input: tpr tpb tpa
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 1000 trunc distance
-sep  bool no Use separate files for each interaction (may be MANY)
E.52 g-sas

g-sas computes hydrophobic, hydrophilic and total solvent accessible surface area. As a side effect the
Connolly surface can be generated as well in a pdb file where the nodes are represented as atoms and the
vertices connecting the nearest nodes as CONECT records. The area can be plotted per atom and per residue
as well (option -ao). In combination with the latter optionigm file can be generated (option -i) which

can be used to restrain surface atoms.

By default, periodic boundary conditions are taken into account, this can be turned off using the -pbc option.

Files
-f traj.xtc Input Generic trajectory: xtc trr trj gro g96 pdb
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20 Chapter 3. Algorithms

charge groups is less than the cutoff radius, all atom pairs between the charge groups are included
in the pair list. This procedure avoids the creation of charges due to the use of a cutoff (when one
charge of a dipole is within range and the other not), which can have disastrous consequences for
the behavior of the Coulomb interaction function at distances near the cutoff radius. If molecular
groups have full charges (ions), charge groups do not avoid adverse cutoff effects, and you should
consider using one of the lattice sum methods supplied by GROMAGS [

If appropriately constructed shift functions are used for the electrostatic forces, no charge groups
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 wel
The total potential energy is summed for various contributions, such as Lennard-Jones, Coulomb,
and bonded terms. It is also possible to compute these contributiogsofgusof atoms that are
separately defined (see s8c3).

Kinetic energy and temperature
The temperature is given by the total kinetic energy of dhparticle system:
1 N
Eyin = 3 m miv? (3.11)
From this the absolute temperatdfean be computed using:

1
MZ&.\AH = Ekin (3.12)

wherek is Boltzmann's constant and¥;; is the number of degrees of freedom which can be
computed from:

Ny = 3N — N — Neom (3.13)
HereN. is the number ofonstraintsmposed on the system. When performing molecular dynam-
ics N.o,, = 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 farigroup

3N — 2«@ - 2%3

Njp = BN = N)* e
c

(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:

N
1
Ejin = 5 M mv; ® v; (3.15)

E.49. grompp 229

E.49 grompp

The gromacs preprocessor reads a molecular topology file, checks the validity of the file, expands the
topology from a molecular description to an atomic description. The topology file contains information
about molecule types and the number of molecules, the preprocessor copies each molecule as needed.
There is no limitation on the number of molecule types. Bonds and bond-angles can be converted into
constraints, separately for hydrogens and heavy atoms. Then a coordinate file is read and velocities can be
generated from a Maxwellian distribution if requested. grompp also reads parameters for the mdrun (eg.
number of MD steps, time step, cut-off), and others such as NEMD parameters, which are corrected so that
the net acceleration is zero. Eventually a binary file is produced that can serve as the sole input file for the
MD program.

grompp uses the atom names from the topology file. The atom names in the coordinate file {ption

are only read to generate warnings when they do not match the atom names in the topology. Note that
the atom names are irrelevant for the simulation as only the atom types are used for generating interaction
parameters.

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 suppliedrwiththerwise con-
straining will be done relative to the conformation from tiae 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 vgem.vel
= 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
amust. The output trajectories will also be shufflgcbmpp writes an index file (optiordeshuf ) which

can be used wittrjconv  to deshuffle the trajectories.

A further optimization for parallel systems is thort  option which sorts molecules according to coor-
dinates. This must always be used in conjunction wstiuffle , 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 efindumbds . 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 tinedout.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
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22 Chapter 3. Algorithms

3.4.5 Temperature coupling

For several reasons (drift during equilibration, drift as a result of force truncation and integration
errors, heating due to external or frictional forces), it is necessary to control the temperature of the
system. GROMACS can use either tlreak couplingscheme of Berendsef ] or the extended
ensemble Nas-Hoover schemelB, 19].

Berendsen temperature coupling

The Berendsen algorithm mimics weak coupling with first-order kinetics to an external heat bath
with given temperaturd). See ref. 20] for a comparison with the NésHoover scheme. The
effect of this algorithm is that a deviation of the system temperature fgim slowly corrected
according to

ar T,-T

P (3.22)

which means that a temperature deviation decays exponentially with a time constaiitis

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 quiteghort (
0.01 ps), but for reliable equilibrium runs it can be taken much longer.@.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 factdrgiven by

=1+ =751 (3.23)

The parameter is close to, but not exactly equal to the time constardf the temperature
coupling (eqn3.22:

T = 2Cy 7 /Nak (3.24)

whereCYy is the total heat capacity of the systeinjs Boltzmann’s constant, ant¥y is the

total number of degrees of freedom. The reason theat 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&= X\ <= 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 temperatiités needed at time, but this is not
available in the algorithm. In practice, the temperature at the previous time step is used (as indi-
cated in eqn3.23, which is perfectly all right since the coupling time constant is much longer
than one time step. The Berendsen algorithm is stable up to At. [A simple steepest-descent
minimizer can be implemented by settifig= 0 andr < dt.]

E.47. grmsdist 227
-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.47 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 distancésitirl/f averaging). Finally, lists of

atom pairs with 1/t and 1/f averaged distance below the maximum distangek , which will default to

0.6 in this case) can be generated, by default averaging over equivalent hydrogens (all triplets of hydrogens
named *[123]). Additionally a list of equivalent atoms can be supplied{iv ), each line containing a

set of equivalent atoms specified as residue number and name and atom name; e.g.:

3 SER HB1 3 SER HB2

Residue and atom names must exactly match those in the structure file, including case. Specifying non-
sequential atoms is undefined.

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
-equiv equiv.dat Input, Opt.  Generic data file
-0 distrmsd.xvg Output xvgr/xmgr file
-rms rmsdist.xpm Output, Opt. X PixMap compatible matrix file
-scl  rmsscale.xpm Output, Opt. X PixMap compatible matrix file
-mean rmsmean.xpm  Output, Opt. X PixMap compatible matrix file
-nmr3 nmr3.xpm  Output, Opt. X PixMap compatible matrix file
-nmr6 nmré.xpm  Output, Opt. X PixMap compatible matrix file
-noe noe.dat Output, Opt. Generic data 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
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constant normally should be 4-5 times larger than the relaxation time used with weak coupling,
but your mileage may vary.

Group temperature coupling

In GROMACS temperature coupling can be performed on groups of atoms, typically a protein and
solvent. The reason such algorithmes were introduced is that energy exchange between different
components is not perfect, due to different effects including cutoffs etc. If now the whole system
is coupled to one heat bath, water (which experiences the largest cutoff noise) will tend to heat
up and the protein will cool down. Typically 100 K differences can be obtained. With the use of
proper electrostatic methods (PME) these difference are much smaller but still not negligable. The
parameters for temperature coupling in groups are given imtigfile. One special case should

be mentioned: it is possible to T-couple only part of the system (or nothing at all obviously). This

is done by specifying zero for the time constantfor the group of interest.

3.4.6 Pressure coupling

In the same spirit as the temperature coupling, the system can also be coupled to a 'pressure
bath’. GROMACS supports both the Berendsen algorithi fhat scales coordinates and box
vectors every step, and the extended ensemble Parrinello-Rahman approach. Both of these can be
combined with any of the temperature coupling methods above.

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 Py-P

= _zo=2 (3.28)

dt Tp

The scaling matrix is given by

Y

5, Bia{Poij = Pij(t)} (3.29)
P

Hij = 0ij =
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
8 =14.6x 10719 Pal = 4.6 x 10~° Bar !, which is7.6 x 10~* MD units (see chapte?). 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:

Pra Moy + Lye  Haz + P
u = 0 Hyy Hyz + Hzy (3.30)
0 0 Hzz
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E.44 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 ggepyou 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.45 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.

If a run input file is supplied-6 ), exclusions defined in that file are taken into account when calculating
the rdf. The optiorcut is meant as an alternative way to avoid intramolecular peaks in the rdf plot. Itis
however better to supply a run input file with a higher number of exclusions. For eg. benzene a topology
with nrexcl set to 5 would eliminate all intramolecular contributions to the rdf. Note that all atoms in the
selected groups are used, also the ones that don’t have Lennard-Jones interactions.

Option-cn produces the cumulative number rdf.

To bridge the gap between theory and experiment structure factors can be computed-gapdioThe
algorithm uses FFT, the gridspacing of which is determined by optiad

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
-0 rdf.xvg Output, Opt. xvgr/xmgr file
-sq sg.xXvg Output, Opt. xvgr/xmgr file
-cn rdf _cn.xvg  Output, Opt. xvgr/xmagr file
-hq hg.xvg  Output, Opt. xvgr/xmgr file
-image sg.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)
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26 Chapter 3. Algorithms

Just as for the N@&sHoover thermostat, you should realize that the Parrinello-Rahman time con-
stant isnot equivalent to the relaxation time used in the Berendsen pressure coupling algorithm.
In most cases you will need to use a 4-5 times larger time constant with Parrinello-Rahman cou-
pling. If your pressure is very far from equilibrium, the Parrinello-Rahman coupling may result in
very large box oscillations that could even crash your run. In that case you would have to increase

the time constant, or (better) use the weak coupling scheme to reach the target pressure, and then

switch to Parrinello-Rahman coupling once the system is in equilibrium.

Surface tension coupling

When a periodic system consists of more than one phase, separated by surfaces which are par-

allel to the xy-plane, the surface tension and the z-component of the pressure can be coupled to
a pressure bath. Presently, this only works with the Berendsen pressure coupling algorithm in
GROMACS. The average surface tensigit) can be calculated from the difference between the
normal and the lateral pressure:

Lz T R R
y(t) = W\o Tug? t) — EW dz (3.35)
= Nw\w ﬁﬁNNAS — EW Awwmv

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
AP, = ﬂ‘,ﬂﬁoﬁ — P..(t)} (3.37)
P

Mzz = 1+ QNND@NN Awuwmv

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 valyg. The correction factor for the box-length in the x/y-direction is:

E Sc F%:?S
Pajy =1+ ﬁﬁ\_@ A:‘h - Tuns +AP.. — %&ﬁ (3.39)

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 ir8Fig.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 usirfigeze factorf ;, which is a vector, and
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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 sgrt(mass) of involved atoms
prior to diagonalization. This should be used for '"Normal Modes’ analy-
sis
-first int 1 First eigenvector to write away
-last int 100 Last eigenvector to write away

E.41 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

-n index.ndx Input, Opt.  Index file

-0 ensemble.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

-temp  real 300 Temperature in Kelvin

-seed int -1 Random seed, -1 generates a seed from time and pid

-num  int 100 Number of structures to generate
-first int 7 First eigenvector to use (-1 is select)

-last int -1 Last eigenvector to use (-1 is till the last)

E.42 g_order

Compute the order parameter per atom for carbon tails. For atom i the vector i-1, i+1 is used together with
an axis. The index file has to contain a group with all equivalent atoms in all tails for each atom the order
parameter has to be calculated for. The program can also give all diagonal elements of the order tensor and
even calculate the deuterium order parameter Scd (default). If the option -szonly is given, only one order
tensor component (specified by the -d option) is given and the order parameter per slice is calculated as
well. If -szonly is not selected, all diagonal elements and the deuterium order parameter is given.

Files
-f traj.xtc Input Generic trajectory: xtc trr trj gro g96 pdb
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28 Chapter 3. Algorithms

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 accelewtimio account the update
algorithm for the velocities becomes:

At

dQ;wwv = foxAx GQ\%V+

F(t)
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 theroboscopic effectalledaliasing higher frequencies are mirrored

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

3.5 Shell molecular dynamics

GROMACS can simulate polarizability using the shell model of Dick and Overha@8kr 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 R5].

3.5.1 Optimization of the shell positions
The forceF's on a shell particles can be decomposed into two components:

Fs = Fiona+ Frp (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 = ky (s —xa) (3.42)

In an iterative solver, we have positiong;(n) wheren is the iteration count. We now have it
iterationn:
Fyp = Fs—ky(zs(n) —xa) (3.43)
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-nice int 0 Set the nicelevel

-w  bool no View output xvg, xpm, eps and pdb files
-ninterm int 11 Number of intermediates
-first real 0 Corresponds to first generated structure (0 is input x0, see above)
-last real 1 Corresponds to last generated structure (1 is input x1, see above)
-fit bool yes Do aleast squares fit of the second to the first structure before interpolat-
ing

E.37 g._msd

g-msd computes the mean square displacement (MSD) of atoms from their initial positions. This provides
an easy way to compute the diffusion constant using the Einstein relation. The diffusion constant is calcu-
lated by least squares fitting a straight line through the MSD froeginfit to -endfit . An error
estimate given, which is the difference of the diffusion coefficients obtained from fits over the two halfs of
the fit interval.

Option-mol plots the MSD for molecules, this impliemw, i.e. for each inidividual molecule an diffu-

sion constant is computed. When using an index file, it should contain molecule numbers instead of atom
numbers. Using this option one also gets an accurate error estimate based on the statistics between individ-
ual molecules. Since one usually is interested in self-diffusion at infinite dilution this is probably the most
useful number.

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 msd.xvg  Output xvgr/xmgr file

-mol diff _mol.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)
-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 perpendiculanto; 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.38 gmxcheck

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

3.6.2 LINCS
The LINCS algorithm

LINCS is an algorithm that resets bonds to their correct lengths after an unconstrained 2gldate [
The method is non-iterative, as it always uses two steps. Although LINCS is based on matrices,
no matrix-matrix multiplications are needed. The method is more stable and faster than SHAKE,
but it can only be used with bond constraints and isolated angle constraints, such as the proton
angle in OH. Because of its stability LINCS is especially useful for Brownian dynamics. LINCS
has two parameters, which are explained in the subsection parameters.

The LINCS formulas

We consider a system df particles, with positions given by &V vectorr(t). For molecular
dynamics the equations of motion are given by Newton’s law

d*r

-~ —M'F 3.51

a2 (3.51)
whereF is the3 N force vector andV is a3N x 3N diagonal matrix, containing the masses of
the particles. The system is constrainediyime-independent constraint equations

gi(r)=|riy, —riy| —di=0 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.

E.33. glie 219
-ahxstart int 0 Firstresidue in helix

-ahxend int 0 Lastresidue in helix
E.33 g.lie

g_lie computes a free energy estimate based on an energy analysis from. One needs an energy file with the
following components: Coul (A-B) LJ-SR (A-B) etc.

Files
-f ener.edr Input Generic energy: edr ene
-0 lie.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
-Elj real 0 Lennard-Jones interaction between ligand and solvent
-Eqq real 0 Coulomb interaction between ligand and solvent
-Clj real 0.181 Factor in the LIE equation for Lennard-Jones component of energy
-Cqq real 0 Factor in the LIE equation for Coulomb component of energy

-ligand  string none Name of the ligand in the energy file

E.34 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
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32 Chapter 3. Algorithms

The LINCS Parameters

The accuracy of LINCS depends on the number of matrices used in the expansiGrb&For

MD calculations a fourth order expansion is enough. For Brownian dynamics with large time steps
an eighth order expansion may be necessary. The order is a parameter in the inputrfdeuior

The implementation of LINCS is done in such a way that the algorithm will never crash. Even
when it is impossible to to reset the constraints LINCS will generate a conformation which fulfills
the constraints as well as possible. However, LINCS will generate a warning when in one step a
bond rotates over more than a predefined angle. This angle is set by the user in the input file for
mdrun .

3.7 Simulated Annealing

The well known simulated annealing (SA) protocol is implemented in a simple way into GRO-
MACS. A modification of the temperature coupling scheme is used as a very basic implementa-
tion of the SA algorithm. The method works as follows: the reference temperature for coupling
To (egn.3.22) is not constant but can be varied linearly:

To(step) = Tp * (Ao + AN = step) (3.59)

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:
d*r; dr;
m; %N = \::.m@.g‘m + Fi(r)+ 7 (3.60)

where¢; is the friction constanfl/pg and; (t) is a noise process wittr; (t) 7; (t + s)) =
2m;&ikpTd(s)di;. 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 simulating a system in vacuum there is the additional advantage
that there is no accumulation of errors for the overall translational and rotational degrees of free-
dom. Whenl /¢; 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 algoritB8j {o integrate equation3(60).
When constraints are present in the system, two constraint steps are performed per time step. The

E.31. ghbond 217

You need to specify two groups for analysis, which must be either identical or non-overlapping. All hydro-
gen bonds between the two groups are analyzed.

If you set -shell, you will be asked for an additional index group which should contain exactly one atom. In
this case, only hydrogen bonds between atoms within the shell distance from the one atom are considered.

It is also possible to analyse specific hydrogen bonds wsi¢h . This index file must contain a group of
atom triplets Donor Hydrogen Acceptor, in the following way:

[ selected ]
20 21 24
25 26 29
136

Note that the triplets need not be on separate lines. Each atom triplet specifies a hydrogen bond to be
analyzed, note also that no check is made for the types of atoms.

-ins  turns on computing solvent insertion into hydrogen bonds. In this case an additional group must be
selected, specifying the solvent molecules.

Output:

-num: number of hydrogen bonds as a function of time.

-ac : average over all autocorrelations of the existence functions (either 0 or 1) of all hydrogen bonds.

-dist : distance distribution of all hydrogen bonds.

-ang : angle distribution of all hydrogen bonds.

-hx : the number of n-n+i hydrogen bonds as a function of time where n and n+i stand for residue numbers
and i ranges from 0 to 6. This includes the n-n+3, n-n+4 and n-n+5 hydrogen bonds associated with helices
in proteins.

-hbn : all selected groups, donors, hydrogens and acceptors for selected groups, all hydrogen bonded atoms
from all groups and all solvent atoms involved in insertion.

-hbm: existence matrix for all hydrogen bonds over all frames, this also contains information on solvent
insertion into hydrogen bonds. Ordering is identical to thahtm 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 file
-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/xmgr 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)
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34 Chapter 3. Algorithms

whereh,, is the maximum displacement ai#t), is the force, or the negative gradient of the poten-
tial V. The notationnax (| F',|) means the largest of the absolute values of the force components.
The forces and energy are again computed for the new positions

If (V41 < V,,) the new positions are accepted dnd 1 = 1.2h,,.

If (V41 > V4,) the new positions are rejected alagl = 0.2h,,.

The algorithm stops when either a user specified number of force evaluations has been performed
(e.g.100), or when the maximum of the absolute values of the force (gradient) components is
smaller than a specified valaeSince force truncation produces some noise in the energy evalua-
tion, the stopping criterion should not be made too tight to avoid endless iterations. A reasonable
value fore can be estimated from the root mean square f@radnarmonic oscillator would exhibit

at a temperatur@ This value is

f=2mnvV2mkT (3.65)
wherev is the oscillator frequencyyn the (reduced) mass, arkdBoltzmann’s constant. For a

weak oscillator with a wave number of 100 thand a mass of 10 atomic units, at a temperature
of 1K, f = 7.7kd mo! nm~!. A value fore between 1 and 10 is acceptable.

3.10.2 Conjugate Gradient

Conjugate gradient is slower than steepest descent in the early stages of the minimization, but
becomes more efficient closer to the energy minimum. The parameters and stop criterion are the
same as for steepest descent. In GROMACS conjugate gradient can not be used with constraints,
as this has not been implemented. This is not really a restriction, since the accuracy of conjugate
gradient is only required for minimization prior to a normal mode analysis, which can not be
performed with constraints. For most other purposes steepest descent is efficient enough.

3.11 Normal Mode Analysis
Normal mode analysis3p, 31, 32] can be performed using GROMACS, by diagonalization of the
mass-weighted Hessidt:

RTMY?PHM 2R
Ai

diag A, .- -, Aaw) (3.66)
(2mw;)? (3.67)

whereM contains the atomic massé3,js a matrix that contains the eigenvectors as columns,
are the eigenvalues and are the corresponding frequencies.

First the Hessian matrix, which is3aV x 3N matrix whereN is the number of atoms, needs to
be calculated:
o’V
H.: = 3.68
K @Q&Qﬂ\ n v

wherez; andz; denote the atomic x, y or z coordinates. In practice, this equation is not used, but
the Hessian is calculated numerically from the force as:

_fi(x + hej) — fi(x — he;)

Hy = = (3.69)

E.28. genpr 215
-pot pot.pdb Output, Opt. Protein data bank file
Other options
-h  bool no Print help info and quit
-nice int 19 Setthe nicelevel
-np int 0 Number of positive ions
-pname string Na
-pq real 1 Charge of the positive ion
-nn int 0 Number of negative ions
-nname string Cl Name of the negative ion
-ng 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.28 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 corrfectoleculetype ] 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.29 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
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36 Chapter 3. Algorithms

Y =

\z\ AG2 AG1 £G2
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Figure 3.9: Free energy cycles: to calculateA G4, the free energy difference between the bind-
ing of inhibitor | to enzyme<E respectivelyE/. B: to calculateAGss, the free energy difference
for binding of inhibitorsl respectivelyl/ to enzymeE.

G-
=

In GROMACS, the functional form of tha-dependence is different for the various force-field
contributions and is described in section k8.

The Helmholtz free energy is related to the partition functio of an N, V, T' ensemble, which

is assumed to be the equilibrium ensemble generated by a MD simulation at constant volume and
temperature. The generally more useful Gibbs free enérggy related to the partition function

A of an N, p, T ensemble, which is assumed to be the equilibrium ensemble generated by a MD
simulation at constant pressure and temperature:

AN = —kpThQ (3.73)
Q = cf[expl-BHp.a N dpdg (3.74)
G(A\) = —kgTlhA (3.75)
A = n\.\.\.miém@éz|%§%gi< (3.76)
G = A+ipV, 3.77)

where3 = 1/(kgT) andc = (N!h3V)~1. These integrals over phase space cannot be evaluated
from a simulation, but it is possible to evaluate the derivative with repegtas an ensemble
average:

- = - 3.78
X~ [ e[ BH(p.q: V] dpdg o\ (3.78)
with a similar relation forlG/d\ in the N, p, T ensemble. The difference in free energy between

A and B can be found by integrating the derivative oxer

dA _ [[(0H/ON) exp[-BH (p,q; M) dpdq _ Ammv
NVT;A

' oH
AB(V,T) — ANV T) = \o Aﬂvii A\ (3.79)

B A _ [t/oH
GB(p,T) - GAp,T) = \oA% vzﬁy . (3.80)

E.26. genergy 213

-nlevels int 20 number of levels for matrix colors
-max real 1le+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
-lj bool yes calculate Lennard-Jones SR energies
-lj14 bool no calculate Lennard-Jones 1-4 energies
-bham  bool no calculate Buckingham energies
-free bool yes calculate free energy
-temp  real 300 reference temperature for free energy calculation

E.26 g_energy

g-energy extracts energy components or distance restraint data from an energy file. The user is prompted to
interactively select the energy terms she wants.

Average and RMSD are calculated with full precision from the simulation (see printed manual). Drift is
calculated by performing a LSQ fit of the data to a straight line. Total drift is drift multiplied by total time.

When the-viol  option is set, the time averaged violations are plotted and the running time-averaged and
instantaneous sum of violations are recalculated. Additionally running time-averaged and instantaneous
distances between selected pairs can be plotted wittptiies  option.

Options-ora , -ort , -oda , -odr and-odt are used for analyzing orientation restraint data. The first
two options plot the orientation, the last three the deviations of the orientations from the experimental
values. The options that end on an 'a’ plot the average over time as a function of restraint. The options
that end on a 't’ prompt the user for restraint label numbers and plot the data as a function of time. Option
-odr plots the RMS deviation as a function of restraint. When the run used time or ensemble averaged
orientation restraints, optioorinst  can be used to analyse the instantaneous, not ensemble-averaged
orientations and deviations instead of the time and ensemble averages.

With -fee  a free energy estimate is calculated using the formula: G =-4(E/KT) > * kT, where k is
Boltzmann's constant, T is set bfetemp and the average is over the ensemble (or time in a trajectory).
Note that this is in principle only correct when averaging over the whole (Boltzmann) ensemble and using
the potential energy. This also allows for an entropy estimate using G = H - T S, where H is the enthalpy
(H=U+pV)andS entropy.

When a second energy file is specifief2( ), a free energy difference is calculated dF = -kTre =(EB-
EA)/KT >A , where EA and EB are the energies from the first and second energy files, and the average is
over the ensemble ANOTE that the energies must both be calculated from the same trajectory.

Files

-f ener.edr Input Generic energy: edr ene
-f2 ener.edr Input, Opt.  Generic energy: edr ene
-s topol.tpr Input, Opt. ~ Generic run input: tpr tpb tpa

-0 energy.xvg Output xvgr/xmgr file
-viol  violaver.xvg Output, Opt. xvgr/xmgr file
-pairs pairs.xvg Output, Opt. xvgr/xmgr file
-ora orienta.xvg Output, Opt. xvgr/xmgr file
-ort orientt.xvg Output, Opt. xvgr/xmgr file
-oda orideva.xvg Output, Opt. xvgr/xmgr file
-odr oridevr.xvg Output, Opt. xvgr/xmagr file
-odt oridevt.xvg Output, Opt. xvgr/xmgr file
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38 Chapter 3. Algorithms

3.14 Parallelization

The purpose of this section is to discuss the parallelization of the principle MD algorithm and not to
describe the algorithms that are in practical use for molecular systems with their complex variety of
atoms and terms in the force field descriptions. We shall therefore consider as an example a simple
system consisting only of a single type of atoms with a simple form of the interaction potential.
The emphasis will be on the special problems that arise when the algorithm is implemented on a
parallel computer.

The simple model problem already contains the bottleneck of all MD simulations: the compu-
tationally intensive evaluation of theon-bondedorces between pairs of atoms, based on the
distance between particles. Complex molecular systems will in addition involve many different
kinds ofbondedforces between designated atoms. Such interactions add to the complexity of the
algorithm but do not modify the basic considerations concerning parallelization.

3.14.1 Methods of parallelization

There are a number of methods to parallelize the MD algorithm, each of them with their own
advantages and disadvantages. The method to choose depends on the hardware and compilers
available. We list them here:

1 Message Passing.
In this method, which is more or less the traditional way of parallel programming, all the
parallelism is explicitly programmed by the user. The disadvantage is that it takes extra code
and effort, the advantage is that the programmer keeps full control over the data flow and
can do optimizations a compiler could not come up with.

The implementation is typically done by calling a set of library routines to send and re-
ceive data to and from other processors. Almost all hardware vendors support this way of
parallelism in their C and Fortran compilers.

2 Data Parallel.
This method lets the user define arrays on which to operate in parallel. Programming this
way is much like vectorizing: recurrence is not parallelizedfor(i=1; (i<MAX);
i++) afi] = afi-1] + 1; does not vectorize and not parallelize, because for every
i the result from the previous step is needed).

The advantage of data parallelism is that it is easier for the user; the compiler takes care of
the parallelism. The disadvantage is that it is supported by a small (though growing) number
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 884, ([38]) and development is

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

E.24. genconf 211

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 triestfiorol * -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., Liseneric 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

e Molecules must be whole in the initial configurations.

e At the moment -ci only works when inserting one molecule.

E.24 genconf

genconf multiplies a given coordinate file by simply stacking them on top of each other, like a small child
playing with wooden blocks. The program makes a gridisér definegroportions ¢nbox ), and inter-
spaces the grid point with an extra spadist

When option-rot is used the program does not check for overlap between molecules on grid points. Itis
recommended to make the box in the input file at least as big as the coordinates + Van der Waals radius.

If the optional trajectory file is given, conformations are not generated, but read from this file and translated
appropriately to build the grid.
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40 Chapter 3. Algorithms E.20. gdisre 209
-endfit real -1 Time where to end the exponential fit of the correlation function, -1 is till
[ i - the end
0123456738 012345678
0| eoeeeeeee | eecee ;
I eeo000e ' XX N E.20 g.disre
2 XX N NN % 2 eooe . o ) ) .
‘3 00000 3 o000 g.disre computes violations of distance restraints. If necessary all protons can be added to a protein
4 o000 4 o000 molecule. The program allways computes the instantaneous violations rather than time-averaged, because
5 oo o 5 e o000 this analysis is done from a trajectory file afterwards it does not make sense to use time averaging.
6 [ X J 6 0@ [ X J An index file may be used to select specific restraints for printing.
7 o 79060 b Files
8 geeee -S topol.tpr Input Generic run input: tpr tpb tpa
-f traj.xtc Input Generic trajectory: xtc trr trj gro g96 pdb
Figure 3.10: The interaction matrix (left) and the same using actior-reaction (right). -ds drsum.xvg Output xvgr/xmgr file
-da draver.xvg Output xvgr/xmgr file
-dn drnum.xvg Output xvgr/xmgr file
-dm drmax.xvg ~ Output xvgr/xmgr file
-dr restr.xvg Output xvgr/xmgr file
imod2=0| imod2=0|imod2=1|imod2=1 -l disres.log Output Log file
i <N/2 i>N/2 i <N/2 i >N/2 -n viol.ndx Input, Opt.  Index file
Nmod2=1 N/2 N/2 N/2 N/2 .
Nmod4=2| N/2 N2 Nj2-1| N/2-1 Other optons. _ . .
- ool no Print help info and quit
Nmod4=0 N/2 N/2-1 N/2-1 N/2 -nice int 19 Setthe nicelevel
. . . ) . . . -b  time -1 First frame (ps) to read from trajectory
Table 3.2: The number of interactions between particles. The numbepanticles pet particle e time -1 Last frame (ps) to read from trajectory
is a function of the total number of particldand particle numbei Note that here thg operator -dt  time -1 Only use frame when t MOD dt = first time (ps)
is used for integer division,e. truncating the reminder. -w  bool no View output xvg, xpm, eps and pdb files
-ntop int 6 Number of large violations that are stored in the log file every step
i — E.21 g dist
) ] == 01234567 ) . . )
| 0123456 0 o000 g-dist can mm_nc_mﬁm H:m. distance between the centers of mass of two groups of atoms as a function of time.
012345 i eeoe The total distance and its X, y and z components are plotted.
0 P ) i m_.v e W o000 Or when-dist s set, print all the atoms in group 2 that are closer than a certain distance to the center of
i 1 PP e 5 3 oo o mass of group 1.
ﬁ 2 o000 3 4 o000 Other programs that calculate distancesgaraindist andg_bond.
3 [ N ] 4 5 0@ [ X ) Files
4|0@ [y 5 clee Y -f traj.xtc Input Generic trajectory: xtc trr trj gro g96 pdb
5|lee 6 7 0000 -s topol.tpr Input Generic run input: tpr tpb tpa
-n index.ndx Input, Opt.  Index file
-0 dist.xvg Output, Opt. xvgr/xmgr file
N mod 4=2 Nmod2=1 N mod 4=0
Other options
Figure 3.11: Interaction matrices for differeNt The number ofi-particles ani-particle interacts -h bool no Print help info and quit
with depends on theotal number of particles and on tiparticle number -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
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42 Chapter 3. Algorithms

read_data

reset_r_in_box

%

* communicate r

%

compute_forces

%

communicate_and_sum_f

%

update r_and v

%

output_step

YES

more steps ?

Done

Figure 3.12: The Parallel MD algorithm. If the steps marked * are left out we have the sequential
algorithm again.
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-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 parameters at their start values, A (2), taul (1), or tau2 (4)
-ffn  enum  none Fit function:none, exp, aexp , exp _exp, vac , exp5 or exp7
-nsmooth int 3 Number of points for smoothing
E.18 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.

The opther option is to discretize the dihedral space into a number of bins, and group each conformation
in dihedral space in the appropriate bin. The output is then given as a number of dihedral conformations
sorted according to occupancy.

Files
-f traj.xtc Input Generic trajectory: xtc trr trj gro g96 pdb
-s topol.tpr Input Generic run input: tpr tpb tpa
-0 hello.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
-sa  bool no Perform cluster analysis in dihedral space instead of analysing dihedral
-mult int -1 Fﬂﬂﬂc%ﬁ:@ for dihedral angles (by default read from topology)

e should not ask for number of frames

E.19 g dipoles

g.dipoles computes the total dipole plus fluctuations of a simulation system. From this you can compute
e.g. the dielectric constant for low dielectric media

The file dip.xvg contains the total dipole moment of a frame, the components as well as the norm of the
vector. The file aver.xvg contains orMuor* > and < orMuor >2 during the simulation. The file dip.xvg
contains the distribution of dipole moments during the simulation Themax is used as the highest value

in the distribution graph.

Furthermore the dipole autocorrelation function will be computed, when option -c is used. It can be aver-
aged over all molecules, or (with option -avercorr) it can be computed as the autocorrelation of the total
dipole moment of the simulation box.



(SoVINOYD
ulybupugegpd) sioqybiau omi 01 ag Ajuo ued uonedIunNwWWo) *Bulpod jo Aol dwis T

:sefejuenpe urew om sey sy}
$10SS820.d UBBMIBQ UONBIIUNWWIOD 8y} 104 “UOISUBWIP-X 8} Ul Xog SIY} Jo gejs e s1ab Jossaooid
yoe3 "xoq [euoneindwod ay} 10} SWBYIS UOISIAIP [RUOISUBWIP-3UO 3jdwis & Joy 1do am aI10ja1ay L

‘s1endwod [a|jesed }sow uo sHyduaq aduew.oad Jes|d oYM ‘||om se
alemyos AN 8yl saredlidwod Buiddew e yons ‘asemyos ul sW0ISA0 aq Aew Siyl ybnoyly ‘ased
a1 AJLressadau Jou SI YoIym ‘00} SUOISUSWIP € Ul S[auueyd UOITedIUNWWOoD 3q 0} aAeY a8y} ey}
sueaw sIy} ‘1anemoH ‘Ajuo siossasold Buuoqybiau woly uorewsoul yum paindwod ag ued adeds
Ul [220] 3Je 1By} SUONIBISIUI ISOW Jey) SaINsua siy | “(walsAs Jossaoold 179 e 10} pXiyXy B psiossad

-0id Jo pub Qg e 0] WaIsAS uoieNWIsS AN Ue Jo Xoq [euoneindwod ay) dew 0] [ed160] Swaas 1|

*Aluo sloqyBiau 1981Ip SH YUM 81ed1unwiwiod pjnod Jossasold

yoea “Sa|ge|rene sem Buil e ul uoiredIUNWWOd Ajud] [gremprey SOVINOYD au Ul ‘ISENUO0D

u| “a|qissod SIay1o [[e 01 SI0SS8204d [[e WOoJ) UOIeIIUNWWOD saxew pue ‘siyi sapiy (IdIN Ajjensn)
Jafe| atemyos e ‘JawwelBold ayy 01 9|qISIA Aj1084Ip 10U dJe dUIYdeW 9S8y} Uo arempley ul a|gejrene
aJle Teyl s|puueyd UoREIIUNWWOD 3yl (95Z 01 8 A|eoaidAl) siossaoold reeds 1se) Ajaae|al Jo
sJaquunu |[ews AjaAne|al Jo 1sIsuod 31 Aeid B 10 Z/dS NG| Ue se yans ‘siaindwod |ajjesed ulspo

uonisodwooap urewoq T'ST'E

"19Indwo? |gjjeted e uo suni SOVINOYD uaym siossadsold jo pub e ojuo paddew ale spub omy
9SaY} ‘UOISNJUOD BY) BZIWIXeW 0] ‘MOojag paquasap ag [m se ‘(pub 144) pub jenusod/ebireyd
pauiqwod ay) pue (pub SN) pub Buiyoreas Joqybiau ayy :spub Jualayip om sAojdws SOVINOHD
's10ss8204d Jo Jaquinu yrsajoned Jo JaquinN A Uomulap

:1a1deyd siyy inoybnodyy asn am yaym Buimoj|oy syl 81ou ases|d bul

-1ios |3jjeted 01 UOISINOX® apIS e pue Bulydseas JoqyBiau Uo UOeWLIoUl JBUI0 SWOS Sapn|oul OS[e
SIYL "SOVINOYD Ul pasn wyiioble g [a|fesed ay Jo S|ielap awos aguasap am Jaideyo siy uj

solwreuAq Jeinosjo |9eted SIS

's10Ss220.d Jo Bull e ul moj) ereq :£T°€ ainbi4

S9lRUIPI00D

$90.104

N4 solweuAq 1e|nos|o |ajjeted ‘ST

V Ja)owered iy o) SneA LelS G0 jeas  v-
1} wouj |rey pue exep Buipnjour uonouny jo yibusT 005 [eal |rey-
W joswnpus  00S [eal We-
wjoswn uibeg g [eal Wg-
1} 8Y) 9SN 0) Lels pue elep ay) Jo uonelBbajul ay) pus 0} alem awlil § [eal e-
19S elep 1Sy Uey) Jayyel SIXe X Se uwn|od isily asn - sak |[00g  TX-
uoloUN} UOITE|S1I09 10} WIOJSURI] 191IN0J }SB) 3SN  ou |0oq W-
sa|i gpd pue sda ‘wdx ‘6Ax Indino maIA  ou jooq M-
(sd) swn isuy =1p AOW } UBYM swel asn AlUuQ  T- awn 1p-
Aio1oafen wouy peal 01 (sd) swelyise  T- awn o-
Kio108feny wouy peal 0y (sd) swelyisiq T awn Q-
19A8|90IU BY118S 6T Wl 301U~
1unb pue ojur djgay Juud ou jooq y-
suondo Jay10
3|1} 1Bwx/16AX indino BAxa]02 0-
3|1y IBwx/IBAX nding  Bax'msda o-
3|1y IBWIx/IBAX indino BAX ALIBP p-
al1y IBwx/1BAX induj BAX 101N g

sald4

9]2.19 € JO J[ey auo aq pinoys jojd Jane| ay) (uonexelal akgaq) uonexe|al

fenuauodxa aind e 104 -usauodwod [eas ay) jo uonouny e se panojd si Jusuodwod Areuibewr ay) yaiym
ur 1old 8]00-3]00 3y} se umouy| 10|d e saAIb 1Se| ay] ‘UrISU0d J1198aIp Juapuadap-Aouanbaly ay jo sued
AreuiBewr pue [eal 8y} SUIEIUOD 3|lj PUOISS YL ‘}Ij/elep UOIFeUIquIOD SY) JO SAITEALISP [edLBWNU By} pue
‘sia)awered € 40 g ‘T Yum 3 03 i [enuauodxa ue ‘4OV ay) SUlejuod isil sy ‘paresauab are saji indino saiyL

"X1} 01 Juem NoA Jajawered 8y} Jo JaquINU SU3 YIM Xij- 8SN ‘anfeA Lels Jiay) Je siajeweled
X1} 01 3|gissod os|e S }| "aulpuBWWOo 8yl uo uanlib ag ued ainpado.d 1y 3y} 10} senfealels [x ge-ldx3 (ze
- T) + [x Te-]dx3 Ze = A 1a18wied aaiy] [x Te-]dx3 ze = A : s1a1awled om] [x Te-]dx3 = A : 1a1owled auQ

:a1e SUOnoUNy 3|ge|ieAR B} JO SWLIO)
feuonouny ayy ‘welboid siyl 1oy paressuab snyi indino ay) asn pue ‘4Iy ayl uo sansneish uni ued nok
J10JJa 8y} Jo arewnsa ue o4 ‘sa|6diprparelausab aq ued 40V SIYL ‘uone|nwis JNoA ur Juswouw ajodip

[e101 8Y1 JO UORDUNY UONE|S41090]NE BU) WOJ) SIULISUOD J11193|a1p Juspuadap Aouanbaly sarenafed oulda|aIp

oumosEIp b 213

*£d0 31| sawreu yum suabolpAy asn noA Ji buisudins aq
Aew sIyL "PajUN0d 10U aJe H UM Hels Teyl saleu Yyiim swoe ‘sanisuap Jaquinu Buienofes usym e

‘peq si siyL "sadA} Jo pesisul pasn a1e SaWBUWON ‘SaNISUSP Uod3|e Bunenoes usym e

pPaluN02 Jou e suaboIpAH "SaIISUBP OU ‘S3TI|S Ul SWOJe JUNod AlUQ  ou |[00g  Junod-
Aisuap ssew jo peajsul Asuap U009 aje|ndfed ou |jooq pe-
ipaunod
jou ase suaboipAH “Aususp ssew jo pesjsul Alsusp Jaqwinu ayended ou |o0g  Jaquinu-
'S9DI[S JU# Ul XOq 8yl spinid 0T i Is-
"Z 10 A ‘X UOND3JIP U] SUBIGUIBW By} UO [eWIoU 8y a)el Z Bums p-
sa|ly gpd pue sda ‘wdx ‘BAx Indino maip  ou joog M-
(sd) swin 14y = 1p QO 3 UBYM Bwel dsn Aluo  T- awn  1p-
A1oyoafen wouy peas 0 (sd) swelyise]  T- awn e-
Aioyoalen wouy peas 0} (sd) swelyisii4  1- awn Q-

sabed renuey "3 xipuaddy 90¢



44 Chapter 3. Algorithms
CPU number
index [ 0O ¢ 1 2 3 ' 4 5 ]
S
X
coord. Y
Z
012 N-1
atom number

Figure 3.14: Index in the coordinate array. The division in slabs is indicated by dashed lines.

2. Communication can usually be done in large chunks, which makes it more efficient on most
hardware platforms.

Most interactions in molecular dynamics have in principle a short-range character. Bonds, angles
and dihedrals are guaranteed to have the corresponding particles close in space.

3.15.2 Domain decomposition for non-bonded forces

For large parallel computers, domain decomposition is preferable over particle decomposition,
since it is easier to do load balancing. Without load balancing the scaling of the code is rather
poor. For this purpose, the computational box is divideddnslabs, wherel/ is equal to the
number of processors. There are multiple ways of dividing the box over processors, but since the
GROMACS code assumes a ring topology for the processors, it is logical to cut the system in slabs
in just one dimension, the X dimension. The algorithm for neighbor searching then becomes:

1. Make a list of charge group indices sorted on (increasing) X coordinate 3Rid. Note
that care must be taken to parallelize the sorting algorithm as well. Seg. $8¢t

2. Divide this list into slabs, with each slab having the same number of charge groups
3. Put the particles corresponding to the local slab on a 3D NS grid as described3ms2c.

4. Communicate the NS grid to neighboring processors (not necessarily to all processors). The
amount of neighboring NS grid cells () to communicate is determined by the cutoff
lengthr. according to

reM
Ny = ;N (3.83)
xr

wherel, is the box length in the slabbing direction.

5. On each processor compute the neighbor list for all charge groups in its slab using the
normal grid neighbor-searching.

For homogeneous system, this is close to an optimal load balancing, without actually doing load
balancing. For inhomogeneous system, such as membranes or interfaces, the slabs should be
perpendicular to the interface; this way, each processor has “a little bit of everything”. The GRO-
MACS utility programeditconf  has an option to rotate a whole computational box.

E.16. gdensity 205

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
-l covar.log Output Log file
-Xpm covarxpm  Output, Opt. X PixMap compatible matrix file
-Xxpma covara.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 Timeunit:ps,fs ,ns,us,ms s, morh
-fit bool yes Fit to a reference structure
-ref  bool no Use the deviation from the conformation in the structure file instead of
from the average
-mwa bool no Mass-weighted covariance analysis
-last int -1 Last eigenvector to write away (-1 is till the last)

E.16 g density

Compute partial densities across the box, using an index file. Densities irf kgirmber densities or
electron densities can be calculated. For electron densities, a file describing the number of electrons for
each type of atom should be provided usiag . It should look like:

2

atomname = nrelectrons

atomname = nrelectrons

The first line contains the number of lines to read from the file. There should be one line for each unique
atom name in your system. The number of electrons for each atom is modified by its atomic partial charge.

Files
-f traj.xtc Input Generic trajectory: xtc trr trj gro g96 pdb
-n index.ndx Input, Opt.  Index file
-S topol.tpr Input Generic run input: tpr tpb tpa
-ei electrons.dat Input, Opt.  Generic data file
-0 density.xvg Output xvgr/xmgr file
Other options
-h  bool no Print help info and quit
-nice int 19 Setthe nicelevel
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46 Chapter 3. Algorithms

Particle with thisz coordinate range will add to the charge distribution on the following
range of of FFT grid slabs in thedirection:

N N‘
?z:n Q aﬁsv \Hms.&mic:o A? +C ifv +m Aw.mmv

M M
where trunc indicates the truncation of a real number to the largest integer smaller than or
equal to that real number.

2. Doing the Fourier transform of the charge distributjgm) in parallel to obtairp(k). This
is done using the FFTW library (seeww.fftw.org) which employs the MPI library for
message passing programs (note that there are also shared memory versions of the FFTW
code).
This FFT algorithm actually use slabs as well (good thinking!). Each processor does 2D
FFTs on its slab, and then the whole FFT grid is transpasptace(i.e. without using extra
memory). This means that after the FFT the X and Y components are swapped. To complete
the FFT, this swapping should be undone in principle (by transposing back). Happily the
FFTW code has an option to omit this, which we use in the next step.

3. Convolutep(k) with the Fourier transform of the charge spread funcgoh) (which we
have tabulated before) to obtain the noﬁm&m&. As an optimization, we store thgk)
in transposed form as well, matching the transposed forg(kf which we get from the
FFTW routine. After this step we have the potentiék) in Fourier space, but still on the
transposed FFT grid.

4. Do an inverse transform gf(k) to obtaing(r). Since the algorithm must do a transpose of
the data this step actually yields the wanted result: the un-transposed potential in real space.

5. Interpolate the potentiab(r) in real space at the particle positions to obtain forces and
energy. For this bit the same considerations about parallelism hold as for the charge spread-
ing. However in this case more neighboring grid cells are needed, implying that we need
the following set of FFT grid slabs in thedirection:

lang
M

t (2
runc AQ i

v — 3 < i, < trunc AQ +1) Naﬁﬁv +4 (3.86)

The algorithm as sketched above requires communication for spreading the charges, for the for-
ward and backward FFTs, and for interpolating the forces. The GROMACS bits of the program
use only left and right communicatione. using two communication channels. The FFTW rou-
tines actually use other forms of communication as well, and these routines are coded with MPI
routines for message passing. This implies that GROMACS can only perform the PPPM algo-
rithm on parallel computers that support MPI. However, most shared memory computers, such as
the SGI Origin, also support MPI using the shared memory for communication.

3.15.4 Parallel sorting

For the domain decomposition bit of GROMACS it is hecessary to sort the coordinates (or rather
the index to coordinates) every time a neighbor list is made. If we use brute force, and sort all co-
ordinates on each processor (which is technically possible since we have all the coordinates), then

E.13. gclustsize 203

-n index.ndx Input, Opt.  Index file
-dm rmsd.xpm Input, Opt. X PixMap compatible matrix file
-0 rmsd-clust.xpm Output X PixMap compatible matrix file
-g cluster.log Output Log file
-dist rmsd-dist.xvg Output, Opt. xvgr/xmgr file
-ev  rmsd-eig.xvg Output, Opt. xvgr/xmgr file
-sz clust-size.xvg Output, Opt. xvgr/xmgr file
-telust-trans.xpm Output, Opt. X PixMap compatible matrix file
-ntelust-trans.xvg Output, Opt. xvgr/xmgr file
-clid  clust-id.xvg Output, Opt. xvgr/xmgr file
-cl  clusters.pdb Output, Opt. 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)
-tu  enum ps Time unit:ps,fs ,ns,us, ms s, morh
-w  bool no View output xvg, xpm, eps and pdb files
-dista bool no Use RMSD of distances instead of RMS deviation
-nlevels int 40 Discretize RMSD matrix in # levels
-keepfree int -4 if >0#levels not to use when coloring clusterss@ nlevels/-keepfree+1
levels will not be used
-cutoff real 0.1 RMSD cut-off (nm) for two structures to be neighbor
-fit bool yes Use least squares fitting before RMSD calculation
-max real -1 Maximum level in RMSD matrix
-skip int 1 Only analyze every nr-th frame
-av  bool no Write average iso middle structure for each cluster
-wcl int 0 Write all structures for first # clusters to numbered files
-nst int 1 Only write all structures if more than # per cluster
-rmsmin real 0 minimum rms difference with rest of cluster for writing structures

-method enumlinkage Method for cluster determinationiinkage , jarvis-patrick ,

monte-carlo , diagonalization or gromos
-binary bool no Treat the RMSD matrix as consisting of 0 and 1, where the cut-off is
given by -cutoff
-M  int 10 Number of nearest neighbors considered for Jarvis-Patrick algorithm, O
is use cutoff
-P int 3 Number of identical nearest neighbors required to form a cluster
-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.13 g clustsize

This program computes the size distributions of molecular/atomic clusters in the gas phase. The output is
given in the form of a XPM file. The total number of clusters is written to a XVG file.

Files
-f traj.xtc Input Generic trajectory: xtc trr trj gro g96 pdb
-n index.ndx Input, Opt.  Index file
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E.11. gchi 201

-na int 0 Number of axes
-z bool no Use the Z-axis as reference iso the average axis

E.11 g_chi

g-chi computes phi, psi, omega and chi dihedrals for all your amino acid backbone and sidechains. It can
compute dihedral angle as a function of time, and as histogram distributions. Output is in form of xvgr files,
as well as a LaTeX table of the number of transitions per nanosecond.

Order parameters S2 for each of the dihedrals are calculated and output as xvgr file and optionally as a pdb
file with the S2 values as B-factor.

If option -c is given, the program will calculate dihedral autocorrelation functions. The function used is
C(t) = < cos(chi(tau)) cos(chi(tau+t)y. The use of cosines rather than angles themselves, resolves the
problem of periodicity. (Van der Spoel & Berendsen (19%ipphys. J. 72 2032-2041).

The option-r generates a contour plot of the average omega angle as a function of the phi and psi angles,
that is, in a Ramachandran plot the average omega angle is plotted using color coding.

Files

-C conf.gro Input Generic structure: gro g96 pdb tpr tpb tpa
-f traj.xtc Input Generic trajectory: xtc trr trj gro g96 pdb
-0 order.xvg Output xvgr/xmgr file
-p order.pdb Output, Opt. Protein data bank file
-SS ssdump.dat Input, Opt.  Generic data file
-jc Jcoupling.xvg Output xvgr/xmgr file
-corr dihcorr.xvg Output, Opt. xvgr/xmgr file
-g chi.log Output 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
-r0 int 1 starting residue
-phi  bool no Output for Phi dihedral angles
-psi bool no Output for Psi dihedral angles
-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, 5 or6
-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. -brma0 means no
limit.
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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,...vn) =Y Vij(ri); (4.1)
i<j
Vi)
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? O
Vig(ry) = —2— — 2 4.3
hk?ﬁv jw.m ﬁwu. ﬁ v

see also Figd.1The Um«mamﬁm_@w@ 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) =12 - -6
ﬁd.

(4.4)

E.9. gbond 199
-od angdist.xvg Output xvgr/xmgr file
-ov angaver.xvg Output, Opt. xvgr/xmgr file
-of dihfrac.xvg Output, Opt. xvgr/xmgr file
-ot dihtrans.xvg Output, Opt. xvgr/xmagr file
-oh trhisto.xvg Output, Opt. xvgr/xmgr file
-oc dihcorr.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)
-w  bool no View output xvg, xpm, eps and pdb files
-type enum angle Type of angle to analyse:angle , dihedral , improper or
ryckaert-bellemans
-all bool no Plot all angles separately in the averages file, in the order of appearance
in the index file.
-binwidth real 1 binwidth (degrees) for calculating the distribution
-chandler bool no Use Chandler correlation function (N[trans] = 1, N[gauche] = 0) rather
than cosine correlation function. Trans is defined as<ph60 or phi>
-avercorr bool no wm.mqmem the correlation functions for the individual angles/dihedrals
-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, vac , exp5 or exp7
-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 Counting transitions only works for dihedrals with multiplicity 3

E.9 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 bondlengtte( ). That means, for a
bond of 0.2 a tol of 0.1 gives a distribution from 0.18 to 0.22.

Option-d plots all the distances as a function of time. This requires a structure file for the atom and residue
names in the output.

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

-l bonds.log Output, Opt. Log file
-d distance.xvg Output, Opt. xvgr/xmgr file
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1500 T T T T

—— Coulomb
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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:

Vi(ryj) = 1 24 (4.10)
Er 1]
see also Fig4.3, wheref = fmmc = 138.935 485 (see chapte®)
The force derived from this potential is:
495 Tij
Fi(ry) = -4 4.11
i) =1 (4.11)

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 cuteff with a dielectric constant of,;. The interaction then
reads:

1+

ey =17 iy Sers

4.12
2e,p+ 173 re 26,5 +1 ( )

in which the constant expression on the right makes the potential zero at thercutdfe can
rewrite this for simplicity as

1
a\na\ = .\.Q&Qu. o +\$% ﬁw‘. —Crf AN—H_.WV
)

E.7. ganalyze 197
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
-first int 1 First eigenvector for analysis (-1 is select)
-last int 8 Last eigenvector for analysis (-1 is till the last)
-skip int 1 Only analyse every nr-th frame
-max real 0 Maximum for projection of the eigenvector on the average structure,
max=0 gives the extremes
-nframes int 2 Number of frames for the extremes output
-split bool no Split eigenvector projections where time is zero
E.7 g.analyze

g.analyze reads an ascii file and analyzes data sets. A line in the input file may start with a time (see option
-time ) and any number of y values may follow. Multiple sets can also be read when they are seperated
by & (option-n ), in this case only one y value is read from each line. All lines starting with # and @ are
skipped. All analyses can also be done for the derivative of a set (ojtipn

All options, except forav and-power assume that the points are equidistant in time.

g-analyze always shows the average and standard deviation of each set. For each set it also shows the
relative deviation of the third and forth cumulant from those of a Gaussian distribution with the same
standard deviation.

Option-ac produces the autocorrelation function(s).

Option-cc plots the resemblance of set i with a cosine of i/2 periods. The formula is:

2 (int0-T y(t) cos(pi t/i) dtf / int0-T y(t) y(t) dt

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)).
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54 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)+8Fr) 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) = —Fy(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 _ (a+3)re — (a+1)m
&2 (re — )3
Thus the total force function is
1 .
Fy(r) = ) +\2%I§vm+m?livu (4.27)
and the potential function reads
1 A 3 B
O(r) = a‘p\W?\SV.W\M?\SX\Q (4.28)

E.5. ffscan 195
-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

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

E.5 ffscan

The ffscan program performs a single point energy and force calculation in which the force field is modified.
This way a range of parameters can be changed and tested for reproduction of e.g. quantum chemical or
experimental data. A grid scan over the parameters is done as specified using command line arguments. All
parameters that reproduce the energy within a given absolute tolerance are printed to a log file.

Obviously polarizable models can be used, and shell optimisation is performed if necessary. Also, like in
mdrun table functions can be used for user defined potential functions.

If the option -ga with appropriate f
Files

is passed, a genetic algorithm will be used rather than a grid scan.

-S topol.tpr Input Generic run input: tpr tpb tpa
-g md.log  Output Log file
-table table.xvg Input, Opt.  xvgr/xmgr file
-parm params.dat Input Generic data file
-ga genalg.dat Input, Opt.  Generic data file
Other options
-h  bool no Print help info and quit
-nice int 19 Setthe nicelevel
-tol real 0.1 Energy tolerance (kJ/mol) (zero means everything is printed)
-fmax  real 100 Force tolerance (zero means everything is printed)
-epot real 0 Target energy (kJ/mol)
-comb  bool yes Use combination rules
-npow  real 12 Power for LJ in case of table use
-ratio real 0.01 Ratio for weighing RMS Force and Energy Deviation. Cost is ratio *

RMS Force + abs(Energy Deviation). This probably should depend on
your system.

-logeps bool no Use a logarithmic scale for epsilon
-v bool yes Be loud and noisy
E.6 g_anaeig

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

1
Vi (r35) = 5hkij(rij = biy)? (4.33)
see also Fig4.5, with the force

(4.34)

) = k{(rij — by

Fourth power potential

In the GROMOS-96 force field4f] the covalent bond potential is written for reasons of compu-
tational efficiency as:

(4.35)

the corresponding force is:

(4.36)

E.3. editconf 193

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 tHgf 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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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 (i) = Kfj(rij — bi)? + kg (ri — 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 asymmetric: overstretching leads to infinitely low energies.
The integration timestep is therefore limited to 1 fs.
The force corresponding to this potential is:

Mus.ﬁﬁdv = M\AW.A%Q — @d.v H.& -+ w\aw\&wﬁv?d - @G.vm w (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
VaBigr) = 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(ijk)
&ﬂ.&
Fr = — dVa(0ijk)  where 6;j, = arccos (4.47)
N &ﬁ.\a

F; = —F,— F},

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

e 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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!
N

] k

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™)
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0.0
~20.0 -10.0 0.0 10.0 20.0
3

Figure 4.9: Improper dihedral potential.

D.2. Implementation 189

which we can expand to:

n [s ) xS 2 xS s
p m,n m,n
$ . mn -2
QW W@L + m—-n-+1 S\:LﬁHM@ +@M_Q|Mf£@&
S n »vmm XS 2
MM (x3)? -2 LS +A Ll v = Ao (D.31)
et m—-—n-+1 m—n-+1

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

Aﬁ% n
\5\:+H\w§\:+HMM& \MMM M mel -

i=m s=1 i=m s=1s'=s+1
n s Mﬁvz n 2 _ D D WN
MMN I:+H5+A3I3+Hv = A (©-32)
or ) 9
- ‘Axm;v —2 M M M a W ‘Axgv = Ao (D.33)
m-—n+1 Pl ey ¢ —m-n+1 '
If we now expand the first term using edn.28 we obtain:
. 2 2
AMWH~ vﬂw:ﬂﬁv no S S il A;X‘wﬁ:v
|3|‘§+H|NMUMU MNoa +MU3|‘3+HHDQ (D.34)

i=m s=1s'=s+1 s=1

which we can reformulate to:

n S S
M M 3: WP: + MM M &w&w = Ao (D.35)

1s'=s+1 i=m s=1s'=s+1
or
s , S n s ,
M?:Mx?+MM&M&MHE (D.36)
s'=s+1 s=li=m s'=s+1
which gives

S n n S
|MMU 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 oww,z using only the data points that are available using the left hand side obe2f.
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 4.11: Ryckaert-Bellemans dihedral potential.

(Note: The use of this potential implies exclusion 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 potégfial he OPLS
potential function is given as the first four terms of a Fourier series:

Vio(dijer) = Vo + WASC + cos(9)) + Va(1 — cos(2¢)) + V(1 + cos(3¢))), (4.54)

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

Co = Vo+Vo+ 5(Vi+V3)

G = 3B-W)

Cy = -V

o - o (4.55)
Cy = 0

C; =0

with OPLS parameters in protein convention and RB parameters in polymer convention.
Note: Mind the conversion fronkcal mol~! for literature OPLS and RB parametersktbmol!
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.

D.2. Implementation 187

D.2.1 Part of a Simulation

It is not uncommon to perform a simulation where the first paug, 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?5 + \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{ + 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.Ti + Q.H.w: + Ao AUNNV

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

n+m ;X‘m»w.,r 2
AB AB n+m
o = ZAB _ Zhntm (D.23)
1n+m m i n4+m
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64 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:

T, —T; T — Tk
Var(ri, 7, = kar(1 — cos(n(6 — 6, here § = arccos | ——— - ———
wr (T3, 75,71, 1) = kar (1 — cos(n( b))), where arccos e T
(4.59)
For one pair of atoms and the Z-axis:
Var (i, 75) = kar(1 — cos(n(6 — 6p))), where 6 = arccos j 10 (4.60)
g 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. If one just wants to the restrain the distance
between two particles using a harmonic potential one shouldl lmds ] type 6 (se&.3.5.

The potential form for distance restraints is quadratic below a specified lower bound and between
two specified upper bounds and linear beyond the largest bound (see1Hg.

skar(rij —10) for rij < 10
0 for ro < 1y < M
Var(rij) = Ly —11)? for m < my o< (4.61)
Lhar(ro —71)(2rij —1o —11) for ro < 1y
The forces are
—kar(rij — 7o for ry < T
0 for v < ry < 11
F; = —kap(rij —r) T for r < oy < o (4.62)
—kqp(r2 — jvw for oy < 7y

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 D

Averages and fluctuations

D.1 Formulae for averaging

Note: this section was taken from re3(].
When analyzing a MD trajectory averagg@s and fluctuations
3 3
((a2?) = ([o - (@)2) (D.1)
of a quantityr are to be computed. The varianegof a series of N values {x; }, can be computed
from

(D.2)

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

N,
o = 3 o — ()2 (D.3)
i=1
with
! W (D.4)
a = — Z; B
: Ne i

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 egB.2 in another form, containing partial sums, which allows for
a sequential update algorithm. Define the partial sum

MWS;E = W i A_Umv
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66 Chapter 4. Force fields

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
systeme.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 inversely proportional to the sixth power
of the interatomic distance. Thus, when combining atom pairs, a fixed IiSt@fstraints 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 derivative of the restraint potential with respect to the coordinates. This
results in a conservative potential when time averaging is not used. The force distribution over the
pairs is proportional te—5. 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= rxMYS

o & M/6 (“4.67)

T2

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:

C.1. Dispersion 183

For homogeneous mixtures we can again use the average dispersion c@fistdegn.C.6):
4
Py = —gm (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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68 Chapter 4. Force fields

4.2.12 Orientation restraints
Theory

In an NMR experiment orientations of vectors can be measured when a molecule does not tum-
ble completely isotropically in the solvent. Two examples of such orientation measurements are
residual dipolar couplings (between two nuclei) or chemical shift anisotropies. An observable for
a vectorr; can be written as follows:

2
amw = W:Amusv A\—QOV
whereS is the dimensionless order tensor of the molecule. The tddsés given by:
3zx —1 3zy 3xz
D; = 3y 3yy —1 3yz (4.70)
3Tz 3yz 3zz—1

4.71)

For a dipolar coupling:; is the vector connecting the two nuclei,= 3 and the constant; is
given by:
Ho i i T
o _ Ho = 4.72
Ci Rrﬂ»:gm i ( )
wherevi and~} are the gyromagnetic ratios of the two nuclei.

The order tensor is symmetric and has trace zero. Using a rotation riiaitroan be transformed
into the following form:

\wﬁ —n) 0 0
TTST =5 0 -I1+n) o (4.73)
0 0 1

where—1 < s < 1and0 < n < 1. sis called the order parameter andthe asymmetry
of the order tenso8. When the molecule tumbles isotropically in the solvers$ zero and no
orientational effects can be observed agadire zero.

Calculating orientations in a simulation

For reasons which are explained below, Inenatrices are calculated which respect to a reference
orientation of the molecule. The orientation is defined by a rotation mRinvhich is needed to

least-squares fit the current coordinates of a selected set of atoms onto a reference conformation.

The reference conformation is the starting conformation of the simulation. In case of ensemble av-
eraging, which will be treated later, the structure is taken from the first subsystem. The calculated
D¢ matrix is given by:

D(t) = R(t)Di(t)R" (1) (4.74)
The calculated orientation for vectors given by:
5() = 2t(S()DS (1) (4.75)

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:

= — Cgri® (C.1)

and the corresponding force is
.m...@. = - @.Q@iﬂ@ﬁ& AONV
The long range contribution to the dispersion energy in a system Mitharticles and particle
densityp = N/V, whereV is the volume, is§6]:
M o0
Vip = MZ\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 = = gNpnCer.® (C.4)
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70 Chapter 4. Force fields

Ensemble averaging

Ensemble averaging can be applied by simulating a systei sfibsystems which each contain
an identical set of orientation restraints. The systems only interact via the orientation restraint
potential which is defined as:

y 1 Y c erp\ 2
V= Mk WW:@ (t) — 55™P) (4.80)

The force on vector; ,,, in subsystemn is given by:

_ av _ c cexp Q%MSQV
fim(t) = Tdrem —kwi(5;(t) — 9; vﬂiz (4.81)

Time averaging

When using time averaging it is not possible to define a potential. We can still define a quantity
which gives a rough idea of the energy stored in the restraints:

1 N o
V= Mok M w; (62(t) — 557P)? (4.82)

The force constarnit, is switched on slowly to compensate for the lack of history at times close to
to. Itis exactly proportional to the amount of average which has been accumulated:

H A w\\

ﬁu\? ea A\ :v 8 E.mwv
T Ju=tg T

What really matters is the definition of the force. It is chosen to be proportional to the square root

of the product of the time averaged and the instantaneous deviation. Using only the time averaged

deviation induces large oscillations. The force is given by:

0 for ab<0
. = dog,, (t
.NQTSQV \AFE& a \Q@ s,a:A V

_R_ n_i&::

for ab>0 (4.84)

a = () - 5)
b o= (5(t) — 607)

Using orientation restraints
Orientation restraints can be added to a molecule definition in the topology in the spction

orientation _restraints ] . Here we give an example section containing five N-H resid-
ual dipolar coupling restraints:

B.3. Computation of the 1.0/sgrt function. 179

For (127 — E) = odd equation (eqnB.45) can be rewritten as

127-E—1

y(o) = @A)

5 (B.52)

thus 196 - B
E = + +127 (B.53)
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, initializedddd 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 oeiitiieven
information that is needed, the fraction table is twice the size earlier specified (13 biti.s.0. 12 bit).

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

1
f=a-— (B.54)
Y
and so 9
== (B.55)
P
S0
1
“T
Yntl =Yn — —5 (B.56)
va
or Y
Yn+1 = ‘:Aw - «:\wv (B.57)

2
Wherey, can be found in the lookup tables, agdgives the result to the maximum accuracy. It
is clear that only one iteration extra (in double precision) is needed for a double precision result.
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72 Chapter 4. Force fields

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, = ra — NE AP (b — (1= M)bg — M2 (4.85)

2
oV 1
gy = gk k) (b= (1= b+ AE) 4 (0 — 68) (6 — (1= Wbt — abf)]

(4.86)

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:

(1= NEg + MZ) (1 + cos(ngd — (1= Ny + Aég)) (4.87)

(K — k) [1+ cos(nge — [(1 = Neg + o)) —

Va
oVy

oA

(1= Nk + MeZ) (08 — o8 ) sin(ngd — [(1— Mgt + Aof]|  (4.88)

Note: that the multiplicityn, can not be parameterized because the function should remain peri-
odic on the interval0, 2x].

Coulomb interaction

The Coulomb interaction between two particles of which the charge varies\isth

Vo= - W [((L= Mg + AgP) - (1 = g + 2dP)] (4.89)
Erflig

wm = - - [(aF = g (1= Na + AgP) + (aF = g (1 = Vg + AaP)] (4.90)
ErfTij

wheref = - = 138.935 485 (see chapte®)

4meq =

Coulomb interaction with Reaction Field

The coulomb interaction including a reaction field, between two particles of which the charge
varies withA is:
1
Vo = | +herd—cg| [(1=Na +2aP) - (1= Vg +2aP)]  4.9D)

Tij

B.3. Computation of the 1.0/sgrt function. 177

B.3.4 Specification of the lookup table

To calculate the functioi/+/x 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 o (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

Ar=2Y (B.37)
and thus
Ar AY _
v = v ) ! (B.38)
and thus
Ax = nosmgim (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
. v (B.40)

S0, using the floating point accuracy, equation (€2)66)

% = |m,\wM§ (B.41)

This defines the length of the lookup table which should>bE bit.
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Figure 4.14: Soft-core interactionsat= 0.5, with Cg! = Cfs = CE = CE = 1.

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 =T — ? —N)di + y&wv (4.99)
the contributionC'y, to the Hamiltonian using Lagrange multipliexs

Cr = > Mugr (4.100)
%

aCy
N M% e (df — dit) (4.101)

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 patrticles disappgaidse to 0 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= )VA(ra) + AV (rp) (4.102)
rA= Asqum + i@vw (4.103)
rg = AQQWC -2+ ﬂ.@vw (4.104)

whereV4 andVZ are the normal “hard core” Van der Waals or electrostatic potentials in state A
(A = 0) and state BX = 1) respectivelyq is the soft-core parameter, which mainly controls the
height of the potential around = 0, o is the radius of the interaction, which (€'2/Cs)'/6 or

a predefined value whefs or C2 is zero. For intermediatg, r4 andrp alter the interactions

B.3. Computation of the 1.0/sgrt function. 175

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 machinee(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)= 7 (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. Tha /,/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 [/9] the 1/1/z can be calculated using the Newton-Raphson iteration scheme. The
inverse function is

X(y) = (B.26)
So instead of calculating
Y(a)=q (B.27)

the equation
X(q)—a=0 (B.28)
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76 Chapter 4. Force fields

are interacting. This reduces the cost@N) (typically 100N to 200N) of the NBF. It also
introduces an error, which is, in most cases, acceptable, except when applying the cutoff 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 cutoff on an
atom-atom basis we might include the atom-Oxygen interaction (with a charge of -0.82) without
the compensating charge of the protons and so induce a large dipole moment over the system.
Therefore we have to keep groups of atoms with total charge 0 together. These groups are called
charge groups

4.4.3 Treatment of cutoffs

GROMACS is quite flexible in treating cutoffs, 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 cutoff interactions; you can select which type of interaction to use in
each case, and which cutoffs 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 set3.1for 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 (paramnmstéist ). 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 maxtcoulomb ,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 NStligt = maxfcoulomb ,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 cutoff, all of the interaction functions in Ta#l@ 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).

4.5 Dummy atoms.

Dummy atoms can be used in GROMACS in a number of ways. We write the position of the
dummy particler, as a function of the positions of other particles r4 = f(r1..r,). The
dummy, which may carry charge, or can be involved in other interactions can now be used in the

B.1. Single Sum Virial in GROMACS. 173

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
= k(b— @ov% (B.18)
F; = -F; (B.19)
The virial contribution from the bonds then is
1
=p = |MA‘3H~®.~M‘@Y + Q.m.@.mﬂmv AWNOV
H n
= rheF (B.21)
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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.

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

.NuM = C — vau&
P = oF, (4.111)
3. As alinear combination of three atoms (Fig163):
rq = Ti+arg 4+ bry, (4.112)

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

F, = (1-a—b)Fy
F, = aF, (4.113)
F, = bFy

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

(4.114)

In this case the dummy is in the plane of the other three particles at a distajpCé&ain <.
The force on particles j andk due to the force on the dummy can be computed as:

F, = Fq—~(Fq—p) §= b
;o T.@. + Q\ﬁ?_
F; = (1-a)y(Fq—p) where (4.115)
w _ria-Fq
F, = ay(Fq—p) =
3fad. Inthe plane of three atoms, with a fixed angle and distance {Fig.3fad):
rqy = r; +dcos 99 4 &mm:%ﬁ‘k where r| = rj, — Ei& (4.116)
|71 7] Tij T

In this case the dummy is in the plane of the other three particles at a distajaérom i
at an angle ofv with r;;. Atom k defines the plane and the direction of the angle. Note that
in this caseh anda must be specified, instead efandb (see also se&.2.2. The force on

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 Z can be written in full tensor form as:

N

_ 1

= = \MM?@.@.@@. (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 8@ [
B.1.1 Virial.

In a system with Periodic Boundary Conditions, the periodicity must be taken into account for the
virial:

_ 1
= = \MM?@@N&& AWNV
i<j
wherer}; denotes the distance vector of thearest imagef atomi from atomj. In this definition
we add sshift vectors; to the position vector; of atomi. The difference vector; is thus equal
to:

o= ritdi—r; a.wv
or in shorthand:
ri =1 —r; (B.4)

HA=® V)8 = Uavs
2The calculation of Lennard-Jones and Coulomb forces is about 50 floating point operations.
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80 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

f o il
V=520 (4.122)

- — T4
ng ny nzx g5 W

(ne,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 pe-
riodic images in crystals5{d]. The idea is to convert the single slowly-converging sum dgh22
into two quickly-converging terms and a constant term:

Vi = LSS0 gy, ST ) (a122)

i, Mo My Nz* ﬁC,B

27V m?

N exp (—(mm 2 mim - (r; —r;
Vie = LS g0y Y SR /) i (5 2 5)) (g 506
i,

My My Mz*
_ B,
Vo = «mM? (4.126)

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 cutoff (of the orderlaim) in the direct
space sum and a short cutoff in the reciprocal space sugnlQ 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 for use in 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 = 0.9
fourierspacing = 0.6

ewald_rtol = le5

A.5. Running GROMACS in parallel 169

If you are interested in programming MPI yourself, you can find manuals and reference literature
on the internet.
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82 Chapter 4. Force fields

function called the triangle-shaped charged distribution:

W(r) = W(z) W(y) W(z)

3 (€)? h

1 AL , 1€l <35 (4.127)
WO = ) 1(3-5)" s<ia<s

0 <kl

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) = k2 (4.128)
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 gridpgi@o(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/,

A.4. Environment Variables 167

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 routinerntmesait 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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84 Chapter 4. Force fields

¢ 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

e the virial in GROMOS-96 is molecule-based. This is not implemented in GROMACS,
which uses atomic virials

The GROMOS-96 force field was parameterized with a Lennard-Jones cutoff of 1.4 nm, so be sure
to use a Lennard-Jones cutoff of at least 1.4. A larger cutoff 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 (.Z) or gzipped (.gz) files.

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 will 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, but it is easy to turn on double precision by selecting theable-float 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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86 Chapter 5. Topologies

Particle | Symbol
atoms A
shells S
dummies D

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 fife??.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-)
CA  40.08000 ; calcium (2+)
MG 24.30500 ; magnesium (2+)

F 18.99840 ; fluorine (cov. bound)

8.13. Chemical shifts 163

a molecule from head to tail, the second method gives an idea of the ordering as function of the
box length.

The electrostatic potential) across the interface can be computed from a trajectory by evaluating
the double integral of the charge density)):

D(z) = b(—o0) = — \‘ Ng 2! \‘ W p(z")d2" /e (8.37)

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 respectivelykthg- and z-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 progdanshift . This is just
an GROMACS interface to the public domain prograntal  [76]. For further information, read
the article.
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88 Chapter 5. Topologies

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 [
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 coluommy), based on
the positions of 1 and 2 or 1, 2 and 3 or 1, 2, 3 and 4 (next two, three or four coltirons ") fol-
lowing the rules determined by the function number (next colufanct ) with the parameters
specified (last one, two or three columiasb . ).

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, Charge; 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

e Positionx

e Velocity v

These quantities are listed in the coordinate filgto (see section File formah,.6.6.

8.11. Protein related

items

161

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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90 Chapter 5. Topologies
Co = 928 Cy = —-1312 Cy = 2624
C; = 1216 C3 = =306 Cs; = =315

(Note: The use of this potential implies the exclusion of LJ interactions between the first and the
last atom of the dihedral, andis defined according to the 'polymer conventiof(.,.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 ff2??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 paramete6s) dr{d W €12), as
listed in the fileff???nb.itp , Whereptype is the particle type (see Tabtel):

[ 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 ]
s j func cb cl2
[¢] (0] 1 0.22617E-02  0.74158E-06
O OA 1 0.22617E-02  0.13807E-05

[ pairtypes ]
i j func cs6 csl2 ; THESE ARE 1-4 INTERACTIONS
(¢] (e} 1 0.22617E-02  0.74158E-06
O O™ 1 0.22617E-02  0.74158E-06

The parameters V and W can be defined in two different ways, depending on the combination rule
that was chosen in tHe defaults ] section op the topology file (s&e6.1):

o= 0O 4eq6 -1
for combination rule & Va = D:Mv fNQﬁ [k mol :Bmh_ (5.1)
wW; = G = 4deo? [kImol! nmi?]
. . . Vii = o5 _HDD\L
for combination rules 2 and 3 Wi = & [kimol!] (5.2)

8.10. Hydrogen bonds 159

D A

Figure 8.8: Geometrical Hydrogen bond criterion.

_I_

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.

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

The progranmg_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
o 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 andoes from 0 to 6. The group far= 6 also includes
all H-bonds for; > 6. These groups include then+3, n-n+4 andn-n+5 H-bonds which
provide a measure for the formation@thelices or3-turns or strands.

e The lifetime of the H-bonds is calculated from the average over all autocorrelation functions
of the existence functions (either 0 or 1) of all H-bonds:

C(r) = (si(t) si(t + 7)) (8.34)

with s;(¢) = {0,1} for H-bond: at time¢. The integral ofC(7) gives a rough estimate of
the average H-bond lifetimeyz:

THB = \o,oo C(r)dr (8.35)
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92 Chapter 5. Topologies

5.4 Constraints

Constraints are defined in tfeconstraints ] section. The format is two atom numbers
followed by the function type, which can be 1 or 2 and the constraint distance. The only difference
between the two types is that type 1 is used for generating exclusions and type 2 is 508 (3ee

The distances are constrained using the LINCS or the SHAKE algorithm, which can be selected in
the*.mdp file. Both types of constraints can be perturbed in free-energy calculations by adding
a second constraint distance (€£6.5. Several types of bonds and angles (see Tabfecan

be converted automatically to constraintsdrpmpp . There are several options for this in the
*mdp file.

We have also implemented the SETTLE algoritt2i] [which 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 ow1l 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 section] settles ] defines the first atom of the watery molecule. The settle funct is

always one, and the distance between O-H and H-H distances must be given. Note that the algo-
rithm can also be used for TIP3P and TIP4R2][ 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&?®?.rtp . Originally this file contained building blocks
(amino acids) for proteins, and is the GROMACS interpretation oftiec4.dat  file of GRO-
MOS. So the residue file contains information (bonds, charge, charge groups and improper dihe-

8.9. Covariance analysis 157

8.9 Covariance analysis

Covariance analysis, also called principal component analysis or essential dyriézhicar find
correlated motions. It uses the covariance mattiaf the atomic coordinates:

Cij = (M (i = ()M s — (2)) ©22)

where M is a diagonal matrix containing the masses of the atoms (mass-weighted analysis) or
the unit matrix (hon-mass weighted analysi€)is a symmetric3N x 3N matrix, which can be
diagonalized with an orthonormal transformation maffix

RTCR =diag\, Ao, ..., Asy) where A; > Ay > ... > Ay (8.23)

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 componenis(t):

p(t) = RTM3 (x(t) — (x)) (8.24)

The eigenvalue,; 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 métids goes as follows:

x/ () = (x) + M ™2 R,; pi(t) (8.25)

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 (see
below). 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.

A good measure for the overlap has been define@3h [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 be calculated from the eigeiyaloues

the eigenvectors, which are the columns of the rotation matrikor a symmetric and diagonally-
dominant matrixA of size3 N x 3N the square root can be calculated as:

1 1
Az = Rdiag\A?, A7, ..., A2y) RT (8.26)

It can be verified easily that the product of this matrix with itself giesNow we can define a
differenced between covariance matricésand B as follows:

(8.27)
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[ ZN]
[ atoms ]
ZN ZN  2.000 0

The file is free format, the only restriction is that there can be at most one entry on a line. The
first field in the file is thd bondedtypes ] field, which is followed by four numbers, that
indicate the interaction type for bonds, angles, dihedrals and improper dihedrals. The file contains
residue entries, which consist of atoms and optionally bonds, angles dihedrals and impropers. The
charge group codes denote the charge group numbers. Atoms in the same charge group should
always be below each other. When using the hydrogen databagedbZgmx for adding missing
hydrogens, the atom names defined in Mg entry should correspond exactly to the naming
convention used in the hydrogen database 5s8& 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
GROMOS96.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 of 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 separated 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 separate 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 (see5.5.1)

must be the same. The format of the hydrogen database is as follows:

) res # additions
# H add type i j k

8.7. Radius of gyration and distances 155

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 (se8.68y. It further
calculates the distanekbetween the center of the plane and the middle of this vector. Depending
on the input groupsi.€. 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
xpm2ps

To have a rough measure for the compactness of a structure, you can calcutatBubef gyra-
tion with the prograng_gyrate as follows:

(8.19)

2imi
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 atomg.@: 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,
ande.g.forming of salt bridges.
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96 Chapter 5. Topologies

5.5.3 Termini database

The termini databases are storedf#??-n.tdb andff???-c.tdb for the N- and C-termini
respectively. They contain information for theb2gmx program on how to connect new atoms to
existing ones, which atoms should be removed or changed and which bonded interactions should
be added. The format of the is as follows (this is an example frorffghex-c.tdb  ):

[ None ]

[ COO- ]

[ replace ]

C c C 12.011 0.27

[ add ]

2 8 C CA N
o oM 15.9994 -0.635

[ delete ]

(6]

[ 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 follongpiace , 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 (humber 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

8.6. Bonds, angles and dihedrals 153

Mean Square Displacement
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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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Chapter 5. Topologies

Parameters
interaction directive # f.  parameters pe
| . !
mandatory defaults non-bonded function type;
combination rulé&”;
generate pairs (nol/yes);
fudge LJ (); fudge QQ ()
mandatory atomtypes atom type; m (u); q (e); particle type;
V(@) (@)
bondtypes (see Tablé.4, directivebonds )
constrainttypes (see Tablé .4, directiveconstraints )
pairtypes (see Tablé .4, directivepairs )
angletypes (see Tablé.4, directiveangles )
proper dih. | dihedraltypes 2@ 1 0,4, (deg); £ (kI mol1); mult x®
improper dih. | dihedraltypes 2@ 2§, (deg); . (kJ mol-'rad-2) X
RB dihedral | dihedraltypes 20 3 Gy, Cp, Gy, Cy, Cy, Cs (kI Mol t)
LJ nonbond _params 2 1 Vi, w@
Buckingham | nonbond _params 2 2 a(kImott); b (nmt);
s (kJ mol~'nm®)
Molecule definition(s)
one or more molecule definitions as described in Tabdgnext page)
System
[ mandatory [ system system name i
| mandatory | molecules molecule name; number of molecules |

'# at’ is the number of atom types

f. tp’ is function type

‘pert’ indicates if this interaction type can be perturbed during free energy calculations

(@) the combination rule determines the type of LJ parameters;.8eg

() 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.

8.5. Correlation functions 151

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 orfgiegn.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 includede.g.usingk time origins with spacing oM At (wherekM < N):

k—1

Cr(jAt) = = > fEMAL) f((iM + j)At) (8.11)
i=0

1
k
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 [66].

8.5.3 Special forms of the ACF

There are some important varieties on the A€B,the ACF of a vectop:
Cp(t) = [ Palcos L(p(0), plt + ) ¢ (8.12)

whereP,(z) is then? order Legendre polynomidl Such correlation times can actually be ob-
tained experimentally using.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®r:as [
C(t) = (cos(d(t) — O0(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

Cy(1) = (vi(7) - i(0))ica (8.15)

:U:TS =1, Pi(z) =z, P2(z) = nrw;m —-1)/2
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100 Chapter 5. Topologies

items should be separated by spaces or tabs, not commas

atoms in molecules should be numbered consecutively starting at 1

the file is parsed once only which implies that no forward references can be treated: items
must be defined before they can be used

exclusions can be generated from the bonds or overridden manually

the bonded force types can be generated from the atom types or overridden per bond

it is possible to apply multiple bonded interactions of the same type on the same atoms

e descriptive comment lines and empty lines are highly recommended

starting with GROMACS version 3.1.3 all directives at the parameter level can be used
multiple times and there are no restrictions on the order, except that an atom type needs to
be defined before it can be used in other parameter definitions

If parameters for a certain interaction are defined multiple times for the same combination
of atom types the last definition is used; starting with GROMACS version grb@ipp
generates a warning for parameter redefinitions with different values

using one of thg atoms | ,[ bonds ] ,[ pairs ] ,[ angles ] , etc. without
having used moleculetype ] before is meaningless and generates a warning

using[ molecules ] without having used system ] before is meaningless and
generates a warning.

after[ system ] the only allowed directive if molecules ]

e using an unknown string i ] 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 (0] 1 UREA 02 1 -0.683
3 NT 1 UREA N3 2 -0.622
4 H 1 UREA H4 2 0.346
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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 (froro » + 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 itis also possible to calculate an angle dependens sgf(r, #), where the anglé is
defined with respect to a certain laboratory axisee Fig3.2B.

1 1 Na Np mm?.d. \ﬁvmmﬂ%s.m \%v

no) = N 5= 8.4

il (PBiocat,0 Na WMSWW 2mr2sin(6) 8.4)

cos(Byy) = oo 8.5)
ll7isl llel

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+d60 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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102 Chapter 5. Topologies

6 7
1 3

8 1 2 0.000000e+00 1.673600e+02
6 2 2 0.000000e+00 1.673600e+02
[ position_restraints ]

; you wouldn’'t normally use this for a molecule like Urea,

; but we include it here for didactic purposes

;ai funct fc
1 1 1000 1000 1000 ; Restrain to a point
2 1 1000 0 1000 ; Restrain to a line (Y-axis)
3 1 1000 0 0 ; Restrain to a plane (Y-Z-plane)

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

[ system ]
Urea in Water

[ molecules ]

;molecule name nr.
Urea 1
SOL 1000

Here follows the explanatory text.
[ defaults ]

non-bond type = 1 (Lennard-Jones) or 2 (Buckingham)
note: when using the Buckingham potential no combination rule can be used, and a full
interaction matrix must be provided under thenbond _params section.

combination rule = 1 (supplg©® andC1?), o;; = ,/75;), 2 (supplyo ande, o;; =
1(0i + 0;)) or 3 (supplyc ande, o;; = \/576;)

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)

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 thi®p  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.
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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 alsds2@, 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. Most of the groups only contain protein atoms. An atom is
considered a protein atom if its residue name is listed irathanoacids.dat file.

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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104 Chapter 5. Topologies

2 4 1 0.000000e+00 0.000000e+00
5 6 1 0.000000e+00 0.000000e+00
[ angles ]
;oai aj ak funct c0 cl
1 3 4 1 1.200000e+02 2.928800e+02
3 1 6 1 1.170000e+02 5.020800e+02
[ dihedrals ]
;oai aj ak al funct c0 cl c2
2 1 3 4 1 1.800000e+02 3.347200e+01 2.000000e+00
3 1 6 8 1 1.800000e+02 3.347200e+01 2.000000e+00
[ dihedrals ]
;o a aj ak al funct c0 cl
3 4 5 1 2 0.000000e+00 1.673600e+02
6 7 8 1 2 0.000000e+00 1.673600e+02
1 3 6 2 2 0.000000e+00 1.673600e+02

This results in a very shotttop file as described in the previous section, but this time you only
need to include files:

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

; Include urea topology
#include "urea.itp"

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

[ system ]
Urea in Water

[ molecules ]

;molecule name number
Urea 1
SOL 1000

5.6.3 Ifdef option

A very powerful feature in GROMACS is the use #ifdef  statements in yout.top file.

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 Laeffal. [62] or by Van Buuren and Berendse4d. In fact you

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 sec.8.1the 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

N4 Ng
drrgap(r) = VY3 P(r) (8.1)

€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/gom 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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B parameters in thg atoms ] field. Bonded interactions can be perturbed by adding B pa-
rameters to the bonded types or the bonded interactions. The parameters that can be perturbed
are listed in Tablé&.3and Tables.4. The A-dependence of the interactions is described in section
sec.4.3 Below is an example of a topology which changes from 200 propanols to 200 pentanes
using the GROMOS-96 force field.

; Include forcefield parameters
#include "ffG43al.itp"

[ moleculetype ]

; Name nrexcl

PropPent 3

[ atoms ]

; nr type resnr residue atom cgnr charge mass typeB chargeB massB
1 H 1 PROP PH 1 0.398 1.008 CH3 0.0 15.035
2 OA 1 PROP PO 1 -0.548 15.9994 CH2 0.0 14.027
3 CH2 1 PROP PC1 1 0.150 14.027 CH2 0.0 14.027
4 CH2 1 PROP PC2 2 0.000 14.027
5 CH3 1 PROP  PC3 2 0.000 15.035

[ bonds ]

;oai aj funct par_A par_B

1 2 2 gb_1 gb 26
2 3 2 gb_17 gb_26
3 4 2 gb_26 gb_26
4 5 2 gb_26
[ pairs ]
;ai aj funct
1 4 1
2 5 1
[ angles ]
;ai aj ak funct par_ A par_B
1 2 3 2 ga_11 ga_l14
2 3 4 2 ga 14 ga 14
3 4 5 2 ga_14 ga_l14
[ 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

7.4. Programs by topic 143

genion
g-_potential
g-dipoles

generates mono atomic ions on energetically favorable positions
calculates the electrostatic potential across the box
computes the total dipole plus fluctuations

g_dielectric calculates frequency dependent dielectric constants

Protein specific analysis

do_dssp
g-chi
g-helix
g-rama
xrama
wheel

Interfaces

g-_potential
g-density
g-order
g-h2order
g-bundle

assigns secondary structure and calculates solvent accessible surface area
calculates everything you want to know about chi and other dihedrals
calculates everything you want to know about helices

computes Ramachandran plots

shows animated Ramachandran plots

plots helical wheels

calculates the electrostatic potential across the box
calculates the density of the system

computes the order parameter per atom for carbon tails
computes the orientation of water molecules

analyzes bundles of axesg.transmembrane helices

Covariance analysis

g-covar
g-anaeig

Normal modes

grompp
mdrun

nmrun
g-nmeig

g-anaeig
g-nmens

calculates and diagonalizes the covariance matrix
analyzes the eigenvectors

makes a run input file

finds a potential energy minimum

calculates the Hessian

diagonalizes the Hessian

analyzes the normal modes

generates an ensemble of structures from the normal modes
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108 Chapter 5. Topologies 7.4. Programs by topic 141

[ molecules ] pdb2gmx converts pdb files to topology and coordinate files
; Compound #mols x2top generates a primitive topology from coordinates
Methanes 1 editconf  edits the box and writes subgroups
S0L 2002 genbox solvates a system
genion generates mono atomic ions on energetically favorable positions
5.6.6 Coordinate file genconf  multiplies a conformation in 'random’ orientations
genpr generates position restraints for index groups
Files with the.gro file extension contain a molecular structure in GROMOS87 format. A sample protonate protonates structures
piece is included below:
MD of 2 waters, reformat step, PA aug-91 Running a simulation
M<<>.:mx ow1 1 0.126 1.624 1.679 0.1227 -0.0580 0.0434 grompp makes a run input file
IWATER  HW2 5 0190 1661 1747 08085 03191 -0.7791 Gwno:< qu_ﬂmm a E:._:uﬂ:”.__m for restarting a crashed run
1IWATER HWS3 3 0177 1568 1.613 -0.9045 -2.6469 1.3180 marun periorms a simuiation )
JWATER OW1 4 1275 0.053 0.622 02519 0.3140 -0.1734 xmdrun  performs simulations with extra experimental features
2WATER HW2 5 1.337 0.002 0.680 -1.0641 -1.1349 0.0257
2WATER HW3 6 1.326 0.120 0.568 1.9427 -0.8216 -0.0244 . ) .
1.82060  1.82060  1.82060 Viewing trajectories
ngmx displays a trajectory
This format is fixedj.e. all columns are in a fixed position. If you want to read such a file in your triconv converts trajectories te.g.pdb which can be viewed witl.g.rasmol

own program without using the GROMACS libraries you can use the following formats:
C-format: "%5i%55%55%5i%8.3f%8.31%8.3{%8.4%8.41%8.4f"
Or to be more precise, with titletc. it looks like this:

Processing energies

g-energy writes energies to xvg files and displays averages
g.enemat extracts an energy matrix from an energy file

__o__.
Ysin”, Title mdrun with -rerun (re)calculates energies for trajectory frames

"%5d\n", natoms
for (i=0; (i<natoms); i++) {
"%5d%55%55%5d%8.3{%8.3f%8.3{%8.41%8.4%8.4f\n", Converting files

residuenr,residuename,atomname,atomnr,Xx,y,z,vX,vy,vz . . .
y vy editconf  converts and manipulates structure files

} . ! , !
"9610.51%610.51%610.5%610.5/%10.5/%10.5/%10.5{%10.5{%10.5fn", MMMME mm”MMM:wﬂmmﬂwﬂm_wm_wﬂw%m_mosQ files

box[X][X],box[Y][Y],box[Z][Z], eneconv  converts energy files
box[X][Y],box[X][Z],box[Y][X],box[Y][Z].box[Z][X].box[Z][Y] Xmp2ps  converts XPM matrices to encapsulated postscript (or XPM)

Fortran format: (i5,2a5,i5,3f8.3,3f8.4)

Soconfin.gro  is the GROMACS coordinate file and is almost the same as the GROMOS- Tools
87 file (for GROMOS users: when used with ntx=7). The only difference is the box for which make_ndx makes index files
GROMACS uses a tensor, not a vector. mk_angndx generates index files forgngle

gmxcheck checks and compares files
gmxdump makes binary files human readable

5.7 Force-field organization g.traj plots x, v and f of selected atoms/groups (and more) from a trajectory
g.analyze analyzes data sets
5.7.1 Force-field files trjorder orders molecules according to their distance to a group

GROMACS 3.1.1 includes five forcefields. They are listed theHitedat .
Distances between structures
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110 Chapter 5. Topologies

5.7.3 Adding atom types

As of GROMACS version 3.1.3 atom types can be added in an gxatamtypes ]  section

after the the inclusing of the normal forcefield. After the definition of the new atom type(s), ad-
ditional non-bonded and pair parameters can be defined. In pre 3.1.3 versions of GROMACS the
new atom types needed to be added in[tretomtypes ]  section of the forcefield files, be-
cause all non-bonded parameters above thd lasomtypes ]  section would be overwritten

using the standard combination rules.

7.3. Run Parameters 139

orire _fc: (0) [kJ mol]
force constant for orientation restraints, which is multiplied by a (possibly) different factor
for each restraint, can be set to zero to obtain the orientations from a free simulation

orire _tau: (0) [ps]
time constant for orientation restraints running average

orire fitgrp:
fit group for orientation restraining, for a protein backbone is a good choice

nstorireout: (100) [steps]
frequency to write the running time averaged orientations for all restraints to the energy file
(can make the energy file very large)

7.3.17 Free Energy Perturbation
free_energy:

no
Only use topology A.

yes
Interpolate between topology A (lambda=0) to topology B (lambda=1) and write the
derivative of the Hamiltonian with respect to lambda to the energy file adgdbxvg
The potentials, bond-lengths and angles are interpolated linearly as described in the
manual. Wherscalpha is larger than zero, soft-core potentials are used for the LJ
and Coulomb interactions.

init _lambda: (0)
starting value for lambda

delta_lambda: (0)
increment per time step for lambda

scalpha: (0)
the soft-core parameter, a value of O results in linear interpolation of the LJ and Coulomb
interactions

scsigma: (0.3) [nm]

the soft-core sigma for particles which have a C6 or C12 parameter equal to zero

7.3.18 Non-equilibrium MD

accgrps:
groups for constant acceleratiang: Protein Sol ) all atoms in groups Protein and Sol
will experience constant acceleration as specified irattuelerateline
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112 Chapter 6. Special Topics

rup

—

spring

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 137

simulation, 8 is needed for BD with large time-steps. The accuracy of the constraints is
printed to the log file everpstlog steps. If a bond rotates more thiamcs_warnangle
[degrees] in one step, a warning will be printed both to the log file arsiderr

Lincs should not be used with coupled angle constraints.

shake
Shake is slower and less stable than Lincs, but does work with angle constraints. The
relative tolerance is set witthaketol, 0.0001 is a good value for "normal” MD.

unconstrained start:

no
apply constraints to the start configuration

yes
do not apply constraints to the start configuration

shaketol: (0.0001)
relative tolerance for shake

lincs_order: (4)
Highest order in the expansion of the constraint coupling matirics_order is also used
for the number of Lincs iterations during energy minimization, only one iteration is used in
MD.

lincs_.warnangle: (30) [degrees]
maximum angle that a bond can rotate before Lincs will complain

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 groufgotein  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 mitlhun -rerun  and for exclud-
ing interactions within frozen groups.
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114 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
culation: making starting structures, AFM pu
sampling.

. This selects the type of cal-
g, constraint force calculation or umbrella

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 specifiglit@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 135

semi

isotropic

Pressure coupling which is isotropic in the x and y direction, but different in the z
direction. This can be useful for membrane simulations. 2 values are needed for x/y
and z directions respectively.

anisotropic

Idem, but 6 values are needed for xx, yy, zz, xylyx, xz/zx and yz/zy components
respectively. When the off-diagonal compressibilities are set to zero, a rectangular box
will stay rectangular. Beware that anisotropic scaling can lead to extreme deformation
of the simulation box.

surface-tension

Surface tension coupling for surfaces parallel to the xy-plane. Uses normal pressure
coupling for the z-direction, while the surface tension is coupled to the x/y dimen-
sions of the box. The firgef_p value is the reference surface tension times the num-
ber of surfaces [bar nm], the second value is the reference z-pressure [bar]. The two
compressibility [oar—!] values are the compressibility in the x/y and z direction re-
spectively. The value for the z-compressibility should be reasonably accurate since it
influences the converge of the surface-tension, it can also be set to zero to have a box
with constant height.

triclinic

Fully dynamic box - supported, but experimental. You should provide six values for
the compressibility and reference pressure.

tau_p: (1) [ps]

time

compressi

constant for coupling

lity: [bar—1]

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

yes

No simulated annealing.

Simulated annealing to 0 [K] at timeero_temp_time (ps). Reference temperature
for the Berendsen-thermostatrisf_t x (1 - time /zero_temp_time), time constant
is tau_t [ps]. Note that the reference temperature will not go below 0 [i€],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.
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116 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 instead 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
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fourierspacing: (0.12) [nm]
The maximum grid spacing for the FFT grid when using PPPM or PME. For ordinary Ewald
the spacing times the box dimensions determines the highest magnitude to use in each di-
rection. In all cases each direction can be overridden by entering a non-zero value for
fourier _n*.

fourier _nx (0) ; fourier _ny (0) ; fourier _nz: (0)
Highest magnitude of wave vectors in reciprocal space when using Ewald. Grid size when
using PPPM or PME. These values overrderierspacing per direction. The best choice
is powers of 2, 3, 5 and 7. Avoid large primes.

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 givesMayd_rtol .
Decreasing this will give a more accurate direct sum, but then you need more wave vectors
for the reciprocal sum.

ewald_geometry: (3d)
The geometry to use for Ewald summatior8l means the sum is performed in all three
dimensions. If your system has a slab geometry in the x-y plane you can try to increase box
z dimension and use ti8xc geometry. The reciprocal sum is still performed in 3d, but a
force and potential correction applied in the z dimension to produce a pseudo-2d summation.
In the future there might also be a tr2d option, but this is not working yet.

surface epsilon: (0)
This controls the dipole correction to the Ewald summation in 3d. The default value of zero
means it is turned off. Turn it on by setting it to the value of the relative permittivity of the
imaginary surface around your infinite system. Be careful - you shouldn’t use this if you
have free mobile charges in your system. This value does not affect the slab 3DC variant of
the long range corrections.

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.
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118 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.g.bond-angle vibration between the constructing atoms
could translate into hydrogen bond-length vibration. Additionally, since dummy atoms are by
definition massless, 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 als® B)g.

e hydroxyl ¢€OH) or sulfhydryl ¢SH) hydrogen: The only internal degree of freedom in a
hydroxyl group that can be constrained is the bending ofGke-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. Instead, 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-) hydrogensThe 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. Instead, 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 Fig3C.

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 to 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&ffrom these three. Each of the aromatic
residues require a different approach:
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7.3.9 Electrostatics and VdW
coulombtype:

Cut-off
Twin range cut-off's with neighborlist cut-offist and Coulomb cut-offcoulomb,
whererlist < rvdw < rcoulomb. The dielectric constant is set widpsilon.r.

Ewald
Classical Ewald sum electrostatics. Usg.rlist=0.9,rvdw=0.9,rcoulomb=0.9. The
highest magnitude of wave vectors used in reciprocal space is controllézsliby
erspacing The relative accuracy of direct/reciprocal space is controllesiiaid_rtol .
NOTE: Ewald scales as Of) and is thus extremely slow for large systems. It is
included mainly for reference - in most cases PME will perform much better.

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-ofejssilonr. The ionic strength is
computed from the number of chargeg (with non zero charge) charge groups. The
temperature for the GRF potential is set wigh_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-affist
should be 0.1 to 0.3 nm larger thesoulomb to accommodate for the size of charge
groups and diffusion between neighbor list updates.

User
Specify rlist and rcoulomb to the same valuemdrun will now expect to find a
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120 Chapter 6. Special Topics

on 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 viscd&#ly 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:

1 0% (2)
ag(z) + P =0 (6.2)
here we have applied an acceleratiof(z) in the z-direction, which is a function of the-

coordinate. In GROMACS the acceleration profile is:

az(z) = Acos Awwhv (6.3)
wherel is the height of the box. The generated velocity profile is:
21z
vg(z) = V cos A ] v (6.4)
2
v =4~ AN\V (6.5)
n \2m
The viscosity can be calculated framandV':
A (1)?
n= v Amv (6.6)

In the simulationV is defined as:

N
21z
Mi:é.ﬁaw cos A ] v
v = i=t 2
S
i=1

The generated velocity profile is not coupled to the heat bath, moreover the velocity profile is
excluded from the kinetic energy. One would liKeo 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 being:

(6.7)

Shyax = max (6.8)

%egﬁwvi Pl
0z n2m
For a simulation with:y = 1073 [kgm~!s!], p = 103 [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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7.3.4 Langevin dynamics

bd_temp: (300) [K]
temperature in Brownian dynamics run (controls thermal noise level). Vikefnic =0,
ref_t is used instead.

bd_fric: (0) [amu ps~']
Brownian dynamics friction coefficient. Wheyd_fric =0, the friction coefficient for each
particle is calculated as matesi_t.

Id_seed: (1993) [integer]
used to initialize random generator for thermal noise for stochastic and Brownian dynam-
ics. Whenld_seedis set to -1, the seed is calculated (6se() + getpid()) %
1000000 . When running on multiple processors, each processor uses a seed equal to
Id_seedplus the processor number.

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

When doing shell molecular dynamics the positions of the shells are optimized 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 mot! 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
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122 Chapter 6. Special Topics

If we store in the tabley;, F;, G; and H; we need a table of length 4n. The number of points

per nanometer should be on the order of 500 to 1000, for accurate representation (relative error
< 10~* when n = 500 points/nm). The force routines get a scaling factsra parameter that is
equal to the number of points per nm. (Note thas s~ ).

The algorithm goes a little something like this:

1. Calculate distance vector ;) and distance;y

2. Multiply r;; by s and truncate to an integer valug to get a table index
3. Calculate fractional component# sr;; — ng) ande?

4. Do the interpolation to calculate the potenfialand the the scalar force

5. Calculate the vector forcg' by multiplying f with r;;

The tables are stored internally as ¥;, G;, H; in the order coulomb, dispersion, repulsion. In
total there are 12 values in each table entry. However, as evident frons.agnonly two values

(y andy”) are necessary to determine each of the repulsion, dispersion and Coulomb potentials;
from thesey;, F;, G; and H; can be determined. Hence the GROMACS user only has to specify

y andy”, for each of these, leading to a total of six functions to be specified in the input to the
mdrun program.

Note that table lookup is significantslowerthan computation of the most simple Lennard-Jones
and Coulomb interaction. However, it is much faster than the shifted coulomb function used in
conjunction with the PPPM method. Finally it is much easier to modify a table for the potential
(and get a graphical representation of it) than to modify the inner loops of the MD program.

6.4.2 User specified potential functions

You can also use your own potential functions without editing the GROMACS code. The potential
function should be according to the following equation
qiq;

Vi(ry) = ERCZS.V + Ceg(rij) + Cr2h(rs) (6.16)

with f,g,h user defined functions. Note that if g(r) represents a normal dispersion interaction, g(r)
should be< 0. G, Cy2 and the charges are read from the topology. Also note that combination
rules are only supported for Lennard Jones and Buckingham, and that your tables should match
the parameters in the binary topology.

When you add the following lines in youmdp file:

rlist =10
coulombtype = User
rcoulomb = 1.0
vdwtype = User
rvdw = 1.0
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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/home/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 descerib 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 of motion.

sd
A leap-frog stochastic dynamics integrator. The temperature for one or more groups of
atoms {c_grps) is set withref_t [K], the inverse friction constant for each group is set
with tau_t [ps]. The parametecoupl is ignored. The random generator is initialized
with Id_seed
NOTE: temperature deviations decay twice as fast as with a Berendsen thermostat with
the samdau_t.
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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.html

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 Appehadixhis 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 NFS support.



