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e
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ch

em
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s
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te
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at
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w
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e
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d
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pr
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tie
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d
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de
ta
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d
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on
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sc
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e.
O
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n

m
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ul

ar
m

od
el
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g
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de
si

gn
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w
m

at
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ch
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ac
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te
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ed
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n
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ph
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pr

op
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tie
s
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re
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d
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p

e
rt

ie
s,s

uc
h

as
th
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r
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e
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e
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a
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st

em
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or
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e
ra

di
al

di
st
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n
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n
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a

liq
ui
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an

d
(

b)
d

yn
a
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r
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o
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u
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b
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u

m
p
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p

e
rt
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n
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e
dy
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m
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ra
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b
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at
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2
C

h
a

p
te

r
1

.
In

tro
d

u
ctio

n

(either
equilibrium

or
non-equilibrium

)
of

m
olecular

system
s.

F
or

m
olecular

m
odeling

this
has

tw
o

im
portantconsequences:

•
T

he
know

ledge
of

a
single

structure,
even

if
it

is
the

structure
of

the
global

energy
m

in-
im

um
,

is
not

sufficient.
It

is
necessary

to
generate

a
representative

ensem
ble

at
a

given
tem

perature,in
order

to
com

pute
m

acroscopic
properties.

B
utthis

is
notenough

to
com

pute
therm

odynam
ic

equilibrium
properties

that
are

based
on

free
energies,

such
as

phase
equi-

libria,binding
constants,solubilities,relative

stability
ofm

olecular
conform

ations,etc.
T

he
com

putation
of

free
energies

and
therm

odynam
ic

potentials
requires

specialextensions
of

m
olecular

sim
ulation

techniques.

•
W

hile
m

olecular
sim

ulations
in

principle
provide

atom
ic

details
of

the
structures

and
m

o-
tions,

such
details

are
often

not
relevant

for
the

m
acroscopic

properties
of

interest.
T

his
opens

the
w

ay
to

sim
plify

the
description

ofinteractions
and

average
over

irrelevantdetails.
T

he
science

of
statistical

m
echanics

provides
the

theoretical
fram

ew
ork

for
such

sim
pli-

fications.
T

here
is

a
hierarchy

of
m

ethods
ranging

from
considering

groups
of

atom
s

as
one

unit,
describing

m
otion

in
a

reduced
num

ber
of

collective
coordinates,

averaging
over

solvent
m

olecules
w

ith
potentials

of
m

ean
force

com
bined

w
ith

stochastic
dynam

ics
[

3],
to

m
e

so
sco

p
ic

d
yn

a
m

icsdescribing
densities

rather
than

atom
s

and
fluxes

as
response

to
therm

odynam
ic

gradients
rather

than
velocities

or
accelerations

as
response

to
forces

[
4].

F
or

the
generation

ofa
representative

equilibrium
ensem

ble
tw

o
m

ethods
are

available:
(

a)
M

o
n

te
C

a
rlo

sim
u

la
tio

n
sand

(b)M
o

le
cu

la
rD

yn
a

m
ics

sim
u

la
tio

n
s.F

orthe
generation

ofnon-equilibrium
ensem

bles
and

for
the

analysis
ofdynam

ic
events,

only
the

second
m

ethod
is

appropriate.
W

hile
M

onte
C

arlo
sim

ulations
are

m
ore

sim
ple

than
M

D
(they

do
notrequire

the
com

putation
offorces),

they
do

notyield
significantly

betterstatistics
than

M
D

in
a

given
am

ountofcom
putertim

e.
T

here-
fore

M
D

is
the

m
ore

universaltechnique.
Ifa

starting
configuration

is
very

far
from

equilibrium
,

the
forces

m
ay

be
excessively

large
and

the
M

D
sim

ulation
m

ay
fail.

In
those

cases
a

robust
e

n
-

e
rg

y
m

in
im

iza
tio

nis
required.

A
nother

reason
to

perform
an

energy
m

inim
ization

is
the

rem
oval

of
allkinetic

energy
from

the
system

:
if

several’snapshots’from
dynam

ic
sim

ulations
m

ust
be

com
pared,energy

m
inim

ization
reduces

the
therm

alnoise
in

the
structures

and
potentialenergies,

so
thatthey

can
be

com
pared

better.

1.2
M

olecular
D

ynam
ics

S
im

ulations

M
D

sim
ulations

solve
N

ew
ton’s

equations
ofm

otion
for

a
system

of
N

interacting
atom

s:

m
i ∂

2r
i

∂
t 2

=
F

i ,
i
=

1
...N

.
(1.1)

T
he

forces
are

the
negative

derivatives
ofa

potentialfunction
V

(r
1 ,r

2 ,...,r
N

):

F
i =

−
∂
V

∂
r

i
(1.2)

T
he

equations
are

solved
sim

ultaneously
in

sm
all

tim
e

steps.
T

he
system

is
follow

ed
for

som
e

tim
e,

taking
care

that
the

tem
perature

and
pressure

rem
ain

at
the

required
values,

and
the

coor-
dinates

are
w

ritten
to

an
output

file
at

regular
intervals.

T
he

coordinates
as

a
function

of
tim

e

E
.7

0
.

x2
to

p
2

3
9

O
ther

options
-h

bool
n

o
P

rinthelp
info

and
quit

-n
ice

int
1

9
S

etthe
nicelevel

-r0
int

1
T

he
firstresidue

num
ber

in
the

sequence
-ro

t0
real

0
R

otate
around

an
angle

initially
(90

degrees
m

akes
sense)

-T
string

P
lota

title
in

the
center

ofthe
w

heel(m
ustbe

shorter
than

10
characters,

or
itw

illoverw
rite

the
w

heel)
-n

n
bool

ye
s

Toggle
num

bers

E
.70

x2top

x2top
generates

a
prim

itive
topology

from
a

coordinate
file.

T
he

program
assum

es
allhydrogens

are
present

w
hen

defining
the

hybridization
from

the
atom

nam
e

and
the

num
ber

ofbonds.
T

he
program

can
also

m
ake

an
rtp

entry,w
hich

you
can

then
add

to
the

rtp
database.

W
hen

-p
a

ra
m

is
set,equilibrium

distances
and

angles
and

force
constants

w
illbe

printed
in

the
topology

for
allinteractions.

T
he

equilibrium
distances

and
angles

are
taken

from
the

input
coordinates,

the
force

constantare
setw

ith
com

m
and

line
options.

F
iles

-f
co

n
f.g

ro
Input

G
eneric

structure:
gro

g96
pdb

tpr
tpb

tpa
-o

o
u

t.to
p

O
utput,O

pt.
Topology

file
-r

o
u

t.rtp
O

utput,O
pt.

R
esidue

Type
file

used
by

pdb2gm
x

O
ther

options
-h

bool
n

o
P

rinthelp
info

and
quit

-n
ice

int
0

S
etthe

nicelevel
-sca

le
real

1
.1

S
caling

factor
for

bonds
w

ith
unknow

n
atom

types
relative

to
atom

type
O

-n
e

xcl
int

3
N

um
ber

ofexclusions
-H

1
4

bool
n

o
U

se
3rd

neighbour
interactions

for
hydrogen

atom
s

-a
lld

ih
bool

n
o

G
enerate

allproper
dihedrals

-p
a

irs
bool

ye
s

O
utput1-4

interactions
(pairs)

in
topology

file
-n

a
m

e
string

IC
E

N
am

e
ofyour

m
olecule

-p
b

c
bool

ye
s

U
se

periodic
boundary

conditions.
P

lease
set

the
G

M
X

F
U

LLP
B

C
envi-

ronm
entvariable

as
w

ell.
-p

a
ra

m
bool

n
o

P
rintparam

eters
in

the
output

-ro
u

n
d

bool
ye

s
R

ound
offm

easured
values

-kb
real

4
0

0
0

0
0

B
onded

force
constant(kJ/m

ol/nm 2)
-kt

real
4

0
0

A
ngle

force
constant(kJ/m

ol/rad 2)
-kp

real
5

D
ihedralangle

force
constant(kJ/m

ol/rad
2)

•
T

he
atom

type
selection

is
prim

itive.
V

irtually
no

chem
icalknow

ledge
is

used

•
P

eriodic
boundary

conditions
screw

up
the

bonding

•
N

o
im

proper
dihedrals

are
generated

•
T

he
atom

s
to

atom
type

translation
table

is
incom

plete
(ffG

43a1.n2tfile
in

the
$G

M
X

LIB
directory).

P
lease

extend
itand

send
the

results
back

to
the

G
R

O
M

A
C

S
crew

.
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r
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0
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or
0

0
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A
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or
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F
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tu
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e
fil

e
-p

fit
bo

ol
n

o
P
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gr
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fit
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fit
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d
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e
fr

am
e

nu
m

be
r

as
ar

-
gu

m
en

t
-a

p
p
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fir
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ra
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g
to

th
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in
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e
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d
al

lt
he

at
om
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in
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e
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fe
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nc

e
gr
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p.

A
ll
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s
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th
e

tr
aj

ec
to

ry
ar

e
w
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te

n
to

th
e

ou
tp

ut
tr
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to
ry

.

tr
jo

rd
er
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n

be
us

ef
ul

fo
r

e.
g.

an
al

yz
in

g
th

e
n

w
at

er
s

cl
os

es
t

to
a

pr
ot

ei
n.

In
th

at
ca
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th

e
re
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re

nc
e

gr
ou

p
w

ou
ld

be
th

e
pr

ot
ei

n
an

d
th

e
gr
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m
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w
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ld
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w
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tr
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n
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ed
w

ith
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y
G

ro
m
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s

pr
og

ra
m

to
an

al
yz

e
th

e
n
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at
er

s.
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e

lim
ita

tio
ns

of
M

D
si

m
ul

at
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ro
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.
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1)
.

W
ha

tc
an

w
e

do
?

W
el

l,
ap

ar
tf

ro
m

re
al

qu
an

tu
m

-d
yn

am
ic

al
si

m
ul

at
io

ns
,w

e
ca

n
do

on
e

of
tw

o
th

in
gs

:
(a

)
If

w
e

pe
rf

or
m

M
D

si
m

ul
at

io
ns

us
in

g
ha

rm
on

ic
os

ci
lla

to
rs

fo
r

bo
nd

s,
w

e
sh

ou
ld

m
ak

e
co

rr
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tio
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to
th

e
to
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rg

y
U

=
E

k
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+
E

p
o
t
an

d
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ec
ifi

c
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atC
V

(a
nd

to
en

tr
op

y
S

an
d

fr
ee

en
er

gyA
or
G

if
th

os
e

ar
e

ca
lc

ul
at

ed
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T
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co
rr

ec
tio

ns
to

th
e

en
er

gy
an

d
sp

ec
ifi

c
he

at
of

a
on

e-
di

m
en

si
on

al
os

ci
lla

to
r

w
ith

fr
eq

ue
nc

y
ν

ar
e:
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U
Q

M
=
U

cl
+
k
T

( 1 2
x
−

1
+

x

ex
−

1

)
(1

.3
)



4
C

h
a

p
te

r
1

.
In

tro
d

u
ctio

n

C
Q

M
V

=
C

cl
V

+
k (

x
2e

x

(e
x
−

1)
2
−

1 )
,

(1.4)

w
here

x
=
h
ν
/k
T

.
T

he
classicaloscillator

absorbs
too

m
uch

energy
(

k
T

),w
hile

the
high-

frequency
quantum

oscillator
is

in
its

ground
state

atthe
zero-pointenergy

levelof
12 h
ν.

(b)
W

e
can

treatthe
bonds

(and
bond

angles)
as

co
n

stra
in

tsin
the

equation
ofm

otion.
T

he
rationalbehind

this
is

that
a

quantum
oscillator

in
its

ground
state

resem
bles

a
constrained

bond
m

ore
closely

than
a

classical
oscillator.

A
good

practical
reason

for
this

choice
is

that
the

algorithm
can

use
larger

tim
e

steps
w

hen
the

highest
frequencies

are
rem

oved.
In

practice
the

tim
e

step
can

be
m

ade
four

tim
es

as
large

w
hen

bonds
are

constrained
than

w
hen

they
are

oscillators
[

6].
G

R
O

M
A

C
S

has
this

option
for

the
bonds

and
bond

angles.
T

he
flexibility

ofthe
latter

is
rather

essentialto
allow

for
the

realistic
m

otion
and

coverage
ofconfigurationalspace

[
6].

E
lectrons

are
in

the
ground

state
In

M
D

w
e

use
aco

n
se

rva
tiveforce

field
that

is
a

function
of

the
positions

of
atom

s
only.

T
his

m
eans

that
the

electronic
m

otions
are

not
considered:

the
electrons

are
supposed

to
adjust

their
dynam

ics
instantly

w
hen

the
atom

ic
positions

change
(the

B
o

rn
-O

p
p

e
n

h
e

im
e

r
approxim

ation),and
rem

ain
in

their
ground

state.
T

his
is

really
allright,alm

ostalw
ays.

B
ut

of
course,

electron
transfer

processes
and

electronically
excited

states
can

not
be

treated.
N

either
can

chem
icalreactions

be
treated

properly,
butthere

are
other

reasons
to

shy
aw

ay
from

reactions
for

the
tim

e
being.

F
orce

fields
are

approxim
ate

F
orce

fields
provide

the
forces.

T
hey

are
notreally

a
partofthe

sim
ulation

m
ethod

and
their

param
eters

can
be

user-m
odified

as
the

need
arises

or
know

ledge
im

proves.
B

ut
the

form
of

the
forces

that
can

be
used

in
a

particular
program

is
subject

to
lim

itations.
T

he
force

field
that

is
incorporated

in
G

R
O

M
A

C
S

is
described

in
C

hapter
4.

In
the

present
version

the
force

field
is

pair-additive
(apartfrom

long-range
coulom

b
forces),itcannotincorporate

polarizabilities,
and

it
does

not
contain

fine-tuning
of

bonded
interactions.

T
his

urges
the

inclusion
of

som
e

lim
itations

in
this

list
below

.
F

or
the

rest
it

is
quite

useful
and

fairly
reliable

for
bio

m
acro-m

olecules
in

aqueous
solution!

T
he

force
field

is
pair-additive

T
his

m
eans

thatallno
n

-b
o

n
d

e
dforces

resultfrom
the

sum
ofnon-bonded

pair
interactions.

N
on

pair-additive
interactions,

the
m

ostim
portantexam

ple
ofw

hich
is

interaction
through

atom
ic

polarizability,
are

represented
by
e

ffe
ctive

p
a

ir
p

o
te

n
tia

ls.
O

nly
average

non
pair-

additive
contributions

are
incorporated.

T
his

also
m

eans
that

the
pair

interactions
are

not
pure,i.e.,they

are
notvalid

forisolated
pairs

orforsituations
thatdifferappreciably

from
the

test
system

s
on

w
hich

the
m

odels
w

ere
param

eterized.
In

fact,
the

effective
pair

potentials
are

not
that

bad
in

practice.
B

ut
the

om
ission

of
polarizability

also
m

eans
that

electrons
in

atom
s

do
notprovide

a
dielectric

constantas
they

should.
F

or
exam

ple,
realliquid

alkanes
have

a
dielectric

constantofslightly
m

ore
than

2,w
hich

reduce
the

long-range
electrostatic

interaction
betw

een
(partial)

charges.
T

hus
the

sim
ulations

w
illexaggerate

the
long-range

C
oulom

b
term

s.
Luckily,the

nextitem
com

pensates
this

effecta
bit.

Long-range
interactions

are
cutoff

In
this

version
G

R
O

M
A

C
S

alw
ays

uses
a

cutoff
radius

for
the

Lennard-Jones
interactions

E
.6

7
.

trjco
nv

2
3

7

trajectory
on

tape!
W

e
recom

m
end

to
use

the
portable

.xtc
form

at
for

your
analysis

to
save

disk
space

and
to

have
portable

files.

T
here

are
tw

o
options

for
fitting

the
trajectory

to
a

reference
either

for
essentialdynam

ics
analysis

or
for

w
hatever.

T
he

firstoption
is

justplain
fitting

to
a

reference
structure

in
the

structure
file,the

second
option

is
a

progressive
fit

in
w

hich
the

first
tim

efram
e

is
fitted

to
the

reference
structure

in
the

structure
file

to
obtain

and
each

subsequent
tim

efram
e

is
fitted

to
the

previously
fitted

structure.
T

his
w

ay
a

continuous
trajectory

is
generated,

w
hich

m
ight

not
be

the
case

w
hen

using
the

regular
fit

m
ethod,

e.g.
w

hen
your

protein
undergoes

large
conform

ationaltransitions.

O
ption

-p
b

c
sets

the
type

of
periodic

boundary
condition

treatm
ent.
w

h
o

le
puts

the
atom

s
in

the
box

and
then

m
akes

broken
m

olecules
w

hole
(a

run
input

file
is

required).
in

b
o

x
puts

all
the

atom
s

in
the

box.
n

o
ju

m
p

checks
if

atom
s

jum
p

across
the

box
and

then
puts

them
back.

T
his

has
the

effect
that

all
m

olecules
w

illrem
ain

w
hole

(provided
they

w
ere

w
hole

in
the

initialconform
ation),note

thatthis
ensures

a
continuous

trajectory
butm

olecules
m

ay
diffuse

outofthe
box.

T
he

starting
configuration

forthis
procedure

is
taken

from
the

structure
file,ifone

is
supplied,otherw

ise
itis

the
firstfram

e.
-p

b
c

is
ignored

w
hen-fit

of-p
fit

is
set,in

thatcase
m

olecules
w

illbe
m

ade
w

hole.

O
ption

-u
r

sets
the

unitcellrepresentation
foroptions

w
h

o
le

and
in

b
o

x
of-p

b
c

.
A

llthree
options

give
different

results
for

triclinc
boxes

and
identicalresults

for
rectangular

boxes.
re

ct
is

the
ordinary

brick
shape.tric

is
the

triclinic
unitcell.co

m
p

a
ct

puts
allatom

s
atthe

closestdistance
from

the
center

ofthe
box.

T
his

can
be

usefulfor
visualizing

e.g.
truncated

octahedrons.

O
ption

-ce
n

te
r

centers
the

system
in

the
box.

T
he

user
can

selectthe
group

w
hich

is
used

to
determ

ine
the

geom
etricalcenter.

U
se

option-pb
c

w
h

o
le

in
addition

to
-ce

n
te

r
w

hen
you

w
ant

allm
olecules

in
the

box
after

the
centering.

W
ith

-d
t

itis
possible

to
reduce

the
num

ber
offram

es
in

the
output.

T
his

option
relies

on
the

accuracy
of

the
tim

es
in

your
inputtrajectory,so

ifthese
are

inaccurate
use

the
-tim

e
ste

p
option

to
m

odify
the

tim
e

(this
can

be
done

sim
ultaneously).

U
sing

-tru
n

c
trjconv

can
truncate.trj

in
place,i.e.

w
ithoutcopying

the
file.

T
his

is
usefulw

hen
a

run
has

crashed
during

disk
I/O

(one
m

ore
disk

full),or
w

hen
tw

o
contiguous

trajectories
m

ustbe
concatenated

w
ithouthave

double
fram

es.

trjca
t

is
m

ore
suitable

for
concatenating

trajectory
files.

O
ption

-d
u

m
p

can
be

used
to

extracta
fram

e
ator

near
one

specific
tim

e
from

your
trajectory.

F
iles

-f
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j.xtc
Input

G
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utput
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o
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S
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e
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d
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Input,O
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w
an

tt
o

fin
d

ot
he

r
m

in
im

a
an

d
ho

pe
to

di
sc

ov
er

th
e

gl
ob

al
m

in
im

um
in

th
e

pr
oc

es
s,

th
e

be
st

ad
vi

ce
is

to
ex

pe
rim

en
t



6
C

h
a

p
te

r
1

.
In

tro
d

u
ctio

n

w
ith

tem
perature-coupled

M
D

:run
your

system
ata

high
tem

perature
for

a
w

hile
and

then
quench

itslow
ly

dow
n

to
the

required
tem

perature;do
this

repeatedly!
Ifsom

ething
as

a
m

elting
or

glass
transition

tem
perature

exists,
it

is
w

ise
to

stay
for

som
e

tim
e

slightly
below

that
tem

perature
and

cooldow
n

slow
ly

according
to

som
e

clever
schem

e,
a

process
called
sim

u
la

te
d

a
n

n
e

a
lin

g.S
ince

no
physicaltruth

is
required,

you
can

use
your

im
agination

to
speed

up
this

process.
O

ne
trick

that
often

w
orks

is
to

m
ake

hydrogen
atom

s
heavier

(m
ass

10
or

so):
although

that
w

ill
slow

dow
n

the
otherw

ise
very

rapid
m

otions
of

hydrogen
atom

s,
it

w
ill

hardly
influence

the
slow

er
m

otions
in

the
system

w
hile

enabling
you

to
increase

the
tim

e
step

by
a

factor
of3

or
4.

You
can

also
m

odify
the

potentialenergy
function

during
the

search
procedure,

e.g.by
rem

oving
barriers

(rem
ove

dihedralangle
functions

or
replace

repulsive
potentials

by
so

ft
co

repotentials
[8]),

but
alw

ays
take

care
to

restore
the

correctfunctions
slow

ly.
T

he
bestsearch

m
ethod

thatallow
s

rather
drastic

structuralchanges
is

to
allow

excursions
into

four-dim
ensionalspace

[
9],butthis

requires
som

e
extra

program
m

ing
beyond

the
standard

capabilities
ofG

R
O

M
A

C
S

.

T
hree

possible
energy

m
inim

ization
m

ethods
are:

•
T

hose
that

require
only

function
evaluations.

E
xam

ples
are

the
sim

plex
m

ethod
and

its
variants.

A
step

is
m

ade
on

the
basis

of
the

results
of

previous
evaluations.

If
derivative

inform
ation

is
available,such

m
ethods

are
inferior

to
those

thatuse
this

inform
ation.

•
T

hose
that

use
derivative

inform
ation.

S
ince

the
partialderivatives

of
the

potentialenergy
w

ith
respect

to
all

coordinates
are

know
n

in
M

D
program

s
(these

are
equal

to
m

inus
the

forces)
this

class
ofm

ethods
is

very
suitable

as
m

odification
ofM

D
program

s.

•
T

hose
that

use
second

derivative
inform

ation
as

w
ell.

T
hese

m
ethods

are
superior

in
their

convergence
properties

near
the

m
inim

um
:

a
quadratic

potentialfunction
is

m
inim

ized
in

one
step!

T
he

problem
is

thatforN
particles

a3
N
×

3
N

m
atrix

m
ustbe

com
puted,stored

and
inverted.

A
part

from
the

extra
program

m
ing

to
obtain

second
derivatives,

for
m

ost
system

s
of

interest
this

is
beyond

the
available

capacity.
T

here
are

interm
ediate

m
ethods

building
up

the
H

essian
m

atrix
on

the
fly,

but
they

also
suffer

from
excessive

storage
re-

quirem
ents.

S
o

G
R

O
M

A
C

S
w

illshy
aw

ay
from

this
class

ofm
ethods.

T
he

ste
e

p
e

st
d

e
sce

n
tmethod,

available
in

G
R

O
M

A
C

S
,

is
of

the
second

class.
It

sim
ply

takes
a

step
in

the
direction

of
the

negative
gradient

(hence
in

the
direction

of
the

force),
w

ithout
any

consideration
ofthe

history
builtup

in
previous

steps.
T

he
step

size
is

adjusted
such

thatthe
search

is
fastbutthe

m
otion

is
alw

ays
dow

nhill.
T

his
is

a
sim

ple
and

sturdy,butsom
ew

hatstupid,m
ethod:

its
convergence

can
be

quite
slow

,
especially

in
the

vicinity
of

the
local

m
inim

um
!

T
he

faster
convergingco

n
ju

g
a

te
g

ra
d

ie
n

t
m

e
th

o
d(see

e.g.[10])
uses

gradient
inform

ation
from

previous
steps.

In
general,steepestdescents

w
illbring

you
close

to
the

nearestlocalm
inim

um
very

quickly,
w

hile
conjugate

gradients
brings

youveryclose
to

the
localm

inim
um

,butperform
s

w
orse

faraw
ay

from
the

m
inim

um
.

E
.6

5
.

tp
b

co
nv

2
3

5

only
-s

is
specified,this

conform
ation

w
illbe

protonated,ifalso
-f

is
specified,the

conform
ation(s)

w
ill

be
read

from
this

file
w

hich
can

be
either

a
single

conform
ation

or
a

trajectory.

Ifa
pdb

file
is

supplied,residue
nam

es
m

ightnotcorrespond
to

to
the

G
R

O
M

A
C

S
nam

ing
conventions,in

w
hich

case
these

residues
w

illprobably
notbe

properly
protonated.

Ifan
index

file
is

specified,please
note

thatthe
atom

num
bers

should
correspond

to
the

protonated
state.

F
iles

-s
to

p
o

l.tp
r

Input
S

tructure+
m

ass(db):
tpr

tpb
tpa

gro
g96

pdb
-f

tra
j.xtc

Input,O
pt.

G
eneric

trajectory:
xtc

trr
trjgro

g96
pdb

-n
in

d
e

x.n
d

x
Input,O

pt.
Index

file
-o

p
ro

to
n

a
te

d
.xtc

O
utput

G
eneric

trajectory:
xtc

trr
trjgro

g96
pdb

O
ther

options
-h

bool
n

o
P

rinthelp
info

and
quit

-n
ice

int
0

S
etthe

nicelevel
-b

tim
e

-1
F

irstfram
e

(ps)
to

read
from

trajectory
-e

tim
e

-1
Lastfram

e
(ps)

to
read

from
trajectory

-d
t

tim
e

-1
O

nly
use

fram
e

w
hen

tM
O

D
dt=

firsttim
e

(ps)

E
.65

tpbconv

tpbconv
can

editrun
inputfiles

in
three

w
ays.

1st.by
creating

a
run

inputfile
for

a
continuation

run
w

hen
your

sim
ulation

has
crashed

due
to

e.g.
a

full
disk,orby

m
aking

a
continuation

run
inputfile.

N
ote

thata
fram

e
w

ith
coordinates

and
velocities

is
needed,

w
hich

m
eans

that
w

hen
you

never
w

rite
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

subsetofyour
originaltpx

file,
w

hich
is

usefulw
hen

you
w

antto
rem

ove
the

solventfrom
your

tpx
file,or

w
hen

you
w

antto
m

ake
e.g.

a
pure

C
a

tpx
file.

W
A

R
N

IN
G

:this
tpx

file
is

notfully
functional.

3rd.
by

setting
the

charges
ofa

specified
group

to
zero.

T
his

is
usefulw

hen
doing

free
energy

estim
ates

using
the

LIE
(Linear

Interactio
E

nergy)
m

ethod.

F
iles

-s
to

p
o

l.tp
r

Input
G

eneric
run

input:
tpr

tpb
tpa

-f
tra

j.trr
Input,O

pt.
F

ullprecision
trajectory:

trr
trj

-n
in

d
e

x.n
d

x
Input,O

pt.
Index

file
-o

tp
xo

u
t.tp

r
O

utput
G

eneric
run

input:
tpr

tpb
tpa

O
ther

options
-h

bool
n

o
P

rinthelp
info

and
quit

-n
ice

int
0

S
etthe

nicelevel
-tim

e
real

-1
C

ontinue
from

fram
e

atthis
tim

e
(ps)

instead
ofthe

lastfram
e

-e
xte

n
d

real
0

E
xtend

runtim
e

by
this

am
ount(ps)

-u
n

til
real

0
E

xtend
runtim

e
untilthis

ending
tim

e
(ps)

-ze
ro

q
bool

n
o

S
etthe

charges
ofa

group
(from

the
index)

to
zero

-u
n

co
n

stra
in

e
d

bool
ye

s
F

or
a

continuous
trajectory,

the
constraints

should
not

be
solved

before
the

firststep
(default)



2
3

4
A

p
p

e
n

d
ix

E
.

M
a

n
u

a
lP

ag
e

s

-s
o

rt
w

ill
so

rt
al

lr
es

id
ue

s
ac

co
rd

in
g

to
th

e
or

de
ri

n
th

e
da

ta
ba

se
,s

om
et

im
es

th
is

is
ne

ce
ss

ar
y

to
ge

tc
ha

rg
e

gr
ou

ps
to

ge
th

er
.

-a
lld

ih
w

ill
ge

ne
ra

te
al

lp
ro

pe
r

di
he

dr
al

s
in

st
ea

d
of

on
ly

th
os

e
w

ith
as

fe
w

hy
dr

og
en

s
as

po
ss

ib
le

,t
hi

s
is

us
ef

ul
fo

r
us

e
w

ith
th

e
C

ha
rm

m
fo

rc
efi

el
d.

T
he

op
tio

n
-d

u
m

m
y

re
m

ov
es

hy
dr

og
en

an
d

fa
st

im
pr

op
er

di
he

dr
al

m
ot

io
ns

.
A

ng
ul

ar
an

d
ou

t-
of

-p
la

ne
m

ot
io

ns
ca

n
be

re
m

ov
ed

by
ch

an
gi

ng
hy

dr
og

en
s

in
to

du
m

m
y

at
om

s
an

d
fix

in
g

an
gl

es
,

w
hi

ch
fix

es
th

ei
r

po
si

tio
n

re
la

tiv
e

to
ne

ig
hb

or
in

g
at

om
s.

A
dd

iti
on

al
ly

,a
ll

at
om

s
in

th
e

ar
om

at
ic

rin
gs

of
th

e
st

an
da

rd
am

in
o

ac
id

s
(i.

e.
P

H
E

,
T

R
P,

T
Y

R
an

d
H

IS
)

ca
n

be
co

nv
er

te
d

in
to

du
m

m
y

at
om

s,
el

m
in

at
in

g
th

e
fa

st
im

pr
op

er
di

he
dr

al
flu

ct
ua

tio
ns

in
th

es
e

rin
gs

.
N

ot
e

th
at

in
th

is
ca

se
al

lo
th

er
hy

dr
og

en
at

om
s

ar
e

al
so

co
nv

er
te

d
to

du
m

m
y

at
om

s.
T

he
m

as
s

of
al

la
to

m
s

th
at

ar
e

co
nv

er
te

d
in

to
du

m
m

y
at

om
s,

is
ad

de
d

to
th

e
he

av
y

at
om

s.

A
ls

o
sl

ow
in

g
do

w
n

of
di

he
dr

al
m

ot
io

n
ca

n
be

do
ne

w
ith-h

e
a

vy
h

do
ne

by
in

cr
ea

si
ng

th
e

hy
dr

og
en

-m
as

s
by

a
fa

ct
or

of
4.

T
hi

s
is

al
so

do
ne

fo
r

w
at

er
hy

dr
og

en
s

to
sl

ow
do

w
n

th
e

ro
ta

tio
na

lm
ot

io
n

of
w

at
er

.
T

he
in

cr
ea

se
in

m
as

s
of

th
e

hy
dr

og
en

s
is

su
bt

ra
ct

ed
fr

om
th

e
bo

nd
ed

(h
ea

vy
)

at
om

so
th

at
th

e
to

ta
lm

as
s

of
th

e
sy

st
em

re
m

ai
ns

th
e

sa
m

e.
R

ef
er

en
ce

F
ee

ns
tr

a
et

al
.,

J.
C

om
pu

t.
C

he
m

.
20

,7
86

(1
99

9)
.

F
ile

s
-f

e
iw

it.
p

d
b

In
pu

t
G

en
er

ic
st

ru
ct

ur
e:

gr
o

g9
6

pd
b

tp
r

tp
b

tp
a

-o
co

n
f.
g

ro
O

ut
pu

t
G

en
er

ic
st

ru
ct

ur
e:

gr
o

g9
6

pd
b

-p
to

p
o

l.t
o

p
O

ut
pu

t
To

po
lo

gy
fil

e
-i

p
o

sr
e

.it
p

O
ut

pu
t

In
cl

ud
e

fil
e

fo
r

to
po

lo
gy

-n
cl

e
a

n
.n

d
x

O
ut

pu
t,

O
pt

.
In

de
x

fil
e

-q
cl

e
a

n
.p

d
b

O
ut

pu
t,

O
pt

.
G

en
er

ic
st

ru
ct

ur
e:

gr
o

g9
6

pd
b

O
th

er
op

tio
ns

-h
bo

ol
n

o
P

rin
th

el
p

in
fo

an
d

qu
it

-n
ic

e
in

t
0

S
et

th
e

ni
ce

le
ve

l
-m

e
rg

e
bo

ol
n

o
M

er
ge

m
ul

tip
le

ch
ai

ns
in

to
on

e
m

ol
ec

ul
e

-i
n

te
r

bo
ol

n
o

S
et

th
e

ne
xt

6
op

tio
ns

to
in

te
ra

ct
iv

e
-s

s
bo

ol
n

o
In

te
ra

ct
iv

e
S

S
br

id
ge

se
le

ct
io

n
-t

e
r

bo
ol

n
o

In
te

ra
ct

iv
e

te
rm

in
is

el
ec

tio
n,

is
o

ch
ar

ge
d

-l
ys

bo
ol

n
o

In
te

ra
ct

iv
e

Ly
si

ne
se

le
ct

io
n,

is
o

ch
ar

ge
d

-a
sp

bo
ol

n
o

In
te

ra
ct

iv
e

A
sp

ar
tic

A
ci

d
se

le
ct

io
n,

is
o

ch
ar

ge
d

-g
lu

bo
ol

n
o

In
te

ra
ct

iv
e

G
lu

ta
m

ic
A

ci
d

se
le

ct
io

n,
is

o
ch

ar
ge

d
-h

is
bo

ol
n

o
In

te
ra

ct
iv

e
H

is
tid

in
e

se
le

ct
io

n,
is

o
ch

ec
ki

ng
H

-b
on

ds
-a

n
g

le
re

al
1

3
5

M
in

im
um

hy
dr

og
en

-d
on

or
-a

cc
ep

to
r

an
gl

e
fo

r
a

H
-b

on
d

(d
eg

re
es

)
-d

is
t

re
al

0
.3

M
ax

im
um

do
no

r-
ac

ce
pt

or
di

st
an

ce
fo

r
a

H
-b

on
d

(n
m

)
-p

o
sr

e
fc

re
al

1
0

0
0

F
or

ce
co

ns
ta

nt
fo

r
po

si
tio

n
re

st
ra

in
ts

-u
n

a
bo

ol
n

o
S

el
ec

t
ar

om
at

ic
rin

gs
w

ith
un

ite
d

C
H

at
om

s
on

P
he

ny
la

la
ni

ne
,

T
ry

pt
o-

ph
an

e
an

d
Ty

ro
si

ne
-s

o
rt

bo
ol

ye
s

S
or

tt
he

re
si

du
es

ac
co

rd
in

g
to

da
ta

ba
se

-H
1

4
bo

ol
n

o
U

se
1-

4
in

te
ra

ct
io

ns
be

tw
ee

n
hy

dr
og

en
at

om
s

-i
g

n
h

bo
ol

n
o

Ig
no

re
hy

dr
og

en
at

om
s

th
at

ar
e

in
th

e
pd

b
fil

e
-a

lld
ih

bo
ol

n
o

G
en

er
at

e
al

lp
ro

pe
r

di
he

dr
al

s
-d

u
m

m
y

en
um

n
o

n
e

C
on

ve
rt

at
om

s
to

du
m

m
y

at
om

s:no
n

e
,h

yd
ro

g
e

n
s

or
a

ro
m

a
tic

s
-h

e
a

vy
h

bo
ol

n
o

M
ak

e
hy

dr
og

en
at

om
s

he
av

y
-d

e
u

te
ra

te
bo

ol
n

o
C

ha
ng

e
th

e
m

as
s

of
hy

dr
og

en
s

to
2

am
u

E
.6

4
pr

ot
on

at
e

p
ro

to
n

a
te

re
ad

s
(a

)
co

nf
or

m
at

io
n(

s)
an

d
ad

ds
al

lm
is

si
ng

hy
dr

og
en

s
as

de
fin

ed
in

ff
g

m
x2

.h
d

b
.

If

C
ha

pt
er

2

D
efi

ni
tio

ns
an

d
U

ni
ts

2.
1

N
ot

at
io

n

T
he

fo
llo

w
in

g
co

nv
en

tio
ns

fo
r

m
at

he
m

at
ic

al
ty

pe
se

tti
ng

ar
e

us
ed

th
ro

ug
ho

ut
th

is
do

cu
m

en
t:

Ite
m

N
ot

at
io

n
E

xa
m

pl
e

Ve
ct

or
B

ol
d

ita
lic

r
i

Ve
ct

or
Le

ng
th

Ita
lic

r i

W
e

de
fin

e
th

elo
w

e
rc

a
se

su
bs

cr
ip

ts
i,
j,
k

an
d
l

to
de

no
te

pa
rt

ic
le

s:r
i

is
th

e
p

o
si

tio
n

ve
ct

o
ro

f
pa

rt
ic

le
i,

an
d

us
in

g
th

is
no

ta
tio

n:

r
ij

=
r

j
−

r
i

(2
.1

)

r i
j

=
|r

ij
|

(2
.2

)

T
he

fo
rc

e
on

pa
rt

ic
lei

is
de

no
te

d
by

F
i

an
d

F
ij

=
fo

rc
e

on
i

ex
er

te
d

by
j

(2
.3

)

P
le

as
e

no
te

th
at

w
e

ch
an

ge
d

no
ta

tio
n

as
of

ve
r.

2.
0

to
r

ij
=

r
j
−

r
i

si
nc

e
th

is
is

th
e

no
ta

tio
n

co
m

m
on

ly
us

ed
.

If
yo

u
en

co
un

te
r

an
er

ro
r,

le
tu

s
kn

ow
.

2.
2

M
D

un
its

G
R

O
M

A
C

S
us

es
a

co
ns

is
te

nt
se

t
of

un
its

th
at

pr
od

uc
e

va
lu

es
in

th
e

vi
ci

ni
ty

of
un

ity
fo

r
m

os
t

re
le

va
nt

m
ol

ec
ul

ar
qu

an
tit

ie
s.

Le
t

us
ca

ll
th

emM
D

u
n

its
.

T
he

ba
si

c
un

its
in

th
is

sy
st

em
ar

e
nm

,
ps

,K
,e

le
ct

ro
n

ch
ar

ge
(e

)
an

d
at

om
ic

m
as

s
un

it
(u

),
se

e
Ta

bl
e

2.
1.

C
on

si
st

en
tw

ith
th

es
e

un
its

ar
e

a
se

to
fd

er
iv

ed
un

its
,g

iv
en

in
Ta

bl
e

2.
2.

T
he

el
ec

tr
ic

co
nv

er
si

on
fa

ct
or
f

=
1

4
π
ε o

=
13

8.
93

5
48

5(
9)

kJ
m

ol
−

1
nm

e−
2
.

It
re

la
te

s
th

e
m

ec
ha

ni
ca

lq
ua

nt
iti

es
to

th
e

el
ec

tr
ic

al
qu

an
tit

ie
s

as
in

V
=
f
q2 r

or
F

=
f
q2 r2

(2
.4

)



8
C

h
a

p
te

r
2

.
D

e
fin

itio
n

s
a

n
d

U
n

its

Q
uantity

S
ym

bol
U

nit
length

r
nm

=
10
−

9
m

m
ass

m
u

(atom
ic

m
ass

unit)=
1.6605402(10)×10

−
2
7

kg
(1/12

the
m

ass
ofa 12C

atom
)

1.6605402(10)×
10
−

2
7

kg
tim

e
t

ps=
10
−

1
2

s
charge

q
e

=
electronic

charge=
1.60217733(49)×

10
−

1
9

C
tem

perature
T

K

Table
2.1:

B
asic

units
used

in
G

R
O

M
A

C
S

.N
um

bers
in

parentheses
give

accuracy.

Q
uantity

S
ym

bol
U

nit
energy

E
,V

kJ
m

ol −
1

F
orce

F
kJ

m
ol −

1
nm

−
1

pressure
p

kJ
m

ol −
1

nm
−

3
=

10
3
0/N

A
V

P
a

1
.660

54
×

10
6

P
a=

16.6054
B

ar
velocity

v
nm

ps −
1

=
1000

m
/s

dipole
m

om
ent

µ
e

nm
electric

potential
Φ

kJ
m

ol −
1

e −
1

=
0.010

364
272(3)

Volt
electric

field
E

kJ
m

ol −
1

nm
−

1
e −

1
=

1.036
427

2(3)×
10

7
V

/m

Table
2.2:

D
erived

units

E
lectric

potentialsΦ
and

electric
fieldsE

are
interm

ediate
quantities

in
the

calculation
ofenergies

and
forces.

T
hey

do
notoccur

inside
G

R
O

M
A

C
S

.Ifthey
are

used
in

evaluations,there
is

a
choice

ofequations
and

related
units.

W
e

recom
m

end
strongly

to
follow

the
usualpractice

to
include

the
factorf

in
expressions

thatevaluateΦand
E

:

Φ
(r)

=
f ∑

j

q
j

|r
−

r
j |

(2.5)

E
(r)

=
f ∑

j

q
j
(r
−

r
j )

|r
−

r
j | 3

(2.6)

W
ith

these
definitionsqΦ

is
an

energy
andqE

is
a

force.
T

he
units

are
those

given
in

Table
2.2:

about10
m

V
for

potential.
T

hus
the

potentialofan
electronic

charge
ata

distance
of1

nm
equals

f
≈

140
units≈

1.4
V.(exactvalue:

1.439965
V

)

N
ote

thatthese
units

are
m

utually
consistent;changing

any
ofthe

units
is

likely
to

produce
incon-

sistencies
and

is
thereforestro

n
g

ly
d

isco
u

rage
d!In

particular:
ifÅ

are
used

instead
ofnm

,the
unit

of
tim

e
changes

to
0.1

ps.
If

the
kcal/m

ol(=
4.184

kJ/m
ol)

is
used

instead
of

kJ/m
olfor

energy,
the

unitoftim
e

becom
es

0.488882
ps

and
the

unitoftem
perature

changes
to

4.184
K

.B
utin

both
cases

allelectricalenergies
go

w
rong,because

they
w

illstillbe
com

puted
in

kJ/m
ol,expecting

nm
as

the
unitoflength.

A
lthough

carefulrescaling
ofcharges

m
ay

stillyield
consistency,

itis
clear

thatsuch
confusions

m
ustbe

rigidly
avoided.

In
term

s
ofthe

M
D

units
the

usualphysicalconstants
take

on
differentvalues,

see
Table

2.3.
A

ll
quantities

are
per

m
ol

rather
than

per
m

olecule.
T

here
is

no
distinction

betw
een

B
oltzm

ann’s
constantk

and
the

gas
constant

R
:

their
value

is0.008
314

51
kJ

m
ol −

1
K
−

1.

E
.6

3
.

p
d

b
2

g
m

x
2

3
3

S
om

e
ofthe

m
ore

com
m

on
X

com
m

and
line

options
can

be
used:

-bg,-fg
change

colors,-fontfontnam
e,changes

the
font.

F
iles

-f
tra

j.xtc
Input

G
eneric

trajectory:
xtc

trr
trjgro

g96
pdb

-s
to

p
o

l.tp
r

Input
G

eneric
run

input:
tpr

tpb
tpa

-n
in

d
e

x.n
d

x
Input,O

pt.
Index

file

O
ther

options
-h

bool
n

o
P

rinthelp
info

and
quit

-n
ice

int
0

S
etthe

nicelevel
-b

tim
e

-1
F

irstfram
e

(ps)
to

read
from

trajectory
-e

tim
e

-1
Lastfram

e
(ps)

to
read

from
trajectory

-d
t

tim
e

-1
O

nly
use

fram
e

w
hen

tM
O

D
dt=

firsttim
e

(ps)

•
B

alls
option

does
notw

ork

•
S

om
e

tim
es

dum
ps

core
w

ithouta
good

reason

E
.63

pdb2gm
x

T
his

program
reads

a
pdb

file,
lets

you
choose

a
forcefield,

reads
som

e
database

files,
adds

hydrogens
to

the
m

olecules
and

generates
coordinates

in
G

rom
acs

(G
rom

os)
form

atand
a

topology
in

G
rom

acs
form

at.
T

hese
files

can
subsequently

be
processed

to
generate

a
run

inputfile.

N
ote

thata
pdb

file
is

nothing
m

ore
than

a
file

form
at,and

itneed
notnecessarily

contain
a

protein
structure.

E
very

kind
of

m
olecule

for
w

hich
there

is
support

in
the

database
can

be
converted.

If
there

is
no

support
in

the
database,you

can
add

ityourself.

T
he

program
has

lim
ited

intelligence,
it

reads
a

num
ber

of
database

files,
that

allow
it

to
m

ake
special

bonds
(C

ys-C
ys,

H
em

e-H
is,

etc.),
if

necessary
this

can
be

done
m

anually.
T

he
program

can
prom

pt
the

user
to

select
w

hich
kind

of
LY

S
,

A
S

P,
G

LU
,

C
Y

S
or

H
IS

residue
she

w
ants.

F
or

LY
S

the
choice

is
betw

een
LY

S
(tw

o
protons

on
N

Z
)

or
LY

S
H

(three
protons,

default),
for

A
S

P
and

G
LU

unprotonated
(default)

or
protonated,

for
H

IS
the

proton
can

be
either

on
N

D
1

(H
IS

A
),

on
N

E
2

(H
IS

B
)

or
on

both
(H

IS
H

).B
y

defaultthese
selections

are
done

autom
atically.

F
or

H
is,

this
is

based
on

an
optim

alhydrogen
bonding

conform
ation.

H
ydrogen

bonds
are

defined
based

on
a

sim
ple

geom
etric

criterium
,

specified
by

the
m

axim
um

hydrogen-donor-acceptor
angle

and
donor-acceptor

distance,w
hich

are
setby

-a
n

g
le

and
-d

ist
respectively.

O
ption

-m
e

rg
e

w
illask

ifyou
w

antto
m

erge
consecutive

chains
into

one
m

olecule,this
can

be
usefulfor

connecting
chains

w
ith

a
disulfide

brigde.

pdb2gm
x

w
ill

also
check

the
occupancy

field
of

the
pdb

file.
If

any
of

the
occupanccies

are
not

one,
indicating

thatthe
atom

is
notresolved

w
ellin

the
structure,a

w
arning

m
essage

is
issued.

W
hen

a
pdb

file
does

notoriginate
from

an
X

-R
ay

structure
determ

ination
alloccupancy

fields
m

ay
be

zero.
E

ither
w

ay,it
is

up
to

the
user

to
verify

the
correctness

ofthe
inputdata

(read
the

article!).

D
uring

processing
the

atom
s

w
illbe

reordered
according

to
G

rom
acs

conventions.
W

ith
-n

an
index

file
can

be
generated

thatcontains
one

group
reordered

in
the

sam
e

w
ay.

T
his

allow
s

you
to

converta
G

rom
os

trajectory
and

coordinate
file

to
G

rom
os.

T
here

is
one

lim
itation:

reordering
is

done
after

the
hydrogens

are
stripped

from
the

inputand
before

new
hydrogens

are
added.

T
his

m
eans

thatyou
should

notuse
-ig

n
h

.

T
he

.g
ro

and
.g

9
6

file
form

ats
do

notsupportchain
identifiers.

T
herefore

itis
usefulto

enter
a

pdb
file

nam
e

atthe-o
option

w
hen

you
w

antto
converta

m
ultichain

pdb
file.



2
3

2
A

p
p

e
n

d
ix

E
.

M
a

n
u

a
lP

ag
e

s

-r
e

ru
n

re
ru

n
.x

tc
In

pu
t,

O
pt

.
G

en
er

ic
tr

aj
ec

to
ry

:
xt

c
tr

r
tr

jg
ro

g9
6

pd
b

-e
i

sa
m

.e
d

i
In

pu
t,

O
pt

.
E

D
sa

m
pl

in
g

in
pu

t
-e

o
sa

m
.e

d
o

O
ut

pu
t,

O
pt

.
E

D
sa

m
pl

in
g

ou
tp

ut
-j

w
h

a
m

.g
ct

In
pu

t,
O

pt
.

G
en

er
al

co
up

lin
g

st
uf

f
-j
o

b
a

m
.g

ct
In

pu
t,

O
pt

.
G

en
er

al
co

up
lin

g
st

uf
f

-f
fo

u
t

g
ct

.x
vg

O
ut

pu
t,

O
pt

.
xv

gr
/x

m
gr

fil
e

-d
e

vo
u

t
d

e
vi

a
tie

.x
vg

O
ut

pu
t,

O
pt

.
xv

gr
/x

m
gr

fil
e

-r
u

n
a

v
ru

n
a

ve
r.

xv
g

O
ut

pu
t,

O
pt

.
xv

gr
/x

m
gr

fil
e

-p
i

p
u

ll.
p

p
a

In
pu

t,
O

pt
.

P
ul

lp
ar

am
et

er
s

-p
o

p
u

llo
u

t.
p

p
a

O
ut

pu
t,

O
pt

.
P

ul
lp

ar
am

et
er

s
-p

d
p

u
ll.

p
d

o
O

ut
pu

t,
O

pt
.

P
ul

ld
at

a
ou

tp
ut

-p
n

p
u

ll.
n

d
x

In
pu

t,
O

pt
.

In
de

x
fil

e
-m

tx
n

m
.m

tx
O

ut
pu

t,
O

pt
.

H
es

si
an

m
at

rix

O
th

er
op

tio
ns

-h
bo

ol
n

o
P

rin
th

el
p

in
fo

an
d

qu
it

-n
ic

e
in

t
1

9
S

et
th

e
ni

ce
le

ve
l

-d
e

ff
n

m
st

rin
g

S
et

th
e

de
fa

ul
tfi

le
na

m
e

fo
r

al
lfi

le
op

tio
ns

-n
p

in
t

1
N

um
be

r
of

no
de

s,
m

us
tb

e
th

e
sa

m
e

as
us

ed
fo

r
gr

om
pp

-v
bo

ol
n

o
B

e
lo

ud
an

d
no

is
y

-c
o

m
p

a
ct

bo
ol

ye
s

W
rit

e
a

co
m

pa
ct

lo
g

fil
e

-m
u

lti
bo

ol
n

o
D

o
m

ul
tip

le
si

m
ul

at
io

ns
in

pa
ra

lle
l(

on
ly

w
ith

-n
p>

1)
-g

la
s

bo
ol

n
o

D
o

gl
as

s
si

m
ul

at
io

n
w

ith
sp

ec
ia

ll
on

g
ra

ng
e

co
rr

ec
tio

ns
-i
o

n
iz

e
bo

ol
n

o
D

o
a

si
m

ul
at

io
n

in
cl

ud
in

g
th

e
ef

fe
ct

of
an

X
-R

ay
bo

m
ba

rd
m

en
to

n
yo

ur
sy

st
em

E
.6

1
m

k
an

gn
dx

m
k

an
gn

dx
m

ak
es

an
in

de
x

fil
e

fo
r

ca
lc

ul
at

io
n

of
an

gl
e

di
st

rib
ut

io
ns

et
c.

It
us

es
a

ru
n

in
pu

tfi
le

(
.t
p

x
)

fo
r

th
e

de
fin

iti
on

s
of

th
e

an
gl

es
,d

ih
ed

ra
ls

et
c.

F
ile

s
-s

to
p

o
l.t

p
r

In
pu

t
G

en
er

ic
ru

n
in

pu
t:

tp
r

tp
b

tp
a

-n
a

n
g

le
.n

d
x

O
ut

pu
t

In
de

x
fil

e

O
th

er
op

tio
ns

-h
bo

ol
n

o
P

rin
th

el
p

in
fo

an
d

qu
it

-n
ic

e
in

t
0

S
et

th
e

ni
ce

le
ve

l
-t

yp
e

en
um

a
n

g
le

Ty
pe

of
an

gl
e:

a
n

g
le

,
g

9
6

-a
n

g
le

,
d

ih
e

d
ra

l
,

im
p

ro
p

e
r

,
ry

ck
a

e
rt

-b
e

lle
m

a
n

s
or

p
h

i-
p

si

E
.6

2
ng

m
x

ng
m

x
is

th
e

G
ro

m
ac

s
tr

aj
ec

to
ry

vi
ew

er
.

T
hi

s
pr

og
ra

m
re

ad
s

a
tr

aj
ec

to
ry

fil
e,

a
ru

n
in

pu
t

fil
e

an
d

an
in

de
x

fil
e

an
d

pl
ot

s
a

3D
st

ru
ct

ur
e

of
yo

ur
m

ol
ec

ul
e

on
yo

ur
st

an
da

rd
X

W
in

do
w

sc
re

en
.

N
o

ne
ed

fo
r

a
hi

gh
en

d
gr

ap
hi

cs
w

or
ks

ta
tio

n,
it

ev
en

w
or

ks
on

M
on

oc
hr

om
e

sc
re

en
s.

T
he

fo
llo

w
in

g
fe

at
ur

es
ha

ve
be

en
im

pl
em

en
te

d:
3D

vi
ew

,r
ot

at
io

n,
tr

an
sl

at
io

n
an

d
sc

al
in

g
of

yo
ur

m
ol

ec
ul

e(
s)

,
la

be
ls

on
at

om
s,

an
im

at
io

n
of

tr
aj

ec
to

rie
s,

ha
rd

co
py

in
P

os
tS

cr
ip

tf
or

m
at

,u
se

r
de

fin
ed

at
om

-fi
lte

rs
ru

ns
on

M
IT

-X
(r

ea
lX

),
op

en
w

in
do

w
s

an
d

m
ot

if,
us

er
fr
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m
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,o
pt
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n

to
re

m
ov

e
pe
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pt

io
n

to
sh

ow
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m
pu

ta
tio

na
lb
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.

2
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.
R

e
d

u
ce

d
u

n
its

9

S
ym

bo
l

N
am

e
Va

lu
e

N
A

V
A

vo
ga

dr
o’

s
nu

m
be

r
6.

02
2

13
6
7(

36
)
×

10
2
3

m
ol
−

1

R
ga

s
co

ns
ta

nt
8.

31
4

51
0(

70
)
×

10
−

3
kJ

m
ol
−

1
K
−

1

k
B

B
ol

tz
m

an
n’

s
co

ns
ta

nt
id

em
h

P
la

nc
k’

s
co

ns
ta

nt
0.

39
9

03
1
32

(2
4)

kJ
m

ol
−

1
ps

h̄
D

ira
c’

s
co

ns
ta

nt
0.

06
3

50
7
80

7(
38

)
kJ

m
ol
−

1
ps

c
ve

lo
ci

ty
of

lig
ht

29
9

79
2.

45
8

nm
/p

s

Ta
bl

e
2.

3:
S

om
e

P
hy

si
ca

lC
on

st
an

ts

Q
ua

nt
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S
ym

bo
l

R
el

at
io

n
to

S
I

Le
ng

th
r∗

r
σ
−

1

M
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s
m
∗

m
M
−

1

T
im

e
t∗

tσ
−

1
√ ε/

M
Te

m
pe

ra
tu

re
T
∗

k B
T
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1

E
ne
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y

E
∗

E
ε−

1

F
or
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F∗

F
σ
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1

P
re
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ur

e
P∗

P
σ

3
ε−

1

Ve
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ci
ty

v∗
v
√ M
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D
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ty
ρ
∗

N
σ

3
V
−

1

Ta
bl

e
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R

ed
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Le

nn
ar
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Jo

ne
s

qu
an
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E
.60

m
drun

T
he

m
drun

program
is

the
m

ain
com

putationalchem
istry

engine
w

ithin
G

R
O

M
A

C
S

.O
bviously,itperform

s
M

olecular
D

ynam
ics

sim
ulations,butitcan

also
perform

B
row

nian
D

ynam
ics

and
Langevin

D
ynam

ics
as

w
ellas

C
onjugate

G
radient

or
S

teepest
D

escents
energy

m
inim

ization.
N

orm
alm

ode
analysis

is
another

option.
In

this
case

m
drun

builds
a

H
essian

m
atrix

from
single

conform
ation.

F
or

usualN
orm

alM
odes-like

calculations,m
ake

sure
thatthe

structure
provided

is
properly

energy-m
inim

ised.
T

he
generated

m
atrix

can
be

diagonalized
by

g nm
eig.

T
he

m
drun

program
reads

the
run

input
file

(
-s

)
and

distributes
the

topology
over

nodes
if

needed.
T

he
coordinates

are
passed

around,so
thatcom

putations
can

begin.
F

irsta
neighborlistis

m
ade,then

the
forces

are
com

puted.
T

he
forces

are
globally

sum
m

ed,
and

the
velocities

and
positions

are
updated.

If
neces-

sary
shake

is
perform

ed
to

constrain
bond

lengths
and/or

bond
angles.

Tem
perature

and
P

ressure
can

be
controlled

using
w

eak
coupling

to
a

bath.

m
drun

produces
atleastthree

outputfile,plus
one

log
file

(
-g

)
per

node.
T

he
trajectory

file
(

-o
),contains

coordinates,velocities
and

optionally
forces.

T
he

structure
file

(
-c

)
contains

the
coordinates

and
velocities

ofthe
laststep.

T
he

energy
file

(
-e

)
contains

energies,the
tem

perature,pressure,etc,a
lotofthese

things
are

also
printed

in
the

log
file

ofnode
0.

O
ptionally

coordinates
can

be
w

ritten
to

a
com

pressed
trajectory

file
(-x

).

W
hen

running
in

parallelw
ith

P
V

M
or

an
old

version
ofM

P
Ithe

-n
p

option
m

ustbe
given

to
indicate

the
num

ber
ofnodes.

T
he

option-d
g

d
l

is
only

used
w

hen
free

energy
perturbation

is
turned

on.

W
ith

-re
ru

n
an

inputtrajectory
can

be
given

for
w

hich
forces

and
energies

w
illbe

(re)calculated.
N

eigh-
bor

searching
w

illbe
perform

ed
for

every
fram
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n

stlist
is

zero
(see

the.m
d

p
file).

E
D
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sam
pling

is
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itched
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by
using

the
-e

i
flag
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ed

by
an.e

d
i

file.
T

he
.e

d
i

file
can

be
produced

using
options

in
the

essdyn
m

enu
ofthe

W
H

AT
IF

program
.

m
drun

produces
a

.e
d

o
file

thatcontains
projections

ofpositions,velocities
and

forces
onto

selected
eigenvectors.

T
he

-table
option

can
be

used
to

pass
m

drun
a

form
atted

table
w

ith
user-defined

potentialfunctions.
T

he
file

is
read

from
either

the
currentdirectory

or
from

the
G

M
X

LIB
directory.

A
num

ber
ofpreform

atted
tables

are
presented

in
the

G
M

X
LIB

dir,
for

6-8,
6-9,

6-10,
6-11,

6-12
Lennard

Jones
potentials

w
ith

norm
al

C
oulom

b.

T
he

options-p
i

,-p
o

,-p
d

,-p
n

are
used

for
potentialofm

ean
force

calculations
and

um
brella

sam
pling.

S
ee

m
anual.

W
hen

m
drun

receives
a

T
E

R
M

signal,itw
illsetnsteps

to
the

currentstep
plus

one.
W

hen
m

drun
receives

a
U

S
R

1
signal,itw

illsetnsteps
to

the
nextm

ultiple
ofnstxoutafterthe

currentstep.
In

both
cases

allthe
usual

outputw
illbe

w
ritten

to
file.

W
hen

running
w

ith
M

P
I,a

signalto
one

ofthe
m

drun
processes

is
sufficient,

this
signal

should
not

be
sent

to
m

pirun
or

the
m

drun
process

that
is

the
parent

of
the

others.
F

inally
som

e
experim

entalalgorithm
s

can
be

tested
w

hen
the

appropriate
options

have
been

given.
C

urrently
under
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glass
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F
ree

energy
perturbation,
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-R
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bardm
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parallelindependentsim
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3.1:
P

eriodic
boundary

conditions
in

tw
o

dim
ensions.

T
here

are
severalpossible

shapes
for

space-filling
unitcells.

S
om

e,as
the

rh
o

m
b

ic
d

o
d

e
ca

h
e

d
ro

n
and

thetru
n

ca
te

d
o

cta
h

e
d

ro
n[11]

are
closer

to
a

sphere
than

a
cube

is
and

are
therefore

m
ore

econom
ical

for
studying

an
(approxim

ately
spherical)

m
acrom

olecule
in

solution,
since

few
er

solventm
olecules

are
required

to
fillthe

box
given

a
m

inim
um

distance
betw

een
m

acrom
olecular

im
ages.

H
ow

ever,a
periodic

system
based

on
the

rhom
bic

dodecahedron
or

truncated
octahedron

is
equivalentto

a
periodic

system
based

on
a

triclin
ic

unitcell.
T

he
lattershape

is
the

m
ostgeneral

space-filling
unitcell;itcom

prises
allpossible

space-filling
shapes

[
12].

T
herefore

G
R

O
M

A
C

S
is

based
on

the
triclinic

unitcell.

G
R

O
M

A
C

S
uses

periodic
boundary

conditions,
com

bined
w

ith
the

m
in

im
u

m
im

age
co

nve
n

tio
n

:
only

one
-

the
nearest

-
im

age
of

each
particle

is
considered

for
short-range

non-bonded
inter-

action
term

s.
F

or
long-range

electrostatic
interactions

this
is

not
alw

ays
accurate

enough,
and

G
R

O
M

A
C

S
therefore

also
incorporates

lattice
sum

m
ethods

like
E

w
ald

S
um

,P
M

E
and

P
P

P
M

.
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rom

acs
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triclinic
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ofany
shape.

T
he

box
is

defined
by

the
3

box
vectors
a

,b
andc.
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he

box
vectors
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ustsatisfy
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follow

ing
conditions:

a
y

=
a

z
=
b
z

=
0

(3.1)

a
x
>

0
,

b
y
>

0
,

c
z
>

0
(3.2)

|b
x |≤

12
a

x ,
|c

x |≤
12
a

x ,
|c

y |≤
12
b
y

(3.3)

E
quations

(3.1)
can

alw
ays

be
statisfied

by
rotating

the
box.

E
quations

(
3.2)

and
(3.3)

can
alw

ays
be

statisfied
by

adding
and

subtracting
box

vectors.

E
ven

w
hen

sim
ulating

using
a

triclinic
box,G

R
O

M
A

C
S

alw
ays

puts
the

particles
in

a
brick

shaped
volum

e,for
efficiency

reasons.
T

his
is

illustrated
in

F
ig.

3.1
for

a
2-dim

ensionalsystem
.
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the
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m
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hen
averaging
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d
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=
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C
h

a
p

te
r

3
.

A
lg

o
rith

m
s

w
ith

the
xy-plane.

T
his

orientation
w

as
chosen

because
the

firsttw
o

box
vectors

coincide
w

ith
the

x
and

y-axis,
w

hich
is

easier
to

com
prehend.

T
he

other
orientation

can
be

usefulfor
sim

ulations
of

m
em

brane
proteins.

In
this

case
the

cross-section
w

ith
the

xy-plane
is

a
hexagon,

w
hich

has
an

area
w

hich
is

14%
sm

aller
than

the
area

ofa
square

w
ith

the
sam

e
im

age
distance.

T
he

height
of

the
box

(c
z )

should
be

changed
to

obtain
an

optim
alspacing.

T
his

box
shape

not
only

saves
C

P
U

-tim
e,italso

results
in

a
m

ore
uniform

arrangem
entofthe

proteins.

3.2.2
C

utoffrestrictions

T
he

m
inim

um
im

age
convention

im
plies

thatthe
cutoffradius

used
to

truncate
non-bonded

inter-
actions

m
ustnotexceed

halfthe
shortestbox

vector
for

grid
search:

R
c
<

12
m

in(‖a‖
,‖b‖,‖c‖),

(3.4)

otherw
ise

m
ore

than
one

im
age

w
ould

be
w

ithin
the

cutoffdistance
ofthe

force.
W

hen
a

m
acro-

m
olecule,

such
as

a
protein,

is
studied

in
solution,

this
restriction

does
not

suffice.
In

principle
a

single
solventm

olecule
should

notbe
able

to
‘see’both

sides
ofthe

m
acrom

olecule.
T

his
m

eans
that

the
length

of
each

box
vector

m
ust

exceed
the

length
of

the
m

acrom
olecule

in
the

direction
ofthatedgep

lu
s

tw
o

tim
es

the
cutoffradiusR

c .
Itis

com
m

on
to

com
prom

ise
in

this
respect,and

m
ake

the
solventlayer

som
ew

hatsm
aller

in
order

to
reduce

the
com

putationalcost.
F

or
efficiency

reasons
the

cutoffw
ith

sim
ple

search
in

triclinic
boxes

(grid
search

alw
ays

uses
eq.

(
3.4))

is
m

ore
restricted:

R
c
<

12
m

in(a
x ,b

y ,c
z )

(3.5)

E
ach

unit
cell

(cubic,
rectangular

or
triclinic)

is
surrounded

by
26

translated
im

ages.
T

hus
a

particular
im

age
can

alw
ays

be
identified

by
an

index
pointing

to
one

of27
tra

n
sla

tio
n

ve
cto

rsand
constructed

by
applying

a
translation

w
ith

the
indexed

vector
(see
3.4.3).

3.3
T

he
group

concept

In
the

G
R

O
M

A
C

S
M

D
and

analysis
program

s
one

uses
g

ro
u

p
sofatom

s
to

perform
certain

actions
on.

T
he

m
axim

um
num

berofgroups
is

256,buteach
atom

can
only

belong
to

six
differentgroups,

one
each

ofthe
follow

ing:

T-coupling
group

T
he

tem
perature

coupling
param

eters
(reference

tem
perature,

tim
e

constant,
num

ber
of

degrees
of

freedom
,

see
3.4.4)

can
be

defined
for

each
T-coupling

group
sepa-

rately.
F

or
exam

ple,
in

a
solvated

m
acrom

olecule
the

solvent
(that

tends
to

generate
m

ore
heating

by
force

and
integration

errors)can
be

coupled
w

ith
a

shortertim
e

constantto
a

bath
than

is
a

m
acrom

olecule,or
a

surface
can

be
keptcooler

than
an

adsorbing
m

olecule.
M

any
differentT-coupling

groups
m

ay
be

defined.
S

ee
also

center
ofm

ass
groups

below
.

F
reeze

group
A

tom
s

that
belong

to
a

freeze
group

are
kept

stationary
in

the
dynam

ics.
T

his
is

usefulduring
equilibration,e.g.to

avoid
badly

placed
solventm

olecules
giving

unreasonable
kicks

to
protein

atom
s,although

the
sam

e
effectcan

also
be

obtained
by

putting
a

restraining
potentialon

the
atom

s
thatm

ustbe
protected.

T
he

freeze
option

can
be

used,ifdesired,on

E
.5

4
.

g
so

rie
n

t
2

2
7

O
ther

options
-h

bool
n

o
P

rinthelp
info

and
quit

-n
ice

int
1

9
S

etthe
nicelevel

-b
tim

e
-1

F
irstfram

e
(ps)

to
read

from
trajectory

-e
tim

e
-1

Lastfram
e

(ps)
to

read
from

trajectory
-d

t
tim

e
-1

O
nly

use
fram

e
w

hen
tM

O
D

dt=
firsttim

e
(ps)

-w
bool

n
o

V
iew

outputxvg,xpm
,eps

and
pdb

files

E
.54

g
sorient

g
sorientanalyzes

solventorientation
around

solutes.
Itcalculates

tw
o

angles
betw

een
the

vector
from

one
or

m
ore

reference
positions

to
the

firstatom
ofeach

solventm
olecule:

theta1:
the

angle
w

ith
the

vector
from

the
firstatom

ofthe
solventm

olecule
to

the
m

idpointbetw
een

atom
s

2
and

3.
theta2:

the
angle

w
ith

the
norm

alofthe
solventplane,defined

by
the

sam
e

three
atom

s.
T

he
reference

can
be

a
set

of
atom

s
or

the
center

of
m

ass
of

a
set

of
atom

s.
T

he
group

of
solvent

atom
s

should
consist

of
3

atom
s

per
solvent

m
olecule.

O
nly

solvent
m

olecules
betw

een
-rm

in
and

-rm
a

x
are

considered
each

fram
e.

-o
:

angle
distribution

oftheta1.

-n
o

:
angle

distribution
oftheta2.

-ro
:
<

cos(theta1)>
and

<
3cos 2(theta2)-1>

as
a

function
ofthe

distance.

-ro
:

the
sum

over
allsolventm

olecules
w

ithin
distance

r
ofcos(theta1)

and
3cos

2(theta2)-1
as

a
function

ofr.

F
iles

-f
tra

j.xtc
Input

G
eneric

trajectory:
xtc

trr
trjgro

g96
pdb

-s
to

p
o

l.tp
r

Input
S

tructure+
m

ass(db):
tpr

tpb
tpa

gro
g96

pdb
-n

in
d

e
x.n

d
x

Input,O
pt.

Index
file

-o
so

ri.xvg
O

utput
xvgr/xm

gr
file

-n
o

sn
o

r.xvg
O

utput
xvgr/xm

gr
file

-ro
so

rd
.xvg

O
utput

xvgr/xm
gr

file
-co

scu
m

.xvg
O

utput
xvgr/xm

gr
file

O
ther

options
-h

bool
n

o
P

rinthelp
info

and
quit

-n
ice
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1

9
S
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nicelevel

-b
tim

e
-1

F
irstfram

e
(ps)

to
read

from
trajectory

-e
tim

e
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Lastfram
e

(ps)
to

read
from

trajectory
-d

t
tim

e
-1

O
nly

use
fram

e
w

hen
tM

O
D
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firsttim

e
(ps)

-w
bool

n
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V
iew

outputxvg,xpm
,eps

and
pdb

files
-co

m
bool

n
o

U
se

the
center

ofm
ass

as
the

reference
postion

-rm
in

real
0

M
inim

um
distance

-rm
a

x
real

0
.5

M
axim

um
distance

-n
b

in
int

2
0

N
um

ber
ofbins

E
.55

g
tcaf

g
tcafcom

putes
tranverse

currentautocorrelations.
T

hese
are

used
to

estim
ate

the
shear

viscosity
eta.

F
or

details
see:

P
alm

er,JC
P

49
(1994)

pp
359-366.
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A
lg

o
rith

m
s

how
ever,

the
update

algorithm
develops

a
very

slow
change

in
the

center-of-m
ass

velocity,
and

thus
in

the
totalkinetic

energy
ofthe

system
,specially

w
hen

tem
perature

coupling
is

used.
Ifsuch

changes
are

notquenched,an
appreciable

center-of-m
ass

m
otion

develops
eventually

in
long

runs,
and

the
tem

perature
w

ill
be

significantly
m

isinterpreted.
T

he
sam

e
m

ay
happen

due
to

overall
rotationalm

otion,
but

only
w

hen
an

isolated
cluster

is
sim

ulated.
In

periodic
system

s
w

ith
filled

boxes,the
overallrotationalm

otion
is

coupled
to

other
degrees

offreedom
and

does
notgive

any
problem

s.

3.4.2
N

eighbor
searching

A
s

m
entioned

in
chapter4,

internalforces
are

either
generated

from
fixed

(static)
lists,

or
from

dynam
ics

lists.
T

he
latter

concern
non-bonded

interactions
betw

een
any

pair
of

particles.
W

hen
calculating

the
non-bonded

forces,
it

is
convenient

to
have

allparticles
in

a
rectangular

box.
A

s
show

n
in

F
ig.3.1,

it
is

possible
to

transform
a

triclinic
box

into
a

rectangular
box.

T
he

output
coordinates

are
alw

ays
in

a
rectangular

box,even
w

hen
a

dodecahedron
or

triclinic
box

w
as

used
for

the
sim

ulation.
E

quations
(

3.1)
ensure

thatw
e

can
resetparticles

in
a

rectangular
box

by
first

shifting
them

w
ith

box
vectorc,then

w
ithb

and
finally

w
itha

.
E

quations
(3.3)ensure

thatw
e

can
find

the
14

nearest
triclinic

im
ages

w
ithin

a
linear

com
bination

w
hich

does
not

involve
m

ultiples
ofbox

vectors.

P
air

lists
generation

T
he

non-bonded
pair

forces
need

to
be

calculated
only

for
those

pairs
i,j

for
w

hich
the

distance
r
ij

betw
eeni

and
the

nearestim
age

of
j

is
less

than
a

given
cutoffradiusRc .

S
om

e
ofthe

particle
pairs

thatfulfillthis
criterion

are
excluded,w

hen
their

interaction
is

already
fully

accounted
for

by
bonded

interactions.
G

R
O

M
A

C
S

em
ploys

a
p

a
ir

list
that

contains
those

particle
pairs

for
w

hich
non-bonded

forces
m

ust
be

calculated.
T

he
pair

list
contains

atom
s

i,
a

displacem
ent

vector
for

atom
i,

and
allparticlesj

that
are

w
ithinrsh

o
rt

of
this

particular
im

age
of

atomi.
T

he
list

is
updated

everyn
stlist

steps,w
heren

stlist
is

typically
10

forthe
G

R
O

M
A

C
S

forcefield
and

5
for

the
G

R
O

M
O

S
-96

forcefield.
T

here
is

an
option

to
calculate

the
totalnon-bonded

force
on

each
particle

due
to

allparticle
in

a
shellaround

the
list-cutoff,

i.e.ata
distance

betw
eenrsh

o
rt

and
rlo

n
g

.
T

his
force

is
calculated

during
the

pair
list

update
and

retained
during

n
stlist

steps.

To
m

ake
the

neighbor
listallparticles

thatare
close

(
i.e.w

ithin
the

cutoff)
to

a
given

particle
m

ust
be

found.
T

his
searching,

usually
called

neighbor
searching

(N
S

),
involves

periodic
boundary

conditions
and

determ
ining

theim
age

(see
sec.3.2).

W
ithout

periodic
boundary

conditions
a

sim
ple

O
(N

2)
algorithm

m
ust

be
used.

W
ith

periodic
boundary

conditions
a

grid
search

can
be

used,w
hich

isO
(N

).

S
im

ple
search

D
ue

to
equations

(3.1)
and

(3.5),
the

vectorr
ij

connecting
im

ages
w

ithin
the

cutoffRc
can

be
found

by
constructing:

r
′′′

=
r

j −
r

i
(3.7)

E
.4

9
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g
ro

m
p

p
2

2
3

E
.49

grom
pp

T
he

grom
acs

preprocessor
reads

a
m

olecular
topology

file,
checks

the
validity

of
the

file,
expands

the
topology

from
a

m
olecular

description
to

an
atom

ic
description.

T
he

topology
file

contains
inform

ation
about

m
olecule

types
and

the
num

ber
of

m
olecules,

the
preprocessor

copies
each

m
olecule

as
needed.

T
here

is
no

lim
itation

on
the

num
ber

of
m

olecule
types.

B
onds

and
bond-angles

can
be

converted
into

constraints,separately
for

hydrogens
and

heavy
atom

s.
T

hen
a

coordinate
file

is
read

and
velocities

can
be

generated
from

a
M

axw
ellian

distribution
if

requested.
grom

pp
also

reads
param

eters
for

the
m

drun
(eg.

num
ber

ofM
D

steps,tim
e

step,cut-off),and
others

such
as

N
E

M
D

param
eters,w

hich
are

corrected
so

that
the

netacceleration
is

zero.
E

ventually
a

binary
file

is
produced

thatcan
serve

as
the

sole
inputfile

for
the

M
D

program
.

grom
pp

uses
the

atom
nam

es
from

the
topology

file.
T

he
atom

nam
es

in
the

coordinate
file

(option
-c

)
are

only
read

to
generate

w
arnings

w
hen

they
do

not
m

atch
the

atom
nam

es
in

the
topology.

N
ote

that
the

atom
nam

es
are

irrelevantfor
the

sim
ulation

as
only

the
atom

types
are

used
for

generating
interaction

param
eters.

grom
pp

calls
the

c-preprocessor
to

resolve
includes,

m
acros

etcetera.
To

specify
a

m
acro-preprocessor

other
than

/lib/cpp
(such

as
m

4)
you

can
put

a
line

in
your

param
eter

file
specifying

the
path

to
that

cpp.
S

pecifying-p
p

w
illgetthe

pre-processed
topology

file
w

ritten
out.

Ifyour
system

does
nothave

a
c-preprocessor,you

can
stilluse

grom
pp,butyou

do
nothave

access
to

the
features

from
the

cpp.
C

om
m

and
line

options
to

the
c-preprocessor

can
be

given
in

the
.m

d
p

file.
S

ee
your

localm
anual(m

an
cpp).

W
hen

using
position

restraints
a

file
w

ith
restraint

coordinates
can

be
supplied

w
ith

-r
,

otherw
ise

con-
straining

w
illbe

done
relative

to
the

conform
ation

from
the
-c

option.

S
tarting

coordinates
can

be
read

from
trajectory

w
ith

-t
.

T
he

last
fram

e
w

ith
coordinates

and
velocities

w
illbe

read,
unless

the-tim
e

option
is

used.
N

ote
thatthese

velocities
w

illnotbe
used

w
hen

g
e

n
ve

l
=

ye
s

in
your.m

d
p

file.
Ifyou

w
antto

continue
a

crashed
run,itis

easier
to

use
tp

b
co

n
v

.

W
hen

preparing
an

inputfile
for

parallel
m

d
ru

n
itm

ay
be

advantageous
to

partition
the

sim
ulation

system
over

the
nodes

in
a

w
ay

in
w

hich
each

node
has

a
sim

ilar
am

ount
of

w
ork.

T
he

-shuffle
option

does
just

that.
F

or
a

single
protein

in
w

ater
this

does
not

m
ake

a
difference,

how
ever

for
a

system
w

here
you

have
m

any
copies

ofdifferentm
olecules

(e.g.
liquid

m
ixture

or
m

em
brane/w

ater
system

)
the

option
is

definitely
a

m
ust.

A
further

optim
ization

for
parallelsystem

s
is

the-so
rt

option
w

hich
sorts

m
olecules

according
to

coor-
dinates.

T
his

m
ustalw

ays
be

used
in

conjunction
w

ith
-sh

u
ffle

,how
ever

sorting
also

w
orks

w
hen

you
have

only
one

m
olecule

type.

U
sing

the-m
o

rse
option

grom
pp

can
convert

the
harm

onic
bonds

in
your

topology
to

m
orse

potentials.
T

his
m

akes
it

possible
to

break
bonds.

F
or

this
option

to
w

ork
you

need
an

extra
file

in
your

$G
M

X
LIB

w
ith

dissociation
energy.

U
se

the
-debug

option
to

get
m

ore
inform

ation
on

the
w

orkings
of

this
option

(look
for

M
O

R
S

E
in

the
grom

pp.log
file

using
less

or
som

ething
like

that).

B
y

default
allbonded

interactions
w

hich
have

constant
energy

due
to

dum
m

y
atom

constructions
w

illbe
rem

oved.
If

this
constant

energy
is

not
zero,

this
w

ill
result

in
a

shift
in

the
total

energy.
A

ll
bonded

interactions
can

be
keptby

turning
off
-rm

d
u

m
b

d
s

.
A

dditionally,allconstraints
for

distances
w

hich
w

ill
be

constant
anyw

ay
because

of
dum

m
y

atom
constructions

w
ill

be
rem

oved.
If

any
constraints

rem
ain

w
hich

involve
dum

m
y

atom
s,a

fatalerror
w

illresult.

To
verify

your
run

inputfile,please
m

ake
notice

ofallw
arnings

on
the

screen,and
correctw

here
necessary.

D
o

also
look

atthe
contents

ofthemd
o

u
t.m

d
p

file,this
contains

com
m

entlines,as
w

ellas
the

inputthat
g

ro
m

p
p

has
read.

If
in

doubt
you

can
start

grom
pp

w
ith

the
-d

e
b

u
g

option
w

hich
w

illgive
you

m
ore

inform
ation

in
a

file
called

grom
pp.log

(along
w

ith
realdebug

info).
F

inally,you
can

see
the

contents
ofthe

run
inputfile

w
ith

theg
m

xd
u

m
p

program
.
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s
(c

or
re

so
nd

in
g

to
th

e
-o

q
or

-o
x

op
tio

n)
.

P
le

as
e

no
te

th
at

th
e

U
va

lu
es

ar
e

or
ie

nt
at

io
n

de
pe

nd
en

t,
so

be
fo

re
co

m
pa

ris
on

w
ith

ex
pe

rim
en

ta
ld

at
a

yo
u

sh
ou

ld
ve

rif
y

th
at

yo
u

fit
to

th
e

ex
pe

rim
en

ta
lc

oo
rd

in
at

es
.

W
he

n
a

pd
b

in
pu

tfi
le

is
pa

ss
ed

to
th

e
pr

og
ra

m
an

d
th

e
-a

n
is

o
fla

g
is

se
ta

co
rr

el
at

io
n

pl
ot

of
th

e
U

ij
w

ill
be

cr
ea

te
d,

if
an

y
an

is
ot

ro
pi

c
te

m
pe

ra
tu

re
fa

ct
or

s
ar

e
pr

es
en

ti
n

th
e

pd
b

fil
e.

W
ith

op
tio

n
-d

ir
th

e
av

er
ag

e
M

S
F

(3
x3

)
m

at
rix

is
di

ag
on

al
iz

ed
.

T
hi

s
sh

ow
s

th
e

di
re

ct
io

ns
in

w
hi

ch
th

e
at

om
s

flu
ct

ua
te

th
e

m
os

ta
nd

th
e

le
as

t.

F
ile

s
-f

tr
a

j.x
tc

In
pu

t
G

en
er

ic
tr

aj
ec

to
ry

:
xt

c
tr

r
tr

jg
ro

g9
6

pd
b

-s
to

p
o

l.t
p

r
In

pu
t

S
tr

uc
tu

re
+

m
as

s(
db

):
tp

r
tp

b
tp

a
gr

o
g9

6
pd

b
-n

in
d

e
x.

n
d

x
In

pu
t,

O
pt

.
In

de
x

fil
e

-q
e

iw
it.

p
d

b
In

pu
t,

O
pt

.
P

ro
te

in
da

ta
ba

nk
fil

e
-o

q
b

fa
c.

p
d

b
O

ut
pu

t,
O

pt
.

P
ro

te
in

da
ta

ba
nk

fil
e

-o
x

xa
ve

r.
p

d
b

O
ut

pu
t,

O
pt

.
P

ro
te

in
da

ta
ba

nk
fil

e
-o

rm
sf

.x
vg

O
ut

pu
t

xv
gr

/x
m

gr
fil

e
-o

d
rm

sd
e

v.
xv

g
O

ut
pu

t,
O

pt
.

xv
gr

/x
m

gr
fil

e
-o

c
co

rr
e

l.x
vg

O
ut

pu
t,

O
pt

.
xv

gr
/x

m
gr

fil
e

-d
ir

rm
sf

.lo
g

O
ut

pu
t,

O
pt

.
Lo

g
fil

e

O
th

er
op

tio
ns

-h
bo

ol
n

o
P

rin
th

el
p

in
fo

an
d

qu
it

-n
ic

e
in

t
1

9
S

et
th

e
ni

ce
le

ve
l

-b
tim

e
-1

F
irs

tf
ra

m
e

(p
s)

to
re

ad
fr

om
tr

aj
ec

to
ry

-e
tim

e
-1

La
st

fr
am

e
(p

s)
to

re
ad

fr
om

tr
aj

ec
to

ry
-d

t
tim

e
-1

O
nl

y
us

e
fr

am
e

w
he

n
tM

O
D

dt
=

fir
st

tim
e

(p
s)

-w
bo

ol
n

o
V

ie
w

ou
tp

ut
xv

g,
xp

m
,e

ps
an

d
pd

b
fil

es
-r

e
s

bo
ol

n
o

C
al

cu
la

te
av

er
ag

es
fo

r
ea

ch
re

si
du

e
-a

n
is

o
bo

ol
n

o
C

om
pu

te
an

is
ot

ro
pi

c
te

rm
pe

ra
tu

re
fa

ct
or

s

3
.4

.
M

o
le

cu
la

r
D

yn
a

m
ic

s
1

9
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F
ig

ur
e

3.
5:

G
rid

se
ar

ch
in

tw
o

di
m

en
si

on
s.

T
he

ar
ro

w
s

ar
e

th
e

bo
x

ve
ct

or
s.

r
′′

=
r
′′′
−

a
∗

ro
u

n
d

(r
′′′ z
/c

z
))

(3
.8

)

r
′

=
r
′′
−

b
∗

ro
u

n
d

(r
′′ y
/b

y
)

(3
.9

)

r
ij

=
r
′ −

c
∗

ro
u

n
d

(r
′ x
/a

x
)

(3
.1

0)

W
he

n
di

st
an

ce
s

be
tw

ee
n

an
y

tw
o

pa
rt

ic
le

s
in

a
tr

ic
lin

ic
bo

x
ar

e
ne

ed
ed

,
m

an
y

sh
ift

s
of

co
m

bi
na

-
tio

ns
of

bo
x

ve
ct

or
s

ne
ed

to
be

co
ns

id
er

ed
to

fin
d

th
e

ne
ar

es
ti

m
ag

e.

G
rid

se
ar

ch

T
he

gr
id

se
ar

ch
is

sc
he

m
at

ic
al

ly
de

pi
ct

ed
in

F
ig

.
3.

5.
A

ll
pa

rt
ic

le
s

ar
e

pu
to

n
th

e
N

S
gr

id
,w

ith
th

e
sm

al
le

st
sp

ac
in

g≥
R

c
/
2

in
ea

ch
of

th
e

di
re

ct
io

ns
.

In
th

e
di

re
ct

io
n

of
ea

ch
bo

x
ve

ct
or

,
a

pa
rt

ic
le

i
ha

s
th

re
e

im
ag

es
.

F
or

ea
ch

di
re

ct
io

n
th

e
im

ag
e

m
ay

be
-1

,0
or

1,
co

rr
es

po
nd

in
g

to
a

tr
an

sl
at

io
n

ov
er

-1
,

0
or

+
1

bo
x

ve
ct

or
.

W
e

do
no

t
se

ar
ch

th
e

su
rr

ou
nd

in
g

N
S

gr
id

ce
lls

fo
r

ne
ig

hb
or

s
of

i
an

d
th

en
ca

lc
ul

at
e

th
e

im
ag

e,
bu

t
ra

th
er

co
ns

tr
uc

t
th

e
im

ag
es

fir
st

an
d

th
en

se
ar

ch
ne

ig
hb

or
s

co
rr

es
po

nd
in

g
to

th
at

im
ag

e
ofi.

A
s

F
ig

.3
.5

sh
ow

s,
so

m
e

gr
id

ce
lls

m
ay

be
se

ar
ch

ed
m

or
e

th
an

on
ce

fo
rd

iff
er

en
ti

m
ag

es
ofi.

T
hi

s
is

no
ta

pr
ob

le
m

,s
in

ce
,d

ue
to

th
e

m
in

im
um

im
ag

e
co

nv
en

tio
n,

at
m

os
t

on
e

im
ag

e
w

ill
“s

ee
”

th
ej-

pa
rt

ic
le

.
F

or
ev

er
y

pa
rt

ic
le

,
fe

w
er

th
an

12
5

(5
3
)

ne
ig

hb
or

in
g

ce
lls

ar
e

se
ar

ch
ed

.
T

he
re

fo
re

,t
he

al
go

rit
hm

sc
al

es
lin

ea
rly

w
ith

th
e

nu
m

be
r

of
pa

rt
ic

le
s.

A
lth

ou
gh

th
e

pr
ef

ac
to

r
is

la
rg

e,
th

e
sc

al
in

g
be

ha
vi

or
m

ak
es

th
e

al
go

rit
hm

fa
r

su
pe

rio
r

ov
er

th
e

st
an

da
rd

O
(N

2
)

al
go

rit
hm

w
he

n
th

er
e

ar
e

m
or

e
th

an
a

fe
w

hu
nd

re
d

pa
rt

ic
le

s.
T

he
gr

id
se

ar
ch

is
eq

ua
lly

fa
st

fo
r

re
ct

an
gu

la
r

an
d

tr
ic

lin
ic

bo
xe

s.
T

hu
s

fo
r

m
os

tp
ro

te
in

an
d

pe
pt

id
e

si
m

ul
at

io
ns

th
e

rh
om

bi
c

do
de

ca
he

dr
on

w
ill

be
th

e
pr

ef
er

ab
le

bo
x

sh
ap

e.

C
ha

rg
e

gr
ou

ps

W
he

re
ap

pl
ic

ab
le

,n
ei

gh
bo

rs
ea

rc
hi

ng
is

ca
rr

ie
d

ou
to

n
th

e
ba

si
s

of
ch

a
rg

e
g

ro
u

p
s.
A

ch
ar

ge
gr

ou
p

is
a

sm
al

ls
et

of
ne

ar
by

at
om

s
w

ith
an

in
te

ge
r

ne
tc

ha
rg

e.
C

ha
rg

e
gr

ou
ps

ar
e

de
fin

ed
in

th
e

m
ol

ec
-

ul
ar

to
po

lo
gy

.
If

th
e

ne
ar

es
ti

m
ag

e
di

st
an

ce
be

tw
ee

n
th

e
ge

o
m

e
tr

ic
a

lc
e

n
te

rso
ft

he
at

om
s

of
tw

o



2
0

C
h

a
p

te
r

3
.

A
lg

o
rith

m
s

charge
groups

is
less

than
the

cutoffradius,allatom
pairs

betw
een

the
charge

groups
are

included
in

the
pair

list.
T

his
procedure

avoids
the

creation
ofcharges

due
to

the
use

ofa
cutoff(w

hen
one

charge
ofa

dipole
is

w
ithin

range
and

the
other

not),w
hich

can
have

disastrous
consequences

for
the

behavior
ofthe

C
oulom

b
interaction

function
atdistances

near
the

cutoffradius.
Ifm

olecular
groups

have
fullcharges

(ions),charge
groups

do
notavoid

adverse
cutoffeffects,and

you
should

consider
using

one
ofthe

lattice
sum

m
ethods

supplied
by

G
R

O
M

A
C

S
[

13].

Ifappropriately
constructed

shiftfunctions
are

used
for

the
electrostatic

forces,no
charge

groups
are

needed.
S

uch
shiftfunctions

are
im

plem
ented

in
G

R
O

M
A

C
S

(see
chapter
4)

butm
ustbe

used
w

ith
care:

in
principle,they

should
be

com
bined

w
ith

a
lattice

sum
for

long-range
electrostatics.

3.4.3
C

om
pute

forces

P
otentialenergy

W
hen

forces
are

com
puted,

the
potential

energy
of

each
interaction

term
is

com
puted

as
w

ell.
T

he
totalpotentialenergy

is
sum

m
ed

for
various

contributions,such
as

Lennard-Jones,C
oulom

b,
and

bonded
term

s.
Itis

also
possible

to
com

pute
these

contributions
for

g
ro

u
p

sofatom
s

thatare
separately

defined
(see

sec.
3.3).

K
inetic

energy
and

tem
perature

T
he

tem
perature

is
given

by
the

totalkinetic
energy

ofthe
N

-particle
system

:

E
k
in

=
12

N∑i=
1

m
i v

2i
(3.11)

F
rom

this
the

absolute
tem

perature
T

can
be

com
puted

using:

12
N

df k
T

=
E

k
in

(3.12)

w
here

k
is

B
oltzm

ann’s
constant

andN
df

is
the

num
ber

of
degrees

of
freedom

w
hich

can
be

com
puted

from
:

N
df

=
3N

−
N

c −
N

co
m

(3.13)

H
ere

N
c

is
the

num
berofco

n
stra

in
tsim

posed
on

the
system

.
W

hen
perform

ing
m

oleculardynam
-

ics
N

co
m

=
3

additionaldegrees
of

freedom
m

ust
be

rem
oved,

because
the

three
center-of-m

ass
velocities

are
constants

of
the

m
otion,

w
hich

are
usually

set
to

zero.
W

hen
sim

ulating
in

vacuo,
the

rotation
around

the
center

of
m

ass
can

also
be

rem
oved,

in
this

case
N

co
m

=
6.

W
hen

m
ore

than
one

tem
perature

coupling
group

is
used,the

num
ber

ofdegrees
offreedom

for
group

i
is:

N
idf

=
(3
N

i−
N

ic ) 3N
−
N

c −
N

co
m

3N
−
N

c
(3.14)

T
he

kinetic
energy

can
also

be
w

ritten
as

a
tensor,w

hich
is

necessary
for

pressure
calculation

in
a

triclinic
system

,or
system

s
w

here
shear

forces
are

im
posed:

E
k
in

=
12

N∑i

m
i v

i ⊗
v

i
(3.15)

E
.4

7
.

g
rm

sd
ist

2
2

1

-e
tim

e
-1

Lastfram
e

(ps)
to

read
from

trajectory
-d

t
tim

e
-1

O
nly

use
fram

e
w

hen
tM

O
D

dt=
firsttim

e
(ps)

-tu
enum

p
s

T
im

e
unit:p

s
,fs

,n
s

,u
s

,m
s,s

,m
orh

-w
bool

n
o

V
iew

outputxvg,xpm
,eps

and
pdb

files
-w

h
a

t
enum

rm
sd

S
tructuraldifference

m
easure:

rm
sd

,rh
o

orrh
o

sc
-p

b
c

bool
ye

s
P

B
C

check
-fit

bool
ye

s
F

itto
reference

structure
-p

re
v

int
0

C
om

pare
w

ith
previous

fram
e

-sp
lit

bool
n

o
S

plitgraph
w

here
tim

e
is

zero
-skip

int
1

O
nly

w
rite

every
nr-th

fram
e

to
m

atrix
-skip

2
int

1
O

nly
w

rite
every

nr-th
fram

e
to

m
atrix

-m
a

x
real

-1
M

axim
um

levelin
com

parison
m

atrix
-m

in
real

-1
M

inim
um

levelin
com

parison
m

atrix
-b

m
a

x
real

-1
M

axim
um

levelin
bond

angle
m

atrix
-b

m
in

real
-1

M
inim

um
levelin

bond
angle

m
atrix

-n
le

ve
ls

int
8

0
N

um
ber

oflevels
in

the
m

atrices

E
.47

g
rm

sdist

g
rm

sdist
com

putes
the

root
m

ean
square

deviation
of

atom
distances,

w
hich

has
the

advantage
that

no
fit

is
needed

like
in

standard
R

M
S

deviation
as

com
puted

by
g

rm
s.

T
he

reference
structure

is
taken

from
the

structure
file.

T
he

rm
sd

attim
e

tis
calculated

as
the

rm
s

ofthe
differences

in
distance

betw
een

atom
-pairs

in
the

reference
structure

and
the

structure
attim

e
t.

g
rm

sdistcan
also

produce
m

atrices
ofthe

rm
s

distances,rm
s

distances
scaled

w
ith

the
m

ean
distance

and
the

m
ean

distances
and

m
atrices

w
ith

N
M

R
averaged

distances
(1/r

3
and

1/r 6
averaging).

F
inally,

lists
of

atom
pairs

w
ith

1/r 3and
1/r 6

averaged
distance

below
the

m
axim

um
distance

(
-m

a
x

,w
hich

w
illdefaultto

0.6
in

this
case)

can
be

generated,by
defaultaveraging

over
equivalenthydrogens

(alltriplets
ofhydrogens

nam
ed

*[123]).
A

dditionally
a

list
of

equivalent
atom

s
can

be
supplied

(
-e

q
u

iv
),

each
line

containing
a

setofequivalentatom
s

specified
as

residue
num

ber
and

nam
e

and
atom

nam
e;e.g.:

3
S

E
R

H
B

1
3

S
E

R
H

B
2

R
esidue

and
atom

nam
es

m
ust

exactly
m

atch
those

in
the

structure
file,

including
case.

S
pecifying

non-
sequentialatom

s
is

undefined.

F
iles

-f
tra

j.xtc
Input

G
eneric

trajectory:
xtc

trr
trjgro

g96
pdb

-s
to

p
o

l.tp
r

Input
S

tructure+
m

ass(db):
tpr

tpb
tpa

gro
g96

pdb
-n

in
d

e
x.n

d
x

Input,O
pt.

Index
file

-e
q

u
iv

e
q

u
iv.d

a
t

Input,O
pt.

G
eneric

data
file

-o
d

istrm
sd

.xvg
O

utput
xvgr/xm

gr
file

-rm
s

rm
sd

ist.xp
m

O
utput,O

pt.
X

P
ixM

ap
com

patible
m

atrix
file

-scl
rm

ssca
le

.xp
m

O
utput,O

pt.
X

P
ixM

ap
com

patible
m

atrix
file

-m
e

a
n

rm
sm

e
a

n
.xp

m
O

utput,O
pt.

X
P

ixM
ap

com
patible

m
atrix

file
-n

m
r3

n
m

r3
.xp

m
O

utput,O
pt.

X
P

ixM
ap

com
patible

m
atrix

file
-n

m
r6

n
m

r6
.xp

m
O

utput,O
pt.

X
P

ixM
ap

com
patible

m
atrix

file
-n

o
e

n
o

e
.d

a
t

O
utput,O

pt.
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at
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-b
m

pr
od

uc
es

a
m

at
rix

of
av

er
ag

e
bo

nd
an

gl
e

de
vi

at
io

ns
an

al
og

ou
sl

y
to

th
e

-m
op

tio
n.

O
nl

y
bo

nd
s

be
tw

ee
n

at
om

s
in

th
e

co
m

pa
ris

on
gr

ou
p

ar
e

co
ns

id
er

ed
.

F
ile

s
-s

to
p

o
l.t

p
r

In
pu

t
S

tr
uc

tu
re

+
m

as
s(

db
):

tp
r

tp
b

tp
a

gr
o

g9
6

pd
b

-f
tr

a
j.x

tc
In

pu
t

G
en

er
ic

tr
aj

ec
to

ry
:

xt
c

tr
r

tr
jg

ro
g9

6
pd

b
-f

2
tr

a
j.x

tc
In

pu
t,

O
pt

.
G

en
er

ic
tr

aj
ec

to
ry

:
xt

c
tr

r
tr

jg
ro

g9
6

pd
b

-n
in

d
e

x.
n

d
x

In
pu

t,
O

pt
.

In
de

x
fil

e
-o

rm
sd

.x
vg

O
ut

pu
t

xv
gr

/x
m

gr
fil

e
-m

ir
rm

sd
m

ir
.x

vg
O

ut
pu

t,
O

pt
.

xv
gr

/x
m

gr
fil

e
-a

a
vg

rp
.x

vg
O

ut
pu

t,
O

pt
.

xv
gr

/x
m

gr
fil

e
-d

is
t

rm
sd

-d
is

t.
xv

g
O

ut
pu

t,
O

pt
.

xv
gr

/x
m

gr
fil

e
-m

rm
sd

.x
p

m
O

ut
pu

t,
O

pt
.

X
P

ix
M

ap
co

m
pa

tib
le

m
at

rix
fil

e
-b

in
rm

sd
.d

a
t

O
ut

pu
t,

O
pt

.
G

en
er

ic
da

ta
fil

e
-b

m
b

o
n

d
.x

p
m

O
ut

pu
t,

O
pt

.
X

P
ix

M
ap

co
m

pa
tib

le
m

at
rix

fil
e

O
th

er
op

tio
ns

-h
bo

ol
n

o
P

rin
th

el
p

in
fo

an
d

qu
it

-n
ic

e
in

t
1

9
S

et
th

e
ni

ce
le

ve
l

-b
tim

e
-1

F
irs

tf
ra

m
e

(p
s)

to
re

ad
fr

om
tr

aj
ec

to
ry

3
.4

.
M

o
le

cu
la

r
D

yn
a

m
ic

s
2

1

1
2

0
t

x
v

x

F
ig

ur
e

3.
6:

T
he

Le
ap

-F
ro

g
in

te
gr

at
io

n
m

et
ho

d.
T

he
al

go
rit

hm
is

ca
lle

d
Le

ap
-F

ro
g

be
ca

us
e

r
an

d
v

ar
e

le
ap

in
g

lik
e

fr
og

s
ov

er
ea

ch
ot

he
rs

ba
ck

.

P
re

ss
ur

e
an

d
vi

ria
l

T
he

pr
es

su
re

te
ns

orP
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pr
es

su
re

P
,

w
hi

ch
ca

n
be

us
ed

fo
r

pr
es

su
re

co
up

lin
g

in
th
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Tem

perature
coupling

F
or

severalreasons
(driftduring

equilibration,
driftas

a
resultofforce

truncation
and

integration
errors,heating

due
to

externalor
frictionalforces),itis

necessary
to

controlthe
tem

perature
ofthe

system
.

G
R

O
M

A
C

S
can

use
either

the
w

e
a

k
co

u
p

lin
gschem

e
ofB

erendsen
[

17]or
the

extended
ensem

ble
N

ośe-H
oover

schem
e

[18,19].

B
erendsen

tem
perature

coupling

T
he

B
erendsen

algorithm
m

im
ics

w
eak

coupling
w

ith
first-order

kinetics
to

an
externalheatbath

w
ith

given
tem

peratureT
0 .

S
ee

ref.
[20]

for
a

com
parison

w
ith

the
N

osé-H
oover

schem
e.

T
he

effect
of

this
algorithm

is
that

a
deviation

of
the

system
tem

perature
from
T

0
is

slow
ly

corrected
according

to

dTd
t

=
T

0 −
T

τ
(3.22)

w
hich

m
eans

that
a

tem
perature

deviation
decays

exponentially
w

ith
a

tim
e

constant
τ.

T
his

m
ethod

ofcoupling
has

the
advantage

thatthe
strength

ofthe
coupling

can
be

varied
and

adapted
to

the
user

requirem
ent:

for
equilibration

purposes
the

coupling
tim

e
can

be
taken

quite
short(

e.g.
0.01

ps),
butfor

reliable
equilibrium

runs
itcan

be
taken

m
uch

longer
(

e.g.0.5
ps)

in
w

hich
case

ithardly
influences

the
conservative

dynam
ics.

T
he

heatflow
into

or
outofthe

system
is

effected
by

scaling
the

velocities
ofeach

particle
every

step
w

ith
a

tim
e-dependentfactor

λ
,given

by

λ
= [1

+
∆
t

τ
T {

T
0

T
(t−

∆
t

2
)
−

1 }]
1
/
2

(3.23)

T
he

param
eterτ

T
is

close
to,

but
not

exactly
equal

to
the

tim
e

constant
τ

of
the

tem
perature

coupling
(eqn.3.22):

τ
=

2C
V
τ
T
/N

df k
(3.24)

w
here

C
V

is
the

total
heat

capacity
of

the
system

,
k

is
B

oltzm
ann’s

constant,
andN

df
is

the
total

num
ber

of
degrees

of
freedom

.
T

he
reason

that
τ
6=
τ
T

is
that

the
kinetic

energy
change

caused
by

scaling
the

velocities
is

partly
redistributed

betw
een

kinetic
and

potentialenergy
and

hence
the

change
in

tem
perature

is
less

than
the

scaling
energy.

In
practice,the

ratio
τ
/τ

T
ranges

from
1

(gas)
to

2
(harm

onic
solid)

to
3

(w
ater).

W
hen

w
e

use
the

term
’tem

perature
coupling

tim
e

constant’,
w

e
m

ean
the

param
eter
τ
T

.
N

ote
that

in
practice

the
scaling

factorλis
lim

ited
to

the
range

of
0.8<

=
λ
<

=
1.25,

to
avoid

scaling
by

very
large

num
bers

w
hich

m
ay

crash
the

sim
ulation.

In
norm

aluse,λw
illalw

ays
be

m
uch

closer
to

1.0.

S
trictly,

for
com

puting
the

scaling
factor

the
tem

perature
T

is
needed

at
tim

et,
but

this
is

not
available

in
the

algorithm
.

In
practice,

the
tem

perature
at

the
previous

tim
e

step
is

used
(as

indi-
cated

in
eqn.3.23),

w
hich

is
perfectly

allright
since

the
coupling

tim
e

constant
is

m
uch

longer
than

one
tim

e
step.

T
he

B
erendsen

algorithm
is

stable
up

to
τ
T
≈

∆
t.

[A
sim

ple
steepest-descent

m
inim

izer
can

be
im

plem
ented

by
setting

T
=

0
and

τ
T
�
δt.]

E
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g
ram

a

g
ram

a
selects

the
P

hi/P
sidihedralcom

binations
from

your
topology

file
and

com
putes

these
as

a
function

oftim
e.

U
sing

sim
ple

U
nix

tools
such

asgre
p

you
can

selectoutspecific
residues.
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file
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to
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trajectory
-d

t
tim

e
-1

O
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O
D
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e
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V
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files
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g
rdf

T
he

structure
of

liquids
can

be
studied

by
either

neutron
or

X
-ray

scattering.
T

he
m

ost
com

m
on

w
ay

to
describe

liquid
structure

is
by

a
radial

distribution
function.

H
ow

ever,
this

is
not

easy
to

obtain
from

a
scattering

experim
ent.

g
rdf

calculates
radial

distribution
functions

in
different

w
ays.

T
he

norm
al

m
ethod

is
around

a
(set

of)
particle(s),the

other
m

ethod
is

around
the

center
ofm

ass
ofa

setofparticles.

If
a

run
input

file
is

supplied
(-s

),
exclusions

defined
in

that
file

are
taken

into
account

w
hen

calculating
the

rdf.
T

he
option-cu

t
is

m
eantas

an
alternative

w
ay

to
avoid

intram
olecular

peaks
in

the
rdfplot.

Itis
how

ever
better

to
supply

a
run

input
file

w
ith

a
higher

num
ber

of
exclusions.

F
or

eg.
benzene

a
topology

w
ith

nrexclset
to

5
w

ould
elim

inate
allintram

olecular
contributions

to
the

rdf.
N

ote
that

allatom
s

in
the

selected
groups

are
used,also

the
ones

thatdon’thave
Lennard-Jones

interactions.

O
ption

-cn
produces

the
cum

ulative
num

ber
rdf.

To
bridge

the
gap

betw
een

theory
and

experim
ent

structure
factors

can
be

com
puted

(option
-sq

).
T

he
algorithm

uses
F

F
T,the

gridspacing
ofw

hich
is

determ
ined

by
option

-g
rid

.

F
iles

-f
tra

j.xtc
Input

G
eneric

trajectory:
xtc

trr
trjgro

g96
pdb

-s
to

p
o

l.tp
r

Input,O
pt.

S
tructure+

m
ass(db):

tpr
tpb

tpa
gro

g96
pdb

-n
in

d
e

x.n
d

x
Input,O

pt.
Index

file
-o

rd
f.xvg

O
utput,O

pt.
xvgr/xm

gr
file

-sq
sq

.xvg
O

utput,O
pt.

xvgr/xm
gr

file
-cn

rd
f

cn
.xvg

O
utput,O

pt.
xvgr/xm

gr
file

-h
q

h
q

.xvg
O

utput,O
pt.

xvgr/xm
gr

file
-im

a
g

e
sq

.xp
m

O
utput,O

pt.
X

P
ixM

ap
com

patible
m

atrix
file

O
ther

options
-h

bool
n

o
P

rinthelp
info

and
quit

-n
ice

int
1

9
S

etthe
nicelevel

-b
tim

e
-1

F
irstfram

e
(ps)

to
read

from
trajectory

-e
tim

e
-1

Lastfram
e

(ps)
to

read
from

trajectory
-d

t
tim

e
-1

O
nly

use
fram

e
w

hen
tM

O
D

dt=
firsttim

e
(ps)



2
1

8
A

p
p

e
n

d
ix

E
.

M
a

n
u

a
lP

ag
e

s

-n
in

d
e

x.
n

d
x

In
pu

t
In

de
x

fil
e

-s
to

p
o

l.t
p

r
In

pu
t

G
en

er
ic

ru
n

in
pu

t:
tp

r
tp

b
tp

a
-o

o
rd

e
r.

xv
g

O
ut

pu
t

xv
gr

/x
m

gr
fil

e
-o

d
d

e
u

te
r.

xv
g

O
ut

pu
t

xv
gr

/x
m

gr
fil

e
-o

s
sl

ic
e

d
.x

vg
O

ut
pu

t
xv

gr
/x

m
gr

fil
e

O
th

er
op

tio
ns

-h
bo

ol
n

o
P

rin
th

el
p

in
fo

an
d

qu
it

-n
ic

e
in

t
1

9
S

et
th

e
ni

ce
le

ve
l

-b
tim

e
-1

F
irs

tf
ra

m
e

(p
s)

to
re

ad
fr

om
tr

aj
ec

to
ry

-e
tim

e
-1

La
st

fr
am

e
(p

s)
to

re
ad

fr
om

tr
aj

ec
to

ry
-d

t
tim

e
-1

O
nl

y
us

e
fr

am
e

w
he

n
tM

O
D

dt
=

fir
st

tim
e

(p
s)

-w
bo

ol
n

o
V

ie
w

ou
tp

ut
xv

g,
xp

m
,e

ps
an

d
pd

b
fil

es
-d

en
um

z
D

ire
ct

io
n

of
th

e
no

rm
al

on
th

e
m

em
br

an
e:z
,x

or
y

-s
l

in
t

1
C

al
cu

la
te

or
de

r
pa

ra
m

et
er

as
fu

nc
tio

n
of

bo
xl

en
gt

h,
di

vi
di

ng
th

e
bo

x
in

#n
r

sl
ic

es
.

-s
zo

n
ly

bo
ol

n
o

O
nl

y
gi

ve
S

z
el

em
en

to
fo

rd
er

te
ns

or
.

(a
xi

s
ca

n
be

sp
ec

ifi
ed

w
ith

-d
)

-u
n

sa
t

bo
ol

n
o

C
al

cu
la

te
or

de
rp

ar
am

et
er

s
fo

ru
ns

at
ur

at
ed

ca
rb

on
s.

N
ot

e
th

at
th

is
ca

nn
ot

be
m

ix
ed

w
ith

no
rm

al
or

de
r

pa
ra

m
et

er
s.

E
.4

3
g

po
te

nt
ia

l

C
om

pu
te

th
e

el
ec

tr
os

ta
tic

al
po

te
nt

ia
la

cr
os

s
th

e
bo

x.
T

he
po

te
nt

ia
li

sc
al

cu
la

te
d

by
fir

st
su

m
m

in
g

th
e

ch
ar

ge
s

pe
r

sl
ic

e
an

d
th

en
in

te
gr

at
in

gt
w

ic
e

of
th

is
ch

ar
ge

di
st

rib
ut

io
n.

P
er

io
di

c
bo

un
da

rie
s

ar
e

no
t

ta
ke

n
in

to
ac

-
co

un
t.

R
ef

er
en

ce
of

po
te

nt
ia

l
is

ta
ke

n
to

be
th

e
le

ft
si

de
of

th
e

bo
x.

It’
s

al
so

po
ss

ib
le

to
ca

lc
ul

at
e

th
e

po
te

nt
ia

li
n

sp
he

ric
al

co
or

di
na

te
s

as
fu

nc
tio

n
of

r
by

ca
lc

ul
at

in
g

a
ch

ar
ge

di
st

rib
ut

io
n

in
sp

he
ric

al
sl

ic
es

an
d

tw
ic

e
in

te
gr

at
in

g
th

em
.

ep
si

lo
nr
is

ta
ke

n
as

1,
2

is
m

or
e

ap
pr

op
ria

te
in

m
an

y
ca

se
s

F
ile

s
-f

tr
a

j.x
tc

In
pu

t
G

en
er

ic
tr

aj
ec

to
ry

:
xt

c
tr

r
tr

jg
ro

g9
6

pd
b

-n
in

d
e

x.
n

d
x

In
pu

t
In

de
x

fil
e

-s
to

p
o

l.t
p

r
In

pu
t

G
en

er
ic

ru
n

in
pu

t:
tp

r
tp

b
tp

a
-o

p
o

te
n

tia
l.x

vg
O

ut
pu

t
xv

gr
/x

m
gr

fil
e

-o
c

ch
a

rg
e

.x
vg

O
ut

pu
t

xv
gr

/x
m

gr
fil

e
-o

f
fie

ld
.x

vg
O

ut
pu

t
xv

gr
/x

m
gr

fil
e

O
th

er
op

tio
ns

-h
bo

ol
n

o
P

rin
th

el
p

in
fo

an
d

qu
it

-n
ic

e
in

t
1

9
S

et
th

e
ni

ce
le

ve
l

-b
tim

e
-1

F
irs

tf
ra

m
e

(p
s)

to
re

ad
fr

om
tr

aj
ec

to
ry

-e
tim

e
-1

La
st

fr
am

e
(p

s)
to

re
ad

fr
om

tr
aj

ec
to

ry
-d

t
tim

e
-1

O
nl

y
us

e
fr

am
e

w
he

n
tM

O
D

dt
=

fir
st

tim
e

(p
s)

-w
bo

ol
n

o
V

ie
w

ou
tp

ut
xv

g,
xp

m
,e

ps
an

d
pd

b
fil

es
-d

st
rin

g
Z

Ta
ke

th
e

no
rm

al
on

th
e

m
em

br
an

e
in

di
re

ct
io

n
X

,Y
or

Z
.

-s
l

in
t

1
0

C
al

cu
la

te
po

te
nt

ia
l

as
fu

nc
tio

n
of

bo
xl

en
gt

h,
di

vi
di

ng
th

e
bo

x
in

#n
r

sl
ic

es
.

-c
b

in
t

0
D

is
ca

rd
fir

st
#n

r
sl

ic
es

of
bo

x
fo

r
in

te
gr

at
io

n
-c

e
in

t
0

D
is

ca
rd

la
st

#n
r

sl
ic

es
of

bo
x

fo
r

in
te

gr
at

io
n

-t
z

re
al

0
T

ra
ns

la
te

al
lc

oo
rd

in
at

es<
di

st
an

ce
>

in
th

e
di

re
ct

io
n

of
th

e
bo

x
-s

p
h

e
ri
ca

l
bo

ol
n

o
C

al
cu

la
te

sp
he

ric
al

th
in

gi
e

•
D

is
ca

rd
in

g
sl

ic
es

fo
r

in
te

gr
at

io
n

sh
ou

ld
no

tb
e

ne
ce

ss
ar

y.

3
.4

.
M

o
le

cu
la

r
D

yn
a

m
ic

s
2

3

N
os

é-
H

oo
ve

r
te

m
pe

ra
tu

re
co

up
lin

g

T
he

B
er

en
ds

en
w

ea
k

co
up

lin
g

al
go

rit
hm

is
ex

tr
em

el
y

ef
fic

ie
nt

fo
r

re
la

xi
ng

a
sy

st
em

to
th

e
ta

rg
et

te
m

pe
ra

tu
re

,
bu

t
on

ce
yo

ur
sy

st
em

ha
s

re
ac

he
d

eq
ui

lib
riu

m
it

m
ig

ht
be

m
or

e
im

po
rt

an
t

to
pr

ob
e

a
co

rr
ec

t
ca

no
ni

ca
le

ns
em

bl
e.

T
hi

s
is

un
fo

rt
un

at
el

y
no

t
th

e
ca

se
fo

r
th

e
w

ea
k

co
up

lin
g

sc
he

m
e,

al
th

ou
gh

th
e

di
ffe

re
nc

e
is

us
ua

lly
ne

gl
ig

ib
le

.

To
en

ab
le

ca
no

ni
ca

le
ns

em
bl

e
si

m
ul

at
io

ns
,

G
R

O
M

A
C

S
al

so
su

pp
or

ts
th

e
ex

te
nd

ed
-e

ns
em

bl
e

ap
-

pr
oa

ch
fir

st
pr

op
os

ed
by

N
osé[

18
]a

nd
la

te
r

m
od

ifi
ed

by
H

oo
ve

r[19
].

T
he

sy
st

em
H

am
ilt

on
ia

n
is

ex
te

nd
ed

by
in

tr
od

uc
in

g
a

th
er

m
al

re
se

rv
oi

r
an

d
a

fr
ic

tio
n

te
rm

in
th

e
eq

ua
tio

ns
of

m
ot

io
n.

T
he

fr
ic

tio
n

fo
rc

e
is

pr
op

or
tio

na
lt

o
th

e
pr

od
uc

t
of

ea
ch

pa
rt

ic
le

’s
ve

lo
ci

ty
an

d
a

fr
ic

tio
n

pa
ra

m
et

er
ξ.

T
hi

s
fr

ic
tio

n
pa

ra
m

et
er

(o
r

’h
ea

tb
at

h’
va

ria
bl

e)
is

a
fu

lly
dy

na
m

ic
qu

an
tit

y
w

ith
its

ow
n

eq
ua

tio
n

of
m

ot
io

n;
th

e
tim

e
de

riv
at

iv
e

is
ca

lc
ul

at
ed

fr
om

th
e

di
ffe

re
nc

e
be

tw
ee

n
th

e
cu

rr
en

tk
in

et
ic

en
er

gy
an

d
th

e
re

fe
re

nc
e

te
m

pe
ra

tu
re

.

In
H

oo
ve

r’s
fo

rm
ul

at
io

n,
th

e
pa

rt
ic

le
s’

eq
ua

tio
ns

of
m

ot
io

n
in

F
ig

.
3.

3
ar

e
re

pl
ac

ed
by

d2
r

i

dt
2

=
F

i

m
i
−
ξ

dr
i

dt
,

(3
.2

5)

w
he

re
th

e
eq

ua
tio

n
of

m
ot

io
n

fo
r

th
e

he
at

ba
th

pa
ra

m
et

er
ξ

is

dξ dt
=

1 Q
(T

−
T

0
).

(3
.2

6)

T
he

re
fe

re
nc

e
te

m
pe

ra
tu

re
is

de
no

te
d

T
0
,

w
hi

le
T

is
th

e
cu

rr
en

ti
ns

ta
nt

an
eo

us
te

m
pe

ra
tu

re
of

th
e

sy
st

em
.

T
he

st
re

ng
th

of
th

e
co

up
lin

g
is

de
te

rm
in

ed
by

th
e

co
ns

ta
nt

Q
(u

su
al

ly
ca

lle
d

th
e

’m
as

s
pa

ra
m

et
er

’o
ft

he
re

se
rv

oi
r)

in
co

m
bi

na
tio

n
w

ith
th

e
re

fe
re

nc
e

te
m

pe
ra

tu
re

.

In
ou

r
op

in
io

n,
th

e
m

as
s

pa
ra

m
et

er
is

a
so

m
ew

ha
ta

w
kw

ar
d

w
ay

of
de

sc
rib

in
g

co
up

lin
g

st
re

ng
th

,
es

pe
ci

al
ly

du
e

to
its

de
pe

nd
en

ce
on

re
fe

re
nc

e
te

m
pe

ra
tu

re
(a

nd
so

m
e

im
pl

em
en

ta
tio

ns
ev

en
in

-
cl

ud
e

th
e

nu
m

be
r

of
de

gr
ee

s
of

fr
ee

do
m

in
yo

ur
sy

st
em

w
he

n
de

fin
in

g
Q

).
To

m
ai

nt
ai

n
th

e
co

u-
pl

in
g

st
re

ng
th

,o
ne

w
ou

ld
ha

ve
to

ch
an

geQ
in

pr
op

or
tio

n
to

th
e

ch
an

ge
in

re
fe

re
nc

e
te

m
pe

ra
tu

re
.

F
or

th
is

re
as

on
,w

e
pr

ef
er

to
le

tt
he

G
R

O
M

A
C

S
us

er
w

or
k

in
st

ea
d

w
ith

th
e

pe
rio

d
τ T

of
th

e
os

ci
l-

la
tio

ns
of

ki
ne

tic
en

er
gy

be
tw

ee
n

th
e

sy
st

em
an

d
th

e
re

se
rv

oi
r

in
st

ea
d.

It
is

di
re

ct
ly

re
la

te
d

to
Q

an
d
T

0
vi

a

Q
=
τ

2 T
T

0

4π
2
.

(3
.2

7)

T
hi

s
pr

ov
id

es
a

m
uc

h
m

or
e

in
tu

iti
ve

w
ay

of
se

le
ct

in
g

th
e

N
os

é-
H

oo
ve

r
co

up
lin

g
st

re
ng

th
(s

im
ila

r
to

th
e

w
ea

k
co

up
lin

g
re

la
xa

tio
n)

,
an

d
in

ad
di

tio
n
τ T

is
in

de
pe

nd
en

t
of

sy
st

em
si

ze
an

d
re

fe
re

nc
e

te
m

pe
ra

tu
re

.

It
is

ho
w

ev
er

im
po

rt
an

t
to

ke
ep

th
e

di
ffe

re
nc

e
be

tw
ee

n
th

e
w

ea
k

co
up

lin
g

sc
he

m
e

an
d

th
e

N
os

é-
H

oo
ve

r
al

go
rit

hm
in

m
in

d:
U

si
ng

w
ea

k
co

up
lin

g
yo

u
ge

t
a

st
ro

ng
ly

da
m

pe
d

ex
p

o
n

e
n

tia
l
re

la
x-

a
tio

n,
w

hi
le

th
e

N
oś

e-
H

oo
ve

r
ap

pr
oa

ch
pr

od
uc

es
anos

ci
lla

to
ry

re
la

xa
tio

n.
T

he
ac

tu
al

tim
e

it
ta

ke
s

to
re

la
x

w
ith

N
ośe

-H
oo

ve
r

co
up

lin
g

is
se

ve
ra

lt
im

es
la

rg
er

th
an

th
e

pe
rio

d
of

th
e

os
ci

lla
tio

ns
th

at
yo

u
se

le
ct

.
T

he
se

os
ci

lla
tio

ns
(in

co
nt

ra
st

to
ex

po
ne

nt
ia

lr
el

ax
at

io
n)

al
so

m
ea

ns
th

at
th

e
tim

e



2
4

C
h

a
p

te
r

3
.

A
lg

o
rith

m
s

constant
norm

ally
should

be
4–5

tim
es

larger
than

the
relaxation

tim
e

used
w

ith
w

eak
coupling,

butyour
m

ileage
m

ay
vary.

G
roup

tem
perature

coupling

In
G

R
O

M
A

C
S

tem
perature

coupling
can

be
perform

ed
on

groups
ofatom

s,typically
a

protein
and

solvent.
T

he
reason

such
algorithm

es
w

ere
introduced

is
that

energy
exchange

betw
een

different
com

ponents
is

notperfect,due
to

differenteffects
including

cutoffs
etc.

Ifnow
the

w
hole

system
is

coupled
to

one
heat

bath,
w

ater
(w

hich
experiences

the
largest

cutoff
noise)

w
illtend

to
heat

up
and

the
protein

w
illcooldow

n.
Typically

100
K

differences
can

be
obtained.

W
ith

the
use

of
properelectrostatic

m
ethods

(P
M

E
)these

difference
are

m
uch

sm
allerbutstillnotnegligable.

T
he

param
eters

for
tem

perature
coupling

in
groups

are
given

in
the

m
d

p
file.

O
ne

specialcase
should

be
m

entioned:
itis

possible
to

T-couple
only

partofthe
system

(or
nothing

atallobviously).
T

his
is

done
by

specifying
zero

for
the

tim
e

constant
τ
T

for
the

group
ofinterest.

3.4.6
P

ressure
coupling

In
the

sam
e

spirit
as

the
tem

perature
coupling,

the
system

can
also

be
coupled

to
a

’pressure
bath’.

G
R

O
M

A
C

S
supports

both
the

B
erendsen

algorithm
[

17]
that

scales
coordinates

and
box

vectors
every

step,and
the

extended
ensem

ble
P

arrinello-R
ahm

an
approach.

B
oth

ofthese
can

be
com

bined
w

ith
any

ofthe
tem

perature
coupling

m
ethods

above.

B
erendsen

pressure
coupling

T
he

B
erendsen

algorithm
rescales

the
coordinates

and
box

vectors
every

step
w

ith
a

m
atrix

µ
,

w
hich

has
the

effect
of

a
first-order

kinetic
relaxation

of
the

pressure
tow

ards
a

given
reference

pressureP
0 :

dPdt
=

P
0 −

P
τ
p

(3.28)

T
he

scaling
m

atrixµ
is

given
byµ

ij
=
δ
ij −

∆
t

3
τ
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0
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ot
he

rm
al

co
m

pr
es

si
bi

lit
ie

sβ
an

d
th

e
pr

es
su

re
tim

e
co

ns
ta

ntτ p
in

th
e

in
pu

tfi
le

(L
is

th
e

la
rg

es
t

bo
x

m
at

rix
el

em
en

t)
:

( W
−

1
) ij

=
4π

2
β

ij

3τ
2 p
L
.

(3
.3

4)

1
T

he
bo

x
m

at
rix

re
pr

es
en

ta
tio

nb
in

G
R

O
M

A
C

S
co

rr
es

po
nd

s
to

th
e

tr
an

sp
os

e
of

th
e

bo
x

m
at

rix
re

pr
es

en
ta

tio
n

h
in

th
e

pa
pe

r
by

N
ośe

an
d

K
le

in
.

B
ec

au
se

of
th

is
,s

om
e

of
ou

r
eq

ua
tio

ns
w

ill
lo

ok
sl

ig
ht

ly
di

ffe
re

nt
.
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C
h

a
p

te
r

3
.

A
lg

o
rith

m
s

Just
as

for
the

N
osé-H

oover
therm

ostat,
you

should
realize

that
the

P
arrinello-R

ahm
an

tim
e

con-
stant

isn
o

tequivalent
to

the
relaxation

tim
e

used
in

the
B

erendsen
pressure

coupling
algorithm

.
In

m
ostcases

you
w

illneed
to

use
a

4–5
tim

es
larger

tim
e

constantw
ith

P
arrinello-R

ahm
an

cou-
pling.

Ifyour
pressure

is
very

far
from

equilibrium
,the

P
arrinello-R

ahm
an

coupling
m

ay
resultin

very
large

box
oscillations

thatcould
even

crash
your

run.
In

thatcase
you

w
ould

have
to

increase
the

tim
e

constant,or
(better)

use
the

w
eak

coupling
schem

e
to

reach
the

targetpressure,and
then

sw
itch

to
P

arrinello-R
ahm

an
coupling

once
the

system
is

in
equilibrium

.

S
urface

tension
coupling

W
hen

a
periodic

system
consists

of
m

ore
than

one
phase,

separated
by

surfaces
w

hich
are

par-
allelto

the
xy-plane,

the
surface

tension
and

the
z-com

ponent
of

the
pressure

can
be

coupled
to

a
pressure

bath.
P

resently,
this

only
w

orks
w

ith
the

B
erendsen

pressure
coupling

algorithm
in

G
R

O
M

A
C

S
.T

he
average

surface
tension

γ(t)
can

be
calculated

from
the

difference
betw

een
the

norm
aland

the
lateralpressure:

γ(t)
=

1n ∫
L

z

0 {
P

z
z (z

,t)−
P

x
x (z

,t)
+
P

y
y (z

,t)
2

}
d
z

(3.35)

=
L

z

n {
P

z
z (t)−

P
x
x (t)

+
P

y
y (t)

2

}
(3.36)

w
here

L
z

is
the

heightofthe
box

andn
is

the
num

ber
ofsurfaces.

T
he

pressure
in

the
z-direction

is
corrected

by
scaling

the
heightofthe

box
w

ith
µ

z :

∆
P

z
z

=
∆
t

τ
p
{
P

0
z
z −

P
z
z (t)}

(3.37)

µ
z
z

=
1

+
β

z
z ∆
P

z
z

(3.38)

T
his

is
sim

ilar
to

norm
alpressure

coupling,
except

that
the

pow
er

of
one

third
is

m
issing.

T
he

pressure
correction

in
the

z-direction
is

then
used

to
get

the
correct

convergence
for

the
surface

tension
to

the
reference

valueγ0 .
T

he
correction

factor
for

the
box-length

in
the

x/y-direction
is:

µ
x
/
y

=
1

+
∆
t

2
τ
p
β

x
/
y (

n
γ

0

µ
z
z L

z
− {

P
z
z (t)

+
∆
P

z
z −

P
x
x (t)

+
P

y
y (t)

2

})
(3.39)

T
he

value
ofβ

z
z

is
m

ore
critical

than
w

ith
norm

al
pressure

coupling.
N

orm
ally

an
incorrect

com
pressibility

w
illjust

scaleτ
p ,

but
w

ith
surface

tension
coupling

it
affects

the
convergence

of
the

surface
tension.

W
henβz

z
is

setto
zero

(constantbox
height),

∆
P

z
is

also
setto

zero,w
hich

is
necessary

for
obtaining

the
correctsurface

tension.

T
he

com
plete

update
algorithm

T
he

com
plete

algorithm
for

the
update

of
velocities

and
coordinates

is
given

in
F

ig.
3.7.

T
he

S
H

A
K

E
algorithm

ofstep
4

is
explained

below
.

G
R

O
M

A
C

S
has

a
provision

to
”freeze”

(prevent
m

otion
of)

selected
particles,

w
hich

m
ust

be
defined

as
a

’freeze
group’.

T
his

is
im

plem
ented

using
a

fre
e

ze
fa

cto
rf

g ,
w

hich
is

a
vector,

and

E
.3

7
.

g
m

sd
2

1
5

-n
ice

int
0

S
etthe

nicelevel
-w

bool
n

o
V

iew
outputxvg,xpm

,eps
and

pdb
files

-n
in

te
rm

int
1

1
N

um
ber

ofinterm
ediates

-first
real

0
C

orresponds
to

firstgenerated
structure

(0
is

inputx0,see
above)

-la
st

real
1

C
orresponds

to
lastgenerated

structure
(1

is
inputx1,see

above)
-fit

bool
ye

s
D

o
a

leastsquares
fitofthe

second
to

the
firststructure

before
interpolat-

ing

E
.37

g
m

sd

g
m

sd
com

putes
the

m
ean

square
displacem

ent(M
S

D
)

ofatom
s

from
their

initialpositions.
T

his
provides

an
easy

w
ay

to
com

pute
the

diffusion
constantusing

the
E

instein
relation.

T
he

diffusion
constantis

calcu-
lated

by
least

squares
fitting

a
straight

line
through

the
M

S
D

from
-b

e
g

in
fit

to
-e

n
d

fit
.

A
n

error
estim

ate
given,w

hich
is

the
difference

ofthe
diffusion

coefficients
obtained

from
fits

over
the

tw
o

halfs
of

the
fitinterval.

O
ption

-m
o

l
plots

the
M

S
D

for
m

olecules,
this

im
plies-m

w
,

i.e.
for

each
inidividualm

olecule
an

diffu-
sion

constant
is

com
puted.

W
hen

using
an

index
file,

it
should

contain
m

olecule
num

bers
instead

of
atom

num
bers.

U
sing

this
option

one
also

gets
an

accurate
error

estim
ate

based
on

the
statistics

betw
een

individ-
ualm

olecules.
S

ince
one

usually
is

interested
in

self-diffusion
atinfinite

dilution
this

is
probably

the
m

ost
usefulnum

ber.

F
iles

-f
tra

j.xtc
Input

G
eneric

trajectory:
xtc

trr
trjgro

g96
pdb

-s
to

p
o

l.tp
r

Input
S

tructure+
m

ass(db):
tpr

tpb
tpa

gro
g96

pdb
-n

in
d

e
x.n

d
x

Input,O
pt.

Index
file

-o
m

sd
.xvg

O
utput

xvgr/xm
gr

file
-m

o
l

d
iff

m
o

l.xvg
O

utput,O
pt.

xvgr/xm
gr

file

O
ther

options
-h

bool
n

o
P

rinthelp
info

and
quit

-n
ice

int
1

9
S

etthe
nicelevel

-b
tim

e
-1

F
irstfram

e
(ps)

to
read

from
trajectory

-e
tim

e
-1

Lastfram
e

(ps)
to

read
from

trajectory
-d

t
tim

e
-1

O
nly

use
fram

e
w

hen
tM

O
D

dt=
firsttim

e
(ps)

-tu
enum

p
s

T
im

e
unit:p

s
,fs

,n
s

,u
s

,m
s,s

,m
orh

-w
bool

n
o

V
iew

outputxvg,xpm
,eps

and
pdb

files
-typ

e
enum

n
o

C
om

pute
diffusion

coefficientin
one

direction:
n

o
,x

,y
orz

-la
te

ra
l

enum
n

o
C

alculate
the

lateraldiffusion
in

a
plane

perpendicular
to:

n
o

,x
,y

orz
-n

g
ro

u
p

int
1

N
um

ber
ofgroups

to
calculate

M
S

D
for

-m
w

bool
ye

s
M

ass
w

eighted
M

S
D

-tre
sta

rt
tim

e
0

T
im

e
betw

een
restarting

points
in

trajectory
(ps)

-b
e

g
in

fit
tim

e
0

S
tarttim

e
for

fitting
the

M
S

D
(ps)

-e
n

d
fit

tim
e

-1
E

nd
tim

e
for

fitting
the

M
S

D
(ps),-1

is
tillend

E
.38

gm
xcheck

gm
xcheck

reads
a

trajectory
(

.trj
,.trr

or.xtc
)oran

energy
file

(.e
n

e
or.e

d
r

)and
prints

outuseful
inform

ation
aboutthem

.
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A

p
p

e
n

d
ix

E
.

M
a

n
u

a
lP

ag
e

s

E
.3

5
g

m
in

di
st

g
m

in
di

st
co

m
pu

te
s

th
e

di
st

an
ce

be
tw

ee
n

on
e

gr
ou

p
an

d
a

nu
m

be
r

of
ot

he
r

gr
ou

ps
.

B
ot

h
th

e
m

in
im

um
di

st
an

ce
an

d
th

e
nu

m
be

r
of

co
nt

ac
ts

w
ith

in
a

gi
ve

n
di

st
an

ce
ar

e
w

rit
te

n
to

tw
o

se
pa

ra
te

ou
tp

ut
fil

es
.

W
ith

op
tio

n
-p

i
th

e
m

in
im

um
di

st
an

ce
of

a
gr

ou
p

to
its

pe
rio

di
c

im
ag

e
is

pl
ot

te
d.

T
hi

s
is

us
ef

ul
fo

r
ch

ec
ki

ng
if

a
pr

ot
ei

n
ha

s
se

en
its

pe
rio

di
c

im
ag

e
du

rin
g

a
si

m
ul

at
io

n.
O

nl
y

on
e

sh
ift

in
ea

ch
di

re
ct

io
n

is
co

ns
id

er
ed

,g
iv

in
g

a
to

ta
lo

f2
6

sh
ift

s.
It

al
so

pl
ot

s
th

e
m

ax
im

um
di

st
an

ce
w

ith
in

th
e

gr
ou

p
an

d
th

e
le

ng
th

s
of

th
e

th
re

e
bo

x
ve

ct
or

s.
T

hi
s

op
tio

n
is

ve
ry

sl
ow

.

O
th

er
pr

og
ra

m
s

th
at

ca
lc

ul
at

e
di

st
an

ce
s

ar
e

g
d

is
t

an
d

g
b

o
n

d
.

F
ile

s
-f

tr
a

j.x
tc

In
pu

t
G

en
er

ic
tr

aj
ec

to
ry

:
xt

c
tr

r
tr

jg
ro

g9
6

pd
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-s
to

p
o

l.t
p

r
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pu
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O
pt

.
S

tr
uc

tu
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+
m

as
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db
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tp
r

tp
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gr
o

g9
6

pd
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-n
in

d
e

x.
n

d
x

In
pu
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O

pt
.
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de

x
fil

e
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d
m
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t.
xv

g
O

ut
pu

t
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gr
/x

m
gr

fil
e
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n

n
u

m
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n
t.
xv

g
O

ut
pu

t
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gr
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m
gr

fil
e
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a
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a
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u
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O
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pu
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G
en
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O
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p
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e
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t
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S

et
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e
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l
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tim

e
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F
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ra

m
e
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re

ad
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om
tr

aj
ec

to
ry

-e
tim

e
-1

La
st

fr
am

e
(p

s)
to

re
ad

fr
om

tr
aj

ec
to

ry
-d

t
tim

e
-1

O
nl

y
us

e
fr

am
e

w
he

n
tM

O
D

dt
=

fir
st

tim
e

(p
s)

-w
bo

ol
n

o
V

ie
w

ou
tp

ut
xv

g,
xp

m
,e

ps
an

d
pd

b
fil

es
-m

a
tr

ix
bo

ol
n

o
C

al
cu

la
te

ha
lf

a
m

at
rix

of
gr

ou
p-

gr
ou

p
di

st
an

ce
s

-d
re

al
0

.6
D

is
ta

nc
e

fo
r

co
nt

ac
ts

-p
i

bo
ol

n
o

C
al
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la

te
m

in
im

um
di

st
an

ce
w

ith
pe
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di

c
im

ag
es

E
.3

6
g

m
or

ph

g
m

or
ph

do
es

a
lin

ea
r

in
te

rp
ol

at
io

n
of

co
nf

or
m

at
io

ns
in

or
de

r
to

cr
ea

te
in

te
rm

ed
ia

te
s.

O
fc

ou
rs

e
th

es
e

ar
e

co
m

pl
et

el
y

un
ph
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al
,b

ut
th

at
yo

u
m
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tr

y
to

ju
st

ify
yo

ur
se

lf.
O

ut
pu

ti
s

in
th

e
fo

rm
of

a
ge

ne
ric

tr
aj

ec
to

ry
.

T
he

nu
m

be
r

of
in

te
rm

ed
ia

te
s

ca
n

be
co

nt
ro

lle
d

w
ith

th
e

-n
in

te
rm

fla
g.

T
he

fir
st

an
d

la
st

fla
g

co
rr

es
po

nd
to

th
e

w
ay

of
in

te
rp

ol
at

in
g:

0
co

rr
es

po
nd

s
to

in
pu

ts
tr

uc
tu

re
1

w
hi

le
1

co
rr

es
po

nd
s

to
in

pu
ts

tr
uc

ut
re

2.
If

yo
u

sp
ec

ify
fir

st
<

0
or

la
st
>

1
ex

tr
ap

ol
at

io
n

w
ill

be
on

th
e

pa
th

fr
om

in
pu

ts
tr

uc
tu

re
x1

to
x2

.
In

ge
ne

ra
lt

he
co

or
di

na
te

s
of

th
e

in
te

rm
ed

ia
te

x(
i)

ou
to

fN
to

ta
li

nt
er

m
id

at
es

co
rr

es
po

nd
to

:

x(
i)

=
x1

+
(fi

rs
t+

(i/
(N

-1
))

*(
la

st
-fi

rs
t)

)*
(x

2-
x1

)

F
in

al
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th
e

R
M

S
D

w
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o
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pu
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s
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d
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.
In
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m
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P
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F
/
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m
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e
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C
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ct
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g
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U
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e
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+
a
∆
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C
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d
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r
′
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r
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v
′ ∆
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4.

A
pp
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r
′
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r
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5.

C
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s
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r
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tr
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′′
−

r
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∆
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⇓
6.

S
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s
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d
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x:r
=
µ
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′′ ;

b
=
µ
b

F
ig
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e

3.
7:

T
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M
D

up
da

te
al

go
rit

hm
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C
h

a
p

te
r

3
.

A
lg

o
rith

m
s

differs
for

eachfre
e

zeg
ro

u
p(see

sec.3.3).
T

his
vector

contains
only

zero
(freeze)

or
one

(don’t
freeze).

W
hen

w
e

take
this

freeze
factor

and
the

externalacceleration
a

h
into

accountthe
update

algorithm
for

the
velocities

becom
es:

v(t+
∆
t2
)

=
f

g ∗
λ
∗ [v(t−

∆
t2
)
+

F
(t)
m

∆
t+

a
h ∆

t ]
(3.40)

w
here

g
and

h
are

group
indices

w
hich

differ
per

atom
.

3.4.7
O

utputstep

T
he

im
portant

output
of

the
M

D
run

is
thetra

je
cto

ry
file

n
a

m
e

.trj
w

hich
contains

particle
coordinates

and
-optionally-

velocities
at

regular
intervals.

S
ince

the
trajectory

files
are

lengthy,
one

should
notsave

every
step!

To
retain

allinform
ation

itsuffices
to

w
rite

a
fram

e
every

15
steps,

since
atleast30

steps
are

m
ade

per
period

ofthe
highestfrequency

in
the

system
,and

S
hannon’s

sam
pling

theorem
states

that
tw

o
sam

ples
per

period
of

the
highest

frequency
in

a
band-lim

ited
signal

contain
all

available
inform

ation.
B

ut
that

still
gives

very
long

files!
S

o,
if

the
highest

frequencies
are

notofinterest,10
or

20
sam

ples
per

ps
m

ay
suffice.

B
e

aw
are

ofthe
distortion

of
high-frequency

m
otions

by
thestro

b
o

sco
p

ic
e

ffe
ct,calleda

lia
sin

g:higherfrequencies
are

m
irrored

w
ith

respectto
the

sam
pling

frequency
and

appear
as

low
er

frequencies.

3.5
S

hellm
olecular

dynam
ics

G
R

O
M

A
C

S
can

sim
ulate

polarizability
using

the
shell

m
odel

of
D

ick
and

O
verhauser

[
23].

In
such

m
odels

a
shellparticle

representing
the

electronic
degrees

offreedom
is

attached
to

a
nucleus

by
a

spring.
T

he
potential

energy
is

m
inim

ized
w

ith
respect

to
the

shell
position

at
every

step
of

the
sim

ulation
(see

below
).

S
uccesfullapplications

of
shellm

odels
in

G
R

O
M

A
C

S
have

been
published

forN
2

[24]and
w

ater
[25].

3.5.1
O

ptim
ization

ofthe
shellpositions

T
he

forceF
S

on
a

shellparticleS
can

be
decom

posed
into

tw
o

com
ponents:

F
S

=
F

bo
n
d

+
F

n
b

(3.41)

w
hereF

bo
n
d

denotes
the

com
ponentrepresenting

the
polarization

energy,usually
represented

by
a

harm
onic

potentialandF
n
b

is
the

sum
ofC

oulom
b

and
Van

der
W

aals
interactions.

Ifw
e

assum
e

thatF
n
b

is
alm

ostconstantw
e

can
analytically

derive
the

optim
alposition

ofthe
shell,i.e.

w
here

F
S

=
0.

Ifw
e

have
the

shellS
connected

to
atom

A
w

e
have

F
bo

n
d

=
k

b (x
S
−

x
A
)

(3.42)

In
an

iterative
solver,

w
e

have
positionsxS (n)

w
here

n
is

the
iteration

count.
W

e
now

have
it

iteration
n

:
F

n
b

=
F

S
−
k

b (x
S (n)−

x
A
)

(3.43)
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2
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rt
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F
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helix

-a
h

xe
n

d
int

0
Lastresidue

in
helix

E
.33

g
lie

g
lie

com
putes

a
free

energy
estim

ate
based

on
an

energy
analysis

from
.

O
ne

needs
an

energy
file

w
ith

the
follow

ing
com

ponents:
C

oul(A
-B

)
LJ-S

R
(A

-B
)

etc.

F
iles

-f
e

n
e

r.e
d

r
Input

G
eneric

energy:
edr

ene
-o

lie
.xvg

O
utput

xvgr/xm
gr

file

O
ther

options
-h

bool
n

o
P

rinthelp
info

and
quit

-n
ice

int
1

9
S

etthe
nicelevel

-b
tim

e
-1

F
irstfram

e
(ps)

to
read

from
trajectory

-e
tim

e
-1

Lastfram
e

(ps)
to

read
from

trajectory
-d

t
tim

e
-1

O
nly

use
fram

e
w

hen
tM

O
D

dt=
firsttim

e
(ps)

-w
bool

n
o

V
iew

outputxvg,xpm
,eps

and
pdb

files
-E

lj
real

0
Lennard-Jones

interaction
betw

een
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and
solvent

-E
q

q
real

0
C

oulom
b

interaction
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een
ligand

and
solvent

-C
lj

real
0

.1
8

1
F

actor
in

the
LIE

equation
for

Lennard-Jones
com

ponentofenergy
-C

q
q

real
0

F
actor

in
the

LIE
equation

for
C

oulom
b

com
ponentofenergy
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a

n
d

string
n

o
n

e
N

am
e

ofthe
ligand

in
the

energy
file

E
.34

g
m

dm
at

g
m

dm
atm

akes
distance

m
atrices

consisting
ofthe

sm
allestdistance

betw
een

residue
pairs.

W
ith

-fram
es

these
distance

m
atrices

can
be

stored
as

a
function

oftim
e,to

be
able

to
see

differences
in

tertiary
structure

as
a

funcion
of

tim
e.

If
you

choose
your

options
unw

ise,
this

m
ay

generate
a

large
output

file.
D

efault
only

an
averaged

m
atrix

over
the

w
hole

trajectory
is

output.
A

lso
a

countofthe
num

ber
ofdifferentatom

ic
contacts
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residues
overthe

w
hole

trajectory
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m

ade.
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e
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−
∂ ∂
r

i

( V
+

K ∑ k
=

1

λ
k
σ
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)
(3
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9)
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ra
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∂
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.
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unconstrained
update

correction for
rotational

lengthening

projecting out
forces w

orking
along the bonds

θ

d

l
d

p
d

F
igure

3.8:
T

he
three

position
updates

needed
for

one
tim

e
step.

T
he

dashed
line

is
the

old
bond

oflength
d,the

solid
lines

are
the

new
bonds.

l=
d

cos
θ

and
p

=
(2
d

2−
l 2)

12.

3.6.2
LIN

C
S

T
he

LIN
C

S
algorithm

LIN
C

S
is

an
algorithm

thatresets
bonds

to
theircorrectlengths

afteran
unconstrained

update
[

28].
T

he
m

ethod
is

non-iterative,
as

it
alw

ays
uses

tw
o

steps.
A

lthough
LIN

C
S

is
based

on
m

atrices,
no

m
atrix-m

atrix
m

ultiplications
are

needed.
T

he
m

ethod
is

m
ore

stable
and

faster
than

S
H

A
K

E
,

but
it

can
only

be
used

w
ith

bond
constraints

and
isolated

angle
constraints,

such
as

the
proton

angle
in

O
H

.B
ecause

ofits
stability

LIN
C

S
is

especially
usefulfor

B
row

nian
dynam

ics.
LIN

C
S

has
tw

o
param

eters,w
hich

are
explained

in
the

subsection
param

eters.

T
he

LIN
C

S
form

ulas

W
e

consider
a

system
ofN

particles,
w

ith
positions

given
by

a3N
vectorr(t).

F
or

m
olecular

dynam
ics

the
equations

ofm
otion

are
given

by
N

ew
ton’s

law

d
2r

d
t 2

=
M

−
1F

(3.51)

w
here

F
is

the3N
force

vector
andM

is
a
3N

×
3
N

diagonalm
atrix,containing

the
m

asses
of

the
particles.

T
he

system
is

constrained
by
K

tim
e-independentconstraintequations

g
i (r)

=
|r

i1 −
r

i2 |−
d

i =
0

i
=

1,...,K
(3.52)

In
a

num
erical

integration
schem

e
LIN

C
S

is
applied

after
an

unconstrained
update,

just
like

S
H

A
K

E
.T

he
algorithm

w
orks

in
tw

o
steps

(see
figure

F
ig.

3.8).
In

the
firststep

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.
T

he
num

erics
for

the
first

step
and

the
second

step
are

very
sim

ilar.
A

com
plete

derivation
ofthe

algorithm
can

be
found

in
[

28].
O

nly
a

shortdescription
ofthe

firststep
is

given
here.

E
.3

1
.

g
h

b
o

n
d

2
1

1

You
need

to
specify

tw
o

groups
for

analysis,w
hich

m
ustbe

either
identicalor

non-overlapping.
A

llhydro-
gen

bonds
betw

een
the

tw
o

groups
are

analyzed.

Ifyou
set-shell,you

w
illbe

asked
for

an
additionalindex

group
w

hich
should

contain
exactly

one
atom

.
In

this
case,only

hydrogen
bonds

betw
een

atom
s

w
ithin

the
shelldistance

from
the

one
atom

are
considered.

It
is

also
possible

to
analyse

specific
hydrogen

bonds
w

ith
-se

l
.

T
his

index
file

m
ust

contain
a

group
of

atom
triplets

D
onor

H
ydrogen

A
cceptor,in

the
follow

ing
w

ay:

[
se

le
cte

d
]

2
0

2
1

2
4

2
5

2
6

2
9

1
3

6

N
ote

that
the

triplets
need

not
be

on
separate

lines.
E

ach
atom

triplet
specifies

a
hydrogen

bond
to

be
analyzed,note

also
thatno

check
is

m
ade

for
the

types
ofatom

s.

-in
s

turns
on

com
puting

solventinsertion
into

hydrogen
bonds.

In
this

case
an

additionalgroup
m

ustbe
selected,specifying

the
solventm

olecules.

O
utput:

-n
u

m
:

num
ber

ofhydrogen
bonds

as
a

function
oftim

e.
-a

c
:

average
over

allautocorrelations
ofthe

existence
functions

(either
0

or
1)

ofallhydrogen
bonds.

-d
ist

:
distance

distribution
ofallhydrogen

bonds.
-a

n
g

:
angle

distribution
ofallhydrogen

bonds.
-h

x
:

the
num

ber
ofn-n+

ihydrogen
bonds

as
a

function
oftim

e
w

here
n

and
n+

istand
for

residue
num

bers
and

iranges
from

0
to

6.
T

his
includes

the
n-n+

3,n-n+
4

and
n-n+

5
hydrogen

bonds
associated

w
ith

helices
in

proteins.
-h

b
n

:
allselected

groups,donors,hydrogens
and

acceptors
forselected

groups,allhydrogen
bonded

atom
s

from
allgroups

and
allsolventatom

s
involved

in
insertion.

-h
b

m
:

existence
m

atrix
for

allhydrogen
bonds

over
allfram

es,
this

also
contains

inform
ation

on
solvent

insertion
into

hydrogen
bonds.

O
rdering

is
identicalto

thatin
-h

b
n

index
file.

-d
a

:
w

rite
outthe

num
ber

ofdonors
and

acceptors
analyzed

for
each

tim
efram

e.
T

his
is

especially
usefull

w
hen

using-sh
e

ll
.

F
iles

-f
tra

j.xtc
Input

G
eneric

trajectory:
xtc

trr
trjgro

g96
pdb

-s
to

p
o

l.tp
r

Input
G

eneric
run

input:
tpr

tpb
tpa

-n
in

d
e

x.n
d

x
Input,O

pt.
Index

file
-g

h
b

o
n

d
.lo

g
O

utput,O
pt.

Log
file

-se
l

se
le

ct.n
d

x
Input,O

pt.
Index

file
-n

u
m

h
b

n
u

m
.xvg

O
utput

xvgr/xm
gr

file
-a

c
h

b
a

c.xvg
O

utput,O
pt.

xvgr/xm
gr

file
-d

ist
h

b
d

ist.xvg
O

utput,O
pt.

xvgr/xm
gr

file
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n
g
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b
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n

g
.xvg
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utput,O

pt.
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file
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lix.xvg
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file
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options
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bool
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info

and
quit

-n
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1

9
S

etthe
nicelevel
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tim

e
-1

F
irstfram
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(ps)

to
read

from
trajectory
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tim

e
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to

read
from

trajectory
-d

t
tim

e
-1

O
nly

use
fram

e
w
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tM

O
D

dt=
firsttim

e
(ps)
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e
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r
is

.
If

th
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T
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−
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+
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−
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expansion
m

ay
be

necessary.
T

he
order

is
a

param
eter

in
the
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E

ven
w

hen
itis

im
possible

to
to

resetthe
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w
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w
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e
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∆
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the
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leap-frog
algorithm

[
29]

to
integrate

equation
(3.60).

W
hen

constraints
are

presentin
the

system
,tw

o
constraintsteps

are
perform

ed
per

tim
e

step.
T

he

E
.2

8
.

ge
n

p
r

2
0

9

-p
o

t
p

o
t.p

d
b

O
utput,O

pt.
P

rotein
data

bank
file

O
ther

options
-h

bool
n

o
P

rinthelp
info

and
quit

-n
ice

int
1

9
S

etthe
nicelevel

-n
p

int
0

N
um

ber
ofpositive

ions
-p

n
a

m
e

string
N

a
N

am
e

ofthe
positive

ion
-p

q
real

1
C

harge
ofthe

positive
ion

-n
n

int
0

N
um

ber
ofnegative

ions
-n

n
a

m
e

string
C

l
N

am
e

ofthe
negative

ion
-n

q
real

-1
C

harge
ofthe

negative
ion

-rm
in

real
0

.6
M

inim
um

distance
betw

een
ions

-ra
n

d
o

m
bool

n
o

U
se

random
placem

ent
of

ions
instead

of
based

on
potential.

T
he

rm
in

option
should

stillw
ork

-se
e

d
int

1
9

9
3

S
eed

for
random

num
ber

generator

E
.28

genpr

genpr
produces

an
include

file
for

a
topology

containing
a

list
of

atom
num

bers
and

three
force

constants
for

the
X

,Y
and

Z
direction.

A
single

isotropic
force

constantm
ay

be
given

on
the

com
m

and
line

instead
ofthree

com
ponents.

W
A

R
N

IN
G

:genpr
only

w
orks

for
the

firstm
olecule.

P
osition

restraints
are

interactions
w

ithin
m

olecules,
therefore

they
should

be
included

w
ithin

the
correct

[
m

o
le

cu
le

typ
e

]
block

in
the

topology.
S

ince
the

atom
num

bers
in

every
m

oleculetype
in

the
topology

startat1
and

the
num

bers
in

the
inputfile

forgenpr
num

ber
consecutively

from
1,genpr

w
illonly

produce
a

usefulfile
for

the
firstm

olecule.

F
iles

-f
co

n
f.g

ro
Input

G
eneric

structure:
gro

g96
pdb

tpr
tpb

tpa
-n

in
d

e
x.n

d
x

Input,O
pt.

Index
file

-o
p

o
sre

.itp
O

utput
Include

file
for

topology

O
ther

options
-h

bool
n

o
P

rinthelp
info

and
quit

-n
ice

int
0

S
etthe

nicelevel
-fc

vector
1

0
0

0
1

0
0

0
1

0
0

0
force

constants
(kJ

m
ol-1

nm
-2)

E
.29

g
gyrate

g
gyrate

com
putes

the
radius

ofgyration
ofa

group
ofatom

s
and

the
radiiofgyration

aboutthe
x,y

and
z

axes,as
a

function
oftim

e.
T

he
atom

s
are

explicitly
m

ass
w

eighted.

F
iles

-f
tra

j.xtc
Input

G
eneric

trajectory:
xtc

trr
trjgro

g96
pdb

-s
to

p
o

l.tp
r

Input
S

tructure+
m

ass(db):
tpr

tpb
tpa

gro
g96

pdb
-o

g
yra

te
.xvg

O
utput

xvgr/xm
gr

file
-n

in
d

e
x.n

d
x

Input,O
pt.

Index
file



2
0

8
A

p
p

e
n

d
ix

E
.

M
a

n
u

a
lP

ag
e

s

-c
o

rr
e

n
e

co
rr

.x
vg

O
ut

pu
t,

O
pt

.
xv

gr
/x

m
gr

fil
e

-v
is

vi
sc

o
.x

vg
O

ut
pu

t,
O

pt
.

xv
gr

/x
m

gr
fil

e
-r

a
vg

ru
n

a
vg

d
f.
xv

g
O

ut
pu

t,
O

pt
.

xv
gr

/x
m

gr
fil

e

O
th

er
op

tio
ns

-h
bo

ol
n

o
P

rin
th

el
p

in
fo

an
d

qu
it

-n
ic

e
in

t
1

9
S

et
th

e
ni

ce
le

ve
l

-b
tim

e
-1

F
irs

tf
ra

m
e

(p
s)

to
re

ad
fr

om
tr

aj
ec

to
ry

-e
tim

e
-1

La
st

fr
am

e
(p

s)
to

re
ad

fr
om

tr
aj

ec
to

ry
-w

bo
ol

n
o

V
ie

w
ou

tp
ut

xv
g,

xp
m

,e
ps

an
d

pd
b

fil
es

-f
e

e
bo

ol
n

o
D

o
a

fr
ee

en
er

gy
es

tim
at

e
-f

e
te

m
p

re
al

3
0

0
R

ef
er

en
ce

te
m

pe
ra

tu
re

fo
r

fr
ee

en
er

gy
ca

lc
ul

at
io

n
-z

e
ro

re
al

0
S

ub
tr

ac
ta

ze
ro

-p
oi

nt
en

er
gy

-s
u

m
bo

ol
n

o
S

um
th

e
en

er
gy

te
rm

s
se

le
ct

ed
ra

th
er

th
an

di
sp

la
y

th
em

al
l

-d
p

bo
ol

n
o

P
rin

te
ne

rg
ie

s
in

hi
gh

pr
ec

is
io

n
-m

u
to

t
bo

ol
n

o
C

om
pu

te
th

e
to

ta
ld

ip
ol

e
m

om
en

tf
ro

m
th

e
co

m
po

ne
nt

s
-s

ki
p

in
t

0
S

ki
p

nu
m

be
r

of
fr

am
es

be
tw

ee
n

da
ta

po
in

ts
-a

ve
r

bo
ol

n
o

P
rin

ta
ls

o
th

e
X

1,
ta

nd
si

gm
a1

,t,
on

ly
if

on
ly

1
en

er
gy

is
re

qu
es

te
d

-n
m

o
l

in
t

1
N

um
be

r
of

m
ol

ec
ul

es
in

yo
ur

sa
m

pl
e:

th
e

en
er

gi
es

ar
e

di
vi

de
d

by
th

is
nu

m
be

r
-n

d
f

in
t

3
N

um
be

r
of

de
gr

ee
s

of
fr

ee
do

m
pe

r
m

ol
ec

ul
e.

N
ec

es
sa

ry
fo

r
ca

lc
ul

at
in

g
th

e
he

at
ca

pa
ci

ty
-f

lu
c

bo
ol

n
o

C
al

cu
la

te
au

to
co

rr
el

at
io

n
of

en
er

gy
flu

ct
ua

tio
ns

ra
th

er
th

an
en

er
gy

its
el

f
-o

ri
n

st
bo

ol
n

o
A

na
ly

se
in

st
an

ta
ne

ou
s

or
ie

nt
at

io
n

da
ta

-a
cf

le
n

in
t

-1
Le

ng
th

of
th

e
A

C
F,

de
fa

ul
ti

s
ha

lf
th

e
nu

m
be

r
of

fr
am

es
-n

o
rm

a
liz

e
bo

ol
ye

s
N

or
m

al
iz

e
A

C
F

-P
en

um
0

O
rd

er
of

Le
ge

nd
re

po
ly

no
m

ia
lf

or
A

C
F

(0
in

di
ca

te
s

no
ne

):
0

,1
,2

or
3

-f
itf

n
en

um
n

o
n

e
F

it
fu

nc
tio

n:
n

o
n

e
,e

xp
,a

e
xp

,e
xp

e
xp

,v
a

c
,e

xp
5

or
e

xp
7

-n
cs

ki
p

in
t

0
S

ki
p

N
po

in
ts

in
th

e
ou

tp
ut

fil
e

of
co

rr
el

at
io

n
fu

nc
tio

ns
-b

e
g

in
fit

re
al

0
T

im
e

w
he

re
to

be
gi

n
th

e
ex

po
ne

nt
ia

lfi
to

ft
he

co
rr

el
at

io
n

fu
nc

tio
n

-e
n

d
fit

re
al

-1
T

im
e

w
he

re
to

en
d

th
e

ex
po

ne
nt

ia
lfi

to
ft

he
co

rr
el

at
io

n
fu

nc
tio

n,
-1

is
til

l
th

e
en

d

E
.2

7
ge

ni
on

ge
ni

on
re

pl
ac

es
so

lv
en

tm
ol

ec
ul

es
by

m
on

oa
to

m
ic

io
ns

at
th

e
po

si
tio

n
of

th
e

fir
st

at
om

s
w

ith
th

e
m

os
tf

av
or

-
ab

le
el

ec
tr

os
ta

tic
po

te
nt

ia
lo

r
at

ra
nd

om
.

T
he

po
te

nt
ia

li
s

ca
lc

ul
at

ed
on

al
la

to
m

s,
us

in
g

no
rm

al
G

R
O

M
A

C
S

pa
rt

ic
le

ba
se

d
m

et
ho

ds
(in

co
nt

ra
st

to
ot

he
r

m
et

ho
ds

ba
se

d
on

so
lv

in
g

th
e

P
oi

ss
on

-B
ol

tz
m

an
n

eq
ua

tio
n)

.
T

he
po

te
nt

ia
li

s
re

ca
lc

ul
at

ed
af

te
r

ev
er

y
io

n
in

se
rt

io
n.

If
sp

ec
ifi

ed
in

th
e

ru
n

in
pu

t
fil

e,
a

re
ac

tio
n

fie
ld

or
sh

ift
fu

nc
tio

n
ca

n
be

us
ed

.
T

he
gr

ou
p

of
so

lv
en

tm
ol

ec
ul

es
sh

ou
ld

be
co

nt
in

uo
us

an
d

al
lm

ol
ec

ul
es

sh
ou

ld
ha

ve
th

e
sa

m
e

nu
m

be
r

of
at

om
s.

T
he

us
er

sh
ou

ld
ad

d
th

e
io

n
m

ol
ec

ul
es

to
th

e
to

po
lo

gy
fil

e
an

d
in

cl
ud

e
th

e
fil

e
io

n
s.

itp
.

Io
n

na
m

es
fo

r
G

ro
m

os
96

sh
ou

ld
in

cl
ud

e
th

e
ch

ar
ge

.

T
he

po
te

nt
ia

lc
an

be
w

rit
te

n
as

B
-f

ac
to

rs
in

a
pd

b
fil

e
(f

or
vi

su
al

is
at

io
n

us
in

g
e.

g.
ra

sm
ol

).
T

he
un

it
of

th
e

po
te

nt
ia

li
s

0.
00

1
kJ

/(
m

ol
e)

.

F
or

la
rg

er
io

ns
,e

.g
.

su
lfa

te
w

e
re

co
m

m
en

de
d

to
us

e
ge

nb
ox

.

F
ile

s
-s

to
p

o
l.t

p
r

In
pu

t
G

en
er

ic
ru

n
in

pu
t:

tp
r

tp
b

tp
a

-n
in

d
e

x.
n

d
x

In
pu

t,
O

pt
.

In
de

x
fil

e
-o

o
u

t.
g

ro
O

ut
pu

t
G

en
er

ic
st

ru
ct

ur
e:

gr
o

g9
6

pd
b

-g
g

e
n

io
n

.lo
g

O
ut

pu
t

Lo
g

fil
e

3
.9

.
B

ro
w

n
ia

n
D

yn
a

m
ic

s
3

3

ki
ne

tic
en

er
gy

is
co

m
pu

te
d

at
th

e
w

ho
le

tim
e

st
ep

,t
hi

s
is

do
ne

by
av

er
ag

in
g

th
e

ve
lo

ci
tie

s
at

m
in

us
an

d
pl

us
a

ha
lf

tim
e

st
ep

,w
ith

a
co

rr
ec

tio
n

fo
r

th
e

fr
ic

tio
n:

v
(t

)
=

1 2

( v

( t
−

∆
t 2

) +
v

( t
+

∆
t 2

)) (
e−

ξ
∆

t
+
√

2
( 1
−
e−

ξ
∆

t))
(3

.6
1)

E
xa

ct
co

nt
in

ua
tio

n
of

a
st

oc
ha

st
ic

dy
na

m
ic

s
si

m
ul

at
io

n
is

no
tp

os
si

bl
e,

si
nc

e
ap

ar
tf

ro
m

th
e

co
or

-
di

na
te

s
an

d
th

e
ve

lo
ci

tie
s

on
e

ra
nd

om
te

rm
of

th
e

pr
ev

io
us

st
ep

in
re

qu
ire

d,
ho

w
ev

er
,t

he
er

ro
rw

ill
be

ve
ry

sm
al

l.

3.
9

B
ro

w
ni

an
D

yn
am

ic
s

In
th

e
lim

it
of

hi
gh

fr
ic

tio
n

st
oc

ha
st

ic
dy

na
m

ic
s

re
du

ce
s

to
B

ro
w

ni
an

dy
na

m
ic

s,
al

so
ca

lle
d

po
si

-
tio

n
La

ng
ev

in
dy

na
m

ic
s.

T
hi

s
ap

pl
ie

s
to

ov
er

-d
am

pe
d

sy
st

em
s,

i.e
.s

ys
te

m
s

in
w

hi
ch

th
e

in
er

tia
ef

fe
ct

s
ar

e
ne

gl
ig

ib
le

.
T

he
eq

ua
tio

n
is

:

dr
i

dt
=

1 γ
i
F

i(
r
)+

◦ r
i

(3
.6

2)

w
he

re
γ

i
is

th
e

fr
ic

tio
n

co
ef

fic
ie

nt
[a

m
u/

ps
]a

nd
◦ r
i(
t)

is
a

no
is

e
pr

oc
es

s
w

ith〈
◦ r i

(t
)
◦ r j

(t
+
s)
〉

=
2δ

(s
)δ

ij
k

B
T
/
γ

i.
In

G
R

O
M

A
C

S
th

e
eq

ua
tio

ns
ar

e
in

te
gr

at
ed

w
ith

a
si

m
pl

e,
ex

pl
ic

it
sc

he
m

e:

r
i(
t
+

∆
t)

=
r

i(
t)

+
∆
t

γ
i
F

i(
r
(t

))
+

√ 2k
B
T

∆
t

γ
i

r
G i

(3
.6

3)

w
he

re
r

G i
is

G
au

ss
ia

n
di

st
rib

ut
ed

no
is

e
w

ithµ
=

0,
σ

=
1.

T
he

fr
ic

tio
n

co
ef

fic
ie

nt
sγ

i
ca

n
be

ch
os

en
th

e
sa

m
e

fo
r

al
lp

ar
tic

le
s

or
asγ i

=
m

i/
ξ i

,w
he

re
th

e
fr

ic
tio

n
co

ns
ta

nt
sξ i

ca
n

be
di

ffe
re

nt
fo

r
di

ffe
re

nt
gr

ou
ps

of
at

om
s.

B
ec

au
se

th
e

sy
st

em
is

as
su

m
ed

to
be

ov
er

da
m

pe
d,

la
rg

e
tim

e-
st

ep
s

ca
n

be
us

ed
.

LI
N

C
S

sh
ou

ld
be

us
ed

fo
r

th
e

co
ns

tr
ai

nt
s

si
nc

e
S

H
A

K
E

w
ill

no
tc

on
ve

rg
e

fo
r

la
rg

e
at

om
ic

di
sp

la
ce

m
en

ts
.

B
D

is
an

op
tio

n
of

th
e

m
d

ru
n

pr
og

ra
m

.

3.
10

E
ne

rg
y

M
in

im
iz

at
io

n

E
ne

rg
y

m
in

im
iz

at
io

n
in

G
R

O
M

A
C

S
ca

n
be

do
ne

us
in

g
a

st
ee

pe
st

de
sc

en
t

or
co

nj
ug

at
e

gr
ad

ie
nt

m
et

ho
d.

E
M

is
ju

st
an

op
tio

n
of

th
em

d
ru

n
pr

og
ra

m
.

3.
10

.1
S

te
ep

es
tD

es
ce

nt

A
lth

ou
gh

st
ee

pe
st

de
sc

en
t

is
ce

rt
ai

nl
y

no
t

th
e

m
os

t
ef

fic
ie

nt
al

go
rit

hm
fo

r
se

ar
ch

in
g,

it
is

ro
bu

st
an

d
ea

sy
to

im
pl

em
en

t.

W
e

de
fin

e
th

e
ve

ct
orr

as
th

e
ve

ct
or

of
al

l3N
co

or
di

na
te

s.
In

iti
al

ly
a

m
ax

im
um

di
sp

la
ce

m
en

t
h

0

(e
.g

.0
.0

1
nm

)
m

us
tb

e
gi

ve
n.

F
irs

tt
he

fo
rc

es
F

an
d

po
te

nt
ia

le
ne

rg
y

ar
e

ca
lc

ul
at

ed
.

N
ew

po
si

tio
ns

ar
e

ca
lc

ul
at

ed
by

r
n
+

1
=

r
n

+
F

n

m
ax

(|F
n
|)
h

n
(3

.6
4)



3
4

C
h

a
p

te
r

3
.

A
lg

o
rith

m
s

w
here

h
n

is
the

m
axim

um
displacem

entandFn
is

the
force,or

the
negative

gradientofthe
poten-

tialV
.

T
he

notationm
ax(|F

n |)
m

eans
the

largestofthe
absolute

values
ofthe

force
com

ponents.
T

he
forces

and
energy

are
again

com
puted

for
the

new
positions

If(V
n
+

1
<
V

n )
the

new
positions

are
accepted

and
h

n
+

1
=

1.2h
n .

If(V
n
+

1
≥
V

n )
the

new
positions

are
rejected

and
h

n
=

0.2
h

n .

T
he

algorithm
stops

w
hen

either
a

user
specified

num
ber

offorce
evaluations

has
been

perform
ed

(e.g.100),
or

w
hen

the
m

axim
um

of
the

absolute
values

of
the

force
(gradient)

com
ponents

is
sm

aller
than

a
specified

valueε.
S

ince
force

truncation
produces

som
e

noise
in

the
energy

evalua-
tion,the

stopping
criterion

should
notbe

m
ade

too
tightto

avoid
endless

iterations.
A

reasonable
value

forε
can

be
estim

ated
from

the
rootm

ean
square

force
f

a
harm

onic
oscillatorw

ould
exhibit

ata
tem

peratureT
T

his
value

is
f

=
2π
ν √

2
m
k
T

(3.65)

w
here

ν
is

the
oscillator

frequency,m
the

(reduced)
m

ass,
andkB

oltzm
ann’s

constant.
F

or
a

w
eak

oscillator
w

ith
a

w
ave

num
ber

of100
cm
−

1
and

a
m

ass
of10

atom
ic

units,ata
tem

perature
of1

K
,f

=
7.7

kJ
m

ol −
1

nm
−

1.
A

value
forε

betw
een

1
and

10
is

acceptable.

3.10.2
C

onjugate
G

radient

C
onjugate

gradient
is

slow
er

than
steepest

descent
in

the
early

stages
of

the
m

inim
ization,

but
becom

es
m

ore
efficient

closer
to

the
energy

m
inim

um
.

T
he

param
eters

and
stop

criterion
are

the
sam

e
as

forsteepestdescent.
C

onjugate
gradientcan

notbe
used

w
ith

constraints
orfreeze

groups.

3.11
N

orm
alM

ode
A

nalysis

N
orm

alm
ode

analysis
[30,31,32]can

be
perform

ed
using

G
R

O
M

A
C

S
,by

diagonalization
ofthe

m
ass-w

eighted
H

essianH:R
T
M

−
1
/
2H

M
−

1
/
2R

=
diag(λ

1 ,...,λ
3
N

)
(3.66)

λ
i

=
(2π

ω
i )

2
(3.67)

w
here

M
contains

the
atom

ic
m

asses,
R

is
a

m
atrix

thatcontains
the

eigenvectors
as

colum
ns,
λ

i

are
the

eigenvalues
andωi

are
the

corresponding
frequencies.

F
irst

the
H

essian
m

atrix,
w

hich
is

a3N
×

3N
m

atrix
w

hereN
is

the
num

ber
of

atom
s,

needs
to

be
calculated:

H
ij

=
∂

2V

∂
x

i ∂
x

j
(3.68)

w
here

x
i

and
x

j
denote

the
atom

ic
x,y

or
z

coordinates.
In

practice,this
equation

is
notused,but

the
H

essian
is

calculated
num

erically
from

the
force

as:

H
ij

=
−
f

i (x
+
he

j )−
f

i (x
−
he

j )
2h

(3.69)

f
i

=
−
∂
V

∂
x

i
(3.70)

E
.2

6
.

g
e

n
e

rg
y

2
0

7

-n
le

ve
ls

int
2

0
num

ber
oflevels

for
m

atrix
colors

-m
a

x
real

1
e

+
2

0
m

ax
value

for
energies

-m
in

real
-1

e
+

2
0

m
in

value
for

energies
-co

u
l

bool
ye

s
calculate

C
oulom

b
S

R
energies

-co
u

lr
bool

n
o

calculate
C

oulom
b

LR
energies

-co
u

l1
4

bool
n

o
calculate

C
oulom

b
1-4

energies
-lj

bool
ye

s
calculate

Lennard-Jones
S

R
energies

-lj1
4

bool
n

o
calculate

Lennard-Jones
1-4

energies
-b

h
a

m
bool

n
o

calculate
B

uckingham
energies

-fre
e

bool
ye

s
calculate

free
energy

-te
m

p
real

3
0

0
reference

tem
perature

for
free

energy
calculation

E
.26

g
energy

g
energy

extracts
energy

com
ponents

or
distance

restraintdata
from

an
energy

file.
T

he
user

is
prom

pted
to

interactively
selectthe

energy
term

s
she

w
ants.

A
verage

and
R

M
S

D
are

calculated
w

ith
fullprecision

from
the

sim
ulation

(see
printed

m
anual).

D
rift

is
calculated

by
perform

ing
a

LS
Q

fitofthe
data

to
a

straightline.
Totaldriftis

driftm
ultiplied

by
totaltim

e.

W
hen

the-vio
l

option
is

set,the
tim

e
averaged

violations
are

plotted
and

the
running

tim
e-averaged

and
instantaneous

sum
of

violations
are

recalculated.
A

dditionally
running

tim
e-averaged

and
instantaneous

distances
betw

een
selected

pairs
can

be
plotted

w
ith

the
-p

a
irs

option.

O
ptions-o

ra
,
-o

rt
,
-o

d
a

,
-o

d
r

and
-o

d
t

are
used

for
analyzing

orientation
restraint

data.
T

he
first

tw
o

options
plot

the
orientation,

the
last

three
the

deviations
of

the
orientations

from
the

experim
ental

values.
T

he
options

that
end

on
an

’a’plot
the

average
over

tim
e

as
a

function
of

restraint.
T

he
options

thatend
on

a
’t’prom

ptthe
user

for
restraintlabelnum

bers
and

plotthe
data

as
a

function
oftim

e.
O

ption
-o

d
r

plots
the

R
M

S
deviation

as
a

function
of

restraint.
W

hen
the

run
used

tim
e

or
ensem

ble
averaged

orientation
restraints,

option-o
rin

st
can

be
used

to
analyse

the
instantaneous,

not
ensem

ble-averaged
orientations

and
deviations

instead
ofthe

tim
e

and
ensem

ble
averages.

W
ith

-fe
e

a
free

energy
estim

ate
is

calculated
using

the
form

ula:
G

=
-ln

<
e

(̂E
/kT

)
>

*
kT,

w
here

k
is

B
oltzm

ann’s
constant,T

is
setby-fe

te
m

p
and

the
average

is
over

the
ensem

ble
(or

tim
e

in
a

trajectory).
N

ote
thatthis

is
in

principle
only

correctw
hen

averaging
over

the
w

hole
(B

oltzm
ann)

ensem
ble

and
using

the
potentialenergy.

T
his

also
allow

s
for

an
entropy

estim
ate

using
G

=
H

-
T

S
,

w
here

H
is

the
enthalpy

(H
=

U
+

p
V

)
and

S
entropy.

W
hen

a
second

energy
file

is
specified

(
-f2

),a
free

energy
difference

is
calculated

dF
=

-kT
ln
<

e
-̂(E

B
-

E
A

)/kT
>

A
,

w
here

E
A

and
E

B
are

the
energies

from
the

first
and

second
energy

files,
and

the
average

is
over

the
ensem

ble
A

.NO
T

E
thatthe

energies
m

ustboth
be

calculated
from

the
sam

e
trajectory.

F
iles

-f
e

n
e

r.e
d

r
Input

G
eneric

energy:
edr

ene
-f2

e
n

e
r.e

d
r

Input,O
pt.

G
eneric

energy:
edr

ene
-s

to
p

o
l.tp

r
Input,O

pt.
G

eneric
run

input:
tpr

tpb
tpa

-o
e

n
e

rg
y.xvg

O
utput

xvgr/xm
gr

file
-vio

l
vio

la
ve

r.xvg
O

utput,O
pt.

xvgr/xm
gr

file
-p

a
irs

p
a

irs.xvg
O

utput,O
pt.

xvgr/xm
gr

file
-o

ra
o

rie
n

ta
.xvg

O
utput,O

pt.
xvgr/xm

gr
file

-o
rt

o
rie

n
tt.xvg

O
utput,O

pt.
xvgr/xm

gr
file

-o
d

a
o

rid
e

va
.xvg

O
utput,O

pt.
xvgr/xm

gr
file

-o
d

r
o

rid
e

vr.xvg
O

utput,O
pt.

xvgr/xm
gr

file
-o

d
t

o
rid

e
vt.xvg

O
utput,O

pt.
xvgr/xm

gr
file



2
0

6
A

p
p

e
n

d
ix

E
.

M
a

n
u

a
lP

ag
e

s

F
ile

s
-f

co
n

f.
g

ro
In

pu
t

G
en

er
ic

st
ru

ct
ur

e:
gr

o
g9

6
pd

b
tp

r
tp

b
tp

a
-o

o
u

t.
g

ro
O

ut
pu

t
G

en
er

ic
st

ru
ct

ur
e:

gr
o

g9
6

pd
b

-t
rj

tr
a

j.x
tc

In
pu

t,
O

pt
.

G
en

er
ic

tr
aj

ec
to

ry
:

xt
c

tr
r

tr
jg

ro
g9

6
pd

b

O
th

er
op

tio
ns

-h
bo

ol
n

o
P

rin
th

el
p

in
fo

an
d

qu
it

-n
ic

e
in

t
0

S
et

th
e

ni
ce

le
ve

l
-n

b
o

x
ve

ct
or

1
1

1
N

um
be

r
of

bo
xe

s
-d

is
t

ve
ct

or
0

0
0

D
is

ta
nc

e
be

tw
ee

n
bo

xe
s

-s
e

e
d

in
t

0
R

an
do

m
ge

ne
ra

to
r

se
ed

,i
f0

ge
ne

ra
te

d
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ra
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ra
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p
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e
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th
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e∆
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e
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ee
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di
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re

nc
e

fo
r
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nd
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g
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in

hi
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rs

I
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tiv
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yI
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o
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zy
m

eE
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w
he

re
e j

is
th

e
un

it
ve

ct
or

in
di

re
ct

io
nj.

It
sh

ou
ld

be
no

te
d

th
at

fo
r

a
us

ua
lN

or
m

al
M

od
e

ca
lc

ul
a-

tio
n,

it
is

ne
ce

ss
ar

y
to

co
m

pl
et

el
y

m
in

im
iz

e
th

e
en

er
gy

pr
io

r
to

co
m

pu
ta

tio
n

of
th

e
H

es
si

an
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at
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ra
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ra
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n
a

e
ig

.
E

ns
em

bl
es

of
st

ru
ct

ur
es

at
an

y
te

m
-

pe
ra

tu
re

an
d

fo
r

an
y

su
bs

et
of

no
rm

al
m

od
es

ca
n

be
ge

ne
ra
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C
h

a
p

te
r

3
.

A
lg

o
rith

m
s

are
physically

m
eaningless,

but
they

can
be

used
to

obtain
m

eaningful
quantities

em
ploying

a
therm

odynam
ic

cycle.
T

he
m

ethod
requires

a
sim

ulation
during

w
hich

the
H

am
iltonian

of
the

system
changes

slow
ly

from
that

describing
one

system
(A

)
to

that
describing

the
other

system
(B

).T
he

change
m

ustbe
so

slow
thatthe

system
rem

ains
in

equilibrium
during

the
process;ifthat

requirem
ent

is
fulfilled,

the
change

is
reversible

and
a

slow
-grow

th
sim

ulation
from

B
to

A
w

ill
yield

the
sam

e
results

(butw
ith

a
differentsign)

as
a

slow
-grow

th
sim

ulation
from

A
to

B
.T

his
is

a
usefulcheck,butthe

user
should

be
aw

are
ofthe

danger
thatequality

offorw
ard

and
backw

ard
grow

th
results

does
notguarantee

correctness
ofthe

results.

T
he

required
m

odification
ofthe

H
am

iltonianH
is

realized
by

m
akingH

a
function

ofaco
u

p
lin

g
p

a
ra

m
e

te
rλ

:
H

=
H

(p
,q;λ)

in
such

a
w

ay
thatλ

=
0

describes
system

A
andλ=

1
describes

system
B

:
H

(p
,q;0)

=
H

A
(p
,q);

H
(p
,q;1)

=
H

B(p
,q).

(3.72)

In
G

R
O

M
A

C
S

,
the

functional
form

of
theλ

-dependence
is

different
for

the
various

force-field
contributions

and
is

described
in

section
sec.
4.3.

T
he

H
elm

holtz
free

energyA
is

related
to

the
partition

functionQ
ofan

N
,V
,T

ensem
ble,w

hich
is

assum
ed

to
be

the
equilibrium

ensem
ble

generated
by

a
M

D
sim

ulation
atconstantvolum

e
and

tem
perature.

T
he

generally
m

ore
usefulG

ibbs
free

energy
G

is
related

to
the

partition
function

∆
ofan

N
,p
,T

ensem
ble,

w
hich

is
assum

ed
to

be
the

equilibrium
ensem

ble
generated

by
a

M
D

sim
ulation

atconstantpressure
and

tem
perature:

A
(λ)

=
−
k

B
T

ln
Q

(3.73)

Q
=

c ∫∫
exp[−

β
H

(p
,q;λ)]d

p
d
q

(3.74)

G
(λ)

=
−
k

B
T

ln
∆

(3.75)

∆
=

c ∫∫∫
exp[−

β
H

(p
,q;λ)−

β
p
V

]d
p
d
q
d
V

(3.76)

G
=

A
+
p
V
,

(3.77)

w
here

β
=

1
/(k

B
T

)
and

c
=

(N
!h

3
N

) −
1.

T
hese

integrals
over

phase
space

cannotbe
evaluated

from
a

sim
ulation,

but
it

is
possible

to
evaluate

the
derivative

w
ith

repect
to

λ
as

an
ensem

ble
average:

d
Ad
λ

= ∫∫(∂
H
/∂
λ)exp[−

β
H

(p
,q;λ)]d

p
d
q

∫∫
exp[−

β
H

(p
,q;λ)]d

p
d
q

= 〈
∂
H∂
λ 〉

N
V

T
;λ
,

(3.78)

w
ith

a
sim

ilar
relation

ford
G
/d
λ

in
the

N
,p
,T

ensem
ble.

T
he

difference
in

free
energy

betw
een

A
and

B
can

be
found

by
integrating

the
derivative

over
λ

:

A
B(V

,T
)−

A
A
(V
,T

)
= ∫

1

0 〈
∂
H∂
λ 〉

N
V

T
;λ
d
λ

(3.79)

G
B(p

,T
)−

G
A
(p
,T

)
= ∫

1

0 〈
∂
H∂
λ 〉

N
p
T

;λ
d
λ
.

(3.80)

If
one

w
ishes

to
evaluateG

B(p
,T

)−
G

A
(p
,T

),
the

naturalchoice
is

a
constant-pressure

sim
u-

lation.
H

ow
ever,

this
quantity

can
also

be
obtained

from
a

slow
-grow

th
sim

ulation
at

constant
volum

e,starting
w

ith
system

A
atpressure

p
and

volum
eV

and
ending

w
ith

system
B

atpressure

E
.2

4
.

ge
n

co
n

f
2

0
5

criterium
is

used
as

for
rem

ovalof
solvent

m
olecules.

W
hen

no
appropriately

sized
holes

(holes
that

can
hold

an
extra

m
olecule)

are
available

the
program

tries
for

-n
m

o
l

*
-try

tim
es

before
giving

up.
Increase

-try
ifyou

have
severalsm

allholes
to

fill.

T
he

defaultsolventis
S

im
ple

P
ointC

harge
w

ater
(S

P
C

),w
ith

coordinates
from

$
G

M
X

L
IB

/sp
c2

1
6

.g
ro

.
O

ther
solvents

are
also

supported,as
w

ellas
m

ixed
solvents.

T
he

only
restriction

to
solventtypes

is
thata

solventm
olecule

consists
ofexactly

one
residue.

T
he

residue
inform

ation
in

the
coordinate

files
is

used,and
should

therefore
be

m
ore

or
less

consistent.
In

practice
this

m
eans

that
tw

o
subsequent

solvent
m

olecules
in

the
solvent

coordinate
file

should
have

different
residue

num
ber.

T
he

box
of

solute
is

built
by

stacking
the

coordinates
read

from
the

coordinate
file.

T
his

m
eans

that
these

coordinates
should

be
equlibrated

in
periodic

boundary
conditions

to
ensure

a
good

alignm
entofm

olecules
on

the
stacking

interfaces.

T
he

program
can

optionally
rotate

the
solute

m
olecule

to
align

the
longestm

olecule
axis

along
a

box
edge.

T
his

w
ay

the
am

ount
of

solvent
m

olecules
necessary

is
reduced.

It
should

be
kept

in
m

ind
that

this
only

w
orks

for
short

sim
ulations,

as
eg.

an
alpha-helicalpeptide

in
solution

can
rotate

over
90

degrees,
w

ithin
500

ps.
In

generalitis
therefore

better
to

m
ake

a
m

ore
or

less
cubic

box.

S
etting

-shelllarger
than

zero
w

illplace
a

layer
ofw

ater
ofthe

specified
thickness

(nm
)

around
the

solute.
H

int:
itis

a
good

idea
to

putthe
protein

in
the

center
ofa

box
first(using

editconf).

F
inally,genbox

w
illoptionally

rem
ove

lines
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C
h

a
p

te
r

3
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A
lg

o
rith

m
s

T
he

em
phasis

w
illbe

on
the

specialproblem
s

thatarise
w

hen
the

algorithm
is

im
plem

ented
on

a
parallelcom

puter.

T
he

sim
ple

m
odel

problem
already

contains
the

bottleneck
of

all
M

D
sim

ulations:
the

com
pu-

tationally
intensive

evaluation
of

theno
n

-b
o

n
d

e
dforces

betw
een

pairs
of

atom
s,

based
on

the
distance

betw
een

particles.
C

om
plex

m
olecular

system
s

w
illin

addition
involve

m
any

different
kinds

ofb
o

n
d

e
dforces

betw
een

designated
atom

s.
S

uch
interactions

add
to

the
com

plexity
ofthe

algorithm
butdo

notm
odify

the
basic

considerations
concerning

parallelization.

3.14.1
M

ethods
ofparallelization

T
here

are
a

num
ber

of
m

ethods
to

parallelize
the

M
D

algorithm
,

each
of

them
w

ith
their

ow
n

advantages
and

disadvantages.
T

he
m

ethod
to

choose
depends

on
the

hardw
are

and
com

pilers
available.

W
e

listthem
here:

1
M

e
ssage

P
a

ssin
g

.
In

this
m

ethod,
w

hich
is

m
ore

or
less

the
traditionalw

ay
of

parallelprogram
m

ing,
allthe

parallelism
is

explicitly
program

m
ed

by
the

user.
T

he
disadvantage

is
thatittakes

extra
code

and
effort,

the
advantage

is
that

the
program

m
er

keeps
fullcontrolover

the
data

flow
and

can
do

optim
izations

a
com

piler
could

notcom
e

up
w

ith.

T
he

im
plem

entation
is

typically
done

by
calling

a
set

of
library

routines
to

send
and

re-
ceive

data
to

and
from

other
processors.

A
lm

ost
allhardw

are
vendors

support
this

w
ay

of
parallelism

in
their

C
and

F
ortran

com
pilers.

2
D

a
ta

P
a

ra
lle

l.
T

his
m

ethod
lets

the
user

define
arrays

on
w

hich
to

operate
in

parallel.
P

rogram
m

ing
this

w
ay

is
m

uch
like

vectorizing:
recurrence

is
not

parallelized
(

e.g.fo
r(i=

1
;

(i<
M

A
X

);
i+

+
)

a
[i]

=
a

[i-1
]

+
1

;
does

notvectorize
and

notparallelize,because
for

every
ithe

resultfrom
the

previous
step

is
needed).

T
he

advantage
ofdata

parallelism
is

thatitis
easier

for
the

user;the
com

piler
takes

care
of

the
parallelism

.
T

he
disadvantage

is
thatitis

supported
by

a
sm

all(though
grow

ing)num
ber

of
hardw

are
vendors,

and
that

it
is

m
uch

harder
to

m
aintain

a
program

that
has

to
run

on
both

paralleland
sequentialm

achines,
because

the
only

standard
language

that
supports

it
is

F
ortran-90

w
hich

is
notavailable

on
m

any
platform

s.

B
oth

m
ethods

allow
for

the
M

D
algorithm

to
be

im
plem

ented
w

ithout
m

uch
trouble.

M
essage

passing
M

D
algorithm

s
have

been
published

since
the

m
id

80’s
([

37],
[38])

and
developm

ent
is

stillcontinuing.
D

ata
parallelprogram

m
ing

is
new

er,butstarting
from

a
w

ellvectorized
program

itis
nothard

to
do.

O
ur

im
plem

entation
of

M
D

is
a

m
essage

passing
one,

the
reason

for
w

hich
is

partly
historical:

the
project

to
develop

a
parallel

M
D

program
started

w
hen

F
ortran-90

w
as

still
in

the
m

aking,
and

no
com

pilers
w

ere
expected

to
be

available.
A

tcurrent,w
e

stillbelieve
thatm

essage
passing

is
the

w
ay

to
go,

after
having

done
som

e
experim

ents
w

ith
data

parallelprogram
m

ing
on

a
C

on-
nection

M
achine

(C
M

-5),
because

of
portability

to
other

hardw
are,

the
poor

perform
ance

of
the

code
produced

by
the

com
pilers

and
because

this
w

ay
ofprogram

m
ing

has
the

sam
e

draw
back

as

E
.2

0
.

g
d

isre
2

0
3

-e
n

d
fit

real
-1

T
im

e
w

here
to

end
the

exponentialfitofthe
correlation

function,-1
is

till
the

end

E
.20

g
disre

g
disre

com
putes

violations
of

distance
restraints.

If
necessary

all
protons

can
be

added
to

a
protein

m
olecule.

T
he

program
allw

ays
com

putes
the

instantaneous
violations

rather
than

tim
e-averaged,

because
this

analysis
is

done
from

a
trajectory

file
afterw

ards
itdoes

notm
ake

sense
to

use
tim

e
averaging.

A
n

index
file

m
ay

be
used

to
selectspecific

restraints
for

printing.

F
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-s
to

p
o
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G

eneric
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file
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.xvg
O
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str.xvg
O
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file

-l
d
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s.lo

g
O

utput
Log

file
-n

vio
l.n

d
x
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Index
file

O
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P
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quit
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ice
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1

9
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nicelevel
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e
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F
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e
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V
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and
pdb
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-n

to
p
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6

N
um

ber
oflarge

violations
thatare

stored
in

the
log

file
every

step

E
.21

g
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g
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calculate
the

distance
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centers
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ofatom
s
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a
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T
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totaldistance

and
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z
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ponents
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plotted.
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set,printallthe
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group
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certain
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ofgroup
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an

d
an

al
ys

is
gr

ou
ps

ar
e

id
en

tic
al

an
d

th
e

an
al

ys
is

is
no

n
m

as
s-

w
ei

gh
te

d,
th

e
fit

w
ill

al
so

be
no

n
m

as
s-

w
ei

gh
te

d.

T
he

ei
ge

nv
ec

to
rs

ar
e

w
rit

te
n

to
a

tr
aj

ec
to

ry
fil

e
(

-v
).

W
he

n
th

e
sa

m
e

at
om

s
ar

e
us

ed
fo

r
th

e
fit

an
d

th
e

co
va

ria
nc

e
an

al
ys

is
,

th
e

re
fe

re
nc

e
st

ru
ct

ur
e

fo
r

th
e

fit
is

w
rit

te
n

fir
st

w
ith

t=
-1

.
T

he
av

er
ag

e
(o

r
re

fe
re

nc
e

w
he

n-
re

f
is

us
ed

)s
tr

uc
tu

re
is

w
rit

te
n

w
ith

t=
0,

th
e

ei
ge

nv
ec

to
rs

ar
e

w
rit

te
n

as
fr

am
es

w
ith

th
e

ei
ge

nv
ec

to
r

nu
m

be
r

as
tim

es
ta

m
p.

3
.1

5
.

P
a

ra
lle

lM
o

le
cu

la
r

D
yn

a
m

ic
s

4
3

0
1

2

3
4

5

6

7
Fo

rc
es

C
oo

rd
in

at
es

F
ig

ur
e

3.
13

:
D

at
a

flo
w

in
a

rin
g

of
pr

oc
es

so
rs

.

3.
15

.1
D

om
ai

n
de

co
m

po
si

tio
n

M
od

er
n

pa
ra

lle
lc

om
pu

te
rs

,s
uc

h
as

an
IB

M
S

P
/2

or
a

C
ra

y
T

3E
co

ns
is

to
fr

el
at

iv
el

y
sm

al
ln

um
be

rs
of

re
la

tiv
el

y
fa

st
sc

al
ar

pr
oc

es
so

rs
(t

yp
ic

al
ly

8
to

25
6)

.
T

he
co

m
m

un
ic

at
io

n
ch

an
ne

ls
th

at
ar

e
av

ai
la

bl
e

in
ha

rd
w

ar
e

on
th

es
e

m
ac

hi
ne

ar
e

no
td

ire
ct

ly
vi

si
bl

e
to

th
e

pr
og

ra
m

m
er

;a
so

ftw
ar

e
la

ye
r

(u
su

al
ly

M
P

I)
hi

de
s

th
is

,a
nd

m
ak

es
co

m
m

un
ic

at
io

n
fr

om
al

lp
ro

ce
ss

or
s

to
al

lo
th

er
s

po
ss

ib
le

.
In

co
nt

ra
st

,
in

th
e

G
R

O
M

A
C

S
ha

rd
w

ar
e

[
1]

on
ly

co
m

m
un

ic
at

io
n

in
a

rin
g

w
as

av
ai

la
bl

e,i.e
.e

ac
h

pr
oc

es
so

r
co

ul
d

co
m

m
un

ic
at

e
w

ith
its

di
re

ct
ne

ig
hb

or
s

on
ly

.

It
se

em
s

lo
gi

ca
lt

o
m

ap
th

e
co

m
pu

ta
tio

na
lb

ox
of

an
M

D
si

m
ul

at
io

n
sy

st
em

to
a

3D
gr

id
of

pr
o-

ce
ss

or
s

(e.
g.

4x
4x

4
fo

r
a

64
pr

oc
es

so
r

sy
st

em
).

T
hi

s
en

su
re

s
th

at
m

os
ti

nt
er

ac
tio

ns
th

at
ar

e
lo

ca
li

n
sp

ac
e

ca
n

be
co

m
pu

te
d

w
ith

in
fo

rm
at

io
n

fr
om

ne
ig

hb
or

in
g

pr
oc

es
so

rs
on

ly
.

H
ow

ev
er

,t
hi

s
m

ea
ns

th
at

th
er

e
ha

ve
to

be
co

m
m

un
ic

at
io

n
ch

an
ne

ls
in

3
di

m
en

si
on

s
to

o,
w

hi
ch

is
no

t
ne

ce
ss

ar
ily

th
e

ca
se

.
A

lth
ou

gh
th

is
m

ay
be

ov
er

co
m

e
in

so
ftw

ar
e,

su
ch

a
m

ap
pi

ng
co

m
pl

ic
at

es
th

e
M

D
so

ftw
ar

e
as

w
el

l,
w

ith
ou

tc
le

ar
pe

rf
or

m
an

ce
be

ne
fit

s
on

m
os

tp
ar

al
le

lc
om

pu
te

rs
.

T
he

re
fo

re
w

e
op

tf
or

a
si

m
pl

e
on

e-
di

m
en

si
on

al
di

vi
si

on
sc

he
m

e
fo

r
th

e
co

m
pu

ta
tio

na
lb

ox
.

E
ac

h
pr

oc
es

so
r

ge
ts

a
sl

ab
of

th
is

bo
x

in
th

e
X

-d
im

en
si

on
.

F
or

th
e

co
m

m
un

ic
at

io
n

be
tw

ee
n

pr
oc

es
so

rs
th

is
ha

s
tw

o
m

ai
n

ad
va

nt
ag

es
:

1.
S

im
pl

ic
ity

of
co

di
ng

.
C

om
m

un
ic

at
io

n
ca

n
on

ly
be

to
tw

o
ne

ig
hb

or
s

(c
al

le
d

le
ft

an
d

ri
g

h
ti

n
G

R
O

M
A

C
S

).

2.
C

om
m

un
ic

at
io

n
ca

n
us

ua
lly

be
do

ne
in

la
rg

e
ch

un
ks

,w
hi

ch
m

ak
es

it
m

or
e

ef
fic

ie
nt

on
m

os
t

ha
rd

w
ar

e
pl

at
fo

rm
s.

M
os

ti
nt

er
ac

tio
ns

in
m

ol
ec

ul
ar

dy
na

m
ic

s
ha

ve
in

pr
in

ci
pl

e
a

sh
or

t-
ra

ng
e

ch
ar

ac
te

r.
B

on
ds

,a
ng

le
s

an
d

di
he

dr
al

s
ar

e
gu

ar
an

te
ed

to
ha

ve
th

e
co

rr
es

po
nd

in
g

pa
rt

ic
le

s
cl

os
e

in
sp

ac
e.

3.
15

.2
D

om
ai

n
de

co
m

po
si

tio
n

fo
r

no
n-

bo
nd

ed
fo

rc
es

F
or

la
rg

e
pa

ra
lle

l
co

m
pu

te
rs

,
do

m
ai

n
de

co
m

po
si

tio
n

is
pr

ef
er

ab
le

ov
er

pa
rt

ic
le

de
co

m
po

si
tio

n,
si

nc
e

it
is

ea
si

er
to

do
lo

ad
ba

la
nc

in
g.

W
ith

ou
t

lo
ad

ba
la

nc
in

g
th

e
sc

al
in

g
of

th
e

co
de

is
ra

th
er



4
4

C
h

a
p

te
r

3
.

A
lg

o
rith

m
s

XYZ
0

1
2

N
-1

0
1

2
3

4
5

C
PU

 num
ber

atom
 num

ber

index

coord.

F
igure

3.14:
Index

in
the

coordinate
array.

T
he

division
in

slabs
is

indicated
by

dashed
lines.

poor.
F

or
this

purpose,
the

com
putational

box
is

divided
in

M
slabs,

w
hereM

is
equal

to
the

num
ber

ofprocessors.
T

here
are

m
ultiple

w
ays

ofdividing
the

box
over

processors,butsince
the

G
R

O
M

A
C

S
code

assum
es

a
ring

topology
forthe

processors,itis
logicalto

cutthe
system

in
slabs

in
justone

dim
ension,the

X
dim

ension.
T

he
algorithm

for
neighbor

searching
then

becom
es:

1.
M

ake
a

list
of

charge
group

indices
sorted

on
(increasing)

X
coordinate

(F
ig.

3.14).
N

ote
thatcare

m
ustbe

taken
to

parallelize
the

sorting
algorithm

as
w

ell.
S

ee
sec.

3.15.4.

2.
D

ivide
this

listinto
slabs,w

ith
each

slab
having

the
sam

e
num

ber
ofcharge

groups

3.
P

utthe
particles

corresponding
to

the
localslab

on
a

3D
N

S
grid

as
described

in
sec.

3.4.2.

4.
C

om
m

unicate
the

N
S

grid
to

neighboring
processors

(notnecessarily
to

allprocessors).
T

he
am

ount
of

neighboring
N

S
grid

cells
(Ngx )

to
com

m
unicate

is
determ

ined
by

the
cutoff

length
r
c

according
to

N
g
x

=
r
c Mlx

(3.83)

w
here

lx
is

the
box

length
in

the
slabbing

direction.

5.
O

n
each

processor
com

pute
the

neighbor
list

for
all

charge
groups

in
its

slab
using

the
norm

algrid
neighbor-searching.

F
or

hom
ogeneous

system
,

this
is

close
to

an
optim

alload
balancing,

w
ithout

actually
doing

load
balancing.

F
or

inhom
ogeneous

system
,

such
as

m
em

branes
or

interfaces,
the

slabs
should

be
perpendicular

to
the

interface;this
w

ay,each
processor

has
“a

little
bitofeverything”.

T
he

G
R

O
-

M
A

C
S

utility
program

e
d

itco
n

f
has

an
option

to
rotate

a
w

hole
com

putationalbox.

T
he

follow
ing

observations
are

im
portanthere:

•
P

articles
m

ay
diffuse

from
one

slab
to

the
other,therefore

each
processor

m
usthold

coordi-
nates

for
allparticles

allthe
tim

e,and
distribute

forces
back

to
allprocessors

as
w

ell.

•
Velocities

are
kepton

the
“hom

e
processor”

for
each

particle,w
here

the
integration

ofN
ew

-
ton’s

equations
is

done.

•
F

ixed
interaction

lists
(bonds,

angles
etc.)

are
kept

each
on

a
single

processor.
S

ince
all

processors
have

allcoordinates,
it

does
not

m
atter

w
here

interactions
are

calculated.
T

he
division

is
actually

done
by

the
G

R
O

M
A

C
S

preprocessor
g

ro
m

p
p

and
care

is
taken

that,as
far

as
possible,every

processor
gets

the
sam

e
num

ber
ofbonded

interactions.

E
.1

3
.

g
clu

stsize
1

9
7

-n
in

d
e

x.n
d

x
Input,O

pt.
Index

file
-d

m
rm

sd
.xp

m
Input,O

pt.
X

P
ixM

ap
com

patible
m

atrix
file

-o
rm

sd
-clu

st.xp
m

O
utput

X
P

ixM
ap

com
patible

m
atrix

file
-g

clu
ste

r.lo
g

O
utput

Log
file

-d
ist

rm
sd

-d
ist.xvg

O
utput,O

pt.
xvgr/xm

gr
file

-e
v

rm
sd

-e
ig

.xvg
O

utput,O
pt.

xvgr/xm
gr

file
-sz

clu
st-size

.xvg
O

utput,O
pt.

xvgr/xm
gr

file
-trclu

st-tra
n

s.xp
m

O
utput,O

pt.
X

P
ixM

ap
com

patible
m

atrix
file

-n
trclu

st-tra
n

s.xvg
O

utput,O
pt.

xvgr/xm
gr

file
-clid

clu
st-id

.xvg
O

utput,O
pt.

xvgr/xm
gr

file
-cl

clu
ste

rs.p
d

b
O

utput,O
pt.

G
eneric

trajectory:
xtc

trr
trjgro

g96
pdb

O
ther

options
-h

bool
n

o
P

rinthelp
info

and
quit

-n
ice

int
1

9
S

etthe
nicelevel

-b
tim

e
-1

F
irstfram

e
(ps)

to
read

from
trajectory

-e
tim

e
-1

Lastfram
e

(ps)
to

read
from

trajectory
-d

t
tim

e
-1

O
nly

use
fram

e
w

hen
tM

O
D

dt=
firsttim

e
(ps)

-tu
enum

p
s

T
im

e
unit:p

s
,fs

,n
s

,u
s

,m
s,s

,m
orh

-w
bool

n
o

V
iew

outputxvg,xpm
,eps

and
pdb

files
-d

ista
bool

n
o

U
se

R
M

S
D

ofdistances
instead

ofR
M

S
deviation

-n
le

ve
ls

int
4

0
D

iscretize
R

M
S

D
m

atrix
in

#
levels

-ke
e

p
fre

e
int

-4
if
>

0
#

levels
notto

use
w

hen
coloring

clusters;if
<

0
nlevels/-keepfree+

1
levels

w
illnotbe

used
-cu

to
ff

real
0

.1
R

M
S

D
cut-off(nm

)
for

tw
o

structures
to

be
neighbor

-fit
bool

ye
s

U
se

leastsquares
fitting

before
R

M
S

D
calculation

-m
a

x
real

-1
M

axim
um

levelin
R

M
S

D
m

atrix
-skip

int
1

O
nly

analyze
every

nr-th
fram

e
-a

v
bool

n
o

W
rite

average
iso

m
iddle

structure
for

each
cluster

-w
cl

int
0

W
rite

allstructures
for

first#
clusters

to
num

bered
files

-n
st

int
1

O
nly

w
rite

allstructures
ifm

ore
than

#
per

cluster
-rm

sm
in

real
0

m
inim

um
rm

s
difference

w
ith

restofcluster
for

w
riting

structures
-m

e
th

o
d

enum
lin

ka
g

e
M

ethod
for

cluster
determ

ination:lin
ka

g
e

,
ja

rvis-p
a

trick
,

m
o

n
te

-ca
rlo

,d
ia

g
o

n
a

liza
tio

n
org

ro
m

o
s

-b
in

a
ry

bool
n

o
T

reat
the

R
M

S
D

m
atrix

as
consisting

of
0

and
1,

w
here

the
cut-off

is
given

by
-cutoff

-M
int

1
0

N
um

ber
of

nearest
neighbors

considered
for

Jarvis-P
atrick

algorithm
,

0
is

use
cutoff

-P
int

3
N

um
ber

ofidenticalnearestneighbors
required

to
form

a
cluster

-se
e

d
int

1
9

9
3

R
andom

num
ber

seed
for

M
onte

C
arlo

clustering
algorithm

-n
ite

r
int

1
0

0
0

0
N

um
ber

ofiterations
for

M
C

-kT
real

0
.0

0
1

B
oltzm

ann
w

eighting
factor

for
M

onte
C

arlo
optim

ization
(zero

turns
off

uphillsteps)

E
.13

g
clustsize

T
his

program
com

putes
the

size
distributions

of
m

olecular/atom
ic

clusters
in

the
gas

phase.
T

he
output

is
given

in
the

form
ofa

X
P

M
file.

T
he

totalnum
ber

ofclusters
is

w
ritten

to
a

X
V

G
file.

F
iles

-f
tra

j.xtc
Input

G
eneric

trajectory:
xtc

trr
trjgro

g96
pdb

-n
in

d
e

x.n
d

x
Input,O

pt.
Index

file
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A

p
p

e
n

d
ix

E
.

M
a

n
u

a
lP

ag
e

s

-a
cf

le
n

in
t

-1
Le

ng
th

of
th

e
A

C
F,

de
fa

ul
ti

s
ha

lf
th

e
nu

m
be

r
of

fr
am

es
-n

o
rm

a
liz

e
bo

ol
ye

s
N

or
m

al
iz

e
A

C
F

-P
en

um
0

O
rd

er
of

Le
ge

nd
re

po
ly

no
m

ia
lf

or
A

C
F

(0
in

di
ca

te
s

no
ne

):
0

,1
,2

or
3

-f
itf

n
en

um
n

o
n

e
F

it
fu

nc
tio

n:
n

o
n

e
,e

xp
,a

e
xp

,e
xp

e
xp

,v
a

c
,e

xp
5

or
e

xp
7

-n
cs

ki
p

in
t

0
S

ki
p

N
po

in
ts

in
th

e
ou

tp
ut

fil
e

of
co

rr
el

at
io

n
fu

nc
tio

ns
-b

e
g

in
fit

re
al

0
T

im
e

w
he

re
to

be
gi

n
th

e
ex

po
ne

nt
ia

lfi
to

ft
he

co
rr

el
at

io
n

fu
nc

tio
n

-e
n

d
fit

re
al

-1
T

im
e

w
he

re
to

en
d

th
e

ex
po

ne
nt

ia
lfi

to
ft

he
co

rr
el

at
io

n
fu

nc
tio

n,
-1

is
til

l
th

e
en

d

•
P

ro
du

ce
s

M
A

N
Y

ou
tp

ut
fil

es
(u

p
to

ab
ou

t4
tim

es
th

e
nu

m
be

r
of

re
si

du
es

in
th

e
pr

ot
ei

n,
tw

ic
e

th
at

if
au

to
co

rr
el

at
io

n
fu

nc
tio

ns
ar

e
ca

lc
ul

at
ed

).
Ty

pi
ca

lly
se

ve
ra

lh
un

dr
ed

fil
es

ar
e

ou
tp

ut
.

E
.1

2
g

cl
us

te
r

g
cl

us
te

r
ca

n
cl

us
te

r
st

ru
ct

ur
es

w
ith

se
ve

ra
ld

iff
er

en
t

m
et

ho
ds

.
D

is
ta

nc
es

be
tw

ee
n

st
ru

ct
ur

es
ca

n
be

de
te

r-
m

in
ed

fr
om

a
tr

aj
ec

to
ry

or
re

ad
fr

om
an

X
P

M
m

at
rix

fil
e

w
ith

th
e

-d
m

op
tio

n.
R

M
S

de
vi

at
io

n
af

te
r

fit
tin

g
or

R
M

S
de

vi
at

io
n

of
at

om
-p

ai
r

di
st

an
ce

s
ca

n
be

us
ed

to
de

fin
e

th
e

di
st

an
ce

be
tw

ee
n

st
ru

ct
ur

es
.

fu
ll

lin
ka

ge
:

ad
d

a
st

ru
ct

ur
e

to
a

cl
us

te
r

w
he

n
its

di
st

an
ce

to
an

y
el

em
en

to
ft

he
cl

us
te

ri
s

le
ss

th
an

cu
to

ff
.

Ja
rv

is
P

at
ric

k:
ad

d
a

st
ru

ct
ur

e
to

a
cl

us
te

r
w

he
n

th
is

st
ru

ct
ur

e
an

d
a

st
ru

ct
ur

e
in

th
e

cl
us

te
r

ha
ve

ea
ch

ot
he

r
as

ne
ig

hb
or

s
an

d
th

ey
ha

ve
a

le
as

t
P

ne
ig

hb
or

s
in

co
m

m
on

.
T

he
ne

ig
hb

or
s

of
a

st
ru

ct
ur

e
ar

e
th

e
M

cl
os

es
t

st
ru

ct
ur

es
or

al
ls

tr
uc

tu
re

s
w

ith
incu

to
ff

.

M
on

te
C

ar
lo

:
re

or
de

r
th

e
R

M
S

D
m

at
rix

us
in

g
M

on
te

C
ar

lo
.

di
ag

on
al

iz
at

io
n:

di
ag

on
al

iz
e

th
e

R
M

S
D

m
at

rix
.

gr
om

os
:

us
e

al
go

rit
hm

as
de

sc
rib

ed
in

D
au

ra
e

ta
l.

(A
n

ge
w

.
C

h
e

m
.

In
t.

E
d

.19
99

,3
8,

pp
23

6-
24

0)
.

C
ou

nt
nu

m
be

r
of

ne
ig

hb
or

s
us

in
g

cu
t-

of
f,

ta
ke

st
ru

ct
ur

e
w

ith
la

rg
es

tn
um

be
r

of
ne

ig
hb

or
s

w
ith

al
li

ts
ne

ig
hb

or
s

as
cl

us
te

r
an

d
el

em
in

at
e

it
fr

om
th

e
po

ol
of

cl
us

te
rs

.
R

ep
ea

tf
or

re
m

ai
ni

ng
st

ru
ct

ur
es

in
po

ol
.

W
he

n
th

e
cl

us
te

rin
g

al
go

rit
hm

as
si

gn
s

ea
ch

st
ru

ct
ur

e
to

ex
ac

tly
on

e
cl

us
te

r
(f

ul
ll

in
ka

ge
,J

ar
vi

s
P

at
ric

k
an

d
gr

om
os

)
an

d
a

tr
aj

ec
to

ry
fil

e
is

su
pp

lie
d,

th
e

st
ru

ct
ur

e
w

ith
th

e
sm

al
le

st
av

er
ag

e
di

st
an

ce
to

th
e

ot
he

rs
or

th
e

av
er

ag
e

st
ru

ct
ur

e
or

al
ls

tr
uc

tu
re

s
fo

r
ea

ch
cl

us
te

r
w

ill
be

w
rit

te
n

to
a

tr
aj

ec
to

ry
fil

e.
W

he
n

w
rit

in
g

al
l

st
ru

ct
ur

es
,s

ep
ar

at
e

nu
m

be
re

d
fil

es
ar

e
m

ad
e

fo
r

ea
ch

cl
us

te
r.

Tw
o

ou
tp

ut
fil

es
ar

e
al

w
ay

s
w

rit
te

n:
-o

w
rit

es
th

e
R

M
S

D
va

lu
es

in
th

e
up

pe
r

le
ft

ha
lf

of
th

e
m

at
rix

an
d

a
gr

ap
hi

ca
ld

ep
ic

tio
n

of
th

e
cl

us
te

rs
in

th
e

lo
w

er
rig

ht
ha

lf
(d

ep
en

ds
on-

m
a

x
an

d
-k

e
e

p
fr

e
e

).
-g

w
rit

es
in

fo
rm

at
io

n
on

th
e

op
tio

ns
us

ed
an

d
a

de
ta

ile
d

lis
to

fa
ll

cl
us

te
rs

an
d

th
ei

r
m

em
be

rs
.

A
dd

iti
on

al
ly

,a
nu

m
be

r
of

op
tio

na
lo

ut
pu

tfi
le

s
ca

n
be

w
rit

te
n:

-d
is

t
w

rit
es

th
e

R
M

S
D

di
st

rib
ut

io
n.

-e
v

w
rit

es
th

e
ei

ge
nv

ec
to

rs
of

th
e

R
M

S
D

m
at

rix
di

ag
on

al
iz

at
io

n.
-s

z
w

rit
es

th
e

cl
us

te
r

si
ze

s.
-t

r
w

rit
es

a
m

at
rix

of
th

e
nu

m
be

r
tr

an
si

tio
ns

be
tw

ee
n

cl
us

te
r

pa
irs

.
-n

tr
w

rit
es

th
e

to
ta

ln
um

be
r

of
tr

an
si

tio
ns

to
or

fr
om

ea
ch

cl
us

te
r.

-c
lid

w
rit

es
th

e
cl

us
te

r
nu

m
be

r
as

a
fu

nc
tio

n
of

tim
e.

-c
l

w
rit

es
av

er
ag

e
(w

ith
op

tio
n-a

v
)

or
ce

nt
ra

l
st

ru
ct

ur
e

of
ea

ch
cl

us
te

r
or

w
rit

es
nu

m
be

re
d

fil
es

w
ith

cl
us

te
r

m
em

be
rs

fo
r

a
se

le
ct

ed
se

to
fc

lu
st

er
s

(w
ith

op
tio

n
-w

cl
,d

ep
en

ds
on

-n
st

an
d

-r
m

sm
in

).

F
ile

s
-f

tr
a

j.x
tc

In
pu

t,
O

pt
.

G
en

er
ic

tr
aj

ec
to

ry
:

xt
c

tr
r

tr
jg

ro
g9

6
pd

b
-s

to
p

o
l.t

p
r

In
pu

t,
O

pt
.

S
tr

uc
tu

re
+

m
as

s(
db

):
tp

r
tp

b
tp

a
gr

o
g9

6
pd

b

3
.1

5
.

P
a

ra
lle

lM
o

le
cu

la
r

D
yn

a
m

ic
s

4
5

In
al

l,
th

is
m

ak
es

fo
r

a
m

ix
ed

pa
rt

ic
le

de
co

m
po

si
tio

n/
do

m
ai

n
de

co
m

po
si

tio
n

sc
he

m
e

fo
r

pa
ra

l-
le

liz
at

io
n

of
th

e
M

D
co

de
.

T
he

co
m

m
un

ic
at

io
n

co
st

s
ar

e
fo

ur
tim

es
hi

gh
er

th
an

fo
r

th
e

si
m

pl
e

pa
rt

ic
le

de
co

m
po

si
tio

n
m

et
ho

d
de

sc
rib

ed
in

se
c.

3.
14

(t
he

w
ho

le
co

or
di

na
te

an
d

fo
rc

e
ar

ra
y

ar
e

co
m

m
un

ic
at

ed
ac

ro
ss

th
e

w
ho

le
rin

g,
ra

th
er

th
an

ha
lf

th
e

ar
ra

y
ov

er
ha

lf
th

e
rin

g)
.

H
ow

ev
er

,
fo

r
la

rg
e

nu
m

be
rs

of
pr

oc
es

so
rs

th
e

im
pr

ov
ed

lo
ad

ba
la

nc
in

g
co

m
pe

ns
at

es
th

is
ea

si
ly

.

3.
15

.3
P

ar
al

le
lP

P
P

M

A
fu

rt
he

r
re

as
on

fo
r

do
m

ai
n

de
co

m
po

si
tio

n
is

th
e

P
P

P
M

al
go

rit
hm

.
T

hi
s

al
go

rit
hm

w
or

ks
w

ith
a

3D
F

as
t

F
ou

rie
r

T
ra

ns
fo

rm
.

It
em

pl
oy

s
a

di
sc

re
te

gr
id

of
di

m
en

si
on

s
(

n
x
,n

y
,n

z
),

th
e

F
F

T
gr

id
.

T
he

al
go

rit
hm

co
ns

is
to

ffi
ve

st
ep

s,
ea

ch
of

w
hi

ch
ha

ve
to

be
pa

ra
lle

liz
ed

:

1.
S

pr
ea

di
ng

ch
ar

ge
s

on
th

e
F

F
T

gr
id

to
ob

ta
in

th
e

ch
ar

ge
di

st
rib

ut
io

n
ρ
(r

).
T

hi
s

bi
ti

nv
ol

ve
s

th
e

fo
llo

w
in

g
su

b-
st

ep
s:

a.
pu

tp
ar

tic
le

in
th

e
bo

x

b.
fin

d
th

e
F

F
T

gr
id

ce
ll

in
w

hi
ch

th
e

pa
rt

ic
le

re
si

de
s

c.
ad

d
th

e
ch

ar
ge

of
th

e
pa

rt
ic

le
tim

es
th

e
ap

pr
op

ria
te

w
ei

gh
t

fa
ct

or
(s

ee
se

c.
4.

6.
3)

to
ea

ch
of

th
e

27
gr

id
po

in
ts

(3
x

3
x

3)
.

In
th

e
pa

ra
lle

lc
as

e,
th

e
F

F
T

gr
id

m
us

tb
e

fil
le

d
on

ea
ch

pr
oc

es
so

r
w

ith
its

sh
ar

e
of

th
e

pa
r-

tic
le

s,
an

d
su

bs
eq

ue
nt

ly
th

e
F

F
T

gr
id

s
of

al
lp

ro
ce

ss
or

s
m

us
t

be
su

m
m

ed
to

fin
d

th
e

to
ta

l
ch

ar
ge

di
st

rib
ut

io
n.

It
m

ay
be

cl
ea

r
th

at
th

is
in

du
ce

s
a

la
rg

e
am

ou
nt

of
un

ne
ce

ss
ar

y
w

or
k,

un
le

ss
w

e
us

e
do

m
ai

n
de

co
m

po
si

tio
n.

If
ea

ch
pr

oc
es

so
r

on
ly

ha
s

pa
rt

ic
le

s
in

a
ce

rt
ai

n
re

-
gi

on
of

sp
ac

e,
it

on
ly

ha
s

to
ca

lc
ul

at
e

th
e

ch
ar

ge
di

st
rib

ut
io

n
fo

r
th

at
re

gi
on

of
sp

ac
e.

S
in

ce
G

R
O

M
A

C
S

w
or

ks
w

ith
sl

ab
s,

th
is

m
ea

ns
th

at
ea

ch
pr

oc
es

so
r

fil
ls

th
e

F
F

T
gr

id
ce

lls
co

rr
e-

sp
on

di
ng

to
it’

s
sl

ab
in

sp
ac

e
an

d
ad

di
tio

n
of

F
F

T
gr

id
s

ne
ed

on
ly

be
do

ne
fo

r
ne

ig
hb

or
in

g
sl

ab
s.

To
be

m
or

e
pr

ec
is

e,
th

e
sl

abx
fo

r
pr

oc
es

so
ri

is
de

fin
ed

as
:

i
l x M
≤
x
<

(i
+

1)
l x M

(3
.8

4)

P
ar

tic
le

w
ith

th
is
x

co
or

di
na

te
ra

ng
e

w
ill

ad
d

to
th

e
ch

ar
ge

di
st

rib
ut

io
n

on
th

e
fo

llo
w

in
g

ra
ng

e
of

of
F

F
T

gr
id

sl
ab

s
in

th
ex

di
re

ct
io

n:

tr
un

c
( i
l x
n

x

M

) −
1
≤
i x
≤

tr
un

c
( (i

+
1)
l x
n

x

M

) +
2

(3
.8

5)

w
he

re
tr

un
c

in
di

ca
te

s
th

e
tr

un
ca

tio
n

of
a

re
al

nu
m

be
r

to
th

e
la

rg
es

t
in

te
ge

r
sm

al
le

r
th

an
or

eq
ua

lt
o

th
at

re
al

nu
m

be
r.

2.
D

oi
ng

th
e

F
ou

rie
r

tr
an

sf
or

m
of

th
e

ch
ar

ge
di

st
rib

ut
io

n
ρ
(r

)
in

pa
ra

lle
lt

o
ob

ta
in̂ρ

(k
).

T
hi

s
is

do
ne

us
in

g
th

e
F

F
T

W
lib

ra
ry

(s
eew

w
w

.ff
tw

.o
rg

)
w

hi
ch

em
pl

oy
s

th
e

M
P

I
lib

ra
ry

fo
r

m
es

sa
ge

pa
ss

in
g

pr
og

ra
m

s
(n

ot
e

th
at

th
er

e
ar

e
al

so
sh

ar
ed

m
em

or
y

ve
rs

io
ns

of
th

e
F

F
T

W
co

de
).

T
hi

s
F

F
T

al
go

rit
hm

ac
tu

al
ly

us
e

sl
ab

s
as

w
el

l(
go

od
th

in
ki

ng
!)

.
E

ac
h

pr
oc

es
so

r
do

es
2D

F
F

T
s

on
its

sl
ab

,a
nd

th
en

th
e

w
ho

le
F

F
T

gr
id

is
tr

an
sp

os
ed

in
p

la
ce

(i.
e.

w
ith

ou
tu

si
ng

ex
tr

a



4
6

C
h

a
p

te
r

3
.

A
lg

o
rith

m
s

m
em

ory).
T

his
m

eans
thatafterthe

F
F

T
the

X
and

Y
com

ponents
are

sw
apped.

To
com

plete
the

F
F

T,
this

sw
apping

should
be

undone
in

principle
(by

transposing
back).

H
appily

the
F

F
T

W
code

has
an

option
to

om
itthis,w

hich
w

e
use

in
the

nextstep.

3.
C

onvolute
ρ̂(k

)
w

ith
the

F
ourier

transform
of

the
charge

spread
function

ĝ(k
)

(w
hich

w
e

have
tabulated

before)
to

obtain
the

potential
φ̂(k).

A
s

an
optim

ization,
w

e
store

thêg(k
)

in
transposed

form
as

w
ell,

m
atching

the
transposed

form
of

ρ̂(k
)

w
hich

w
e

get
from

the
F

F
T

W
routine.

A
fter

this
step

w
e

have
the

potential
φ̂(k)

in
F

ourier
space,

but
stillon

the
transposed

F
F

T
grid.

4.
D

o
an

inverse
transform

of̂φ(k)
to

obtain
φ(r).

S
ince

the
algorithm

m
ustdo

a
transpose

of
the

data
this

step
actually

yields
the

w
anted

result:
the

un-transposed
potentialin

realspace.

5.
Interpolate

the
potentialφ(r)

in
real

space
at

the
particle

positions
to

obtain
forces

and
energy.

F
or

this
bitthe

sam
e

considerations
aboutparallelism

hold
as

for
the

charge
spread-

ing.
H

ow
ever

in
this

case
m

ore
neighboring

grid
cells

are
needed,

im
plying

that
w

e
need

the
follow

ing
setofF

F
T

grid
slabs

in
thex

direction:

trunc (
i
lx n

x

M )
−

3
≤
ix
≤

trunc (
(i+

1)
lx n

x

M )
+

4
(3.86)

T
he

algorithm
as

sketched
above

requires
com

m
unication

for
spreading

the
charges,

for
the

for-
w

ard
and

backw
ard

F
F

T
s,

and
for

interpolating
the

forces.
T

he
G

R
O

M
A

C
S

bits
of

the
program

use
only

left
and

right
com

m
unication,

i.e.using
tw

o
com

m
unication

channels.
T

he
F

F
T

W
rou-

tines
actually

use
other

form
s

of
com

m
unication

as
w

ell,
and

these
routines

are
coded

w
ith

M
P

I
routines

for
m

essage
passing.

T
his

im
plies

that
G

R
O

M
A

C
S

can
only

perform
the

P
P

P
M

algo-
rithm

on
parallelcom

puters
thatsupportM

P
I.H

ow
ever,m

ostshared
m

em
ory

com
puters,such

as
the

S
G

IO
rigin,also

supportM
P

Iusing
the

shared
m

em
ory

for
com

m
unication.

3.15.4
P

arallelsorting

F
or

the
dom

ain
decom

position
bitofG

R
O

M
A

C
S

itis
necessary

to
sortthe

coordinates
(or

rather
the

index
to

coordinates)
every

tim
e

a
neighbor

listis
m

ade.
Ifw

e
use

brute
force,and

sortallco-
ordinates

on
each

processor
(w

hich
is

technically
possible

since
w

e
have

allthe
coordinates),then

this
sorting

procedure
w

illtake
a

constantw
allclock

tim
e,proportionalto

N
2log

N
,regardless

of
the

num
ber

of
processors.

W
e

can
how

ever
do

a
little

better,
if

w
e

assum
e

that
particles

diffuse
only

slow
ly.

A
parallelsorting

algorithm
can

be
conceived

as
follow

s:
A

tthe
firststep

ofthe
sim

ulation

1.
D

o
a

fullsortofallindices
usinge.g.the

Q
uicksortalgorithm

thatis
built-in

in
the

standard
C

-library

2.
D

ivide
the

sorted
array

into
slabs

(as
described

above
see

F
ig.

3.14).

A
tsubsequentsteps

ofthe
sim

ulation:

1.
S

end
the

indices
for

each
processor

to
the

preceding
processor

(if
not

processor
0)

and
to

the
next

processor
(if

notM
-1).

T
he

com
m

unication
associated

w
ith

this
operation

is
proportionalto

2N
/M

.

E
.1

1
.

g
ch

i
1

9
5

-n
a

int
0

N
um

ber
ofaxes

-z
bool

n
o

U
se

the
Z

-axis
as

reference
iso

the
average

axis

E
.11

g
chi

g
chicom

putes
phi,

psi,
om

ega
and

chidihedrals
for

allyour
am

ino
acid

backbone
and

sidechains.
It

can
com

pute
dihedralangle

as
a

function
oftim

e,and
as

histogram
distributions.

O
utputis

in
form

ofxvgrfiles,
as

w
ellas

a
LaTeX

table
ofthe

num
ber

oftransitions
per

nanosecond.

O
rder

param
eters

S
2

for
each

ofthe
dihedrals

are
calculated

and
outputas

xvgr
file

and
optionally

as
a

pdb
file

w
ith

the
S

2
values

as
B

-factor.

If
option

-c
is

given,
the

program
w

illcalculate
dihedralautocorrelation

functions.
T

he
function

used
is

C
(t)

=
<

cos(chi(tau))
cos(chi(tau+

t))>.
T

he
use

of
cosines

rather
than

angles
them

selves,
resolves
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p
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at
io

n
fu

nc
tio

n
-e

n
d

fit
re

al
-1

T
im

e
w

he
re
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ut
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r
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of
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al
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at
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er
ag

e,
th

e
re

st
ar

e
th
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gl
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ng
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s
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fu
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n
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tim
e,

bu
tt

hi
s

is
pr

ob
ab

ly
on

ly
fu

n
fo

r
a

se
le

ct
ed

fe
w
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op
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he

dr
al
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nc
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.
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ra
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.
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ra
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.
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ra
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at
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ra
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ra
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ra
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w

el
la

s
10

ex
tr
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ra
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ra
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to
th

re
e

pa
rt

s

1.
N

o
n

-b
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n
d
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b
or

m
od

ifi
ed

C
ou

lo
m

b.
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ra
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d
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op
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T
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s
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p
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–0.2

0.0

0.2

0.4

V (kJ mole
–1

)F
igure

4.1:
T

he
Lennard-Jones

interaction.

4.1
N

on-bonded
interactions

N
on-bonded

interactions
in

G
R

O
M

A
C

S
are

pair-additive
and

centro-sym
m

etric:

V
(r

1 ,...r
N

)
= ∑i<

j

V
ij (r

ij );
(4.1)

F
i =

− ∑
j

d
V

ij (r
ij )

d
r
ij

r
ij

r
ij

=
−

F
j

(4.2)

T
he

non-bonded
interactions

contain
a

repulsion
term

,
a

dispersion
term

,
and

a
C

oulom
b

term
.

T
he

repulsion
and

dispersion
term

are
com

bined
in

either
the

Lennard-Jones
(or

6-12
interaction),

or
the

B
uckingham

(or
exp-6

potential).
In

addition,
(partially)

charged
atom

s
act

through
the

C
oulom

b
term

.

4.1.1
T

he
Lennard-Jones

interaction

T
he

Lennard-Jones
potential

V
L

J
betw

een
tw

o
atom

s
equals

V
L

J (r
ij )

=
C

(1
2
)

ij

r
1
2

ij

−
C

(6
)

ij

r
6ij

(4.3)

see
also

F
ig.4.1

T
he

param
etersC

(1
2
)

ij
and

C
(6

)
ij

depend
on

pairs
ofato

m
typ

e
s;consequently

they
are

taken
from

a
m

atrix
ofLJ-param

eters.

T
he

force
derived

from
this

potentialis:

F
i (r

ij )
= 

12
C

(1
2
)

ij

r
1
2

ij

−
6
C

(6
)

ij

r
6ij 

r
ij

r
ij

(4.4)
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g

a
n

a
lyze

1
9

1

O
ther

options
-h

bool
n

o
P

rinthelp
info

and
quit

-n
ice

int
1

9
S

etthe
nicelevel

-b
tim

e
-1

F
irstfram

e
(ps)

to
read

from
trajectory

-e
tim

e
-1

Lastfram
e

(ps)
to

read
from

trajectory
-d

t
tim

e
-1

O
nly

use
fram

e
w

hen
tM

O
D

dt=
firsttim

e
(ps)

-tu
enum

p
s

T
im

e
unit:p

s
,fs

,n
s

,u
s

,m
s,s

,m
orh

-w
bool

n
o

V
iew

outputxvg,xpm
,eps

and
pdb

files
-first

int
1

F
irsteigenvector

for
analysis

(-1
is

select)
-la

st
int

8
Lasteigenvector

for
analysis

(-1
is

tillthe
last)

-skip
int

1
O

nly
analyse

every
nr-th

fram
e

-m
a

x
real

0
M

axim
um

for
projection

of
the

eigenvector
on

the
average

structure,
m

ax=
0

gives
the

extrem
es

-n
fra

m
e

s
int

2
N

um
ber

offram
es

for
the

extrem
es

output
-sp

lit
bool

n
o

S
pliteigenvector

projections
w

here
tim

e
is

zero

E
.7

g
analyze

g
analyze

reads
an

asciifile
and

analyzes
data

sets.
A

line
in

the
inputfile

m
ay

startw
ith

a
tim

e
(see

option
-tim

e
)

and
any

num
ber

of
y

values
m

ay
follow

.
M

ultiple
sets

can
also

be
read

w
hen

they
are

seperated
by

&
(option

-n
),

in
this

case
only

one
y

value
is

read
from

each
line.

A
lllines

starting
w

ith
#

and
@

are
skipped.

A
llanalyses

can
also

be
done

for
the

derivative
ofa

set(option
-d

).

A
lloptions,exceptfor-a

v
and

-p
o

w
e

r
assum

e
thatthe

points
are

equidistantin
tim

e.

g
analyze

alw
ays

show
s

the
average

and
standard

deviation
of

each
set.

F
or

each
set

it
also

show
s

the
relative

deviation
of

the
third

and
forth

cum
ulant

from
those

of
a

G
aussian

distribution
w

ith
the

sam
e

standard
deviation.

O
ption

-a
c

produces
the

autocorrelation
function(s).

O
ption

-cc
plots

the
resem

blance
ofsetiw

ith
a

cosine
ofi/2

periods.
T

he
form

ula
is:

2
(int0-T

y(t)
cos(pit/i)

dt) 2
/int0-T

y(t)
y(t)

dt
T

his
is

usefulfor
principalcom

ponents
obtained

from
covariance

analysis,since
the

principalcom
ponents

ofrandom
diffusion

are
pure

cosines.

O
ption

-m
sd

produces
the

m
ean

square
displacem

ent(s).

O
ption

-d
ist

produces
distribution

plot(s).

O
ption

-a
v

produces
the

average
over

the
sets.

E
rror

bars
can

be
added

w
ith

the
option

-e
rrb

a
r

.
T

he
errorbars

can
representthe

standard
deviation,the

error(assum
ing

the
points

are
independent)orthe

interval
containing

90%
ofthe

points,by
discarding

5%
ofthe

points
atthe

top
and

the
bottom

.

O
ption

-e
e

produces
error

estim
ates

using
block

averaging.
A

set
is

divided
in

a
num

ber
of

blocks
and

averages
are

calculated
for

each
block.

T
he

error
for

the
total

average
is

calculated
from

the
variance

betw
een

averages
ofthe

m
blocks

Bias
follow

s:
error 2

=
S

um
(B

i-
<

B
>

) 2
/(m

*(m
-1)).

T
hese

errors
are

plotted
as

a
function

ofthe
block

size.
A

lso
an

analyticalblock
average

curve
is

plotted,assum
ing

thatthe
autocorrelation

is
a

sum
oftw

o
exponentials.

T
he

analyticalcurve
for

the
block

average
B

A
is:

B
A

(t)
=

sigm
a

sqrt(2/T
(

a
(tau1

((exp(-t/tau1)
-

1)
tau1/t+

1))
+

(1-a)
(tau2

((exp(-t/tau2)
-

1)
tau2/t+

1)))),
w

here
T

is
the

totaltim
e.

a,
tau1

and
tau2

are
obtained

by
fitting

B
A

(t)
to

the
calculated

block
average.

W
hen

the
actualblock

average
is

very
close

to
the

analyticalcurve,
the

error
is

sigm
a*sqrt(2/T

(a
tau1

+
(1-a)

tau2)).
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W
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pe
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w
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e
ta
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n
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co

un
t.

M
os

ta
na

ly
se

s
ar

e
pe

rf
or

m
ed

on
ei

ge
nv

ec
to

rs
-f

ir
st

to
-l
a

st
,b

ut
w

he
n

-f
ir
st

is
se

tt
o

-1
yo

u
w

ill
be

pr
om

pt
ed

fo
r

a
se

le
ct

io
n.

-d
is

p
:

pl
ot

al
la

to
m

di
sp

la
ce

m
en

ts
of

ei
ge

nv
ec

to
rs

-f
ir
st

to
-l
a

st
.

-p
ro

j
:

ca
lc

ul
at

e
pr

oj
ec

tio
ns

of
a

tr
aj

ec
to

ry
on

ei
ge

nv
ec

to
rs

-f
ir
st

to
-l
a

st
.

T
he

pr
oj

ec
tio

ns
of

a
tr

aj
ec

to
ry

on
th

e
ei

ge
nv

ec
to

rs
of

its
co

va
ria

nc
e

m
at

rix
ar

e
ca

lle
d

pr
in

ci
pa

lc
om

po
ne

nt
s

(p
c’

s)
.

It
is

of
te

n
us

ef
ul

to
ch

ec
k

th
e

co
si

ne
co

nt
en

tt
he

pc
’s

,s
in

ce
th

e
pc

’s
of

ra
nd

om
di

ffu
si

on
ar

e
co
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ne
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w

ith
th
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nu
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of
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T
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e
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’s
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at
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at
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ec

to
ry

on
th

e
fir

st
th

re
e

se
le

ct
ed

ei
ge

nv
ec

to
rs

.

-f
ilt

:
fil

te
r

th
e

tr
aj

ec
to

ry
to

sh
ow

on
ly

th
e

m
ot

io
n

al
on

g
ei

ge
nv

ec
to

rs
-f

ir
st

to
-l
a

st
.

-e
xt

r
:

ca
lc

ul
at

e
th

e
tw

o
ex

tr
em

e
pr

oj
ec

tio
ns

al
on

g
a

tr
aj

ec
to

ry
on

th
e

av
er

ag
e

st
ru

ct
ur

e
an

d
in

te
rp

ol
at

e
-n

fr
a

m
e

s
fr

am
es

be
tw

ee
n

th
em

,o
r

se
ty

ou
r

ow
n

ex
tr

em
es

w
ith

-m
a

x
.

T
he

ei
ge

nv
ec

to
r-f
ir
st

w
ill

be
w

rit
te

n
un

le
ss

-f
ir
st

an
d

-l
a

st
ha

ve
be

en
se

te
xp

lic
itl

y,
in

w
hi

ch
ca

se
al

le
ig

en
ve

ct
or

s
w

ill
be

w
rit

te
n

to
se

pa
ra

te
fil

es
.

C
ha

in
id

en
tifi

er
s

w
ill

be
ad

de
d

w
he

n
w

rit
in

g
a

.p
d

b
fil

e
w

ith
tw

o
or

th
re

e
st

ru
ct

ur
es

(y
ou

ca
n

us
er

a
sm

o
l

-n
m

rp
d

b
to

vi
ew

su
ch

a
pd

b
fil

e)
.

O
ve

rla
p

ca
lc

ul
at

io
ns

be
tw

ee
n

co
va

ria
nc

e
an

al
ys

is
:

N
O

T
E

:t
he

an
al

ys
is

sh
ou

ld
us

e
th

e
sa

m
e

fit
tin

g
st

ru
ct

ur
e

-o
ve

r
:

ca
lc

ul
at

e
th

e
su

bs
pa

ce
ov

er
la

p
of

th
e

ei
ge

nv
ec

to
rs

in
fil

e
-v

2
w

ith
ei

ge
nv

ec
to

rs-
fir

st
to

-l
a

st
in

fil
e

-v
.

-i
n

p
r

:
ca

lc
ul

at
e

a
m

at
rix

of
in

ne
r-

pr
od

uc
ts

be
tw

ee
n

ei
ge

nv
ec

to
rs

in
fil

es
-v

an
d

-v
2

.
A

ll
ei

ge
nv

ec
to

rs
of

bo
th

fil
es

w
ill

be
us

ed
un

le
ss-

fir
st

an
d

-l
a

st
ha

ve
be

en
se

te
xp

lic
itl

y.

W
he

n
-v

,
-e

ig
1

,
-v

2
an

d
-e

ig
2

ar
e

gi
ve

n,
a

si
ng

le
nu

m
be

r
fo

r
th

e
ov

er
la

p
be

tw
ee

n
th

e
co

va
ria

nc
e

m
at

ric
es

is
ge

ne
ra

te
d.

T
he

fo
rm

ul
as

ar
e:

di
ffe

re
nc

e
=

sq
rt

(t
r(

(s
qr

t(
M

1)
-

sq
rt

(M
2)

)
2
))

no
rm

al
iz

ed
ov

er
la

p
=

1
-

di
ffe

re
nc

e/
sq

rt
(t

r(
M

1)
+

tr
(M

2)
)

sh
ap

e
ov

er
la

p
=

1
-

sq
rt

(t
r(

(s
qr

t(
M

1/
tr

(M
1)

)
-

sq
rt

(M
2/

tr
(M

2)
))

2
))

w
he

re
M

1
an

d
M

2
ar

e
th

e
tw

o
co

va
ria

nc
e

m
at

ric
es

an
d

tr
is

th
e

tr
ac

e
of

a
m

at
rix

.
T

he
nu

m
be

rs
ar

e
pr

o-
po

rt
io

na
lt

o
th

e
ov

er
la

p
of

th
e

sq
ua

re
ro

ot
of

th
e

flu
ct

ua
tio

ns
.

T
he

no
rm

al
iz

ed
ov

er
la

p
is

th
e

m
os

t
us

ef
ul

nu
m

be
r,

it
is

1
fo

r
id

en
tic

al
m

at
ric

es
an

d
0

w
he

n
th

e
sa

m
pl

ed
su

bs
pa

ce
s

ar
e

or
th

og
on

al
.

F
ile

s
-v

e
ig

e
n

ve
c.

tr
r

In
pu

t
F

ul
lp

re
ci

si
on

tr
aj

ec
to

ry
:

tr
r

tr
j

-v
2

e
ig

e
n

ve
c2

.t
rr

In
pu

t,
O

pt
.

F
ul

lp
re

ci
si

on
tr

aj
ec

to
ry

:
tr

r
tr

j
-f

tr
a

j.x
tc

In
pu

t,
O

pt
.

G
en

er
ic

tr
aj

ec
to

ry
:

xt
c

tr
r

tr
jg

ro
g9

6
pd

b
-s

to
p

o
l.t

p
r

In
pu

t,
O

pt
.

S
tr

uc
tu

re
+

m
as

s(
db
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tp

r
tp

b
tp

a
gr

o
g9

6
pd

b
-n

in
d

e
x.

n
d

x
In

pu
t,

O
pt

.
In

de
x

fil
e

-e
ig

1
e

ig
e

n
va

l1
.x

vg
In

pu
t,

O
pt

.
xv

gr
/x

m
gr

fil
e

-e
ig

2
e

ig
e

n
va

l2
.x

vg
In

pu
t,

O
pt

.
xv

gr
/x

m
gr

fil
e

-d
is

p
e

ig
d

is
p

.x
vg

O
ut

pu
t,

O
pt

.
xv

gr
/x

m
gr

fil
e

-p
ro

j
p

ro
j.x

vg
O

ut
pu

t,
O

pt
.

xv
gr

/x
m

gr
fil

e
-2

d
2

d
p

ro
j.x

vg
O

ut
pu

t,
O

pt
.

xv
gr

/x
m

gr
fil

e
-3

d
3

d
p

ro
j.p

d
b

O
ut

pu
t,

O
pt

.
G

en
er

ic
st

ru
ct

ur
e:

gr
o

g9
6

pd
b

-f
ilt

fil
te

re
d

.x
tc

O
ut

pu
t,

O
pt

.
G

en
er

ic
tr

aj
ec

to
ry

:
xt

c
tr

r
tr

jg
ro

g9
6

pd
b

-e
xt

r
e

xt
re

m
e

.p
d

b
O

ut
pu

t,
O

pt
.

G
en

er
ic

tr
aj

ec
to

ry
:

xt
c

tr
r

tr
jg

ro
g9

6
pd

b
-o

ve
r

o
ve

rl
a

p
.x

vg
O

ut
pu

t,
O

pt
.

xv
gr

/x
m

gr
fil

e
-i
n

p
r

in
p

ro
d

.x
p

m
O

ut
pu

t,
O

pt
.

X
P

ix
M

ap
co

m
pa

tib
le

m
at

rix
fil

e

4
.1

.
N

o
n

-b
o

n
d

e
d

in
te

ra
ct

io
n

s
5

1

0.
2

0.
3

0.
4

0.
5

0.
6

0.
7

0.
8

r 
(n

m
)

–0
.5

0.
0

0.
5

1.
0

1.
5

V (kJ mole
–1

) F
ig

ur
e

4.
2:

T
he

B
uc

ki
ng

ha
m

in
te

ra
ct

io
n.

T
he

LJ
po

te
nt

ia
lm

ay
al

so
be

w
rit

te
n

in
th

e
fo

llo
w

in
g

fo
rm

:

V
L

J
(r

ij
)

=
4ε

ij

 ( σ ij r i
j

) 12
−
( σ ij r i

j

) 6 
(4

.5
)

In
co

ns
tr

uc
tin

g
th

e
pa

ra
m

et
er

m
at

rix
fo

r
th

e
no

n-
bo

nd
ed

LJ
-p

ar
am

et
er

s,
tw

o
ty

pe
s

of
co

m
bi

na
tio

n
ru

le
s

ca
n

be
us

ed
w

ith
in

G
R

O
M

A
C

S
:

C
(6

)
ij

=
( C

(6
)

ii
∗
C

(6
)

jj

) 1/2
C

(1
2
)

ij
=

( C
(1

2
)

ii
∗
C

(1
2
)

jj

) 1/2
(4

.6
)

or
,a

lte
rn

at
iv

el
y,

σ
ij

=
1 2
(σ

ii
+
σ

jj
)

ε i
j

=
(ε

ii
ε j

j
)1

/
2

(4
.7

)

4.
1.

2
B

uc
ki

ng
ha

m
po

te
nt

ia
l

T
he

B
uc

ki
ng

ha
m

po
te

nt
ia

lh
as

a
m

or
e

fle
xi

bl
e

an
d

re
al

is
tic

re
pu

ls
io

n
te

rm
th

an
th

e
Le

nn
ar

d-
Jo

ne
s

in
te

ra
ct

io
n,

bu
ti

s
al

so
m

or
e

ex
pe

ns
iv

e
to

co
m

pu
te

.
T

he
po

te
nt

ia
lf

or
m

is
:

V
bh

(r
ij
)

=
A

ij
ex

p(
−
B

ij
r i

j
)
−
C

ij

r6 ij

(4
.8

)

se
e

al
so

F
ig

.4.
2,

th
e

fo
rc

e
de

riv
ed

fr
om

th
is

is
:

F
i(
r i

j
)

=

[ −
A

ij
B

ij
r i

j
ex

p(
−
B

ij
r i

j
)
−

6
C

ij

r6 ij

] r
ij

r i
j

(4
.9

)
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C
h

a
p
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r

4
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fie
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C
oulom

b
W

ith R
F

�R
F

 −
 C

F
igure

4.3:
T

he
C

oulom
b

interaction
(for

particles
w

ith
equal

signed
charge)

w
ith

and
w

ithout
reaction

field.
In

the
latter

caseεr
f

w
as

78,andr
c

w
as

0.9
nm

.
T

he
dot-dashed

line
is

the
sam

e
as

the
dashed

line,exceptfor
a

constant.

4.1.3
C

oulom
b

interaction

T
he

C
oulom

b
interaction

betw
een

tw
o

charge
particles

is
given

by:

V
c (r

ij )
=
f
q
i q

j

ε
r r

ij
(4.10)

see
also

F
ig.4.3,w

heref
=

1
4
π
ε
0

=
138.935

485
(see

chapter2)

T
he

force
derived

from
this

potentialis:

F
i (r

ij )
=
f
q
i q

j

ε
r r

2ij

r
ij

r
ij

(4.11)

In
G

R
O

M
A

C
S

the
relative

dielectric
constant

ε
r

m
ay

be
setin

the
in

the
inputforgro

m
p

p
.

4.1.4
C

oulom
b

interaction
w

ith
reaction

field

T
he

coulom
b

interaction
can

be
m

odified
for

hom
ogeneous

system
s,

by
assum

ing
a

constant
di-

electric
environm

ent
beyond

the
cutoff

r
c

w
ith

a
dielectric

constant
ofεr

f .
T

he
interaction

then
reads:

V
cr

f
=

f
q
i q

j

r
ij [1

+
ε
r
f
−

1
2ε

r
f

+
1
r
3ij

r
3c ]

−
f
q
i q

j

r
c

3
ε
r
f

2
ε
r
f

+
1

(4.12)

in
w

hich
the

constant
expression

on
the

right
m

akes
the

potentialzero
at

the
cutoff
r
c .

W
e

can
rew

rite
this

for
sim

plicity
as

V
cr

f
=

f
q
i q

j [
1r
ij

+
k

r
f
r
2ij −

c
r
f ]

(4.13)

E
.5

.
ffsca

n
1

8
9

-n
ice

int
1

9
S

etthe
nicelevel

-b
real

-1
F

irsttim
e

to
use

-e
real

-1
Lasttim

e
to

use
-d

t
real

0
O

nly
w

rite
outfram

e
w

hen
tM

O
D

dt=
offset

-o
ffse

t
real

0
T

im
e

offsetfor
-dtoption

-se
ttim

e
bool

n
o

C
hange

starting
tim

e
interactively

-so
rt

bool
ye

s
S

ortenergy
files

(notfram
es)

-sca
le

fa
c

real
1

M
ultiply

energy
com

ponentby
this

factor
-e

rro
r

bool
ye

s
S

top
on

errors
in

the
file

•
W

hen
com

bining
trajectories

the
sigm

a
and

E
2

(necessary
for

statistics)
are

not
updated

correctly.
O

nly
the

actualenergy
is

correct.
O

ne
thus

has
to

com
pute

statistics
in

another
w

ay.

E
.5

ffscan

T
he

ffscan
program

perform
s

a
single

pointenergy
and

force
calculation

in
w

hich
the

force
field

is
m

odified.
T

his
w

ay
a

range
of

param
eters

can
be

changed
and

tested
for

reproduction
of

e.g.
quantum

chem
icalor

experim
entaldata.

A
grid

scan
over

the
param

eters
is

done
as

specified
using

com
m

and
line

argum
ents.

A
ll

param
eters

thatreproduce
the

energy
w

ithin
a

given
absolute

tolerance
are

printed
to

a
log

file.

O
bviously

polarizable
m

odels
can

be
used,

and
shelloptim

isation
is

perform
ed

if
necessary.

A
lso,

like
in

m
drun

table
functions

can
be

used
for

user
defined

potentialfunctions.

Ifthe
option

-ga
w

ith
appropriate

file
is

passed,a
genetic

algorithm
w

illbe
used

rather
than

a
grid

scan.

F
iles

-s
to

p
o

l.tp
r

Input
G

eneric
run

input:
tpr

tpb
tpa

-g
m

d
.lo

g
O

utput
Log

file
-ta

b
le

ta
b

le
.xvg

Input,O
pt.

xvgr/xm
gr

file
-p

a
rm

p
a

ra
m

s.d
a

t
Input

G
eneric

data
file

-g
a

g
e

n
a

lg
.d

a
t

Input,O
pt.

G
eneric

data
file

O
ther

options
-h

bool
n

o
P

rinthelp
info

and
quit

-n
ice

int
1

9
S

etthe
nicelevel

-to
l

real
0

.1
E

nergy
tolerance

(kJ/m
ol)

(zero
m

eans
everything

is
printed)

-fm
a

x
real

1
0

0
F

orce
tolerance

(zero
m

eans
everything

is
printed)

-e
p

o
t

real
0

Targetenergy
(kJ/m

ol)
-co

m
b

bool
ye

s
U

se
com

bination
rules

-n
p

o
w

real
1

2
P

ow
er

for
LJ

in
case

oftable
use

-ra
tio

real
0

.0
1

R
atio

for
w

eighing
R

M
S

F
orce

and
E

nergy
D

eviation.
C

ost
is

ratio
*

R
M

S
F

orce
+

abs(E
nergy

D
eviation).

T
his

probably
should

depend
on

your
system

.
-lo

g
e

p
s

bool
n

o
U

se
a

logarithm
ic

scale
for

epsilon
-v

bool
ye

s
B

e
loud

and
noisy

E
.6

g
anaeig

g
a

n
a

e
ig

analyzes
eigenvectors.

T
he

eigenvectors
can

be
of

a
covariance

m
atrix

(
g

co
va

r
)

or
of

a
N

orm
alM

odes
anaysis

(
g

n
m

e
ig

).
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p
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e
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t
0

S
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e
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ve

l
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n
o

V
ie

w
ou

tp
ut

xv
g,

xp
m

,e
ps
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d

pd
b

fil
es
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d

e
f
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ol

n
o

C
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os
e
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tp

ut
fr
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de

fa
ul
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nd

ex
gr

ou
ps

-b
t

en
um

tr
ic

B
ox
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pe

fo
r

-b
ox

an
d

-d
:

tr
ic

,
cu

b
ic

,
d

o
d

e
ca

h
e

d
ro

n
or

o
ct

a
h

e
d

ro
n

-b
o

x
ve

ct
or

0
0

0
B

ox
ve

ct
or

le
ng

th
s

(a
,b

,c
)

-a
n

g
le

s
ve

ct
or9

0
9

0
9

0
A

ng
le

s
be

tw
ee

n
th

e
bo

x
ve

ct
or

s
(b

c,
ac

,a
b)

-d
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0

D
is

ta
nc

e
be

tw
ee

n
th

e
so
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te

an
d

th
e

bo
x

-c
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n

o
C
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d
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0
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0
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rd
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of
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ric
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0
0
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at
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th
e

X
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-p
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S
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re
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R
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th
e

pe
rio

di
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ty
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m
ol
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e
w
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n)
-m

e
a

d
bo

ol
n

o
S

to
re

th
e

ch
ar

ge
of

th
e

at
om

in
th

e
oc

cu
pa

nc
y

fie
ld

an
d

th
e

ra
di

us
of

th
e

at
om

in
th

e
B

-f
ac

to
r

fie
ld

-g
ra

sp
bo

ol
n

o
S

to
re

th
e

ch
ar

ge
of

th
e

at
om

in
th

e
B

-f
ac

to
r

fie
ld

an
d

th
e

ra
di

us
of

th
e

at
om

in
th

e
oc

cu
pa

nc
y

fie
ld

-r
vd

w
re

al
0

.1
2

D
ef

au
lt

Va
n

de
r

W
aa

ls
ra

di
us

if
on

e
ca

n
no

tb
e

fo
un

d
in

th
e

da
ta

ba
se

-a
to

m
bo

ol
n

o
F

or
ce

B
-f

ac
to

r
at

ta
ch

m
en

tp
er

at
om

-l
e

g
e

n
d

bo
ol

n
o

M
ak

e
B

-f
ac

to
r

le
ge

nd
-l
a

b
e

l
st

rin
g

A
A

dd
ch

ai
n

la
be

lf
or

al
lr

es
id

ue
s

•
F

or
co

m
pl

ex
m

ol
ec

ul
es

,
th

e
pe

rio
di

ci
ty

re
m

ov
al

ro
ut

in
e

m
ay

br
ea

k
do

w
n,

in
th

at
ca

se
yo

u
ca

n
us

e
tr

jc
on

v

E
.4

en
ec

on
v

W
he

n
-f

is
n

o
ts

pe
ci

fie
d:

C
on

ca
te

na
te

s
se

ve
ra

le
ne

rg
y

fil
es

in
so

rt
ed

or
de

r.
In

ca
se

of
do

ub
le

tim
e

fr
am

es
th

e
on

e
in

th
e

la
te

r
fil

e
is

us
ed

.
B

y
sp

ec
ify

in
g-s

e
tt
im

e
yo

u
w

ill
be

as
ke

d
fo

r
th

e
st

ar
tt

im
e

of
ea

ch
fil

e.
T

he
in

pu
tfi

le
s

ar
e

ta
ke

n
fr

om
th

e
co

m
m

an
d

lin
e,

su
ch

th
at

th
e

co
m

m
an

d
e

n
e

co
n

v
-o

fix
e

d
.e

d
r

*.
e

d
r

sh
ou

ld
do

th
e

tr
ic

k.

W
ith

-f
sp

ec
ifi

ed
:

R
ea

ds
on

e
en

er
gy

fil
e

an
d

w
rit

es
an

ot
he

r,
ap

pl
yi

ng
th

e
-d

t
,-

o
ff
se

t
,-

t0
an

d
-s

e
tt
im

e
op

tio
ns

an
d

co
nv

er
tin

g
to

a
di

ffe
re

nt
fo

rm
at

if
ne

ce
ss

ar
y

(in
di

ca
te

d
by

fil
e

ex
te

nt
io

ns
).

-s
e

tt
im

e
is

ap
pl

ie
d

fir
st

,t
he

n-d
t

/-
o

ff
se

t
fo

llo
w

ed
by

-b
an

d
-e

to
se

le
ct

w
hi

ch
fr

am
es

to
w

rit
e.

F
ile

s
-f

e
n

e
r.

e
d

r
In

pu
t

G
en

er
ic

en
er

gy
:

ed
r

en
e

-o
fix

e
d

.e
d

r
O

ut
pu

t,
O

pt
.

G
en

er
ic

en
er

gy
:

ed
r

en
e

O
th

er
op

tio
ns

-h
bo

ol
n

o
P

rin
th

el
p

in
fo

an
d

qu
it

4
.1

.
N

o
n

-b
o

n
d

e
d

in
te

ra
ct

io
n

s
5

3

w
ith

k
r
f

=
1 r3 c

ε r
f
−

1
(2
ε r

f
+

1)
(4

.1
4)

c r
f

=
1 r c

+
k

r
f
r2 c

=
1 r c

3ε
r
f

(2
ε r

f
+

1)
(4

.1
5)

F
or

la
rg

eε
r
f

th
e
k

r
f

go
es

to
0.

5r
−

3
c

,
w

hi
le

fo
r
ε r

f
=

1
th

e
co

rr
ec

tio
n

va
ni

sh
es

.
T

hi
s

m
ak

es
it

po
ss

ib
le

to
us

e
th

e
sa

m
e

ex
pr

es
si

on
w

ith
an

d
w

ith
ou

tr
ea

ct
io

n
fie

ld
,a

lb
ei

ta
ts

om
e

co
m

pu
ta

tio
na

l
co

st
.

In
F

ig
.4

.3
th

e
m

od
ifi

ed
in

te
ra

ct
io

n
is

pl
ot

te
d,

an
d

it
is

cl
ea

r
th

at
th

e
de

riv
at

iv
e

w
ith

re
sp

ec
t

to
r i

j
(=

-f
or

ce
)

go
es

to
ze

ro
at

th
e

cu
to

ff
di

st
an

ce
.

T
he

fo
rc

e
de

riv
ed

fr
om

th
is

po
te

nt
ia

lr
ea

ds
:

F
i(

r
ij
)

=
f
q i
q j

[ 1 r2 ij

−
2k

r
f
r i

j

] r
ij

r i
j

(4
.1

6)

T
iro

ni
e

ta
l.

ha
ve

in
tr

od
uc

ed
a

ge
ne

ra
liz

ed
re

ac
tio

n
fie

ld
in

w
hi

ch
th

e
di

el
ec

tr
ic

co
nt

in
uu

m
be

yo
nd

th
e

cu
to

ff
r c

al
so

ha
s

an
io

ni
c

st
re

ng
thI

[4
5]

.
In

th
is

ca
se

w
e

ca
n

re
w

rit
e

th
e

co
ns

ta
nt

s
k

r
f

an
d

c r
f

us
in

g
th

e
in

ve
rs

e
D

eb
ye

sc
re

en
in

g
le

ng
th

κ
:

κ
=

2I
F

2

ε 0
ε r

f
R
T

=
F

2

ε 0
ε r

f
R
T

K ∑ i=
1

c i
z i

(4
.1

7)

k
r
f

=
1 r3 c

(ε
r
f
−

1)
(1

+
κ
r c

)
+
ε r

f
(κ
r c

)2

(2
ε r

f
+

1)
(1

+
κ
r c

)
+

2ε
r
f
(κ
r c

)2
(4

.1
8)

c r
f

=
1 r c

3ε
r
f
(1

+
κ
r c

+
(κ
r c

)2
)

(2
ε r

f
+

1)
(1

+
κ
r c

)
+

2ε
r
f
(κ
r c

)2
(4

.1
9)

w
he

re
F

is
F

ar
ad

ay
’s

co
ns

ta
nt

,R
is

th
e

id
ea

l
ga

s
co

ns
ta

nt
,T

th
e

ab
so

lu
te

te
m

pe
ra

tu
re

,
c i

th
e

m
ol

ar
co

nc
en

tr
at

io
n

fo
rs

pe
ci

esi
an

dz
i
th

e
ch

ar
ge

nu
m

be
ro

fs
pe

ci
esi
w

he
re

w
e

ha
ve
K

di
ffe

re
nt

sp
ec

ie
s.

In
th

e
lim

it
of

ze
ro

io
ni

c
st

re
ng

th
(

κ
=

0)
eq

ns
.4

.1
8

an
d

4.
19

re
du

ce
to

th
e

si
m

pl
e

fo
rm

s
of

eq
ns

.4
.1

4
an

d
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15
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sp
ec

tiv
el
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M

od
ifi

ed
no

n-
bo

nd
ed
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te

ra
ct

io
ns

In
th

e
G

R
O

M
A

C
S

fo
rc

e
fie

ld
th

e
no

n-
bo

nd
ed

po
te

nt
ia

ls
ca

n
be

m
od

ifi
ed

by
a

sh
ift

fu
nc

tio
n.

T
he

pu
rp

os
e

of
th

is
is

to
re

pl
ac

e
th

e
tr

un
ca

te
d

fo
rc

es
by

fo
rc

es
th

at
ar

e
co

nt
in

uo
us

an
d

ha
ve

co
nt

in
uo

us
de

riv
at

iv
es

at
th

e
cu

to
ff

ra
di

us
.

W
ith

su
ch

fo
rc

es
th

e
tim

e-
st

ep
in

te
gr

at
io

n
pr

od
uc

es
m

uc
h

sm
al

le
r

er
ro

rs
an

d
th

er
e

ar
e

no
su

ch
co

m
pl
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at

io
ns
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cr

ea
tin

g
ch

ar
ge

s
fr

om
di

po
le

s
by

th
e

tr
un

ca
tio

n
pr

oc
ed

ur
e.

In
fa

ct
,b

y
us

in
g

sh
ift

ed
fo

rc
es

th
er

e
is

no
ne

ed
fo

r
ch

ar
ge

gr
ou

ps
in

th
e

co
ns

tr
uc

tio
n

of
ne

ig
hb
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lis

ts
.

H
ow

ev
er

,
th

e
sh

ift
fu
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tio

n
pr
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uc
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a
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er

ab
le

m
od
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ca
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e
C
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m
b
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te
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ia
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U
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s
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e
’m
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g-

ra
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e
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s
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ed
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d
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d
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e
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e
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P
P

P
M

,E
w
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P

M
E
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th

e
ef
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of
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m
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e
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fu
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T
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m
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ifi
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of
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Le
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di
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on
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d
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io
n

is
on

ly
m

in
or

,b
ut

it
do

es
re

m
ov

e
th

e
no

is
e
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us

ed
by

cu
to

ff
ef

fe
ct

s.

T
he

re
is

n
o

fu
nd

am
en

ta
ld

iff
er

en
ce

be
tw

ee
n

a
sw

itc
h

fu
nc

tio
n

(w
hi

ch
m

ul
tip

lie
s

th
e

po
te

nt
ia

lw
ith

a
fu

nc
tio

n)
an

d
a

sh
ift

fu
nc

tio
n

(w
hi

ch
ad

ds
a

fu
nc

tio
n

to
th

e
fo

rc
e

or
po

te
nt

ia
l).

T
he

sw
itc

h



5
4

C
h

a
p

te
r

4
.

Fo
rce

fie
ld

s

function
is

a
specialcase

ofthe
shiftfunction,w

hich
w

e
apply

to
the

fo
rce

fu
n

ctio
nF

(r),related
to

the
electrostatic

or
Van

der
W

aals
force

acting
on

particle
i

by
particle

j
as

F
i =

cF
(r

ij ) r
ij

r
ij

(4.20)

F
or

pure
C

oulom
b

or
Lennard-Jones

interactions
F

(r)
=
F

α (r)
=
r −

(α
+

1
).

T
he

shifted
force

F
s (r)

can
generally

be
w

ritten
as:

F
s (r)

=
F

α (r)
r
<
r
1

F
s (r)

=
F

α (r)
+
S

(r)
r
1
≤
r
<
r
c

F
s (r)

=
0

r
c ≤

r

(4.21)

W
hen

r
1

=
0

this
is

a
traditional

shift
function,

otherw
ise

it
acts

as
a

sw
itch

function.
T

he
corresponding

shifted
coulom

b
potentialthen

reads:

V
s (r

ij )
=
fΦ

s (r
ij )q

i q
j

(4.22)

w
hereΦ

(r)
is

the
potentialfunctionΦ

s (r)
= ∫

∞r
F

s (x)
d
x

(4.23)

T
he

G
R

O
M

A
C

S
shiftfunction

should
be

sm
ooth

atthe
boundaries,therefore

the
follow

ing
bound-

ary
conditions

are
im

posed
on

the
shiftfunction:

S
(r

1 )
=

0
S
′(r

1 )
=

0
S

(r
c )

=
−
F

α (r
c )

S
′(r

c )
=

−
F
′α (r

c )

(4.24)

A
3

r
d

degree
polynom

ialofthe
form

S
(r)

=
A

(r
−
r
1 )

2
+
B

(r
−
r
1 )

3
(4.25)

fulfills
these

requirem
ents.

T
he

constants
A

and
B

are
given

by
the

boundary
condition

at
r
c :

A
=

−
(α

+
4)r

c
−

(α
+

1)r
1

r
α
+

2
c

(r
c −

r
1 )

2

B
=

(α
+

3)r
c
−

(α
+

1)r
1

r
α
+

2
c

(r
c −

r
1 )

3

(4.26)

T
hus

the
totalforce

function
is

F
s (r)

=
1

r
α
+

1
+
A

(r
−
r
1 )

2
+
B

(r
−
r
1 )

3
(4.27)

and
the

potentialfunction
reads

Φ
(r)

=
1r
α
−
A3

(r
−
r
1 )

3−
B4

(r
−
r
1 )

4−
C

(4.28)
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n
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E
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editconf

editconfconverts
generic

structure
form

atto
.g

ro
,.g

9
6

or.p
d

b
.

T
he

box
can

be
m

odified
w

ith
options-bo

x
,-d

and
-a

n
g

le
s

.
B

oth
-b

o
x

and
-d

w
illcenter

the
system

in
the

box.

O
ption

-b
t

determ
ines

the
box

type:tric
is

a
triclinic

box,cu
b

ic
is

a
cubic

box,d
o

d
e

ca
h

e
d

ro
n

is
a

rhom
bic

dodecahedron
andocta

h
e

d
ro

n
is

a
truncated

octahedron.
T

he
last

tw
o

are
specialcases

of
a

triclinic
box.

T
he

length
of

the
three

box
vectors

of
the

truncated
octahedron

is
the

shortest
distance

betw
een

tw
o

opposite
hexagons.

T
he

volum
e

ofa
dodecahedron

is
0.71

and
thatofa

truncated
octahedron

is
0.77

ofthatofa
cubic

box
w

ith
the

sam
e

periodic
im

age
distance.

O
ption

-b
o

x
requires

only
one

value
for

a
cubic

box,dodecahedron
and

a
truncated

octahedron.
W

ith
-d

and
tric

the
size

ofthe
system

in
the

x,y
and

z
directions

is
used.

W
ith

-d
and

cu
b

ic
,d

o
d

e
ca

h
e

d
ro

n
oro

cta
h

e
d

ro
n

the
diam

eter
ofthe

system
is

used,w
hich

is
the

largestdistance
betw

een
tw

o
atom

s.

O
ption

-a
n

g
le

s
is

only
m

eaningfulw
ith

option-b
o

x
and

a
triclinic

box
and

can
notbe

used
w

ith
option

-d
.

W
hen

-n
or

-n
d

e
f

is
set,a

group
can

be
selected

for
calculating

the
size

and
the

geom
etric

center,other-
w

ise
the

w
hole

system
is

used.

-ro
ta

te
rotates

the
coordinates

and
velocities.

-p
rin

c
aligns

the
principalaxes

of
the

system
along

the
coordinate

axes,
this

m
ay

allow
you

to
decrease

the
box

volum
e,

but
bew

are
that

m
olecules

can
rotate

significantly
in

a
nanosecond.

S
caling

is
applied

before
any

of
the

other
operations

are
perform

ed.
B

oxes
can

be
scaled

to
give

a
certain

density
(option-d

e
n

sity
).

A
specialfeature

of
the

scaling
option,

w
hen

the
factor

-1
is

given
in

one
dim

ension,one
obtains

a
m

irror
im

age,m
irrored

in
one

ofthe
plains,w

hen
one

uses
-1

in
three

dim
ensions

a
point-m

irror
im

age
is

obtained.

G
roups

are
selected

after
alloperations

have
been

applied.

P
eriodicity

can
be

rem
oved

in
a

crude
m

anner.
Itis

im
portantthatthe

box
sizes

atthe
bottom

ofyour
input

file
are

correctw
hen

the
periodicity

is
to

be
rem

oved.

T
he

program
can

optionally
rotate

the
solute

m
olecule

to
align

the
m

olecule
along

its
principal

axes
(-ro

ta
te

)

W
hen

w
riting

.p
d

b
files,B

-factors
can

be
added

w
ith

the-bf
option.

B
-factors

are
read

from
a

file
w

ith
w

ith
follow

ing
form

at:
firstline

states
num

ber
ofentries

in
the

file,nextlines
state

an
index

follow
ed

by
a

B
-factor.

T
he

B
-factors

w
illbe

attached
per

residue
unless

an
index

is
larger

than
the

num
ber

of
residues

or
unless

the-a
to

m
option

is
set.

O
bviously,any

type
ofnum

eric
data

can
be

added
instead

ofB
-factors.

-le
g

e
n

d
w

ill
produce

a
row

of
C

A
atom

s
w

ith
B

-factors
ranging

from
the

m
inim

um
to

the
m

axim
um

value
found,effectively

m
aking

a
legend

for
view

ing.

W
ith

the
option

-m
ead

a
specialpdb

file
for

the
M

E
A

D
electrostatics

program
(P

oisson-B
oltzm

ann
solver)

can
be

m
ade.

A
further

prerequisite
is

thatthe
inputfile

is
a

run
inputfile.

T
he

B
-factor

field
is

then
filled

w
ith

the
Van

der
W

aals
radius

ofthe
atom

s
w

hile
the

occupancy
field

w
illhold

the
charge.

T
he

option
-grasp

is
sim

ilar,butitputs
the

charges
in

the
B

-factor
and

the
radius

in
the

occupancy.

F
inally

w
ith

option
-la

b
e

l
editconf

can
add

a
chain

identifier
to

a
pdb

file,
w

hich
can

be
useful

for
analysis

w
ith

e.g.
rasm

ol.

To
converta

truncated
octrahedron

file
produced

by
a

package
w

hich
uses

a
cubic

box
w

ith
the

corners
cut

off(such
as

G
rom

os)
use:

e
d

itco
n

f
-f

<
in
>

-ro
ta

te
0

-4
5

-3
5

.2
6

4
-b

t
o

-b
o

x
<

ve
cle

n
>

-o
<

o
u

t
>

w
hereve

cle
n

is
the

size
ofthe

cubic
box

tim
es

sqrt(3)/2.
F

iles
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A

p
p

e
n

d
ix

E
.

M
a

n
u

a
lP

ag
e

s

•
M

os
t

G
R

O
M

A
C

S
pr

og
ra

m
s

ca
n

pr
oc

es
s

a
tr

aj
ec

to
ry

w
ith

le
ss

at
om

s
th

an
th

e
ru

n
in

pu
t

or
st

ru
ct

ur
e

fil
e,

bu
to

nl
y

if
th

e
tr

aj
ec

to
ry

co
ns

is
ts

of
th

e
fir

st
n

at
om

s
of

th
e

ru
n

in
pu

to
r

st
ru

ct
ur

e
fil

e.

•
M

an
y

G
R

O
M

A
C

S
pr

og
ra

m
s

w
ill

ac
ce

pt
th

e-t
u

op
tio

n
to

se
t

th
e

tim
e

un
its

to
us

e
in

ou
tp

ut
fil

es
(e

.g
.

fo
rx

m
g

r
gr

ap
hs

or
xp

m
m

at
ric

es
)

an
d

in
al

lt
im

e
op

tio
ns

.

E
.2

do
ds

sp

do
ds

sp
re

ad
s

a
tr

aj
ec

to
ry

fil
e

an
d

co
m

pu
te

s
th

e
se

co
nd

ar
y

st
ru

ct
ur

e
fo

r
ea

ch
tim

e
fr

am
e

ca
lli

ng
th

e
ds

sp
pr

og
ra

m
.

If
yo

u
do

no
t

ha
ve

th
e

ds
sp

pr
og

ra
m

,
ge

t
it.

dods
sp

as
su

m
es

th
at

th
e

ds
sp

ex
ec

ut
ab

le
is

/u
sr

/lo
ca

l/b
in

/d
ss

p.
If

th
is

is
no

t
th

e
ca

se
,

th
en

yo
u

sh
ou

ld
se

t
an

en
vi

ro
nm

en
t

va
ria

bl
e

D
S

S
P

po
in

tin
g

to
th

e
ds

sp
ex

ec
ut

ab
le

,e
.g

.:

se
te

n
v

D
S

S
P

/o
p

t/
d

ss
p

/b
in

/d
ss

p

T
he

st
ru

ct
ur

e
as

si
gn

m
en

t
fo

r
ea

ch
re

si
du

e
an

d
tim

e
is

w
rit

te
n

to
an

.x
p

m
m

at
rix

fil
e.

T
hi

s
fil

e
ca

n
be

vi
su

al
iz

ed
w

ith
fo

r
in

st
an

cex
v

an
d

ca
n

be
co

nv
er

te
d

to
po

st
sc

rip
tw

ithxp
m

2
p

s
.

T
he

nu
m

be
r

of
re

si
du

es
w

ith
ea

ch
se

co
nd

ar
y

st
ru

ct
ur

e
ty

pe
an

d
th

e
to

ta
ls

ec
on

da
ry

st
ru

ct
ur

e
(

-s
ss

)
co

un
ta

s
a

fu
nc

tio
n

of
tim

e
ar

e
al

so
w

rit
te

n
to

fil
e

(-s
c

).

S
ol

ve
nt

ac
ce

ss
ib

le
su

rf
ac

e
(S

A
S

)p
er

re
si

du
e

ca
n

be
ca

lc
ul

at
ed

,b
ot

h
in

ab
so

lu
te

va
lu

es
(A

2
)a

nd
in

fr
ac

tio
ns

of
th

e
m

ax
im

al
ac

ce
ss

ib
le

su
rf

ac
e

of
a

re
si

du
e.

T
he

m
ax

im
al

ac
ce

ss
ib

le
su

rf
ac

e
is

de
fin

ed
as

th
e

ac
ce

ss
ib

le
su

rf
ac

e
of

a
re

si
du

e
in

a
ch

ai
n

of
gl

yc
in

es
.

N
ot

e
th

at
th

e
pr

og
ra

mg
sa

s
ca

n
al

so
co

m
pu

te
S

A
S

an
d

th
at

is
m

or
e

ef
fic

ie
nt

.

F
in

al
ly

,
th

is
pr

og
ra

m
ca

n
du

m
p

th
e

se
co

nd
ar

y
st

ru
ct

ur
e

in
a

sp
ec

ia
l

fil
e

ss
d

u
m

p
.d

a
t

fo
r

us
ag

e
in

th
e

pr
og

ra
m

g
ch

i
.

To
ge

th
er

th
es

e
tw

o
pr

og
ra

m
s

ca
n

be
us

ed
to

an
al

yz
e

di
he

dr
al

pr
op

er
tie

s
as

a
fu

nc
tio

n
of

se
co

nd
ar

y
st

ru
ct

ur
e

ty
pe

.

F
ile

s
-f

tr
a

j.x
tc

In
pu

t
G

en
er

ic
tr

aj
ec

to
ry

:
xt

c
tr

r
tr

jg
ro

g9
6

pd
b

-s
to

p
o

l.t
p

r
In

pu
t

S
tr

uc
tu

re
+

m
as

s(
db

):
tp

r
tp

b
tp

a
gr

o
g9

6
pd

b
-n

in
d

e
x.

n
d

x
In

pu
t,

O
pt

.
In

de
x

fil
e

-s
sd

u
m

p
ss

d
u

m
p

.d
a

t
O

ut
pu

t,
O

pt
.

G
en

er
ic

da
ta

fil
e

-m
a

p
ss

.m
a

p
In

pu
t,

Li
b.

F
ile

th
at

m
ap

s
m

at
rix

da
ta

to
co

lo
rs

-o
ss

.x
p

m
O

ut
pu

t
X

P
ix

M
ap

co
m

pa
tib

le
m

at
rix

fil
e

-s
c

sc
o

u
n

t.
xv

g
O

ut
pu

t
xv

gr
/x

m
gr

fil
e

-a
a

re
a

.x
p

m
O

ut
pu

t,
O

pt
.

X
P

ix
M

ap
co

m
pa

tib
le

m
at

rix
fil

e
-t

a
to

ta
re

a
.x

vg
O

ut
pu

t,
O

pt
.

xv
gr

/x
m

gr
fil

e
-a

a
a

ve
ra

re
a

.x
vg

O
ut

pu
t,

O
pt

.
xv

gr
/x

m
gr

fil
e

O
th

er
op

tio
ns

-h
bo

ol
n

o
P

rin
th

el
p

in
fo

an
d

qu
it

-n
ic

e
in

t
1

9
S

et
th

e
ni

ce
le

ve
l

-b
tim

e
-1

F
irs

tf
ra

m
e

(p
s)

to
re

ad
fr

om
tr

aj
ec

to
ry

-e
tim

e
-1

La
st

fr
am

e
(p

s)
to

re
ad

fr
om

tr
aj

ec
to

ry
-d

t
tim

e
-1

O
nl

y
us

e
fr

am
e

w
he

n
tM

O
D

dt
=

fir
st

tim
e

(p
s)

-t
u

en
um

p
s

T
im

e
un

it:
p

s
,f

s
,n

s
,u

s
,m

s,
s

,m
or

h
-w

bo
ol

n
o

V
ie

w
ou

tp
ut

xv
g,

xp
m

,e
ps

an
d

pd
b

fil
es

-s
ss

st
rin

g
H

E
B

T
S

ec
on

da
ry

st
ru

ct
ur

es
fo

r
st

ru
ct

ur
e

co
un

t

•
T

he
pr

og
ra

m
is

ve
ry

sl
ow

4
.1

.
N

o
n

-b
o

n
d

e
d

in
te

ra
ct

io
n

s
5

5

0.
0

1.
0

2.
0

3.
0

4.
0

5.
0

r�

−
0.

5

0.
0

0.
5

1.
0

1.
5

f(r)

N
or

m
al

 F
or

ce
S

hi
fte

d 
F

or
ce

S
hi

ft 
F

un
ct

io
n

F
ig

ur
e

4.
4:

T
he

C
ou

lo
m

b
F

or
ce

,S
hi

fte
d

F
or

ce
an

d
S

hi
ft

F
un

ct
io

n
S

(r
),

us
in

g
r 1

=
2

an
d

r c
=

4.

w
he

re

C
=

1 rα c

−
A 3

(r
c
−
r 1

)3
−
B 4

(r
c
−
r 1

)4
(4

.2
9)

W
he

n
r 1

=
0,

th
e

m
od

ifi
ed

C
ou

lo
m

b
fo

rc
e

fu
nc

tio
n

is

F
s
(r

)
=

1 r2
−

5r
2

r4 c

+
4r

3

r5 c

(4
.3

0)

id
en

tic
al

to
th

ep
a

ra
b

o
lic

fo
rc

e
fu

nc
tio

n
re

co
m

m
en

de
d

to
be

us
ed

as
a

sh
or

t-
ra

ng
e

fu
nc

tio
n

in
co

nj
un

ct
io

n
w

ith
a

P
oi

ss
on

so
lv

er
fo

r
th

e
lo

ng
-r

an
ge

pa
rt

[
13

].
T

he
m

od
ifi

ed
C

ou
lo

m
b

po
te

nt
ia

l
fu

nc
tio

n
is

Φ
(r

)
=

1 r
−

5 3r
c

+
5r

3

3r
4 c

−
r4 r5 c

(4
.3

1)

se
e

al
so

F
ig

.4.
4.

4.
1.

6
M

od
ifi

ed
sh

or
t-

ra
ng

e
in

te
ra

ct
io

ns
w

ith
E

w
al

d
su

m
m

at
io

n

W
he

n
E

w
al

d
su

m
m

at
io

n
or

pa
rt

ic
le

-m
es

h
E

w
al

d
is

us
ed

to
ca

lc
ul

at
e

th
e

lo
ng

-r
an

ge
in

te
ra

ct
io

ns
,

th
e

sh
or

t-
ra

ng
e

co
ul

om
b

po
te

nt
ia

lm
us

ta
ls

o
be

m
od

ifi
ed

,s
im

ila
r

to
th

e
sw

itc
h

fu
nc

tio
n

ab
ov

e.
In

th
is

ca
se

th
e

sh
or

tr
an

ge
po

te
nt

ia
li

s
gi

ve
n

by

V
(r

)
=
f

er
fc
(β
r i

j
)

r i
j

q i
q j
,

(4
.3

2)

w
he

re
β

is
a

pa
ra

m
et

er
th

at
de

te
rm

in
es

th
e

re
la

tiv
e

w
ei

gh
t

be
tw

ee
n

th
e

di
re

ct
sp

ac
e

su
m

an
d

th
e

re
ci

pr
oc

al
sp

ac
e

su
m

an
d

er
fc(x
)

is
th

e
co

m
pl

em
en

ta
ry

er
ro

r
fu

nc
tio

n.
F

or
fu

rt
he

r
de

ta
ils

on
lo

ng
-

ra
ng

e
el

ec
tr

os
ta

tic
s,

se
e

se
c.

4.
6.
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4.5:

P
rinciple

ofbond
stretching

(left),and
the

bond
stretching

potential(right).

4.2
B

onded
interactions

B
onded

interactions
are

based
on

a
fixed

list
of

atom
s.

T
hey

are
not

exclusively
pair

interac-
tions,

but
include

3-
and

4-body
interactions

as
w

ell.
T

here
are

b
o

n
d

stre
tch

in
g(2-body),b

o
n

d
a

n
g

le
(3-body),

andd
ih

e
d

ra
la

n
g

le(4-body)
interactions.

A
specialtype

of
dihedralinteraction

(called
im

p
ro

p
e

r
d

ih
e

d
ra

l)is
used

to
force

atom
s

to
rem

ain
in

a
plane

or
to

preventtransition
to

a
configuration

ofopposite
chirality

(a
m

irror
im

age).

4.2.1
B

ond
stretching

H
arm

onic
potential

T
he

bond
stretching

betw
een

tw
o

covalently
bonded

atom
s

i
and

j
is

represented
by

a
harm

onic
potential

V
b
(r

ij )
=

12
k

bij (r
ij −

b
ij )

2
(4.33)

see
also

F
ig.4.5,w

ith
the

force

F
i (r

ij )
=
k

bij (r
ij −

b
ij ) r

ij

r
ij

(4.34)

F
ourth

pow
er

potential

In
the

G
R

O
M

O
S

-96
force

field
[46]

the
covalent

bond
potentialis

w
ritten

for
reasons

of
com

pu-
tationalefficiency

as:

V
b
(r

ij )
=

14
k

bij (
r
2ij −

b
2ij )

2
(4.35)

the
corresponding

force
is:

F
i (r

ij )
=
k

bij (r
2ij −

b
2ij )

r
ij

(4.36)

A
ppendix

E

M
anualP

ages

E
.1

options

A
llG

R
O

M
A

C
S

program
s

have
6

standard
options,ofw

hich
som

e
are

hidden
by

default:

O
ther

options
-h

bool
n

o
P

rinthelp
info

and
quit

-X
bool

n
o

U
se

dialog
box

G
U

Ito
editcom

m
and

line
options

-n
ice

int
0

S
etthe

nicelevel

•
Ifthe

configuration
scriptfound

M
otifor

Lesstifon
your

system
,you

can
use

the
graphicalinterface

(ifnot,you
w

illgetan
error):

-X
booln

o
U

se
dialog

box
G

U
Ito

editcom
m

and
line

options

•
W

hen
com

piled
on

an
S

G
I-IR

IX
system

,allG
R

O
M

A
C

S
program

s
have

an
additionaloption:

-n
p

ri
int

0
S

etnon
blocking

priority
(try

128)

•
O

ptionalfiles
are

notused
unless

the
option

is
set,in

contrastto
non

optionalfiles,w
here

the
default

file
nam

e
is

used
w

hen
the

option
is

notset.

•
A

llG
R

O
M

A
C

S
program

s
w

illacceptfile
options

w
ithouta

file
extension

orfilenam
e

being
specified.

In
such

cases
the

default
filenam

es
w

ill
be

used.
W

ith
m

ultiple
input

file
types,

such
as

generic
structure

form
at,

the
directory

w
ill

be
searched

for
files

of
each

type
w

ith
the

supplied
or

default
nam

e.
W

hen
no

such
file

is
found,or

w
ith

outputfiles
the

firstfile
type

w
illbe

used.

•
A

llG
R

O
M

A
C

S
program

s
w

ith
the

exception
ofmd

ru
n

,
n

m
ru

n
and

e
n

e
co

n
v

check
if

the
com

-
m

and
line

options
are

valid.
Ifthis

is
notthe

case,the
program

w
illbe

halted.

•
E

num
erated

options
(enum

)should
be

used
w

ith
one

ofthe
argum

ents
listed

in
the

option
description,

the
argum

entm
ay

be
abbreviated.

T
he

firstm
atch

to
the

shortestargum
entin

the
listw

illbe
selected.

•
Vector

options
can

be
used

w
ith

1
or

3
param

eters.
W

hen
only

one
param

eter
is

supplied
the

tw
o

others
are

also
setto

this
value.

•
F

or
m

any
G

R
O

M
A

C
S

program
s,the

tim
e

options
can

be
supplied

in
differenttim

e
units,depending

on
the

setting
ofthe-tu

option.

•
A

llG
R

O
M

A
C

S
program

s
can

read
com

pressed
or

g-zipped
files.

T
here

m
ight

be
a

problem
w

ith
reading

com
pressed.xtc

,.trr
and

.trj
files,butthese

w
illnotcom

press
very

w
ellanyw

ay.
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p
p

e
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A
ve

ra
ge

s
a

n
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flu
ct

u
a

tio
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B
o

n
d

e
d

in
te

ra
ct

io
n

s
5

7

T
he

fo
rc

e
co

ns
ta

nt
s

fo
r

th
is

fo
rm

of
th

e
po

te
nt

ia
li

s
re

la
te

d
to

th
e

us
ua

lh
ar

m
on

ic
fo

rc
e

co
ns

ta
nt

k
b,

h
a
r
m

(s
ec

.4
.2

.1
)

as
2k

b
b2 ij

=
k

b,
h
a
r
m

(4
.3

7)

T
he

fo
rc

e
co

ns
ta

nt
s

ar
e

m
os

tly
de

riv
ed

fr
om

th
e

ha
rm

on
ic

on
es

us
ed

in
G

R
O

M
O

S
-8

7
[

39
].

A
l-

th
ou

gh
th

is
fo

rm
is

co
m

pu
ta

tio
na

lly
m

or
e

ef
fic

ie
nt

(b
ec

au
se

no
sq

ua
re

ro
ot

ha
s

to
be

ev
al

ua
te

d)
,i

t
is

co
nc

ep
tu

al
ly

m
or

e
co

m
pl

ex
.

O
ne

pa
rt

ic
ul

ar
di

sa
dv

an
ta

ge
is

th
at

si
nc

e
th

e
fo

rm
is

no
th

ar
m

on
ic

,
th

e
av

er
ag

e
en

er
gy

of
a

si
ng

le
bo

nd
is

no
te
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d
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e
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a
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.
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l
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:
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=
D

ij
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−
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−
β

ij
(r
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−
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j
))
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8)

se
e
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F
ig

.4.
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d
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e
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rr
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nd
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g
fo
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e
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:

F
m

o
r
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ij
)

=
2D
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ij
r i

j
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p(
−
β

ij
(r

ij
−
b i

j
))
∗
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−

ex
p(
−
β
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ij
−
b i

j
))
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j

r i
j
,
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w
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e
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h
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e

w
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n
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−
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−
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4.6:
T

he
M

orse
potentialw

ell,w
ith

bond
length

0.15
nm

.

4.2.3
C

ubic
bond

stretching
potential

A
nother

anharm
onic

bond
stretching

potential
that

is
slightly

sim
pler

than
the

M
orse

potential
adds

a
cubic

term
in

the
distance

to
the

sim
ple

harm
onic

form
:

V
b
(r

ij )
=
k

bij (r
ij −

b
ij )

2
+
k

bij k
cu

b
ij

(r
ij −

b
ij )

3
(4.44)

A
flexible

w
ater

m
odel(based

on
the

S
P

C
w

ater
m

odel[
48])

including
a

cubic
bond

stretching
potential

for
the

O
-H

bond
w

as
developed

by
F

erguson
[

49].
T

his
m

odel
w

as
found

to
yield

a
reasonable

infrared
spectrum

.
T

he
F

erguson
w

ater
m

odelis
available

in
the

G
R

O
M

A
C

S
library.

Itshould
be

noted
thatthe

potentialis
asym

m
etric:

overstretching
leads

to
infinitely

low
energies.

T
he

integration
tim

estep
is

therefore
lim

ited
to

1
fs.

T
he

force
corresponding

to
this

potentialis:

F
i (r

ij )
=

2
k

bij (r
ij −

b
ij )

r
ij

r
ij

+
3
k

bij k
cu

b
ij

(r
ij −

b
ij )

2
r

ij

r
ij

(4.45)

4.2.4
H

arm
onic

angle
potential

T
he

bond
angle

vibration
betw

een
a

triplet
of

atom
s

i
-
j

-
k

is
also

represented
by

a
harm

onic
potentialon

the
angleθ

ijk

V
a (θ

ijk )
=

12
k

θijk (θ
ijk
−
θ
0ijk )

2
(4.46)

A
s

the
bond-angle

vibration
is

represented
by

a
harm

onic
potential,

the
form

is
the

sam
e

as
the

bond
stretching

(F
ig.4.5).

T
he

force
equations

are
given

by
the

chain
rule:

F
i

=
−
d
V

a (θ
ijk )

d
r

i

F
k

=
−
d
V

a (θ
ijk )

d
r

k
F

j
=

−
F

i −
F

k

w
here

θ
ijk

=
arccos

(r
ij ·r

k
j )

r
ij r

k
j

(4.47)

D
.2

.
Im

p
le

m
e

n
ta

tio
n

1
8

3

w
hich

w
e

can
expand

to:

n
∑i=

m 
S
∑s=

1 (x
si )

2
+ (

X
Sm

,n

m
−
n

+
1 )

2−
2 

X
Sm

,n

m
−
n

+
1

S
∑s=

1

x
si
+

S
∑s=

1

S
∑s ′=

s+
1

x
si x

s ′i  
−

S
∑s=

1

n
∑i=

m [(x
si )

2−
2

X
sm

,n

m
−
n

+
1
x

si
+ (

X
sm

,n

m
−
n

+
1 )

2 ]
=

∆
σ

(D
.31)

the
term

s
w

ith(x
si )

2
cancel,so

thatw
e

can
sim

plify
to:

(
X

Sm
,n )

2

m
−
n

+
1
−

2
X

Sm
,n

m
−
n

+
1

n
∑i=

m

S
∑s=

1

x
si −

2
n
∑i=

m

S
∑s=

1

S
∑s ′=

s+
1

x
si x

s ′i
−

S
∑s=

1

n
∑i=

m [−
2

X
sm

,n

m
−
n

+
1
x

si
+ (

X
sm

,n

m
−
n

+
1 )

2 ]
=

∆
σ

(D
.32)

or

− (
X

Sm
,n )

2

m
−
n

+
1
−

2
n
∑i=

m

S
∑s=

1

S
∑s ′=

s+
1

x
si x

s ′i
+

S
∑s=

1 (
X

sm
,n )

2

m
−
n

+
1

=
∆
σ

(D
.33)

Ifw
e

now
expand

the
firstterm

using
eqn.

D
.28

w
e

obtain:

− (∑
Ss=

1
X

sm
,n )

2

m
−
n

+
1

−
2

n
∑i=

m

S
∑s=

1

S
∑s ′=

s+
1

x
si x

s ′i
+

S
∑s=

1 (
X

sm
,n )

2

m
−
n

+
1

=
∆
σ

(D
.34)

w
hich

w
e

can
reform

ulate
to:

−
2 

S
∑s=

1

S
∑s ′=

s+
1

X
sm

,n
X

s ′
m

,n
+

n
∑i=

m

S
∑s=

1

S
∑s ′=

s+
1

x
si x

s ′i 
=

∆
σ

(D
.35)

or

−
2 

S
∑s=

1

X
sm

,n

S
∑s ′=

s+
1

X
s ′
m

,n
+

S
∑s=

1

n
∑i=

m

x
si

S
∑s ′=

s+
1

x
s ′i 

=
∆
σ

(D
.36)

w
hich

gives

−
2

S
∑s=

1 
X

sm
,n

S
∑s ′=

s+
1

n
∑i=

m

x
s ′i

+
n
∑i=

m

x
si

S
∑s ′=

s+
1

x
s ′i 

=
∆
σ

(D
.37)

S
ince

w
e

need
alldata

pointsito
evaluate

this,in
generalthis

is
notpossible.

W
e

can
then

m
ake

an
estim

ate
ofσ

Sm
,n

using
only

the
data

points
thatare

available
using

the
lefthand

side
ofeqn.
D

.30.
W

hile
the

average
can

be
com

puted
using

all
tim

e
steps

in
the

sim
ulation,

the
accuracy

of
the

fluctuations
is

thus
lim

ited
by

the
frequency

w
ith

w
hich

energies
are

saved.
S

ince
this

can
be

easily
done

w
ith

a
program

such
as

xm
gr

this
is

notbuilt-in
in

G
R

O
M

A
C

S
.
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( X
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B
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+
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+
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−
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−
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−
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+
m

)
(D

.2
7)

if
w

e
ch

ec
k

th
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re
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ij
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=
1 2
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θ ij
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( co
s(
θ i
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−
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θ0 ij
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)) 2
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.4

8)

w
he
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θ i
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=
r
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k
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r i
j
r k
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4.8:
P

rinciple
of

im
proper

dihedral
angles.

O
ut

of
plane

bending
for

rings
(left),

sub-
stituents

of
rings

(m
iddle),

outoftetrahedral(right).
T

he
im

proper
dihedralangle

ξ
is

defined
as

the
angle

betw
een

planes
(i,j,k)

and
(j,k,l)

in
allcases.

–20.0
–10.0

0.0
10.0 �

20.0 �
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0.0
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F
igure

4.9:
Im

proper
dihedralpotential.

D
.2

.
Im

p
le

m
e

n
ta

tio
n

1
8

1

D
.2.1

P
artofa

S
im

ulation

It
is

not
uncom

m
on

to
perform

a
sim

ulation
w

here
the

first
part,
e.g.100

ps,
is

taken
as

equili-
bration.

H
ow

ever,
the

averages
and

fluctuations
as

printed
in

the
log

file
are

com
puted

over
the

w
hole

sim
ulation.

T
he

equilibration
tim

e,w
hich

is
now

partofthe
sim

ulation,m
ay

in
such

a
case

invalidate
the

averages
and

fluctuations,
because

these
num

bers
are

now
dom

inated
by

the
initial

drifttow
ards

equilibrium
.

U
sing

eqns.D
.7

and
D

.8
the

average
and

standard
deviation

over
part

of
the

trajectory
can

be
com

puted
as:X

m
+

1
,m

+
k

=
X

1
,m

+
k
−
X

1
,m

(D
.15)

σ
m

+
1
,m

+
k

=
σ

1
,m

+
k
−
σ

1
,m
− [

X
1
,m

m
−
X

1
,m

+
k

m
+
k ]

2
m

(m
+
k)

k
(D

.16)

or,m
ore

generally
(w

ithp
≥

1
and

q
≥
p):

X
p
,q

=
X

1
,q −

X
1
,p−

1
(D

.17)

σ
p
,q

=
σ

1
,q −

σ
1
,p−

1 − [
X

1
,p−

1

p
−

1
−
X

1
,q

q ]
2

(p
−

1)q
q
−
p

+
1

(D
.18)

N
ote

that
im

plem
entation

of
this

is
not

entirely
trivial,

since
energies

are
not

stored
every

tim
e

step
ofthe

sim
ulation.

W
e

therefore
have

to
construct

X
1
,p−

1
and

σ
1
,p−

1
from

the
inform

ation
at

tim
e
p

using
eqns.D

.11
and

D
.12:

X
1
,p−

1
=

X
1
,p −

x
p

(D
.19)

σ
1
,p−

1
=

σ
1
,p −

[
X

1
,p−

1 −
(p
−

1)x
p

] 2

(p
−

1)p
(D

.20)

D
.2.2

C
om

bining
tw

o
sim

ulations

A
nother

frequently
occurring

problem
is,

that
the

fluctuations
of

tw
o

sim
ulations

m
ust

be
com

-
bined.

C
onsider

the
follow

ing
exam

ple:
w

e
have

tw
o

sim
ulations

(A
)

of
n

and
(B

)
ofm

steps,in
w

hich
the

second
sim

ulation
is

a
continuation

of
the

first.
H

ow
ever,

the
second

sim
ulation

starts
num

bering
from

1
instead

of
fromn

+
1.

F
or

the
partialsum

this
is

no
problem

,
w

e
have

to
add

X
A1
,n

from
run

A
:

X
A

B
1
,n

+
m

=
X

A1
,n

+
X

B1
,m

(D
.21)

W
hen

w
e

w
ant

to
com

pute
the

partial
variance

from
the

tw
o

com
ponents

w
e

have
to

m
ake

a
correction∆

σ
:

σ
A

B
1
,n

+
m

=
σ

A1
,n

+
σ

B1
,m

+
∆
σ

(D
.22)

ifw
e

define
x

A
B

i
as

the
com

bined
and

renum
bered

setofdata
points

w
e

can
w

rite:

σ
A

B
1
,n

+
m

=
n
+

m
∑i=

1 [
x

A
B

i
−
X

A
B

1
,n

+
m

n
+
m ]

2

(D
.23)



1
8

0
A

p
p

e
n

d
ix

D
.

A
ve
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ge

s
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n
d

flu
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u
a

tio
n

s

an
d

th
e

pa
rt

ia
lv

ar
ia

nc
e

σ
n
,m

=
m ∑ i=

n

[ x
i
−

X
n
,m

m
−
n

+
1

] 2
(D

.6
)

It
ca

n
be

sh
ow

n
th

at
X

n
,m

+
k

=
X

n
,m

+
X

m
+

1
,m

+
k

(D
.7

)

an
d

σ
n
,m

+
k

=
σ

n
,m

+
σ

m
+

1
,m

+
k

+
[

X
n
,m

m
−
n

+
1
−

X
n
,m

+
k

m
+
k
−
n

+
1

] 2 ∗

(m
−
n

+
1)

(m
+
k
−
n

+
1)

k
(D

.8
)

F
or
n

=
1

on
e

fin
ds

σ
1
,m

+
k

=
σ

1
,m

+
σ

m
+

1
,m

+
k

+
[ X 1

,m

m
−
X

1
,m

+
k

m
+
k

] 2 m
(m

+
k
)

k
(D

.9
)

an
d

fo
rn

=
1

an
d
k

=
1

(e
qn

.D
.8

)
be

co
m

es

σ
1
,m

+
1

=
σ

1
,m

+
[ X 1

,m

m
−
X

1
,m

+
1

m
+

1

] 2 m
(m

+
1)

(D
.1

0)

=
σ

1
,m

+
[X

1
,m
−
m
x

m
+

1
]2

m
(m

+
1)

(D
.1

1)

w
he

re
w

e
ha

ve
us

ed
th

e
re

la
tio

n X
1
,m

+
1

=
X

1
,m

+
x

m
+

1
(D

.1
2)

U
si

ng
fo

rm
ul

ae
(e

qn
.D
.1

1)
an

d
(e

qn
.D

.1
2)

th
e

av
er

ag
e

〈x
〉

=
X

1
,N

x

N
x

(D
.1

3)

an
d

th
e

flu
ct

ua
tio

n
〈 (∆

x
)2
〉1 2

=
[ σ 1,

N
x

N
x

]1 2

(D
.1
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ca
n
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ob
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by
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sw
ee

p
th

ro
ug

h
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ta
.
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G

R
O

M
A

C
S

th
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esE
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g
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lu
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1
,m
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dX

1
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ou

gh
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st
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om
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fo
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er

gy
an

d
flu
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ua

tio
ns

st
ep

s
ar

e
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un
te

d
fr

om
1.

T
hi

s
m

ea
ns

th
at

th
e

eq
ua

tio
ns

pr
es

en
te

d
he

re
ar

e
th

e
on

es
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at
ar

e
im

pl
em

en
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W

e
gi

ve
so

m
ew

ha
tl
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te
r

on
.
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28
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C
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.0
6

C
5

-3
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r

R
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er
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B

el
le

m
an

s
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te
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ia
l(

kJ
m

ol
−

1
).
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oi
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ha

s
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ns
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r
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e
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n
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ec
ia
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nt

er
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tio
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be
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ee
n

th
e

fir
st

an
d

th
e
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ur

th
at

om
of

th
e

di
he
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al

qu
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pl

e.
W

ith
th

e
pe
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c
G

R
O

M
O

S
po

te
nt

ia
la

sp
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ia
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ra
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io
n

m
us

t
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in
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ed

;
w

ith
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e
R
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B
el
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m
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s
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te

nt
ia

lt
he

1-
4

in
te

ra
ct

io
ns

m
us

t
be

ex
cl
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ed

fr
om
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e

no
n-

bo
nd

ed
lis

t.

P
ro

pe
r
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he

dr
al

s:
pe

rio
di

c
ty

pe

P
ro

pe
r

di
he

dr
al

an
gl

es
ar

e
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fin
ed
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IU
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A
C
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w

he
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φ
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th
e

an
gl

e
be

tw
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n
th

ei
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an
d

th
ej
k
l

pl
an

es
,

w
ith

ze
ro

co
rr

es
po

nd
in

g
to

th
eci

s
co

nfi
gu

ra
tio

n
(i

an
d
l

on
th

e
sa

m
e

si
de

).

V
d
(φ

ij
k
l)

=
k

φ
(1

+
co

s(
n
φ
−
φ

0
))

(4
.5

2)

P
ro

pe
r

di
he

dr
al

s:
R

yc
ka

er
t-

B
el

le
m

an
s

fu
nc

tio
n

F
or

al
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ne
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e

fo
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w
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g
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n
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ed
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F
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4.
11

)

V
r
b
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k
l)

=
5 ∑ n
=

0

C
n
(c
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(ψ

))
n
,

(4
.5

3)

w
he

re
ψ

=
φ
−

18
0◦

.
N

ot
e:

A
co

nv
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e
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n
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4.11:
R

yckaert-B
ellem

ans
dihedralpotential.

(N
ote:T

he
use

ofthis
potentialim

plies
exclusion

ofLJ
interactions

betw
een

the
firstand

the
last

atom
ofthe

dihedral,andψ
is

defined
according

to
the

’polym
er

convention’(
ψ

tr
a
n
s

=
0).)

T
he

R
B

dihedralfunction
can

also
be

used
to

include
the

O
P

LS
dihedralpotential[

50].
T

he
O

P
LS

potentialfunction
is

given
as

the
firstfour

term
s

ofa
F

ourier
series:

V
r
b (φ

ijk
l )

=
V

0
+

12
(V

1 (1
+

cos(ψ
))

+
V

2 (1
−

cos(2ψ
))

+
V

3 (1
+

cos(3ψ
))),

(4.54)

w
ith

ψ
=

φ
(protein

convention).
B

ecause
of

the
equalities

cos(2φ)
=

2(cos(φ))
2
−

1
and

cos(3φ)
=

4(cos(φ))
3−

3
cos(φ),one

can
translate

the
O

P
LS

param
eters

to
R

yckaert-B
ellem

ans
param

eters
as

follow
s:

C
0

=
V

0
+
V

2
+

12 (V
1
+
V

3 )
C

1
=

12 (3V
3 −

V
1 )

C
2

=
−
V

2

C
3

=
−

2
V

3

C
4

=
0

C
5

=
0

(4.55)

w
ith

O
P

LS
param

eters
in

protein
convention

and
R

B
param

eters
in

polym
er

convention.
N

ote:
M

ind
the

conversion
fromkca

lm
o

l −
1

for
literature

O
P

LS
and

R
B

param
eters

to
kJ

m
o

l −
1

in
G

R
O

M
A

C
S

.

4.2.8
S

pecialinteractions

S
pecial

potentials
are

used
for

im
posing

restraints
on

the
m

otion
of

the
system

,
either

to
avoid

disastrous
deviations,or

to
include

know
ledge

from
experim

entaldata.
In

either
case

they
are

not
really

part
of

the
force

field
and

the
reliability

of
the

param
eters

is
not

im
portant.

T
he

potential
form

s,as
im

plem
ented

in
G

R
O

M
A

C
S

,are
m

entioned
justfor

the
sake

ofcom
pleteness.

A
ppendix

D

A
verages

and
fluctuations

D
.1

F
orm

ulae
for

averaging

N
ote:this

section
w

as
taken

from
ref[

80].

W
hen

analyzing
a

M
D

trajectory
averages

〈x〉
and

fluctuations

〈(∆
x)

2 〉
12

= 〈[x
−
〈x〉] 2 〉

12
(D

.1)

ofa
quantityx

are
to

be
com

puted.
T

he
variance

σ
x

ofa
series

ofNx
values,{x

i },can
be

com
puted

from

σ
x

=
N

x
∑i=

1

x
2i
−

1N
x (

N
x

∑i=
1

x
i )

2

(D
.2)

U
nfortunately

this
form

ula
is

num
erically

notvery
accurate,especially

w
hen
σ

12x
is

sm
allcom

pared
to

the
values

ofx
i .

T
he

follow
ing

(equivalent)
expression

is
num

erically
m

ore
accurate

σ
x

=
N

x
∑i=

1 [x
i −

〈x〉] 2
(D

.3)

w
ith

〈x〉
=

1N
x

N
x

∑i=
1

x
i

(D
.4)

U
sing

eqns.D
.2

and
D

.4
one

has
to

go
through

the
series

of
x

i
values

tw
ice,

once
to

determ
ine

〈x〉
and

again
to

com
puteσ

x ,
w

hereas
eqn.D.1

requires
only

one
sequential

scan
of

the
series

{x
i }.

H
ow

ever,one
m

ay
casteqn.

D
.2

in
another

form
,containing

partialsum
s,w

hich
allow

s
for

a
sequentialupdate

algorithm
.

D
efine

the
partialsum

X
n
,m

=
m∑i=

n

x
i

(D
.5)
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at
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sh

el
ls

it
is

a
w

is
e

pr
oc

ed
ur

e
to

m
ak

e
th

e
fo

rc
e

co
ns

ta
nt

de
pe

nd
on

th
e

ra
di

us
,i

nc
re

as
in

g
fr

om
ze

ro
at

th
e

in
ne

r
bo

un
da

ry
to

a
la

rg
e

va
lu

e
at

th
e

ou
te

r
bo

un
da

ry
.

T
hi

s
fe

at
ur

e
ha

s
no

t,
ho

w
ev

er
,b

ee
n

im
pl

em
en

te
d

in
G

R
O

M
A

C
S

.

T
he

fo
llo

w
in

g
fo

rm
is

us
ed

:

V
p
r
(r

i)
=

1 2
k

p
r
|r

i
−

R
i|2

(4
.5

6)

T
he

po
te

nt
ia

li
s

pl
ot

te
d

in
F

ig
.4.
12

.

T
he

po
te

nt
ia

lf
or

m
ca

n
be

re
w

rit
te

n
w

ith
ou

tl
os

s
of

ge
ne

ra
lit

y
as

:

V
p
r
(r

i)
=

1 2

[ k
x p
r
(x

i
−
X

i)
2
x̂

+
k

y p
r
(y

i
−
Y

i)
2
ŷ

+
k

z p
r
(z

i
−
Z

i)
2
ẑ]

(4
.5

7)

N
ow

th
e

fo
rc

es
ar

e:
F

x i
=

−
k

x p
r

(x
i
−
X

i)
F

y i
=

−
k

y p
r

(y
i
−
Y

i)
F

z i
=

−
k

z p
r

(z
i
−
Z

i)
(4

.5
8)

U
si

ng
th

re
e

di
ffe

re
nt

fo
rc

e
co

ns
ta

nt
s

th
e

po
si

tio
n

re
st

ra
in

ts
ca

n
be

tu
rn

ed
on

or
of

fi
n

ea
ch

sp
at

ia
l

di
m

en
si

on
;

th
is

m
ea

ns
th

at
at

om
s

ca
n

be
ha

rm
on

ic
al

ly
re

st
ra

in
ed

to
a

pl
an

e
or

a
lin

e.
P

os
iti

on
re

st
ra

in
ts

ar
e

ap
pl

ie
d

to
a

sp
ec

ia
l

fix
ed

lis
t

of
at

om
s.

S
uc

h
a

lis
t

is
us

ua
lly

ge
ne

ra
te

d
by

th
e

pd
b2

gm
x

pr
og

ra
m

.
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4.2.10
A

ngle
restraints

T
hese

are
used

to
restrain

the
angle

betw
een

tw
o

pairs
ofparticles

or
betw

een
one

pair
ofparticles

and
the

Z
-axis.

T
he

functionalform
is

sim
ilar

to
thatofa

proper
dihedral.

F
or

tw
o

pairs
ofatom

s:

V
a
r (r

i ,r
j ,r

k ,r
l )

=
k

a
r (1

−
cos(n(θ

−
θ
0 ))),

w
here

θ
=

arccos (
r

j −
r

i

‖
r

j −
r

i ‖
·

r
l −

r
k

‖
r

l −
r

k ‖ )(4.59)
F

or
one

pair
ofatom

s
and

the
Z

-axis:

V
a
r (r

i ,r
j )

=
k

a
r (1

−
cos(n(θ

−
θ
0 ))),

w
here

θ
=

arccos 
r

j −
r

i

‖
r

j −
r

i ‖
· 

001  
(4.60)

A
m

ultiplicity
(n

)
of

2
is

usefulw
hen

you
do

not
w

ant
to

distinguish
betw

een
paralleland

anti-
parallelvectors.

4.2.11
D

istance
restraints

D
istance

restraints
add

a
penalty

to
the

potential
w

hen
the

distance
betw

een
specified

pairs
of

atom
s

exceeds
a

threshold
value.

T
hey

are
norm

ally
used

to
im

pose
experim

entalrestraints,
as

from
experim

ents
in

nuclear
m

agnetic
resonance

(N
M

R
),on

the
m

otion
ofthe

system
.

T
hus

M
D

can
be

used
for

structure
refinem

ent
using

N
M

R
data.

T
he

potential
form

is
quadratic

below
a

specified
low

er
bound

and
betw

een
tw

o
specified

upper
bounds

and
linear

beyond
the

largest
bound

(see
F

ig.4.13).

V
d
r (r

ij )
= 

12 k
d
r (r

ij −
r
0 )

2
for

r
ij

<
r
0

0
for

r
0

≤
r
ij

<
r
1

12 k
d
r (r

ij −
r
1 )

2
for

r
1

≤
r
ij

<
r
2

12 k
d
r (r

2 −
r
1 )(2r

ij −
r
2 −

r
1 )

for
r
2

≤
r
ij

(4.61)

T
he

forces
are

F
i

= 

−
k

d
r (r

ij −
r
0 ) r

ij

r
ij

for
r
ij

<
r
0

0
for

r
0

≤
r
ij

<
r
1

−
k

d
r (r

ij −
r
1 ) r

ij

r
ij

for
r
1

≤
r
ij

<
r
2

−
k

d
r (r

2 −
r
1 ) r

ij

r
ij

for
r
2

≤
r
ij

(4.62)

T
im

e
averaging

D
istance

restraints
based

on
instantaneous

distances
can

potentially
reduce

the
fluctuations

in
a

m
olecule

significantly.
T

his
problem

can
be

overcom
e

by
restraining

to
a

tim
e

a
ve

rage
ddis-

C
.1

.
D

isp
e

rsio
n

1
7

7

F
or

hom
ogeneous

m
ixtures

w
e

can
again

use
the

average
dispersion

constant
〈C

6 〉
(eqn.C

.6):

P
lr

=
−

43
π
〈C

6 〉
ρ
2r −

3
c

(C
.12)

F
or

inhom
ogeneous

system
s

eqn.
C

.12
can

be
applied

under
the

sam
e

restriction
as

holds
for

the
energy

(see
sec.C.1.1).
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A

p
p

e
n

d
ix

C
.

L
o

n
g

ra
n

ge
co

rr
e

ct
io

n
s

If
w

e
co

ns
id

er
fo

r
ex

am
pl

e
a

bo
x

of
pu

re
w

at
er

,
si

m
ul

at
ed

w
ith

a
cu

t-
of

fo
f0

.9
nm

an
d

a
de

ns
ity

of
1

g
cm

−
3

th
is

co
rr

ec
tio

n
is

-0
.2

5
kJ

m
ol−
1
.

F
or

a
ho

m
og

en
eo

us
m

ix
tu

re
ofM

co
m

po
ne

nt
sj

w
ith

N
j

pa
rt

ic
le

s
ea

ch
,

w
e

ca
n

w
rit

e
th

e
lo

ng
ra

ng
e

co
nt

rib
ut

io
n

to
th

e
en

er
gy

as
:

V
lr

=
M ∑ i6=

j

−
2N

iN
j

3V
π
C

6
(i
j)
r−

3
c

(C
.5

)

T
hi

s
ca

n
be

re
w

rit
te

n
if

w
e

de
fin

e
ana

ve
ra

ge
d

is
p

e
rs

io
n

co
n

st
a

n
t〈C
6
〉:

〈C
6
〉

=
∑ i6=

j

N
iN

j

N
2
C

6
(i
j)

(C
.6

)

V
lr

=
−

2 3
N
ρ
π
〈C

6
〉r

−
3

c
(C

.7
)

A
sp

ec
ia

lf
or

m
of

a
no

n-
ho

m
og

en
eo

us
sy

st
em

in
th

is
re

sp
ec

t,
is

a
pu

re
liq

ui
d

in
w

hi
ch

th
e

at
om

s
ha

ve
di

ffe
re

nt
C

6
va

lu
es

.
In

pr
ac

tic
e

th
is

de
fin

iti
on

en
co

m
pa

ss
es

al
m

os
t

ev
er

y
m

ol
ec

ul
e,

ex
ce

pt
m

on
o-

at
om

ic
m

ol
ec

ul
es

an
d

sy
m

m
et

ric
m

ol
ec

ul
es

lik
e

N
2

or
O

2
.

T
he

re
fo

re
w

e
al

w
ay

s
ha

ve
to

de
te

rm
in

e
th

e
av

er
ag

e
di

sp
er

si
on

co
ns

ta
nt

〈C
6
〉i

n
si

m
ul

at
io

ns
.

In
th

e
ca

se
of

in
ho

m
og

en
eo

us
si

m
ul

at
io

n
sy

st
em

s,
e.

g.
a

sy
st

em
w

ith
a

lip
id

in
te

rf
ac

e,
th

e
en

er
gy

co
rr

ec
tio

n
ca

n
be

ap
pl

ie
d

if〈C
6
〉f

or
bo

th
co

m
po

ne
nt

s
is

co
m

pa
ra

bl
e.

C
.1

.2
V

iri
al

an
d

pr
es

su
re

T
he

sc
al

ar
vi

ria
lo

f
th

e
sy

st
em

du
e

to
th

e
di

sp
er

si
on

in
te

ra
ct

io
n

be
tw

ee
n

tw
o

pa
rt

ic
le

s
i

an
d
j

is
gi

ve
n

by
:

Ξ
=

−
r

ij
·F

ij
=

6C
6
r−

6
ij

(C
.8

)

T
he

pr
es

su
re

is
gi

ve
n

by
:

P
=

2 3
V

(E
k
in
−

Ξ
)

(C
.9

)

W
e

ca
n

ag
ai

n
in

te
gr

at
e

th
e

lo
ng

ra
ng

e
co

nt
rib

ut
io

n
to

th
e

vi
ria

l[
66

]:

Ξ
lr

=
1 2
N
ρ

∫ ∞ r c
4π
r2

Ξ
dr

=
12
N
π
ρ
C

6

∫ ∞ r c
r−

4
ij

dr

=
4π
C

6
N
ρ
r−

3
c

(C
.1

0)

T
he

co
rr

es
po

nd
in

g
co

rr
ec

tio
n

to
th

e
pr

es
su

re
is

P
lr

=
−

4 3
π
C

6
ρ
2
r−

3
c

(C
.1

1)

U
si

ng
th

e
sa

m
e

ex
am

pl
e

of
a

w
at

er
bo

x,
th

e
co

rr
ec

tio
n

to
th

e
vi

ria
li

s
3

kJ
m

ol
−

1
th

e
co

rr
es

po
nd

in
g

co
rr

ec
tio

n
to

th
e

pr
es

su
re

fo
r

S
P

C
w

at
er

at
liq

ui
d

de
ns

ity
is

ap
pr

ox
.

-2
80

ba
r.

4
.2

.
B

o
n

d
e

d
in

te
ra

ct
io

n
s

6
5

0�

0.
1

0.
2

0.
3

0.
4

0.
5

r 
(n

m
)

051015

Vdisre (kJ mol
−1

)

r 0
r 1

r 2

F
ig

ur
e

4.
13

:
D

is
ta

nc
e

R
es

tr
ai

nt
po

te
nt

ia
l.

ta
nc

e
[51

].
T

he
fo

rc
es

w
ith

tim
e

av
er

ag
in

g
ar

e:

F
i

=

                −
k

d
r
(r̄

ij
−
r 0

)r
ij

r i
j

fo
r

r̄ i
j

<
r 0

0
fo

r
r 0

≤
r̄ i

j
<

r 1

−
k

d
r
(r̄

ij
−
r 1

)r
ij

r i
j

fo
r
r 1

≤
r̄ i

j
<

r 2

−
k

d
r
(r

2
−
r 1

)r
ij

r i
j

fo
r
r 2

≤
r̄ i

j

(4
.6

3)

w
he

re
r̄ i

j
is

gi
ve

n
by

:

r̄ i
j

=
<
r−

3
ij

>
−

1
/
3

(4
.6

4)

B
ec

au
se

of
th

e
tim

e
av

er
ag

in
g

w
e

ca
n

no
lo

ng
er

sp
ea

k
of

a
di

st
an

ce
re

st
ra

in
tp

ot
en

tia
l.

T
hi

s
w

ay
an

at
om

ca
n

sa
tis

fy
tw

o
in

co
m

pa
tib

le
di

st
an

ce
re

st
ra

in
ts

o
n

a
ve

ra
ge

by
m

ov
in

g
be

tw
ee

n
tw

o
po

si
tio

ns
.

A
n

ex
am

pl
e

w
ou

ld
be

an
am

in
o-

ac
id

si
de

-c
ha

in
w

hi
ch

is
ro

ta
tin

g
ar

ou
nd

its
χ

di
he

dr
al

an
gl

e,
th

er
eb

y
co

m
in

g
cl

os
e

to
va

rio
us

ot
he

r
gr

ou
ps

.
S

uc
h

a
m

ob
ile

si
de

ch
ai

n
ca

n
gi

ve
ris

e
to

m
ul

tip
le

N
O

E
s

th
at

ca
n

no
tb

e
fu

lfi
lle

d
by

a
si

ng
le

st
ru

ct
ur

e.

T
he

co
m

pu
ta

tio
n

of
th

e
tim

e
av

er
ag

ed
di

st
an

ce
in

th
e

m
d

ru
n

pr
og

ra
m

is
do

ne
in

th
e

fo
llo

w
in

g
fa

sh
io

n:

r−
3
ij
(0

)
=

r i
j
(0

)−
3

r−
3
ij
(t

)
=

r−
3
ij
(t
−

∆
t)

ex
p
( −

∆
t

τ

) +
r i

j
(t

)−
3
[ 1
−

ex
p
( −

∆
t

τ

)]
(4

.6
5)

W
he

n
a

pa
ir

is
w

ith
in

th
e

bo
un

ds
it

ca
n

st
ill

fe
el

a
fo

rc
e,

be
ca

us
e

th
e

tim
e

av
er

ag
ed

di
st

an
ce

ca
n

st
ill

be
be

yo
nd

a
bo

un
d.

To
pr

ev
en

t
th

e
pr

ot
on

s
fr

om
be

in
g

pu
lle

d
to

o
cl

os
e

to
ge

th
er

a
m

ix
ed

ap
pr

oa
ch

ca
n

be
us

ed
.

In
th

is
ap

pr
oa

ch
th

e
pe

na
lty

is
ze

ro
w

he
n

th
e

in
st

an
ta

ne
ou

s
di

st
an

ce
is

w
ith

in
th

e
bo

un
ds

,
ot

he
rw

is
e

th
e

vi
ol

at
io

n
is

th
e

sq
ua

re
ro

ot
of

th
e

pr
od

uc
t

of
th

e
in

st
an

ta
ne

ou
s

vi
ol

at
io

n
an

d
th

e
tim

e
av

er
ag

ed
vi

ol
at

io
n.
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A
veraging

over
m

ultiple
pairs

S
om

etim
es

it
is

unclear
from

experim
entaldata

w
hich

atom
pair

gives
rise

to
a

single
N

O
E

,
in

other
occasions

it
can

be
obvious

that
m

ore
than

one
pair

contributes
due

to
the

sym
m

etry
of

the
system

,e.g.a
m

ethylgroup
w

ith
three

protons.
F

or
such

a
group

it
is

not
possible

to
distinguish

betw
een

the
protons,therefore

they
should

allbe
taken

into
accountw

hen
calculating

the
distance

betw
een

this
m

ethylgroup
and

another
proton

(or
group

ofprotons).
D

ue
to

the
physicalnature

of
m

agnetic
resonance,

the
intensity

of
the

N
O

E
signalis

inversely
proportionalto

the
sixth

pow
er

ofthe
interatom

ic
distance.

T
hus,w

hen
com

bining
atom

pairs,a
fixed

listof
N

restraints
m

ay
be

taken
together,w

here
the

apparent“distance”
is

given
by:

r
N

(t)
= [

N∑n
=

1

r̄
n (t) −

6 ]
−

1
/
6

(4.66)

w
here

w
e

user
ij

or
eqn.4.64

for
the

r̄
n .

T
he
r
N

ofthe
instantaneous

and
tim

e-averaged
distances

can
be

com
bined

to
do

a
m

ixed
restraining

as
indicated

above.
A

s
m

ore
pairs

ofprotons
contribute

to
the

sam
e

N
O

E
signal,

the
intensity

w
illincrease,

and
the

sum
m

ed
“distance”

w
illbe

shorter
than

any
ofits

com
ponents

due
to

the
reciprocalsum

m
ation.

T
here

are
tw

o
options

for
distributing

the
forces

over
the

atom
pairs.

In
the

conservative
option

the
force

is
defined

as
the

derivative
ofthe

restraintpotentialw
ith

respectto
the

coordinates.
T

his
results

in
a

conservative
potentialw

hen
tim

e
averaging

is
notused.

T
he

force
distribution

over
the

pairs
is

proportionaltor −
6.

T
his

m
eans

that
a

close
pair

feels
a

m
uch

larger
force

than
a

distant
pair,

w
hich

m
ight

lead
to

a
’too

rigid’m
olecule.

T
he

other
option

is
an

equalforce
distribution.

In
this

case
each

pair
feels1/N

ofthe
derivative

ofthe
restraintpotentialw

ith
respectto

r
N

.
T

he
advantage

ofthis
m

ethod
is

thatm
ore

conform
ations

m
ightbe

sam
pled,butthe

non-conservative
nature

ofthe
forces

can
lead

to
localheating

ofthe
protons.

It
is

also
possible

to
useen

se
m

b
le

a
ve

rag
in

gusing
m

ultiple
(protein)

m
olecules.

In
this

case
the

bounds
should

be
low

ered
as

in:

r
1

=
r
1 ∗

M
−

1
/
6

r
2

=
r
2 ∗

M
−

1
/
6

(4.67)

w
here

M
is

the
num

ber
of

m
olecules.

T
he

G
R

O
M

A
C

S
preprocessor

g
ro

m
p

p
can

do
this

auto-
m

atically
w

hen
the

appropriate
option

is
given.

T
he

resulting
“distance”

is
then

used
to

calculate
the

scalar
force

according
to:

F
i

=
0

r
N
<
r
1

=
−
k

d
r (r

N
−
r
1 ) r

ij

r
ij

r
1
≤
r
N
<
r
2

=
−
k

d
r (r

2 −
r
1 ) r

ij

r
ij

r
N
≥
r
2

(4.68)

w
here

i
and

j
denote

the
atom

s
ofallthe

pairs
thatcontribute

to
the

N
O

E
signal.

U
sing

distance
restraints

A
list

of
distance

restrains
based

on
N

O
E

data
can

be
added

to
a

m
olecule

definition
in

your
topology

file,like
in

the
follow

ing
exam

ple:

A
ppendix

C

Long
range

corrections

C
.1

D
ispersion

In
this

section
w

e
derive

long
range

corrections
due

to
the

use
of

a
cut-off

for
Lennard

Jones
interactions.

W
e

assum
e

thatthe
cut-offis

so
long

thatthe
repulsion

term
can

safely
be

neglected,
and

therefore
only

the
dispersion

term
is

taken
into

account.
D

ue
to

the
nature

of
the

dispersion
interaction,

energy
and

pressure
corrections

both
are

negative.
W

hile
the

energy
correction

is
usually

sm
all,itm

ay
be

im
portantforfree

energy
calculations.

T
he

pressure
correction

in
contrast

is
very

large
and

can
notbe

neglected.
A

lthough
itis

in
principle

possible
to

param
eterize

a
force

field
such

that
the

pressure
is

close
to

1
bar

even
w

ithout
correction,

such
a

m
ethod

m
akes

the
param

eterization
dependent

on
the

cut-off
and

is
therefore

undesirable.
P

lease
note

that
it

is
not

consistent
to

use
the

long
range

correction
to

the
dispersion

w
ithout

using
either

a
reaction

field
m

ethod
or

a
proper

long
range

electrostatics
m

ethod
such

as
E

w
ald

sum
m

ation
or

P
P

P
M

.

C
.1.1

E
nergy

T
he

long
range

contribution
ofthe

dispersion
interaction

to
the

virialcan
be

derived
analytically,if

w
e

assum
e

a
hom

ogeneous
system

beyond
the

cut-offdistance
r
c .

T
he

dispersion
energy

betw
een

tw
o

particles
is

w
ritten

as:
V

(r
ij )

=
−
C

6 r −
6

ij
(C

.1)

and
the

corresponding
force

is
F

ij
=

−
6C

6 r −
8

ij
r

ij
(C

.2)

T
he

long
range

contribution
to

the
dispersion

energy
in

a
system

w
ith

N
particles

and
particle

densityρ
=
N
/V

,w
hereV

is
the

volum
e,is

[66]:

V
lr

=
12
N
ρ ∫

∞r
c

4π
r
2g(r)V

(r)d
r

(C
.3)

w
hich

w
e

can
integrate

assum
ing

thatthe
radialdistribution

function
g(r)

is
1

beyond
the

cut-off
r
c

V
lr

=
−

23
N
ρ
π
C

6 r −
3

c
(C

.4)
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ra
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d
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ra
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d
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re

=
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se
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d
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e
ig

h
tin
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rc

e-
w
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gh

tin
g
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re

st
ra

in
ts

w
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m
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tip
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pa
irs

.
B

y
de

fa
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e
fo
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du
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e
di

st
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ra
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ti
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ed

eq
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irs
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vo
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ed
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e
re

st
ra
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t.

T
hi
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n
al

so
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pl
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y
se

le
ct

ed
w

ithd
is

re
w

e
ig

h
tin

g
=

e
q

u
a

l
.

If
yo

u
in

st
ea

d
se

t
th

is
op

tio
n

to
d

is
re

w
e

ig
h

tin
g

=
co

n
se

rv
a

tiv
e

yo
u

ge
t

co
ns

er
va

tiv
e

fo
rc

es
w

he
n

d
is

re
ta

u
=

0
.

d
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at
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e
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W

he
nd

is
re

m
ix

e
d
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ye

s
th

e
sq

ua
re

ro
ot

of
th

e
pr

od
uc

t
of
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e

tim
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av
er

ag
ed
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th
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s
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ol
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ns
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d
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ra
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qn
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1)
ca

n
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va
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e
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fc
=

1
0

0
0

fo
r

a
fo

rc
e

co
ns

ta
nt

of
10

00
kJ

m
ol−
1

nm
−

2
.

T
hi

s
va
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ra
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re
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ra
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=
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d
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d
is

re
o

u
t

:
pa

ir
di

st
an

ce
ou

tp
ut

fr
eq

ue
nc

y.
D

et
er

m
in

es
ho

w
of

te
n

th
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C
h

a
p

te
r

4
.

Fo
rce

fie
ld

s

4.3
F

ree
energy

interactions

T
his

section
describes

theλ-dependence
of

the
potentials

used
for

free
energy

calculations
(see

sec.3.12).
A

llcom
m

on
types

ofpotentials
and

constraints
can

be
interpolated

sm
oothly

from
state

A
(λ

=
0)

to
state

B
(λ

=
1)

and
vice

versa.
A

llbonded
interactions

are
interpolated

by
linear

interpolation
of

the
interaction

param
eters.

N
on-bonded

interactions
can

be
interpolated

linearly
or

via
soft-core

interactions.

H
arm

onic
potentials

T
he

exam
ple

given
here

is
for

the
bond

potential,
w

hich
is

harm
onic

in
G

R
O

M
A

C
S

.
H

ow
ever,

these
equations

apply
to

the
angle

potentialand
the

im
proper

dihedralpotentialas
w

ell.

V
b

=
12
((1

−
λ)k

Ab
+
λ
k

Bb
)(b−

(1
−
λ)b

A0
−
λ
b
B0

)
2

(4.69)

∂
V

b

∂
λ

=
12
(k

Bb
−
k

Ab
) [b−

(1
−
λ)b

A0
+
λ
b
B0

)
2
+

(b
A0
−
b
B0

)(b−
(1
−
λ)b

A0
−
λ
b
B0

) ](4.70)

G
R

O
M

O
S

-96
bonds

and
angles

F
ourth

pow
er

bond
stretching

and
cosine

based
angle

potentials
are

interpolated
by

linear
interpo-

lation
ofthe

force
constantand

the
equilibrium

position.
F

orm
ulas

are
notgiven

here.

P
roper

dihedrals

F
or

the
proper

dihedrals,the
equations

are
som

ew
hatm

ore
com

plicated:

V
d

=
((1

−
λ)k

Ad
+
λ
k

Bd
)(1

+
cos(n

φ
φ
−

((1
−
λ)φ

A0
+
λ
φ

B0
))

(4.71)
∂
V

d

∂
λ

=
(k

Bd
−
k

Ad
) [1

+
cos(n

φ
φ
−

[(1
−
λ)φ

A0
+
λ
φ

B0
])−

((1
−
λ)k

Ad
+
λ
k

Bd
)(φ

A0
−
φ

B0
)sin(n

φ
φ
−

[(1
−
λ)φ

A0
+
λ
φ

B0
] ]

(4.72)

N
ote:

thatthe
m

ultiplicityn
φ

can
notbe

param
eterized

because
the

function
should

rem
ain

peri-
odic

on
the

interval[0,2π].

C
oulom

b
interaction

T
he

C
oulom

b
interaction

betw
een

tw
o

particles
ofw

hich
the

charge
varies

w
ith

λ
is:

V
c

=
f

ε
r
f r

ij [((1
−
λ)q

Ai
+
λ
q
Bi

)·((1
−
λ)q

Aj
+
λ
q
Bi

) ]
(4.73)

∂
V

c

∂
λ

=
f

ε
r
f r

ij [(q
Bj
−
q
Aj
)((1

−
λ)q

Ai
+
λ
q
Bi

)
+

(q
Bi
−
q
Ai
)((1

−
λ)q

Aj
+
λ
q
Bj

) ](4.74)

w
here

f
=

1
4
π
ε
0

=
138.935

485
(see

chapter2)

B
.3

.
C

o
m

p
u

ta
tio

n
o

fth
e

1
.0

/sq
rtfu

n
ctio

n
.

1
7

3

F
or(127

−
E

)
=
od
d

equation
(eqn.B.45)

can
be

rew
ritten

as

y(x)
=

(2
1
2
7−

E
−

1
2

)( 1.F2
) −

1
/
2

(B
.52)

thus

E
′=

126
−
E

2
+

127
(B

.53)

w
hich

also
can

be
calculated

exactly
in

integer
arithm

etic.
N

ote
thatthe

fraction
is

autom
atically

corrected
for

its
range

earlier
m

entioned,so
the

exponentdoes
notneed

an
extra

correction.

T
he

conclusions
from

this
are:

•
T

he
fraction

and
exponent

lookup
table

are
independent.

T
he

fraction
lookup

table
exists

oftw
o

tables
(odd

and
even

exponent)
so

the
odd/even

inform
ation

ofthe
exponent(lsb

bit)
has

to
be

used
to

selectthe
righttable.

•
T

he
exponenttable

is
an

256
x

8
bittable,initialized

for
od
d

and
ev
en

.

B
.3.6

Im
plem

entation

T
he

lookup
tables

can
be

generated
by

a
sm

all
C

program
,

w
hich

uses
floating

point
num

bers
and

operations
w

ith
IE

E
E

32
bit

single
precision

form
at.

N
ote

that
because

of
the

od
d/ev

en
inform

ation
thatis

needed,the
fraction

table
is

tw
ice

the
size

earlier
specified

(13
biti.s.o.

12
bit).

T
he

function
according

to
equation

(eqn.
B

.29)
has

to
be

im
plem

ented.
A

pplied
to

the1/ √
x

function,equation
(eqn.B.28)

leads
to

f
=
a
−

1y
2

(B
.54)

and
so

f
′=

2y
3

(B
.55)

so

y
n
+

1
=
y

n
−
a
−

1y
2n

2y
3n

(B
.56)

or
y

n
+

1
=
y

n2
(3
−
a
y

2n )
(B

.57)

W
here

y
0

can
be

found
in

the
lookup

tables,
and
y
1

gives
the

resultto
the

m
axim

um
accuracy.

It
is

clear
thatonly

one
iteration

extra
(in

double
precision)

is
needed

for
a

double
precision

result.
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.
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lo
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up
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bl

e
is

le
ng

th
of

lo
ok

up
ta

bl
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rli
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sp
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ifi
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es
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e
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ze

of
th

e
ex

po
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nt
(
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2
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,1
M
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.
T

he
1/
√
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fu
nc
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op
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at

th
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ex
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nt
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re
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at
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D

efi
ne x
≡

(−
1)

S
(2

E
−

1
2
7
)(

1.
F

)
(B

.4
2)

se
e

F
ig

.B
.1

w
he

re
0
≤
S
≤

1,
0
≤
E
≤

25
5,

1
≤

1.
F
<

2
an

d
S

,E
,F

in
te

ge
r

(n
or

m
al

iz
at

io
n

co
nd

iti
on

s)
.

T
he

si
gn

bi
t(S

)
ca

n
be

om
itt

ed
be

ca
us

e1/
√
x

is
on

ly
de

fin
ed

fo
rx
>

0.
T

he
1/
√
x

fu
nc

tio
n

ap
pl

ie
d

to
x

re
su

lts
in

y
(x

)
=

1 √
x

(B
.4

3)

or

y
(x

)
=

1
√ (2

E
−

1
2
7
)(

1.
F

)
(B

.4
4)

th
is

ca
n

be
re

w
rit

te
n

as
y
(x

)
=

(2
E
−

1
2
7
)−

1
/
2
(1
.F

)−
1
/
2

(B
.4

5)

D
efi

ne
(2

E
′ −

1
2
7
)
≡

(2
E
−

1
2
7
)−

1
/
2

(B
.4

6)

1.
F
′
≡

(1
.F

)−
1
/
2

(B
.4

7)

th
en

1 √
2
<

1.
F
′
≤

1
ho

ld
s,

so
th

e
co

nd
iti

on
1
≤

1.
F
′
<

2
w

hi
ch

is
es

se
nt

ia
lf

or
no

rm
al

iz
ed

re
al

re
pr

es
en

ta
tio

n
is

no
t

va
lid

an
ym

or
e.

B
y

in
tr

od
uc

in
g

an
ex

tr
a

te
rm

th
is

ca
n

be
co

rr
ec

te
d.

R
ew

rit
e

th
e
1/
√
x

fu
nc

tio
n

ap
pl

ie
d

to
flo

at
in

g
po

in
tn

um
be

rs
,e

qu
at

io
n

(e
qn

.
B

.4
5)

as

y
(x

)
=

(2
1
2
7
−

E
2

−
1
)(

2(
1.
F

)−
1
/
2
)

(B
.4

8)

an
d

(2
E
′ −

1
2
7
)
≡

(2
1
2
7
−

E
2

−
1
)

(B
.4

9)

1.
F
′
≡

2(
1.
F

)−
1
/
2

(B
.5

0)

th
en
√

2
<

1.
F
≤

2
ho

ld
s.

T
hi

s
is

no
t

th
e

ex
ac

t
va

lid
ra

ng
e

as
de

fin
ed

fo
r

no
rm

al
iz

ed
flo

at
in

g
po

in
t

nu
m

be
rs

in
eq

ua
tio

n
(e

qn
.

B
.4

2)
.

T
he

va
lu

e2
ca

us
es

th
e

pr
ob

le
m

.
B

y
m

ap
pi

ng
th

is
va

lu
e

on
th

e
ne

ar
es

t
re

pr
es

en
ta

tio
n
<

2
th

is
ca

n
be

so
lv

ed
.

T
he

sm
al

le
rr

or
th

at
is

in
tr

od
uc

ed
by

th
is

ap
pr

ox
im

at
io

n
is

w
ith

in
th

e
al

lo
w

ab
le

ra
ng

e.

T
he

in
te

ge
rr

ep
re

se
nt

at
io

n
of

th
e

ex
po

ne
nt

is
th

e
ne

xt
pr

ob
le

m
.

C
al

cu
la

tin
g

(2
1
2
7
−

E
2

−
1
)

in
tr

od
uc

es
a

fr
ac

tio
na

l
re

su
lt

if(
12

7
−
E

)
=
od
d
.

T
hi

s
is

ag
ai

n
ea

si
ly

ac
co

un
te

d
fo

r
by

sp
lit

tin
g

up
th

e
ca

lc
ul

at
io

n
in

to
an

od
d

an
d

an
ev

en
pa

rt
.

F
or(1
27
−
E

)
=
ev
en

E
′
in

eq
ua

tio
n

(e
qn

.B
.4

9)
ca

n
be

ex
ac

tly
ca

lc
ul

at
ed

in
in

te
ge

r
ar

ith
m

et
ic

as
a

fu
nc

tio
n

of
E

.

E
′
=

12
7
−
E

2
+

12
6

(B
.5

1)

4
.3

.
F

re
e

e
n

e
rg

y
in

te
ra

ct
io

n
s

6
9

C
ou

lo
m

b
in

te
ra

ct
io

n
w

ith
R

ea
ct

io
n

F
ie

ld

T
he

co
ul

om
b

in
te

ra
ct

io
n

in
cl

ud
in

g
a

re
ac

tio
n

fie
ld

,
be

tw
ee

n
tw

o
pa

rt
ic

le
s

of
w

hi
ch

th
e

ch
ar

ge
va

rie
s

w
ith
λ

is
:

V
c

=
f

[ 1 r i
j

+
k

r
f
r2 ij

−
c r

f

] [ ((
1
−
λ
)q

A i
+
λ
qB i

)
·(

(1
−
λ
)q

A j
+
λ
qB i

)]
(4

.7
5)

∂
V

c

∂
λ

=
f

[ 1 r i
j

+
k

r
f
r2 ij

−
c r

f

] ·
[ (q

B j
−
qA j

)(
(1
−
λ
)q

A i
+
λ
qB i

)
+

(q
B i
−
qA i

)(
(1
−
λ
)q

A j
+
λ
qB j

)]
(4

.7
6)

N
ot

e
th

at
th

e
co

ns
ta

nt
sk r

f
an

d
c r

f
ar

e
de

fin
ed

us
in

g
th

e
di

el
ec

tr
ic

co
ns

ta
ntε r
f

of
th

e
m

ed
iu

m
(s

ee
se

c.4
.1

.4
).

Le
nn

ar
d-

Jo
ne

s
in

te
ra

ct
io

n

F
or

th
e

Le
nn

ar
d-

Jo
ne

s
in

te
ra

ct
io

n
be

tw
ee

n
tw

o
pa

rt
ic

le
s

of
w

hi
ch

th
e

a
to

m
ty

p
ev

ar
ie

s
w

ith
λ

w
e

ca
n

w
rit

e:

V
L

J
=

((
1
−
λ
)C

A 1
2
+
λ
C

B 1
2
)

r1
2

ij

−
(1
−
λ
)C

A 6
+
λ
C

B 6

r6 ij

(4
.7

7)

∂
V

L
J

∂
λ

=
C

B 1
2
−
C

A 1
2

r1
2

ij

−
C

B 6
−
C

A 6

r6 ij

(4
.7

8)

It
sh

ou
ld

be
no

te
d

th
at

it
is

al
so

po
ss

ib
le

to
ex

pr
es

s
a

pa
th

w
ay

fr
om

st
at

e
A

to
st

at
e

B
us

in
g

σ
an

d
ε

(s
ee

eq
n.4

.5
).

It
m

ay
se

em
to

m
ak

e
se

ns
e

ph
ys

ic
al

ly
,

to
va

ry
th

e
fo

rc
efi

el
d

pa
ra

m
et

er
s

σ
an

d
ε

ra
th

er
th

an
th

e
de

riv
ed

pa
ra

m
et

er
s

C
1
2

an
d
C

6
.

H
ow

ev
er

,t
he

di
ffe

re
nc

e
be

tw
ee

n
th

e
pa

th
w

ay
s

in
pa

ra
m

et
er

sp
ac

e
is

no
tl

ar
ge

,a
nd

th
e

fr
ee

en
er

gy
its

el
fd

oe
s

no
td

ep
en

d
on

th
e

pa
th

w
ay

,s
o

w
e

us
e

th
e

si
m

pl
e

fo
rm

ul
at

io
n

pr
es

en
te

d
ab

ov
e.

K
in

et
ic

E
ne

rg
y

W
he

n
th

e
m

as
s

of
a

pa
rt

ic
le

ch
an

ge
s,

th
er

e
is

al
so

a
co

nt
rib

ut
io

n
of

th
e

ki
ne

tic
en

er
gy

to
th

e
fr

ee
en

er
gy

(n
ot

e
th

at
w

e
ca

n
no

tw
rit

e
th

e
m

om
en

tu
m

p
as

mv
,

si
nc

e
th

at
w

ou
ld

re
su

lt
in

th
e

si
gn

of
∂
E

k
∂
λ

be
in

g
in

co
rr

ec
t[5

2]
):

E
k

=
1 2

p
2

(1
−
λ
)m

A
+
λ
m

B
(4

.7
9)

∂
E
k

∂
λ

=
−

1 2
p

2
(m

B
−
m

A
)

((
1
−
λ
)m

A
+
λ
m

B
)2

(4
.8

0)

af
te

r
ta

ki
ng

th
e

de
riv

at
iv

e,
w

eca
n

in
se

rt
p

=
m

v
,s

uc
h

th
at

:

∂
E
k

∂
λ

=
−

1 2
v

2
(m

B
−
m

A
)

(4
.8

1)
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F
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4.14:
S

oft-core
interactions

at
λ

=
0.5,w

ith
C

A6
=
C

A1
2

=
C

B6
=
C

B1
2

=
1.

C
onstraints

T
he

constraints
are

form
ally

partofthe
H

am
iltonian,and

therefore
they

give
a

contribution
to

the
free

energy.
In

G
R

O
M

A
C

S
this

can
be

calculated
using

the
LIN

C
S

or
the

S
H

A
K

E
algorithm

.
If

w
e

have
a

num
ber

ofconstraintequations
g
k :

g
k

=
r
k
−
d

k
(4.82)

w
here

r
k

is
the

distance
vector

betw
een

tw
o

particles
and
d

k
is

the
constraint

distance
betw

een
the

tw
o

particles,w
e

can
w

rite
this

using
a
λ

-dependentdistance
as

g
k

=
r
k
− ((1

−
λ)d

Ak
+
λ
d

Bk )
(4.83)

the
contributionC

λ
to

the
H

am
iltonian

using
Lagrange

m
ultipliers

λ
:

C
λ

= ∑
k

λ
k g

k
(4.84)

∂
C

λ

∂
λ

= ∑
k

λ
k (
d

Bk
−
d

Ak )
(4.85)

4.3.1
S

oft-core
interactions

T
he

linear
interpolation

ofthe
Lennard-Jones

and
C

oulom
b

potentials
gives

problem
s

w
hen

grow
-

ing
particles

outofnothing
or

w
hen

m
aking

particles
disappear

(
λ

close
to

0
or

1).
To

circum
vent

these
problem

s,the
singularities

in
the

potentials
need

to
be

rem
oved.

T
his

is
done

w
ith

soft-core
potentials.

In
G

R
O

M
A

C
S

the
soft-core

potential
V

sc
is:

V
sc (r)

=
(1
−
λ)V

A
(r

A
)
+
λ
V

B
(r

B
)

(4.86)

r
A

= (
α
σ

6A
λ

2
+
r
6 )

16
(4.87)

B
.3

.
C

o
m

p
u

ta
tio

n
o

fth
e

1
.0

/sq
rtfu

n
ctio

n
.

1
7

1

B
.3.4

S
pecification

ofthe
lookup

table

To
calculate

the
function1/ √

x
using

the
previously

m
entioned

iteration
schem

e,itis
clearthatthe

first
estim

ation
of

the
solution

m
ust

be
accurate

enough
to

get
precise

results.
T

he
requirem

ents
for

the
calculation

are

•
M

axim
um

possible
accuracy

w
ith

the
used

IE
E

E
form

at

•
U

se
only

one
iteration

step
for

m
axim

um
speed

T
he

first
requirem

ent
states

that
the

result
of

1
/ √

x
m

ay
have

a
relative

errorεr
equal

to
the

ε
r

of
a

IE
E

E
32

bit
single

precision
floating

point
num

ber.
F

rom
this

the
1/ √

x
of

the
initial

approxim
ation

can
be

derived,
rew

riting
the

definition
of

the
relative

error
for

succeeding
steps,

equation
(eqn.B.34)

ε
ny

= √
ε
r
n
+

1

2
f
′

y
f
′′

(B
.35)

S
o

for
the

lookup
table

the
needed

accuracy
is

∆
YY

= √
23
2
−

2
4

(B
.36)

w
hich

defines
the

w
idth

ofthe
table

thatm
ustbe
≥

13
bit.

A
tthis

pointthe
relative

errorεr
n

ofthe
lookup

table
is

know
n.

F
rom

this
the

m
axim

um
relative

error
in

the
argum

entcan
be

calculated
as

follow
s.

T
he

absolute
error

∆
x

is
defined

as

∆
x
≡

∆
Y

Y
′

(B
.37)

and
thus

∆
x

Y
=

∆
YY

(Y
′) −

1
(B

.38)

and
thus

∆
x

=
con

sta
n
t
YY
′

(B
.39)

for
the

1
/ √

x
function

Y
/
Y
′∼

x
holds,

so∆
x
/
x

=
con

sta
n
t.

T
his

is
a

property
of

the
used

floating
point

representation
as

earlier
m

entioned.
T

he
needed

accuracy
of

the
argum

ent
of

the
lookup

table
follow

s
from

∆
xx

=
−

2
∆
YY

(B
.40)

so,using
the

floating
pointaccuracy,equation

(eqn.
B

.36)

∆
xx

=
−

2 √
23
2
−

2
4

(B
.41)

T
his

defines
the

length
ofthe

lookup
table

w
hich

should
be
≥

12
bit.



1
7

0
A

p
p

e
n

d
ix

B
.

S
o

m
e

im
p

le
m

e
n

ta
tio

n
d

e
ta

ils

︸
︷︷

︸
︸

︷︷
︸

?
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S

0
23
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V
a
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1)
S
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E
−

1
2
7
)(
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F

)

0
23

31

V
a
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=
(−

1)
S
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E
−
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7
)(

1.
F

)

F
ig

ur
e

B
.1

:
IE

E
E

si
ng

le
pr

ec
is

io
n

flo
at

in
g

po
in

tf
or

m
at

ca
n

no
w

be
so

lv
ed

us
in

g
N

ew
to

n-
R

ap
hs

on
.

A
n

ite
ra

tio
n

is
pe

rf
or

m
ed

by
ca

lc
ul

at
in

g

y n
+

1
=
y n
−
f
(y

n
)

f
′ (
y n

)
(B

.2
9)

T
he

ab
so

lu
te

er
ro

rε,
in

th
is

ap
pr

ox
im

at
io

n
is

de
fin

ed
by

ε
≡
y n
−
q

(B
.3

0)

us
in

g
Ta

yl
or

se
rie

s
ex

pa
ns

io
n

to
es

tim
at

e
th

e
er

ro
r

re
su

lts
in

ε n
+

1
=
−
ε2 n 2
f
′′ (
y n

)
f
′ (
y n

)
(B

.3
1)

ac
co

rd
in

g
to

[79
]e

qu
at

io
n

(3
.2

).
T

hi
s

is
an

es
tim

at
io

n
of

th
e

ab
so

lu
te

er
ro

r.

B
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po
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po
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∆
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e

Ta
yl

or
se

rie
s

ex
pa

ns
io

n
eq
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,t

he
er

ro
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in
ev

er
y

ite
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n
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ep
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so
lu

te
an

d
in

ge
ne

ra
ld

ep
en

de
nt

of
y
.

If
th

e
er

ro
r

is
ex

pr
es

se
d

as
a

re
la

tiv
e

er
ro

rε
r

th
e

fo
llo

w
in

g
ho

ld
s

ε r
n
+

1
≡
ε n

+
1

y
(B

.3
2)

an
d

so

ε r
n
+

1
=
−

(ε
n y
)2
y
f
′′

2f
′

(B
.3

3)

fo
r

th
e

fu
nc

tio
nf

(y
)

=
y
−

2
th

e
te

rm
y
f
′′ /

2f
′ i

s
co

ns
ta

nt
(e

qu
al

to−
3/

2)
so

th
e

re
la

tiv
e

er
ro

rε r
n

is
in

de
pe

nd
en

to
fy.

ε r
n
+

1
=

3 2
(ε

r n
)2

(B
.3

4)

T
he

co
nc

lu
si

on
of

th
is

is
th

at
th

e
fu

nc
tio

n1/
√
x
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n
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lc
ul
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ed
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ifi
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cu
ra

cy
.
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ig
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ai
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r B
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σ
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r6
)1 6
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.8
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=
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ra
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d
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ra
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in

te
ra
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∂
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B
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e
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d
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s.

T
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nt
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ut

io
n

to
th

e
de
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at

iv
e

of
th

e
fr

ee
en
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gy
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V

sc
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)
∂
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A
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A
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V

B
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B
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+
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M
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1
E

xc
lu
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s
an

d
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4
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te
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ct
io

ns
.

A
to

m
s

w
ith

in
a

m
ol

ec
ul

e
th

at
ar

e
cl

os
e

by
in

th
e

ch
ai

n,
i.e

.a
to

m
s

th
at

ar
e

co
va
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nt

ly
bo

nd
ed

,
or

lin
ke

d
by

on
e

re
sp

ec
tiv

el
y

tw
o

at
om

s
ar

e
so

-c
al

le
d

fir
st

n
e

ig
h

b
o

rs
,

se
co

n
d

n
e

ig
h

b
o

rsan
d

th
ird

n
e

ig
h

b
o

rs,
(s

ee
F

ig
.4

.1
5)

.
S

in
ce

th
e

in
te

ra
ct

io
ns

of
at

omi
w

ith
at

om
si

+
1

an
d

i+
2

ar
e

m
ai

nl
y

qu
an

tu
m

m
ec

ha
ni

ca
l,

th
ey

ca
n

no
tb

e
m

od
el

ed
by

a
Le

nn
ar

d-
Jo

ne
s

po
te

nt
ia

l.
In

st
ea

d
it

is
as

su
m

ed
th

at
th

es
e

in
te

ra
ct

io
ns

ar
e

ad
eq

ua
te

ly
m

od
el

ed
by

a
ha

rm
on

ic
bo

nd
te

rm
or

co
ns

tr
ai

nt
(i,

i+
1)

an
d

a
ha

rm
on

ic
an

gl
e

te
rm

(
i,

i+
2)

.
T

he
fir

st
an

d
se

co
nd

ne
ig

hb
or

s
(a

to
m

s
i+

1
an

d
i+

2)
ar

e
th

er
ef

or
ee

xc
lu

d
e

df
ro

m
th

e
Le

nn
ar

d-
Jo

ne
s

in
te

ra
ct

io
n

lis
to

fa
to

mi;
at

om
si

+
1

an
d

i+
2

ar
e

ca
lle

d
ex

cl
u

si
o

n
so

fa
to

m
i.

F
or

th
ird

ne
ig

hb
or

s
th

e
no

rm
al

Le
nn

ar
d-

Jo
ne

s
re

pu
ls

io
n

is
so

m
et

im
es

st
ill

to
o

st
ro

ng
,w

hi
ch

m
ea

ns
th

at
w

he
n

ap
pl

ie
d

to
a

m
ol

ec
ul

e
th

e
m

ol
ec

ul
e

w
ou

ld
de

fo
rm

or
br

ea
k

du
e

to
th

e
in

te
rn

al
st

ra
in

.
T

hi
s

is
es

pe
ci

al
ly

th
e

ca
se

fo
r

ca
rb

on
-c

ar
bo

n
in

te
ra

ct
io

ns
in

a
ci

s-
co

nf
or

m
at

io
n

(e.
g.

ci
s-b

ut
an

e)
.

T
he

re
fo

re
fo

r
so

m
e

of
th

es
e

in
te

ra
ct

io
ns

th
e

Le
nn

ar
d-

Jo
ne

s
re

pu
ls

io
n

ha
s

be
en

re
du

ce
d

in
th

e
G

R
O

M
O

S
fo

rc
e

fie
ld

,w
hi

ch
is
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pl

em
en

te
d

by
ke

ep
in

g
a

se
pa

ra
te

lis
to

f1
-4

an
d

no
rm

al
Le

nn
ar

d-
Jo

ne
s

pa
ra

m
et

er
s.

In
ot

he
rf

or
ce

fie
ld

s,
su

ch
as

O
P
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[
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th
e

st
an

da
rd

Le
nn

ar
d-

Jo
ne

s
pa

ra
m

et
er

s
ar

e
re

du
ce

d
by

a
fa

ct
or

of
tw

o,
bu

ti
n

th
at

ca
se

al
so

th
e

di
sp

er
si

on
(r

−
6
)a

nd
th

e
co

ul
om

b
in

te
ra

ct
io

n
ar

e
sc

al
ed

.
G

R
O

M
A

C
S
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n
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e

ei
th
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th
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e
m
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.
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C
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a
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Fo
rce

fie
ld

s

4.4.2
C

harge
G

roups.

In
principle

the
force

calculation
in

M
D

is
anO

(N
2)

problem
.

T
herefore

w
e

apply
a

cutoff
for

non-bonded
force

(N
B

F
)

calculations:
only

the
particles

w
ithin

a
certain

distance
of

each
other

are
interacting.

T
his

reduces
the

cost
to
O

(N
)

(typically
100

N
to

200
N

)
of

the
N

B
F.

It
also

introduces
an

error,
w

hich
is,

in
m

ost
cases,

acceptable,
except

w
hen

applying
the

cutoff
im

plies
the

creation
ofcharges,in

w
hich

case
you

should
consider

using
the

lattice
sum

m
ethods

provided
by

G
R

O
M

A
C

S
.

C
onsider

a
w

ater
m

olecule
interacting

w
ith

another
atom

.
W

hen
w

e
w

ould
apply

the
cutoffon

an
atom

-atom
basis

w
e

m
ight

include
the

atom
-O

xygen
interaction

(w
ith

a
charge

of
-0.82)

w
ithout

the
com

pensating
charge

of
the

protons
and

so
induce

a
large

dipole
m

om
ent

over
the

system
.

T
herefore

w
e

have
to

keep
groups

ofatom
s

w
ith

totalcharge
0

together.
T

hese
groups

are
called

ch
a

rge
g

ro
u

p
s.

4.4.3
Treatm

entofcutoffs

G
R

O
M

A
C

S
is

quite
flexible

in
treating

cutoffs,
w

hich
im

plies
there

can
be

quite
a

num
ber

of
param

eters
to

set.
T

hese
param

eters
are

set
in

the
input

file
for

grom
pp.

T
here

are
tw

o
sort

of
param

eters
that

affect
the

cutoff
interactions;

you
can

select
w

hich
type

of
interaction

to
use

in
each

case,and
w

hich
cutoffs

should
be

used
in

the
neighborsearching.

F
or

both
C

oulom
b

and
van

der
W

aals
interactions

there
are

interaction
type

selectors
(term

ed
vd

w
typ

e
and

co
u

lo
m

b
typ

e
)

and
tw

o
param

eters,
for

a
total

of
six

nonbonded
interaction

param
eters.

S
ee

sec.
7.3.1

for
a

com
plete

description
ofthese

param
eters.

T
he

neighbor
searching

(N
S

)
can

be
perform

ed
using

a
single-range,

or
a

tw
in-range

approach.
S

ince
the

form
er

is
m

erely
a

specialcase
ofthe

latter
w

e
w

illdiscuss
the

m
ore

generaltw
in-range.

In
this

case
N

S
is

described
by

tw
o

radii
rlist

and
m

ax(rco
u

lo
m

b
,rvd

w
).

U
sually

one
builds

the
neighbor

listevery
10

tim
e

steps
or

every
20

fs
(param

eter
n

stlist
).

In
the

neighbor
listall

interaction
pairs

that
fallw

ithinrlist
are

stored.
F

urtherm
ore,

the
interactions

betw
een

pairs
that

do
not

fall
w

ithin
rlist

but
do

fall
w

ithin
m

ax(rco
u

lo
m

b
,rvd

w
)

are
com

puted
during

N
S

,and
the

forces
and

energy
are

stored
separately,and

added
to

short-range
forces

atevery
tim

e
step

betw
een

successive
N

S
.If
rlist

=
m

ax(rco
u

lo
m

b
,rvd

w
),no

forces
are

evaluated
during

neighbor
listgeneration.

T
he

virialis
calculated

from
the

sum
ofthe

short-
and

long-range
forces.

T
his

m
eans

that
the

virialcan
be

slightly
asym

m
etricalat

non-N
S

steps.
In

single
precision

the
virialis

alm
ostalw

ays
asym

m
etrical,because

the
off-diagonalelem

ents
are

aboutas
large

as
each

elem
ent

in
the

sum
.

In
m

ost
cases

this
is

not
really

a
problem

,
since

the
fluctuations

in
de

virial
can

be
2

orders
ofm

agnitude
larger

than
the

average.

E
xcept

for
the

plain
cutoff,

all
of

the
interaction

functions
in

Table
4.2

require
that

neighbor
searching

is
done

w
ith

a
larger

radius
than

the
r
c

specified
for

the
functionalform

,because
ofthe

use
of

charge
groups.

T
he

extra
radius

is
typically

of
the

order
of

0.25
nm

(roughly
the

largest
distance

betw
een

tw
o

atom
s

in
a

charge
group

plus
the

distance
a

charge
group

can
diffuse

w
ithin

neighbor
listupdates).

B
.3

.
C

o
m

p
u

ta
tio

n
o

fth
e

1
.0

/sq
rtfu

n
ctio

n
.

1
6

9

N
ote

that
this

loop
provides

m
uch

less
optim

ization
than

the
w

ater
loop,

but
it

is
slightly

better
than

the
defaultroutine.

T
he

gain
of

these
im

plem
entations

is
that

there
are

m
ore

floating
point

operations
in

a
single

loop,
w

hich
im

plies
that

som
e

com
pilers

can
schedule

the
code

better.
H

ow
ever,

it
turns

out
that

even
som

e
ofthe

m
ostadvanced

com
pilers

have
problem

s
w

ith
scheduling,im

plying
thatm

anual
tw

eaking
is

necessary
to

get
optim

um
perform

ance.
T

his
m

ay
include

com
m

on-subexpression
elim

ination,or
m

oving
code

around.

B
.2.2

F
ortran

C
ode

U
nfortunately,F

ortran
com

pilers
are

stillbetter
than

C
-com

pilers,for
m

ostm
achines

anyw
ay.

F
or

som
e

m
achines

(e.g.S
G

IP
ow

er
C

hallenge)
the

difference
m

ay
be

up
to

a
factor

of3,
in

the
case

ofvector
com

puters
this

m
ay

be
even

larger.
T

herefore,som
e

ofthe
routines

thattake
up

a
lotof

com
puter

tim
e

have
been

translated
into

F
ortran

and
even

assem
bly

code
for

Inteland
A

M
D

x86
processors.

In
m

ostcases,
the

F
ortran

or
assem

bly
loops

should
be

selected
autom

atically
by

the
configure

scriptw
hen

appropriate,butyou
can

also
tw

eak
this

by
setting

options
to

the
configure

script.

B
.3

C
om

putation
ofthe

1.0/sqrtfunction.

B
.3.1

Introduction.

T
he

G
R

O
M

A
C

S
projectstarted

w
ith

the
developm

entofa
1
/ √

x
processor

w
hich

calculates

Y
(x)

=
1√x

(B
.25)

A
s

the
projectcontinued,the

Intel
i860

processor
w

as
used

to
im

plem
entG

R
O

M
A

C
S

,w
hich

now
turned

into
alm

osta
fullsoftw

are
project.

T
he
1
/ √

x
processor

w
as

im
plem

ented
using

a
N

ew
ton-

R
aphson

iteration
schem

e
for

one
step.

F
or

this
it

needed
lookup

tables
to

provide
the

initial
approxim

ation.
T

he1/ √
x

function
m

akes
itpossible

to
use

tw
o

alm
ostindependenttables

for
the

exponentseed
and

the
fraction

seed
w

ith
the

IE
E

E
floating

pointrepresentation.

B
.3.2

G
eneral

A
ccording

to
[79]

the
1
/ √

x
can

be
calculated

using
the

N
ew

ton-R
aphson

iteration
schem

e.
T

he
inverse

function
is

X
(y)

=
1y
2

(B
.26)

S
o

instead
ofcalculating

Y
(a)

=
q

(B
.27)

the
equation

X
(q)−

a
=

0
(B

.28)
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S
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p

le
m

e
n

ta
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n
d

e
ta

ils

B
.1

.5
V

iri
al

fro
m

S
ha

ke
.

A
n

im
po

rt
an

tc
on

tr
ib

ut
io

n
to

th
e

vi
ria

lc
om

es
fr

om
sh

ak
e.

S
at

is
fy

in
g

th
e

co
ns

tr
ai

nt
s

a
fo

rc
e

G
is

ex
er

te
d

on
th

e
pa

rt
ic

le
s

sh
ak

en
.

If
th

is
fo

rc
e

do
es

no
t

co
m

e
ou

t
of

th
e

al
go

rit
hm

(a
s

in
st

an
da

rd
sh

ak
e)

it
ca

n
be

ca
lc

ul
at

ed
af

te
rw

ar
ds

(w
he

n
us

in
g

le
a

p
-f

ro
g)

by
:

∆
r

i
=

r
i(
t
+

∆
t)
−

[r
i(
t)

+
v

i(
t
−

∆
t 2
)∆
t
+

F
i

m
i
∆
t2

]
(B

.2
2)

G
i

=
m

i∆
r

i

∆
t2

(B
.2

3)

bu
t

th
is

do
es

no
t

he
lp

us
in

th
e

ge
ne

ra
lc

as
e.

O
nl

y
w

he
n

no
pe

rio
di

ci
ty

is
ne

ed
ed

(li
ke

in
rig

id
w

at
er

)
th

is
ca

n
be

us
ed

,o
th

er
w

is
e

w
e

m
us

ta
dd

th
e

vi
ria

lc
al

cu
la

tio
n

in
th

e
in

ne
r

lo
op

of
sh

ak
e.

W
he

n
it

is
ap

pl
ic

ab
le

th
e

vi
ria

lc
an

be
ca

lc
ul

at
ed

in
th

e
si

ng
le

su
m

w
ay

:

Ξ
=

−
1 2

N
c ∑ i

r
i
⊗

F
i

(B
.2

4)

w
he

re
N

c
is

th
e

nu
m

be
r

of
co

ns
tr

ai
ne

d
at

om
s.

B
.2

O
pt

im
iz

at
io

ns

H
er

e
w

e
de

sc
rib

e
so

m
e
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th

e
al

go
rit

hm
ic

op
tim
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at
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ns
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ed
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G

R
O

M
A

C
S

,
ap

ar
t

fr
om

pa
r-

al
le

lis
m

.
O

ne
of

th
es

e,
th

e
im

pl
em

en
ta

tio
n

of
th

e
1.

0/
sq

rt
(x

)
fu

nc
tio

n
is

tr
ea

te
d

se
pa

ra
te

ly
in

se
c.

B
.3

.
T

he
m

os
ti

m
po

rt
an

to
th

er
op

tim
iz

at
io

ns
ar

e
de

sc
rib

ed
be

lo
w

.

B
.2

.1
In

ne
r

Lo
op

s
fo

r
W

at
er

G
R

O
M

A
C

S
us

er
s

sp
ec

ia
li

nn
er

lo
op

to
ca

lc
ul

at
e

no
n-

bo
nd

ed
in

te
ra

ct
io

ns
fo

rw
at

er
m

ol
ec

ul
es

w
ith

ot
he

r
at

om
s,

an
d

ye
ta

no
th

er
se

to
fl

oo
ps

fo
r

in
te

ra
ct

io
ns

be
tw

ee
n

pa
irs

of
w

at
er

m
ol

ec
ul

es
.

T
hi

s
ve
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op

tim
iz

ed
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op
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m
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a

w
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er
m

od
el

si
m

ila
r
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P
C

[
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te
ra
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er

m
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F
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m
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m
pl
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es

th
er

e
is

a
ge

ne
ra

ls
ol

ve
nt

lo
op

as
su

m
in

g
(n

ot
e

th
e

or
de

r)
:

1.
A

t
th

e
be

gi
nn

in
g

of
th

e
m

ol
ec

ul
e

to
po

lo
gy

th
er

e
is

an
ar

bi
tr

ar
y

nu
m

be
r

of
at

om
s

w
ith

Le
nn

ar
d-

Jo
ne

s
an

d
co

ul
om

b
in

te
ra

ct
io

ns
.

2.
T

he
n

w
e

ha
ve

an
ar

bi
tr

ar
y

nu
m

be
r

of
at

om
s

w
ith

co
ul

om
b

in
te

ra
ct

io
ns

on
ly

.

3.
A

nd
fin

al
ly

th
er

e
ca

n
be

an
ar

bi
tr

ar
y

nu
m

be
ro

fa
to

m
s

w
ith

Le
nn

ar
d-

Jo
ne

s
in

te
ra

ct
io

ns
on

ly
.

4
.5

.
D

u
m

m
y

a
to

m
s.

7
3

Ty
pe

P
ar

am
et

er
s

C
ou

lo
m

b
P

la
in

cu
to

ff
r c

,ε
r

R
ea

ct
io

n
fie

ld
r c

,ε
r
f

S
hi

ft
fu

nc
tio

n
r 1

,r
c
,ε

r

S
w

itc
h

fu
nc

tio
n

r 1
,r

c
,ε

r

V
dW

P
la

in
cu

to
ff

r c
S

hi
ft

fu
nc

tio
n

r 1
,r

c

S
w

itc
h

fu
nc

tio
n

r 1
,r

c

Ta
bl

e
4.

2:
P

ar
am

et
er

s
fo

r
th

e
di

ffe
re

nt
fu

nc
tio

na
lf

or
m

s
of

th
e

no
n-

bo
nd

ed
in

te
ra

ct
io

ns
.

4.
5

D
um

m
y

at
om

s.

D
um

m
y

at
om

s
ca

n
be

us
ed

in
G

R
O

M
A

C
S

in
a

nu
m

be
r

of
w

ay
s.

W
e

w
rit

e
th

e
po

si
tio

n
of

th
e

du
m

m
y

pa
rt

ic
le

r
d

as
a

fu
nc

tio
n

of
th

e
po

si
tio

ns
of

ot
he

r
pa

rt
ic

le
s

r
i:

r
d

=
f
(r

1
..
r

n
).

T
he

du
m

m
y,

w
hi

ch
m

ay
ca

rr
y

ch
ar

ge
,o

r
ca

n
be

in
vo

lv
ed

in
ot

he
r

in
te

ra
ct

io
ns

ca
n

no
w

be
us

ed
in

th
e

fo
rc

e
ca

lc
ul

at
io

n.
T

he
fo

rc
e

ac
tin

g
on

th
e

du
m

m
y

pa
rt

ic
le

m
us

t
be

re
di

st
rib

ut
ed

ov
er

th
e

at
om

s
in

a
co

ns
is

te
nt

w
ay

.
A

go
od

w
ay

to
do

th
is

ca
n

be
fo

un
d

in
re

f.
[

53
].

W
e

ca
n

w
rit

e
th

e
po

te
nt

ia
l

en
er

gy
as

V
=
V

(r
d
,r

1
..
r

n
)

=
V
∗ (

r
1
..
r

n
)

(4
.9

1)

T
he

fo
rc

e
on

th
e

pa
rt

ic
lei

is
th

en

F
i
=
−
∂
V
∗

∂
r

i
=
−
∂
V

∂
r

i
−
∂
r

d

∂
r

i

∂
V

∂
r

d
=

F
d
ir

ec
t

i
+

F
′ i

(4
.9

2)

th
e

fir
st

te
rm

of
w

hi
ch

is
th

e
no

rm
al

fo
rc

e.
T

he
se

co
nd

te
rm

is
th

e
fo

rc
e

on
pa

rt
ic

le
i

du
e

to
th

e
du

m
m

y
pa

rt
ic

le
,w

hi
ch

ca
n

be
w

rit
te

n
in

te
ns

or
no

ta
tio

n:

F
′ i
=

       ∂
x

d

∂
x

i

∂
y d
∂
x

i

∂
z d
∂
x

i
∂
x

d

∂
y i

∂
y d
∂
y i

∂
z d
∂
y i

∂
x

d

∂
z i

∂
y d
∂
z i

∂
z d
∂
z i

       F
d

(4
.9

3)

w
he

re
F

d
is

th
e

fo
rc

e
on

th
e

du
m

m
y

pa
rt

ic
le

an
d
x

d
,y

d
an

d
z d

ar
e

th
e

co
or

di
na

te
s

of
th

e
du

m
m

y
pa

rt
ic

le
.

In
th

is
w

ay
th

e
to

ta
lf

or
ce

an
d

th
e

to
ta

lt
or

qu
e

ar
e

co
ns

er
ve

d
[

53
].

A
s

a
fu

rt
he

r
no

te
,

th
e

co
m

pu
ta

tio
n

of
th

e
vi

ria
l(

eq
n.3.
18

)
is

no
n-

tr
iv

ia
lw

he
n

du
m

m
y

at
om

s
ar

e
us

ed
.

S
in

ce
th

e
vi

ria
li

nv
ol

ve
s

a
su

m
m

at
io

n
ov

er
al

lt
he

at
om

s
(r

at
he

r
th

an
vi

rt
ua

lp
ar

tic
le

s)
th

e
fo

rc
es

m
os

tb
e

re
di

st
rib

ut
ed

fr
om

th
e

du
m

m
ie

s
to

th
e

at
om

s
(u

si
ng

eq
n.

4.
93

)
b

e
fo

re
co

m
pu

ta
tio

n
of

th
e

vi
ria

l.
In

so
m

e
sp

ec
ia

l
ca

se
s

w
he

re
th

e
fo

rc
es

on
th

e
at

om
s

ca
n

be
w

rit
te

n
as

a
lin

ea
r

co
m

bi
na

tio
n

of
th

e
fo

rc
es

on
th

e
du

m
m

ie
s

(t
yp

es
2

an
d

3
be

lo
w

)
th

er
e

is
no

di
ffe

re
nc

e
be

tw
ee

n
co

m
pu

tin
g

th
e

vi
ria

l
be

fo
re

an
d

af
te

r
th

e
re

di
st

rib
ut

io
n

of
fo

rc
es

.
H

ow
ev

er
,

in
th

e
ge

ne
ra

lc
as

e
re

di
st

rib
ut

io
n

sh
ou

ld
be

do
ne

fir
st

.

T
he

re
ar

e
si

x
w

ay
s

to
co

ns
tr

uc
td

um
m

ie
s

fr
om

su
rr

ou
nd

in
g

at
om

s
in

G
R

O
M

A
C

S
,w

hi
ch

w
e

cl
as

-
si

fy
by

th
e

nu
m

be
r

of
co

ns
tr

uc
tin

g
at

om
s.

N
ot

e
th

at
al

l
du

m
m

y
ty

pe
s

m
en

tio
ne

d
ca

n
be

co
n-

st
ru

ct
ed

fr
om

ty
pe

s
3f

d
(n

or
m

al
iz

ed
,i

n-
pl

an
e)

an
d

3o
ut

(n
on

-n
or

m
al

iz
ed

,o
ut

of
pl

an
e)

.
H

ow
ev

er
,



7
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C
h

a
p

te
r

4
.

Fo
rce

fie
ld

s

����� ���������� ��������������
������������ ���������� ����� |   |

3fd

|   |
|   |

1-a
ab

a

1-a

a

�������
�������

�����
�����

	�	�	�	
	�	�	�	


�
�


�
�


2
3fad

3o
u

t
4fd c

b

3

�������
�������

�����
�����

θ

d

��
��

�����
�����

�������
������������ �����

�������
������������ �����

�������
������������ �����

�������
�������

�����
�����

�����
�����

�����
�����

�����
�����

�����
�����

�������
�������

�����
�����

�����
�����

�����
�����

F
igure

4.16:
T

he
six

differenttypes
ofdum

m
y

atom
construction

in
G

R
O

M
A

C
S

.T
he

constructing
atom

s
are

show
n

as
black

circles,the
dum

m
y

atom
s

in
grey.

the
am

ountofcom
putation

involved
increases

sharply
along

this
list,so

w
e

strongly
recom

m
ended

using
the

first
adequate

dum
m

y
type

that
w

illbe
sufficient

for
a

certain
purpose.

F
ig.

4.16
gives

an
overview

ofthe
available

dum
m

y
constructions.

2.
A

s
a

linear
com

bination
oftw

o
atom

s
(F

ig.
4.16

2):

r
d

=
r

i +
a
r

ij
(4.94)

In
this

case
the

dum
m

y
is

on
the

line
through

atom
s

i
and

j.
T

he
force

on
particlesi

and
j

due
to

the
force

on
the

dum
m

y
can

be
com

puted
as:

F
′i

=
(1
−
a)F

d

F
′j

=
a

F
d

(4.95)

3.
A

s
a

linear
com

bination
ofthree

atom
s

(F
ig.
4.16

3):

r
d

=
r

i +
a
r

ij
+
br

ik
(4.96)

In
this

case
the

dum
m

y
is

in
the

plane
ofthe

other
three

particles.
T

he
force

on
particles
i,

j
and

k
due

to
the

force
on

the
dum

m
y

can
be

com
puted

as:

F
′i

=
(1
−
a
−
b)F

d

F
′j

=
a

F
d

F
′k

=
b
F

d

(4.97)

3fd.
In

the
plane

ofthree
atom

s,w
ith

a
fixed

distance
(F

ig.
4.16

3fd):

r
d

=
r

i +
b

r
ij

+
a
r

jk

|r
ij

+
a
r

jk |
(4.98)

In
this

case
the

dum
m

y
is

in
the

plane
ofthe

other
three

particles
ata

distance
of

|b|from
i.

T
he

force
on

particlesi,
j

and
k

due
to

the
force

on
the

dum
m

y
can

be
com

puted
as:

F
′i

=
F

d −
γ(F

d −
p)

F
′j

=
(1
−
a)γ(F

d −
p)

F
′k

=
a
γ(F

d −
p)

w
here

γ
=

b

|r
ij

+
a
r

jk |

p
=

r
id ·F

d

r
id ·

r
id

r
id

(4.99)

B
.1

.
S

in
g

le
S

u
m

V
iria

lin
G

R
O

M
A

C
S

.
1

6
7

T
he

algorithm
to

generate
such

a
listcan

be
derived

from
graph

theory,considering
each

particle
in

a
m

olecule
as

a
bead

in
a

graph,the
bonds

as
edges.

1
representthe

bonds
and

atom
s

as
bidirectionalgraph

2
m

ake
allatom

s
w

hite

3
m

ake
one

ofthe
w

hite
atom

s
black

(atomi)and
putitin

the
centralbox

4
m

ake
allofthe

neighbors
ofithatare

currently
w

hite,grey

5
pick

one
ofthe

grey
atom

s
(atomj),give

itthe
correctperiodicity

w
ith

respectto
any

ofits
black

neighbors
and

m
ake

itblack

6
m

ake
allofthe

neighbors
ofjthatare

currently
w

hite,grey

7
ifany

grey
atom

rem
ains,goto

[5]

8
ifany

w
hite

atom
rem

ains,goto
[3]

U
sing

this
algorithm

w
e

can

•
optim

ize
the

bonded
force

calculation
as

w
ellas

shake

•
calculate

the
virialfrom

the
bonded

forces
in

the
single

sum
w

ay
again

F
ind

a
representation

ofthe
bonds

as
a

bidirectionalgraph.

B
.1.4

V
irialfrom

C
ovalentB

onds.

T
he

covalentbond
force

gives
a

contribution
to

the
virial,w

e
have

b
=

‖
r

nij ‖
(B

.15)

V
b

=
12
k

b (b−
b
0 )

2
(B

.16)

F
i

=
−
∇
V

b
(B

.17)

=
k

b (b−
b
0 ) r

nij

b
(B

.18)

F
j

=
−

F
i

(B
.19)

T
he

virialcontribution
from

the
bonds

then
is

Ξ
b

=
−

12
(r

ni
⊗

F
i

+
r

j ⊗
F

j )
(B

.20)

=
−

12
r

nij ⊗
F

i
(B

.21)



1
6

6
A

p
p

e
n

d
ix

B
.

S
o

m
e

im
p

le
m

e
n

ta
tio

n
d

e
ta

ils

In
a

tr
ic

lin
ic

sy
st

em
th

er
e

ar
e

27
po

ss
ib

le
im

ag
es

of
i,

w
he

n
tr

un
ca

te
d

oc
ta

he
dr

on
is

us
ed

th
er

e
ar

e
15

po
ss

ib
le

im
ag

es
.

B
.1

.2
V

iri
al

fro
m

no
n-

bo
nd

ed
fo

rc
es

.

H
er

e
th

e
de

riv
at

io
n

fo
r

th
e

si
ng

le
su

m
vi

ria
li

n
th

e
n

o
n

-b
o

n
d

e
d

fo
rc

ero
ut

in
e

is
gi

ve
n.
i
6=
j

in
al

l
fo

rm
ul

ae
be

lo
w

.

Ξ
=

−
1 2

N ∑ i<
j

r
n ij
⊗

F
ij

(B
.5

)

=
−

1 4

N ∑ i=
1

N ∑ j=
1

(r
i
+
δ i
−

r
j
)
⊗

F
ij

(B
.6

)

=
−

1 4

N ∑ i=
1

N ∑ j=
1

(r
i
+
δ i

)
⊗

F
ij
−

r
j
⊗

F
ij

(B
.7

)

=
−

1 4

 N ∑ i=
1

N ∑ j=
1

(r
i
+
δ i

)
⊗

F
ij
−

N ∑ i=
1

N ∑ j=
1

r
j
⊗

F
ij

 
(B

.8
)

=
−

1 4

 N ∑ i=
1

(r
i
+
δ i

)
⊗

N ∑ j=
1

F
ij
−

N ∑ j=
1

r
j
⊗

N ∑ i=
1

F
ij

 
(B

.9
)

=
−

1 4

 N ∑ i=
1

(r
i
+
δ i

)
⊗

F
i

+
N ∑ j=

1

r
j
⊗

F
j

 
(B

.1
0)

=
−

1 4

( 2
N ∑ i=

1

r
i
⊗

F
i
+

N ∑ i=
1

δ i
⊗

F
i)

(B
.1

1)

In
th

es
e

fo
rm

ul
ae

w
e

in
tr

od
uc

ed

F
i

=
N ∑ j=

1

F
ij

(B
.1

2)

F
j

=
N ∑ i=

1

F
ji

(B
.1

3)

w
hi

ch
is

th
e

to
ta

lf
or

ce
on
i

re
sp

.j
.

B
ec

au
se

w
e

us
e

N
ew

to
n’

s
th

ird
la

w

F
ij

=
−

F
ji

(B
.1

4)

w
e

m
us

ti
n

th
e

im
pl

em
en

ta
tio

n
do

ub
le

th
e

te
rm

co
nt

ai
ni

ng
th

e
sh

ift
δ i

.

B
.1

.3
T

he
in

tr
am

ol
ec

ul
ar

sh
ift

(m
ol

-s
hi

ft)
.

F
or

th
e

bo
nd

ed
-f

or
ce

s
an

d
sh

ak
e

it
is

po
ss

ib
le

to
m

ak
e

a
m

o
l-
sh

ift
lis

t,
in

w
hi

ch
th

e
pe

rio
di

ci
ty

is
st

or
ed

.
W

e
si

m
pl

e
ha

ve
an

ar
ra

y
m

sh
ift

in
w

hi
ch

fo
r

ea
ch

at
om

an
in

de
x

in
th

esh
ift

ve
c

ar
ra

y
is

st
or

ed
.

4
.5

.
D

u
m

m
y

a
to

m
s.

7
5

3f
ad

.
In

th
e

pl
an

e
of

th
re

e
at

om
s,

w
ith

a
fix

ed
an

gl
e

an
d

di
st

an
ce

(F
ig

.
4.

16
3f

ad
):

r
d

=
r

i
+
d

co
sθ

r
ij

|r
ij
|+

d
si

n
θ

r
⊥

|r
⊥
|

w
he

re
r
⊥

=
r

jk
−

r
ij
·r

jk

r
ij
·r

ij
r

ij
(4

.1
00

)

In
th

is
ca

se
th

e
du

m
m

y
is

in
th

e
pl

an
e

of
th

e
ot

he
r

th
re

e
pa

rt
ic

le
s

at
a

di
st

an
ce

of
|d
|f

ro
m
i

at
an

an
gl

e
ofα

w
ith

r
ij

.
A

to
m
k

de
fin

es
th

e
pl

an
e

an
d

th
e

di
re

ct
io

n
of

th
e

an
gl

e.
N

ot
e

th
at

in
th

is
ca

se
b

an
d
α

m
us

tb
e

sp
ec

ifi
ed

,i
ns

te
ad

ofa
an

d
b

(s
ee

al
so

se
c.5

.2
.2

).
T

he
fo

rc
e

on
pa

rt
ic

le
si

,j
an

d
k

du
e

to
th

e
fo

rc
e

on
th

e
du

m
m

y
ca

n
be

co
m

pu
te

d
as

(w
ith

r
⊥

as
de

fin
ed

in
eq

n.
4.

10
0)

:

F
′ i

=
F

d
−

d
co

sθ
|r

ij
|

F
1

+
d

si
n
θ

|r
⊥
|

( r
ij
·r

jk

r
ij
·r

ij
F

2
+

F
3

)

F
′ j

=
d

co
sθ

|r
ij
|

F
1

−
d

si
n
θ

|r
⊥
|

( F
2
+

r
ij
·r

jk

r
ij
·r

ij
F

2
+

F
3

)

F
′ k

=
d

si
n
θ

|r
⊥
|

F
2

w
he

re
F

1
=

F
d
−

r
ij
·F

d

r
ij
·r

ij
r

ij
,

F
2

=
F

1
−

r
⊥
·F

d

r
⊥
·r

⊥
r
⊥

an
d

F
3

=
r

ij
·F

d

r
ij
·r

ij
r
⊥ (4
.1

01
)

3o
ut

.
A

s
a

no
n-

lin
ea

r
co

m
bi

na
tio

n
of

th
re

e
at

om
s,

ou
to

fp
la

ne
(F

ig
.

4.
16

3o
ut

):

r
d

=
r

i
+
a
r

ij
+
br

ik
+
c(

r
ij
×

r
ik

)
(4

.1
02

)

T
hi

s
en

ab
le

s
th

e
co

ns
tr

uc
tio

n
of

du
m

m
ie

s
ou

to
ft

he
pl

an
e

of
th

e
ot

he
r

at
om

s.
T

he
fo

rc
e

on
pa

rt
ic

le
si
,j

an
d
k

du
e

to
th

e
fo

rc
e

on
th

e
du

m
m

y
ca

n
be

co
m

pu
te

d
as

:

F
′ j

=

  
a

−
c
z i

k
c
y i

k

c
z i

k
a

−
c
x

ik

−
c
y i

k
c
x

ik
a

  F d

F
′ k

=

  
b

c
z i

j
−
c
y i

j

−
c
z i

j
b

c
x

ij

c
y i

j
−
c
x

ij
b

  F d
F
′ i

=
F

d
−

F
′ j
−

F
′ k

(4
.1

03
)

4f
d.

F
ro

m
fo

ur
at

om
s,

w
ith

a
fix

ed
di

st
an

ce
(F

ig
.

4.
16

4f
d)

:

r
d

=
r

i
+
c

r
ij

+
a
r

jk
+
br

jl

|r
ij

+
a
r

jk
+
br

jl
|

(4
.1

04
)

In
th

is
ca

se
th

e
du

m
m

y
is

at
a

di
st

an
ce

of|c
|f

ro
m
i.

T
he

fo
rc

e
on

pa
rt

ic
le

si,
j,
k

an
d
l

du
e

to
th

e
fo

rc
e

on
th

e
du

m
m

y
ca

n
be

co
m

pu
te

d
as

:

F
′ i

=
F

d
−
γ
(F

d
−

p
)

F
′ j

=
(1
−
a
−
b)
γ
(F

d
−

p
)

F
′ k

=
a
γ
(F

d
−

p
)

F
′ l

=
bγ

(F
d
−

p
)

w
he

re

γ
=

c

|r
ij

+
a
r

jk
+
br

jl
|

p
=

r
id
·F

d

r
id
·r

id
r

id

(4
.1

05
)
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4.6
Long

R
ange

E
lectrostatics

4.6.1
E

w
ald

sum
m

ation

T
he

totalelectrostatic
energy

of
N

particles
and

the
periodic

im
ages

are
given

by

V
=
f2 ∑n

x ∑n
y ∑n

z ∗

N∑i

N∑j

q
i q

j

r
ij,n

.
(4.106)

(n
x ,n

y ,n
z )

=
n

is
the

box
index

vector,
and

the
star

indicates
that

term
s

w
ith

i
=
j

should
be

om
itted

w
hen(n

x ,n
y ,n

z )
=

(0
,0
,0).

T
he

distancer
ij,n

is
the

realdistance
betw

een
the

charges
and

notthe
m

inim
um

-im
age.

T
his

sum
is

conditionally
convergent,butvery

slow
.

E
w

ald
sum

m
ation

w
as

firstintroduced
as

a
m

ethod
to

calculate
long-range

interactions
ofthe

pe-
riodic

im
ages

in
crystals

[54].
T

he
idea

is
to

convertthe
single

slow
ly-converging

sum
eqn.
4.106

into
tw

o
quickly-converging

term
s

and
a

constantterm
:

V
=

V
d
ir

+
V

r
ec +

V
0

(4.107)

V
d
ir

=
f2

N∑i,j ∑n
x ∑n

y ∑n
z ∗
q
i q

j erfc(β
r
ij,n )

r
ij,n

(4.108)

V
r
ec

=
f

2π
V

N∑i,j

q
i q

j ∑m
x ∑m

y ∑m
z ∗

exp (−
(π

m
/β

)
2
+

2
π
im

·(r
i −

r
j ) )

m
2

(4.109)

V
0

=
−
f
β

√
π

N∑i

q
2i ,

(4.110)

w
here

β
is

a
param

eter
that

determ
ines

the
relative

w
eight

of
the

direct
and

reciprocalsum
s

and
m

=
(m

x ,m
y ,m

z ).
In

this
w

ay
w

e
can

use
a

short
cutoff

(of
the

order
of

1
nm

)
in

the
direct

space
sum

and
a

shortcutoffin
the

reciprocalspace
sum

(
e.g.10

w
ave

vectors
in

each
direction).

U
nfortunately,

the
com

putationalcostofthe
reciprocalpartofthe

sum
increases

as
N

2
(or

N
3
/
2

w
ith

a
slightly

better
algorithm

)
and

itis
therefore

notrealistic
for

use
in

large
system

s.

U
sing

E
w

ald

D
on’tuse

E
w

ald
unless

you
are

absolutely
sure

this
is

w
hatyou

w
ant-foralm

ostallcases
the

P
M

E
m

ethod
below

w
illperform

m
uch

better.
If

you
stillw

ant
to

em
ploy

classicalE
w

ald
sum

m
ation

enter
this

in
your.m

d
p

file,ifthe
side

ofyour
box

is
about3nm

:

co
u

lo
m

b
typ

e
=

E
w

a
ld

rvd
w

=
0

.9
rlist

=
0

.9
rco

u
lo

m
b

=
0

.9
fo

u
rie

rsp
a

cin
g

=
0

.6
e

w
a

ld
_

rto
l

=
1

e
-5

A
ppendix

B

S
om

e
im

plem
entation

details

In
this

chapter
w

e
w

illpresent
som

e
im

plem
entation

details.
T

his
is

far
from

com
plete,

but
w

e
deem

ed
itnecessary

to
clarify

som
e

things
thatw

ould
otherw

ise
be

hard
to

understand.

B
.1

S
ingle

S
um

V
irialin

G
R

O
M

A
C

S
.

T
he

virialΞ
can

be
w

ritten
in

fulltensor
form

as:

Ξ
=

−
12

N∑i<
j

r
ij ⊗

F
ij

(B
.1)

w
here⊗

denotes
thed

ire
ct

p
ro

d
u

ctof
tw

o
vectors 1.

W
hen

this
is

com
puted

in
the

inner
loop

of
an

M
D

program
9

m
ultiplications

and
9

additions
are

needed
2.

H
ere

itis
show

n
how

itis
possible

to
extractthe

virialcalculation
from

the
inner

loop
[

77].

B
.1.1

V
irial.

In
a

system
w

ith
P

eriodic
B

oundary
C

onditions,the
periodicity

m
ustbe

taken
into

accountfor
the

virial:

Ξ
=

−
12

N∑i<
j

r
nij ⊗

F
ij

(B
.2)

w
herer

nij
denotes

the
distance

vectorofthe
n

e
a

re
stim

ageofatom
i

from
atom

j.
In

this
definition

w
e

add
ash

iftve
cto

rδ
i

to
the

position
vectorr

i
ofatom

i.
T

he
difference

vectorr
nij

is
thus

equal
to:

r
nij

=
r

i +
δ
i −

r
j

(B
.3)

or
in

shorthand:
r

nij
=

r
ni
−

r
j

(B
.4)

1(u
⊗

v
)
α

β
=

u
α
v

β
2T

he
calculation

ofLennard-Jones
and

C
oulom

b
forces

is
about50

floating
pointoperations.
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n
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ro
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7
7

T
he

fo
u

ri
e

rs
p

a
ci

n
g

pa
ra

m
et

er
tim

es
th

e
bo

x
di

m
en

si
on

s
de

te
rm

in
es

th
e

hi
gh

es
t

m
ag

ni
tu

de
of

w
av

e
ve

ct
or

sm
x
,m

y
,m

z
to

us
e

in
ea

ch
di

re
ct

io
n.

W
ith

a
3

nm
cu

bi
c

bo
x

th
is

ex
am

pl
e

w
ou

ld
us

e1
1

w
av

e
ve

ct
or

s
(f

ro
m−

5
to

5)
in

ea
ch

di
re

ct
io

n.
T

he
e

w
a

ld
rt

o
l

pa
ra

m
et

er
is

th
e

re
la

tiv
e

st
re

ng
th

of
th

e
el

ec
tr

os
ta

tic
in

te
ra

ct
io

n
at

th
e

cu
to

ff.
D

ec
re

as
in

g
th

is
gi

ve
s

yo
u

a
m

or
e

ac
cu

ra
te

di
re

ct
su

m
,b

ut
a

le
ss

ac
cu

ra
te

re
ci

pr
oc

al
su

m
.

4.
6.

2
P

M
E

P
ar

tic
le

-m
es

h
E

w
al

d
is

a
m

et
ho

d
pr

op
os

ed
by

To
m

D
ar

de
n

[
55

,5
6]

to
im

pr
ov

e
th

e
pe

rf
or

m
an

ce
of

th
e

re
ci

pr
oc

al
su

m
.

In
st

ea
d

of
di

re
ct

ly
su

m
m

in
g

w
av

e
ve

ct
or

s,
th

e
ch

ar
ge

s
ar

e
as

si
gn

ed
to

a
gr

id
us

in
g

ca
rd

in
al

B
-s

pl
in

e
in

te
rp

ol
at

io
n.

T
hi

s
gr

id
is

th
en

F
ou

rie
r

tr
an

sf
or

m
ed

w
ith

a
3D

F
F

T
al

go
rit

hm
an

d
th

e
re

ci
pr

oc
al

en
er

gy
te

rm
ob

ta
in

ed
by

a
si

ng
le

su
m

ov
er

th
e

gr
id

in
k-

sp
ac

e.

T
he

po
te

nt
ia

la
t

th
e

gr
id

po
in

ts
is

ca
lc

ul
at

ed
by

in
ve

rs
e

tr
an

sf
or

m
at

io
n,

an
d

by
us

in
g

th
e

in
te

rp
o-

la
tio

n
fa

ct
or

s
w

e
ge

tt
he

fo
rc

es
on

ea
ch

at
om

.

T
he

P
M

E
al

go
rit

hm
sc

al
es

asN
lo

g(
N

),
an

d
is

su
bs

ta
nt

ia
lly

fa
st

er
th

an
or

di
na

ry
E

w
al

d
su

m
m

a-
tio

n
on

m
ed

iu
m

to
la

rg
e

sy
st

em
s.

O
n

ve
ry

sm
al

ls
ys

te
m

s
it

m
ig

ht
st

ill
be

be
tte

r
to

us
e

E
w

al
d

to
av

oi
d

th
e

ov
er

he
ad

in
se

tti
ng

up
gr

id
s

an
d

tr
an

sf
or

m
s.

U
si

ng
P

M
E

To
us

e
P

ar
tic

le
-m

es
h

E
w

al
d

su
m

m
at

io
n

in
G

R
O

M
A

C
S

,s
pe

ci
fy

th
e

fo
llo

w
in

g
lin

es
in

yo
ur

.m
d

p
fil

e:

co
u

lo
m

b
ty

p
e

=
P

M
E

rv
d

w
=

0
.9

rl
is

t
=

0
.9

rc
o

u
lo

m
b

=
0

.9
fo

u
ri
e

rs
p

a
ci

n
g

=
0

.1
2

p
m

e
_

o
rd

e
r

=
4

e
w

a
ld

_
rt

o
l

=
1

e
-5

In
th

is
ca

se
th

efo
u

ri
e

rs
p

a
ci

n
g

pa
ra

m
et

er
de

te
rm

in
es

th
e

m
ax

im
um

sp
ac

in
g

fo
rt

he
F

F
T

gr
id

an
d

p
m

e
o

rd
e

r
co

nt
ro

ls
th

e
in

te
rp

ol
at

io
n

or
de

r.
U

si
ng

4t
h

or
de

r
(c

ub
ic

)
in

te
rp

ol
at

io
n

an
d

th
is

sp
ac

in
g

sh
ou

ld
gi

ve
el

ec
tr

os
ta

tic
en

er
gi

es
ac

cu
ra

te
to

ab
ou

t
5
·1

0−
3
.

S
in

ce
th

e
Le

nn
ar

d-
Jo

ne
s

en
er

gi
es

ar
e

no
tt

hi
s

ac
cu

ra
te

it
m

ig
ht

ev
en

be
po

ss
ib

le
to

in
cr

ea
se

th
is

sp
ac

in
g

sl
ig

ht
ly

.

P
re

ss
ur

e
sc

al
in

g
w

or
ks

w
ith

P
M

E
,b

ut
be

aw
ar

e
of

th
e

fa
ct

th
at

an
is

ot
ro

pi
c

sc
al

in
g

ca
n

in
tr

od
uc

e
ar

tifi
ci

al
or

de
rin

g
in

so
m

e
sy

st
em

s.

4.
6.

3
P

P
P

M

T
he

P
ar

tic
le

-P
ar

tic
le

P
ar

tic
le

-M
es

h
m

et
ho

ds
of

H
oc

kn
ey

&
E

as
tw

oo
d

ca
n

al
so

be
ap

pl
ie

d
in

G
R

O
-

M
A

C
S

fo
r

th
e

tr
ea

tm
en

to
fl

on
g

ra
ng

e
el

ec
tr

os
ta

tic
in

te
ra

ct
io

ns
[

57
,5

5,
58

].
W

ith
th

is
al

go
rit

hm
th

e
ch

ar
ge

s
of

al
l

pa
rt

ic
le

s
ar

e
sp

re
ad

ov
er

a
gr

id
of

di
m

en
si

on
s

(
n

x
,n

y
,n

z
)

us
in

g
a

w
ei

gh
tin

g
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function
called

the
triangle-shaped

charged
distribution:

W
(r)

=
W

(x)
W

(y)
W

(z)

W
(ξ)

= 
34
− (

ξh )
2

|ξ|≤
h2

12 (
32
−

|ξ|h )
2

h2
<
|ξ|

<
3
h2

0
3
h2
≤
|ξ|

(4.111)

w
here

ξ
(is

x,
y

or
z)

is
the

distance
to

a
grid

point
in

the
corresponding

dim
ension.

O
nly

the
27

closestgrid
points

need
to

be
taken

into
accountfor

each
charge.

T
hen,

this
charge

distribution
is

F
ourier

transform
ed

using
a

3D
inverse

F
F

T
routine.

In
F

ourier
space

a
convolution

w
ith

function̂G
is

perform
ed:

Ĝ
(k)

=
ĝ(k)
ε
0 k

2
(4.112)

w
here

ĝ
is

the
F

ourier
transform

of
the

charge
spread

function
g(r).

T
his

yield
the

long
range

potentialφ̂(k)
on

the
m

esh,
w

hich
can

be
transform

ed
using

a
forw

ard
F

F
T

routine
into

the
real

space
potential.

F
inally

the
potentialand

forces
are

retrieved
using

interpolation
[

58].
Itis

noteasy
to

calculate
the

fulllong-range
virialtensor

w
ith

P
P

P
M

,butitis
possible

to
obtain

the
trace.

T
his

m
eans

thatthe
sum

ofthe
pressure

com
ponents

is
correct(and

therefore
the

isotropic
pressure)but

notnecessarily
the

individualpressure
com

ponents!

U
sing

P
P

P
M

To
use

the
P

P
P

M
algorithm

in
G

R
O

M
A

C
S

,specify
the

follow
ing

lines
in

your
.m

d
p

file:

co
u

lo
m

b
typ

e
=

P
P

P
M

rlist
=

1
.0

rco
u

lo
m

b
=

0
.8

5
rco

u
lo

m
b

_
sw

itch
=

0
.0

rvd
w

=
1

.0
fo

u
rie

rsp
a

cin
g

=
0

.0
7

5

F
or

details
on

the
sw

itch
param

eters
see

the
section

on
m

odified
long-range

interactions
in

this
m

anual.
W

hen
using

P
P

P
M

w
e

recom
m

end
to

take
atm

ost0.075
nm

per
gridpoint(

e.g.20
grid-

points
for

1.5
nm

).
P

P
P

M
does

not
provide

the
sam

e
accuracy

as
P

M
E

but
can

be
slightly

faster
in

som
e

cases.
D

ue
to

the
problem

w
ith

the
pressure

tensor
you

shouldn’t
use

it
w

ith
pressure

coupling.

W
e’re

som
ew

hatam
bivalentaboutP

P
P

M
,so

ifyou
use

itplease
contactus

-
otherw

ise
itm

ightbe
rem

oved
from

future
relases

so
w

e
can

concentrate
our

efforts
on

P
M

E
.

4.6.4
O

ptim
izing

F
ourier

transform
s

To
getthe

bestpossible
perform

ance
you

should
try

to
avoid

large
prim

e
num

bers
for

grid
dim

en-
sions.

T
he

F
F

T
code

used
in

G
R

O
M

A
C

S
is

optim
ized

for
grid

sizes
ofthe

form
2

a3
b5

c7
d11

e13
f,

A
.5

.
R

u
n

n
in

g
G

R
O

M
A

C
S

in
p

a
ra

lle
l

1
6

3

Ifyou
are

interested
in

program
m

ing
M

P
Iyourself,you

can
find

m
anuals

and
reference

literature
on

the
internet.
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Fo
rce

fie
ld

s

•
in

G
R

O
M

O
S

-96
neighborsearching

forsolvents
is

perform
ed

on
the

firstatom
ofthe

solvent
m

olecule,
this

is
not

im
plem

ented
in

G
R

O
M

A
C

S
,

but
the

difference
w

ith
searching

w
ith

centers
ofcharge

groups
is

very
sm

all

•
the

virial
in

G
R

O
M

O
S

-96
is

m
olecule-based.

T
his

is
not

im
plem

ented
in

G
R

O
M

A
C

S
,

w
hich

uses
atom

ic
virials

T
he

G
R

O
M

O
S

-96
force

field
w

as
param

eterized
w

ith
a

Lennard-Jones
cutoffof1.4

nm
,so

be
sure

to
use

a
Lennard-Jones

cutoffofatleast1.4.
A

largercutoffis
possible,because

the
Lennard-Jones

potentialand
forces

are
alm

ostzero
beyond

1.4
nm

.

4.8.2
G

R
O

M
O

S
-96

files

G
R

O
M

A
C

S
can

read
and

w
rite

G
R

O
M

O
S

-96
coordinate

and
trajectory

files.
T

hese
files

should
have

the
extension.g

9
6

.
S

uch
a

file
can

be
a

G
R

O
M

O
S

-96
initial/finalconfiguration

file
or

a
coordinate

trajectory
file

or
a

com
bination

of
both.

T
he

file
is

fixed
form

at;
allfloats

are
w

ritten
as

15.9
(files

can
gethuge).

G
R

O
M

A
C

S
supports

the
follow

ing
data

blocks
in

the
given

order:

•
H

eader
block:

T
IT

L
E

(m
a

n
d

a
to

ry)

•
F

ram
e

blocks:

T
IM

E
S

T
E

P
(o

p
tio

n
a

l)
P

O
S

IT
IO

N
/P

O
S

IT
IO

N
R

E
D

(m
a

n
d

a
to

ry)
V

E
L

O
C

IT
Y

/V
E

L
O

C
IT

Y
R

E
D

(o
p

tio
n

a
l)

B
O

X
(o

p
tio

n
a

l)

S
ee

the
G

R
O

M
O

S
-96

m
anual[

46]
for

a
com

plete
description

of
the

blocks.
N

ote
that

allG
R

O
-

M
A

C
S

program
s

can
read

com
pressed

(.Z
)

or
gzipped

(.gz)
files.

A
.4

.
E

nviro
n

m
e

n
tV

a
ria

b
le

s
1

6
1

A
.3.1

M
ulti-processor

O
ptim

ization

If
you

w
ant

to,
you

could
w

rite
your

ow
n

optim
ized

com
m

unication
(perhaps

using
specific

li-
braries

for
your

hardw
are)

instead
of

M
P

I.
T

his
should

never
be

necessary
for

norm
al

use
(w

e
haven’theard

ofa
m

odern
com

puterw
here

itisn’tpossible
to

run
M

P
I),butifyou

absolutely
w

ant
to

do
it,here

are
som

e
clues.

T
he

interface
betw

een
the

com
m

unication
routines

and
the

rest
of

the
G

R
O

M
A

C
S

system
is

de-
scribed

in
the

file$
G

M
X

H
O

M
E

/src/in
clu

d
e

/n
e

tw
o

rk.h
W

e
w

illgive
a

shortdescription
of

the
differentroutines

below
.

extern
void

gm
x

tx(intpid,void
*buf,intbufsize);

T
his

routine,
w

hen
called

w
ith

the
destination

processor
num

ber,
a

pointer
to

a
(byte

ori-
ented)transferbuffer,and

the
size

ofthe
bufferw

illsend
the

bufferto
the

indicated
processor

(in
our

case
alw

ays
the

neighboring
processor).

T
he

routine
does
notw

aituntilthe
transfer

is
finished.

extern
void

gm
x

tx
w

ait(intpid);
T

his
routine

w
aits

untilthe
previous,or

the
ongoing

transm
ission

is
finished.

extern
void

gm
x

txs(intpid,void
*buf,intbufsize);

T
his

routine
im

plem
ents

a
synchronous

send
by

calling
the

a-synchronous
routine

and
then

the
w

ait.
Itm

ightcom
e

in
handy

to
code

this
differently.

extern
void

gm
x

rx(intpid,void
*buf,intbufsize);

extern
void

gm
x

rx
w

ait(intpid);

extern
void

gm
x

rxs(intpid,void
*buf,intbufsize);

T
he

very
sam

e
routines

for
receiving

a
buffer

and
w

aiting
untilthe

reception
is

finished.

extern
void

gm
x

init(intpid,intnprocs);
T

his
routine

initializes
the

differentdevices
needed

to
do

the
com

m
unication.

In
generalit

sets
up

the
com

m
unication

hardw
are

(ifitis
accessible)ordoes

an
initialize

callto
the

low
er

levelcom
m

unication
subsystem

.

extern
void

gm
x

stat(F
ILE

*fp,char
*m

sg);
W

ith
this

routine
w

e
can

diagnose
the

ongoing
com

m
unication.

In
the

current
im

plem
en-

tation
it

prints
the

various
contents

of
the

hardw
are

com
m

unication
registers

of
the

(Intel
i860)

m
ultiprocessor

boards
to

a
file.

A
.4

E
nvironm

entV
ariables

G
R

O
M

A
C

S
program

s
m

ay
be

influenced
by

the
use

ofenvironm
entvariables.

F
irstofall,the

vari-
ables

setin
the

G
M

X
R

C
file

are
essentialfor

running
and

com
piling

G
R

O
M

A
C

S
.O

ther
variables

are:1.
D

U
M

PN
L,dum

p
neighbor

list.
Ifsetto

a
positive

num
ber

the
e

n
tire

neighbor
listis

printed
in

the
log

file
(m

ay
be

m
any

m
egabytes).

M
ainly

for
debugging

purposes,
butm

ay
also

be
handy

for
porting

to
other

platform
s.
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0
A

p
p

e
n

d
ix

A
.

Te
ch
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a
lD

e
ta

ils

T
he
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er
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in
si

ng
le

pr
ec

is
io

n
ar

e
ac

cu
ra

te
up

to
th

e
la

st
de

ci
m

al
,t

he
la

st
on

e
or

tw
o

de
ci

m
al

s
of

th
e

fo
rc

es
ar

e
no

n-
si

gn
ifi

ca
nt

.
T

he
vi

ria
li

s
le

ss
ac

cu
ra

te
th

an
th

e
fo

rc
es

,s
in

ce
th

e
vi

ria
li

s
on

ly
on

e
or

de
ro

fm
ag

ni
tu

de
la

rg
er

th
an

th
e

si
ze

of
ea

ch
el

em
en

ti
n

th
e

su
m

ov
er

al
la

to
m

s
(s

ec
.

B
.1

).
In

m
os

t
ca

se
s

th
is

is
no

tr
ea

lly
a

pr
ob

le
m

,
si

nc
e

th
e

flu
ct

ua
tio

ns
in

de
vi

ria
lc

an
be

2
or

de
rs

of
m

ag
ni

tu
de

la
rg

er
th

an
th

e
av

er
ag

e.
In

pe
rio

di
c

ch
ar

ge
d

sy
st

em
s

th
es

e
er

ro
rs

ar
e

of
te

n
ne

gl
ig

ib
le

.
E

sp
ec

ia
lly

cu
t-

of
f’s

fo
r

th
e

C
ou

lo
m

b
in

te
ra

ct
io

ns
ca

us
e

la
rg

e
er

ro
rs

in
th

e
en

er
gi

es
,

fo
rc

es
an

d
vi

ria
l.

E
ve

n
w

he
n

us
in

g
a

re
ac

tio
n-

fie
ld

or
la

tti
ce

su
m

m
et

ho
d

th
e

er
ro

rs
ar

e
la

rg
er

th
an

or
co

m
pa

ra
bl

e
to

th
e

er
ro

rs
du

e
to

th
e

si
ng

le
pr

ec
is

io
n.

S
in

ce
M

D
is

ch
ao

tic
,

tr
aj

ec
to

rie
s

w
ith

ve
ry

si
m

ila
r

st
ar

tin
g

co
nd

iti
on

s
w

ill
di

ve
rg

e
ra

pi
dl

y,
th

e
di

ve
rg

en
ce

is
fa

st
er

in
si

ng
le

pr
ec

is
io

n
th

an
in

do
ub

le
pr

ec
is

io
n.

F
or

m
os

t
si

m
ul

at
io

ns
si

ng
le

pr
ec

is
io

n
is

ac
cu

ra
te

en
ou

gh
.

In
so

m
e

ca
se

s
do

ub
le

pr
ec

is
io

n
is

re
-

qu
ire

d
to

ge
tr

ea
so

na
bl

e
re

su
lts

:

•
no

rm
al

m
od

e
an

al
ys

is
,

fo
r

th
e

co
nj

ug
at

e
gr

ad
ie

nt
m

in
im

iz
at

io
n

an
d

th
e

ca
lc

ul
at

io
n

an
d

di
-

ag
on

al
iz

at
io

n
of

th
e

H
es

si
an

•
ca

lc
ul

at
io

n
of

th
e

co
ns

tr
ai

nt
fo

rc
e

be
tw

ee
n

tw
o

la
rg

e
gr

ou
ps

of
at

om
s

•
en

er
gy

co
ns

er
va

tio
n

(t
hi

s
ca

n
on

ly
be

do
ne

w
ith

ou
t

te
m

pe
ra

tu
re

co
up

lin
g

an
d

w
ith

ou
t

cu
t-

of
f’s

)

A
.3

P
or

tin
g

G
R

O
M

A
C

S

T
he

G
R

O
M

A
C

S
sy

st
em

is
de

si
gn

ed
w

ith
po

rt
ab

ili
ty

as
a

m
aj

or
de

si
gn

go
al

.
H

ow
ev

er
th

er
e

ar
e

a
nu

m
be

r
of

th
in

gs
w

e
as

su
m

e
to

be
pr

es
en

t
on

th
e

sy
st

em
G

R
O

M
A

C
S

is
be

in
g

po
rt

ed
on

.
W

e
as

su
m

e
th

e
fo

llo
w

in
g

fe
at

ur
es

:

1.
A

U
N

IX
-li

ke
op

er
at

in
g

sy
st

em
(B

S
D

4.
x

or
S

Y
S

T
E

M
V

re
v.

3
or

hi
gh

er
)

or
U

N
IX

-li
ke

lib
ra

rie
s

ru
nn

in
g

un
de

r
e.

g.
C

yg
W

in

2.
an

A
N

S
IC

co
m

pi
le

r

3.
op

tio
na

lly
a

F
or

tr
an

-7
7

co
m

pi
le

r
or

F
or

tr
an

-9
0

co
m

pi
le

r
fo

r
fa

st
er

(o
n

so
m

e
co

m
pu

te
rs

)
in

ne
r

lo
op

ro
ut

in
es

4.
op

tio
na

lly
th

e
N

as
m

as
se

m
bl

er
to

us
e

th
e

as
se

m
bl

y
in

ne
rlo

op
s

on
x8

6
pr

oc
es

so
rs

.

T
he

re
ar

e
so

m
e

ad
di

tio
na

lf
ea

tu
re

s
in

th
e

pa
ck

ag
e

th
at

re
qu

ire
ex

tr
a

st
uf

f
to

be
pr

es
en

t,
bu

t
it

is
ch

ec
ke

d
fo

r
in

th
e

co
nfi

gu
ra

tio
n

sc
rip

ta
nd

yo
u

w
ill

be
w

ar
ne

d
if

an
yt

hi
ng

im
po

rt
an

ti
s

m
is

si
ng

.

T
ha

t’s
th

e
re

qu
ire

m
en

ts
fo

r
a

si
ng

le
pr

oc
es

so
r

sy
st

em
.

If
yo

u
w

an
t

to
co

m
pi

le
G

R
O

M
A

C
S

fo
r

a
m

ul
tip

le
pr

oc
es

so
r

en
vi

ro
nm

en
t

yo
u

al
so

ne
ed

a
M

P
I

lib
ra

ry
(M

es
sa

ge
-P

as
si

ng
In

te
rf

ac
e)

to
pe

rf
or

m
th

e
pa

ra
lle

lc
om

m
un

ic
at

io
n.

T
hi

s
is

al
w

ay
s

sh
ip

pe
d

w
ith

su
pe

rc
om

pu
te

rs
,a

nd
fo

r
w

or
k-

st
at

io
ns

yo
u

ca
n

fin
d

lin
ks

to
fr

ee
M

P
I

im
pl

em
en

ta
tio

ns
th

ro
ug

h
th

e
G

R
O

M
A

C
S

ho
m

ep
ag

e
at

w
w

w
.g

ro
m
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s.

or
g.

C
ha

pt
er

5

To
po

lo
gi

es

5.
1

In
tro

du
ct

io
n

G
R

O
M

A
C

S
m

us
t

kn
ow

on
w

hi
ch

at
om

s
an

d
co

m
bi

na
tio

ns
of

at
om

s
th

e
va

rio
us

co
nt

rib
ut

io
ns

to
th

e
po

te
nt

ia
l

fu
nc

tio
ns

(s
ee

ch
ap

te
r

4)
m

us
t

ac
t.

It
m

us
t

al
so

kn
ow

w
ha

t
pa

ra
m

et
er

s
m

us
t

be
ap

pl
ie

d
to

th
e

va
rio

us
fu

nc
tio

ns
.

A
ll

th
is

is
de

sc
rib

ed
in

th
e

to
p

o
lo

g
yfi

le
*.

to
p

,
w

hi
ch

lis
ts

th
e

co
n

st
a

n
t

a
tt
ri
bu

te
so

f
ea

ch
at

om
.

T
he

re
ar

e
m

an
y

m
or

e
at

om
ty

pe
s

th
an

el
em

en
ts

,
bu

t
on

ly
at

om
ty

pe
s

pr
es

en
ti

n
bi

ol
og

ic
al

sy
st

em
s

ar
e

pa
ra

m
et

er
iz

ed
in

th
e

fo
rc

e
fie

ld
,p

lu
s

so
m

e
m

et
al

s,
io

ns
an

d
si

lic
on

.
T

he
bo

nd
ed

an
d

sp
ec

ia
li

nt
er

ac
tio

ns
ar

e
de

te
rm

in
ed

by
fix

ed
lis

ts
th

at
ar

e
in

cl
ud

ed
in

th
e

to
po

lo
gy

fil
e.

C
er

ta
in

no
n-

bo
nd

ed
in

te
ra

ct
io

ns
m

us
t

be
ex

cl
ud

ed
(fi

rs
t

an
d

se
co

nd
ne

ig
hb

or
s)

,
as

th
es

e
ar

e
al

re
ad

y
tr

ea
te

d
in

bo
nd

ed
in

te
ra

ct
io

ns
.

In
ad

di
tio

n
th

er
e

ar
e

d
yn

a
m

ic
a

tt
ri
bu

te
so

fa
to

m
s:

th
ei

r
po

si
tio

ns
,v

el
oc

iti
es

an
d

fo
rc

es
,b

ut
th

es
e

do
no

ts
tr

ic
tly

be
lo

ng
to

th
e

m
ol

ec
ul

ar
to

po
lo

gy
.

T
hi

s
C

ha
pt

er
de

sc
rib

es
th

e
se

tu
p

of
th

e
to

po
lo

gy
fil

e,
th

e
*.

to
p

fil
e:

w
ha

tt
he

pa
ra

m
et

er
s

st
an

d
fo

r
an

d
ho

w
/w

he
re

to
ch

an
ge

th
em

if
ne

ed
ed

.

N
ot

e:
if

yo
u

co
ns

tr
uc

t
yo

ur
ow

n
to

po
lo

gi
es

,
w

e
en

co
ur

ag
e

yo
u

to
up

lo
ad

th
em

to
ou

r
to

po
lo

gy
ar

ch
iv

e
at

w
w

w
.g

ro
m

ac
s.

or
g!

Ju
st

im
ag

in
e

ho
w

th
an

kf
ul

yo
u’

d
ha

ve
be

en
if

yo
ur

to
po

lo
gy

ha
d

be
en

av
ai

la
bl

e
th

er
e

be
fo

re
yo

u
st

ar
te

d.
T

he
sa

m
e

go
es

fo
r

ne
w

fo
rc

e
fie

ld
or

m
od

ifi
ed

ve
rs

io
ns

of
th

e
st

an
da

rd
fo

rc
e

fie
ld

s
-

co
nt

rib
ut

e
th

em
to

th
e

fo
rc

e
fie

ld
ar

ch
iv

e!

T
he

fil
es

ar
e

gr
ou

pe
d

pe
rf

or
ce

fie
ld

ty
pe

(n
am

ede.
g.

g
m

x
fo

rt
he

G
R

O
M

A
C

S
fo

rc
e

fie
ld

orG
4

3
a

1
fo

r
th

e
G

R
O

M
O

S
96

fo
rc

e
fie

ld
).

A
ll

fil
es

fo
r

on
e

fo
rc

e
fie

ld
ha

ve
na

m
es

be
gi

nn
in

g
w

ith
ff
?

?
?

w
he

re
?

?
?

st
an

ds
fo

r
th

e
fo

rc
e

fie
ld

na
m

e.

5.
2

P
ar

tic
le

ty
pe

In
G

R
O

M
A

C
S

th
er

e
ar

e
5

ty
pe

s
of

pa
rt

ic
le

s,
se

e
Ta

bl
e

5.
1.

O
nl

y
re

gu
la

r
at

om
s

an
d

du
m

m
y

pa
rt

ic
le

s
ar

e
us

ed
in

G
R

O
M

A
C

S
;s

he
lls

ar
e

ne
ce

ss
ar

y
fo

r
po

la
riz

ab
le

m
od

el
s

lik
e

th
e

S
he

ll-
W

at
er

m
od

el
s

[25
].
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C
h

a
p

te
r

5
.

To
p

o
log

ie
s

P
article

S
ym

bol
atom

s
A

shells
S

dum
m

ies
D

Table
5.1:

P
article

types
in

G
R

O
M

A
C

S

5.2.1
A

tom
types

G
R

O
M

A
C

S
uses

47
different

atom
types,

as
listed

below
,

w
ith

their
corresponding

m
asses

(in
a.m

.u.).
T

his
is

the
sam

e
listing

as
in

the
file
ff?

?
?

.a
tp

(.atp
=

atom
type

param
eter

file),
therefore

in
this

file
you

can
change

and/or
add

an
atom

type.

O
1

5
.9

9
9

4
0

;
ca

rb
o
n

yl
o

xyg
e

n
(C

=
O

)
O

M
1

5
.9

9
9

4
0

;
ca

rb
o

xyl
o

xyg
e

n
(C

O
-)

O
A

1
5

.9
9

9
4

0
;

h
yd

ro
xyl

o
xyg

e
n

(O
H

)
O

W
1

5
.9

9
9

4
0

;
w

a
te

r
o

xyg
e

n
N

1
4

.0
0

6
7

0
;

p
e

p
tid

e
n

itro
g

e
n

(N
o

r
N

H
)

N
T

1
4

.0
0

6
7

0
;

te
rm

in
a

l
n

itro
g

e
n

(N
H

2
)

N
L

1
4

.0
0

6
7

0
;

te
rm

in
a

l
n

itro
g

e
n

(N
H

3
)

N
R

5
1

4
.0

0
6

7
0

;
a

ro
m

a
tic

N
(5

-rin
g

,2
b

o
n

d
s)

N
R

5
*

1
4

.0
0

6
7

0
;

a
ro

m
a

tic
N

(5
-rin

g
,3

b
o

n
d

s)
N

P
1

4
.0

0
6

7
0

;
p

o
rp

h
yrin

n
itro

g
e

n
C

1
2

.0
1

1
0

0
;

b
a

re
ca

rb
o

n
(p

e
p

tid
e

,C
=

O
,C

-N
)

C
H

1
1

3
.0

1
9

0
0

;
a

lip
h

a
tic

C
H

-g
ro

u
p

C
H

2
1

4
.0

2
7

0
0

;
a

lip
h

a
tic

C
H

2
-g

ro
u

p
C

H
3

1
5

.0
3

5
0

0
;

a
lip

h
a

tic
C

H
3

-g
ro

u
p

C
R

5
1

1
3

.0
1

9
0

0
;

a
ro

m
a

tic
C

H
-g

ro
u

p
(5

-rin
g

),
u

n
ite

d
C

R
6

1
1

3
.0

1
9

0
0

;
a

ro
m

a
tic

C
H

-g
ro

u
p

(6
-rin

g
),

u
n

ite
d

C
B

1
2

.0
1

1
0

0
;

b
a

re
ca

rb
o

n
(5

-,6
-rin

g
)

H
1

.0
0

8
0

0
;

h
yd

ro
g

e
n

b
o

n
d

e
d

to
n

itro
g

e
n

H
O

1
.0

0
8

0
0

;
h

yd
ro

xyl
h

yd
ro

g
e

n
H

W
1

.0
0

8
0

0
;

w
a

te
r

h
yd

ro
g

e
n

H
S

1
.0

0
8

0
0

;
h

yd
ro

g
e

n
b

o
n

d
e

d
to

su
lfu

r
S

3
2

.0
6

0
0

0
;

su
lfu

r
F

E
5

5
.8

4
7

0
0

;
iro

n
Z

N
6

5
.3

7
0

0
0

;
zin

c
N

Z
1

4
.0

0
6

7
0

;
a

rg
N

H
(N

H
2

)
N

E
1

4
.0

0
6

7
0

;
a

rg
N

E
(N

H
)

P
3

0
.9

7
3

8
0

;
p

h
o

sp
h

o
r

O
S

1
5

.9
9

9
4

0
;

su
g

a
r

o
r

e
ste

r
o

xyg
e

n
C

S
1

1
3

.0
1

9
0

0
;

su
g

a
r

C
H

-g
ro

u
p

N
R

6
1

4
.0

0
6

7
0

;
a

ro
m

a
tic

N
(6

-rin
g

,2
b

o
n

d
s)

N
R

6
*

1
4

.0
0

6
7

0
;

a
ro

m
a

tic
N

(6
-rin

g
,3

b
o

n
d

s)
C

S
2

1
4

.0
2

7
0

0
;

su
g

a
r

C
H

2
-g

ro
u

p
S

I
2

8
.0

8
0

0
0

;
silico

n
N

A
2

2
.9

8
9

8
0

;
so

d
iu

m
(1

+
)

C
L

3
5

.4
5

3
0

0
;

ch
lo

rin
e

(1
-)

C
A

4
0

.0
8

0
0

0
;

ca
lciu

m
(2

+
)

M
G

2
4

.3
0

5
0

0
;

m
a

g
n

e
siu

m
(2

+
)

F
1

8
.9

9
8

4
0

;
flu

o
rin

e
(co

v.
b

o
u

n
d

)

A
ppendix

A

TechnicalD
etails

A
.1

Installation

T
he

entire
G

R
O

M
A

C
S

package
is

F
ree

S
oftw

are,licensed
underthe

G
N

U
G

eneralP
ublic

License.
T

he
m

ain
distribution

site
is

our
W

W
W

server
at
w

w
w

.grom
acs.org.

T
he

package
is

m
ainly

distributed
as

source
code,

butw
e

also
provide

R
P

M
packages

for
Linux.

O
n

the
hom

e
page

you
w

illfind
allthe

inform
ation

you
need

to
installthe

package,
m

ailing
lists

w
ith

archives,and
severaladditionalonline

resources
like

contributed
topologies,etc.

T
he

default
installation

action
is

sim
ply

to
unpack

the
source

code
and

the
issue

./co
n

fig
u

re
m

a
ke

m
a

ke
in

sta
ll

T
he

configuration
script

should
autom

atically
determ

ine
the

best
options

for
your

platform
,

and
it

w
ill

tell
you

if
anything

is
m

issing
on

your
system

.
You

w
ill

also
find

detailed
step-by-step

installation
instructions

on
the

w
ebsite.

A
.2

S
ingle

or
D

ouble
precision

G
R

O
M

A
C

S
can

be
com

piled
in

either
single

or
double

precision.
T

he
default

choice
is

single
precision,butitis

easy
to

turn
on

double
precision

by
selecting

the
--e

n
a

b
le

-d
o

u
b

le
option

to
the

configuration
script.

D
ouble

precision
w

illbe
0

to
50%

slow
erthan

single
precision

depending
on

the
architecture

you
are

running
on.

D
ouble

precision
w

illuse
som

ew
hat

m
ore

m
em

ory
and

run
input,

energy
and

full-precision
trajectory

files
w

illbe
alm

ost
tw

ice
as

large.
N

ote
that

the
assem

bly
loops

are
only

available
in

single
precision;

A
lthough

the
Intel

S
S

E
2

instruction
set

(available
on

P
entium

IV
and

later)
supports

double
precision

instructions
the

perform
ance

is
m

uch
low

er
than

single
precision.

Itw
ould

also
m

ean
very

m
uch

extra
w

ork
for

a
feature

thatvery
few

people
use,

so
w

e
w

ill
probably

not
provide

double
precision

assem
bly

loops
in

the
future

either.



1
5

8
C

h
a

p
te

r
8

.
A

n
a

ly
si

s
5

.2
.

P
a

rt
ic

le
ty

p
e

8
3

C
P

2
1

4
.0

2
7

0
0

;
a

lip
h

a
tic

C
H

2
-g

ro
u

p
u

si
n

g
R

yc
ka

e
rt

-B
e

ll.
C

P
3

1
5

.0
3

5
0

0
;

a
lip

h
a

tic
C

H
3

-g
ro

u
p

u
si

n
g

R
yc

ka
e

rt
-B

e
ll.

C
R

5
1

2
.0

1
1

0
0

;
a

ro
m

a
tic

C
H

-g
ro

u
p

(5
-r

in
g

)+
H

C
R

6
1

2
.0

1
1

0
0

;
a

ro
m

a
tic

C
-

b
o

n
d

e
d

to
H

(6
-r

in
g

)+
H

H
C

R
1

.0
0

8
0

0
;

H
a

tt
a

ch
e

d
to

a
ro

m
a

tic
C

(5
o

r
6

ri
O

W
T

3
1

5
.9

9
9

4
0

;
T

IP
3

P
w

a
te

r
o

xy
g

e
n

S
D

3
2

.0
6

0
0

0
;

D
M

S
O

S
u

lp
h

u
r

O
D

1
5

.9
9

9
4

0
;

D
M

S
O

O
xy

g
e

n
C

D
1

5
.0

3
5

0
0

;
D

M
S

O
C

a
rb

o
n

A
to

m
ic

de
ta

il
is

us
ed

ex
ce

pt
fo

r
hy

dr
og

en
at

om
s

bo
un

d
to

(a
lip

ha
tic

)
ca

rb
on

at
om

s,
w

hi
ch

ar
e

tr
ea

te
d

as
u

n
ite

d
a

to
m

s.
N

o
sp

ec
ia

lh
yd

ro
ge

n-
bo

nd
te

rm
is

in
cl

ud
ed

.

T
he

la
st

10
at

om
ty

pe
s

ar
e

ex
tr

a
at

om
ty

pe
s

w
ith

re
sp

ec
tt

o
th

e
G

R
O

M
O

S
-8

7
fo

rc
e

fie
ld

[
39

]:

•
F

w
as

ta
ke

n
fr

om
re

f.
[43

],

•
C

P
2

an
d

C
P

3
fr

om
re

f.
[40
]a

nd
re

fe
re

nc
es

ci
te

d
th

er
ei

n,

•
C

R
5,

C
R

6
an

d
H

C
R

fr
om

re
f.

[59
]

•
O

W
T

3
fr

om
re

f.
[4

2]

•
S

D
,O

D
an

d
C

D
fr

om
re

f.
[44

]

T
he

re
fo

re
,i

fy
ou

us
e

th
e

G
R

O
M

A
C

S
fo

rc
e

fie
ld

as
it

is
,b

e
su

re
to

in
cl

ud
e

th
es

e
re

fe
re

nc
es

in
yo

ur
pu

bl
ic

at
io

ns
.

N
ot

e:
G

R
O

M
A

C
S

m
ak

es
us

e
of

th
e

at
om

ty
pe

s
as

a
na

m
e,

n
o

ta
s

a
nu

m
be

r
(a

se.
g.

in
G

R
O

M
O

S
).

5.
2.

2
D

um
m

y
at

om
s

S
om

e
fo

rc
e

fie
ld

s
us

e
du

m
m

y
at

om
s

(v
irt

ua
ls

ite
s

th
at

ar
e

co
ns

tr
uc

te
d

fr
om

re
al

at
om

s)
on

w
hi

ch
ce

rt
ai

n
in

te
ra

ct
io

ns
ar

e
lo

ca
te

d
(

e.
g.

on
be

nz
en

e
rin

gs
,t

o
re

pr
od

uc
e

th
e

co
rr

ec
tq

ua
dr

up
ol

e)
.

T
hi

s
is

de
sc

rib
ed

in
se

c.4
.5

.

To
m

ak
e

du
m

m
y

at
om

s
in

yo
ur

sy
st

em
,

yo
u

sh
ou

ld
in

cl
ud

e
a

se
ct

io
n

[
d

u
m

m
ie

s?
]

in
yo

ur
to

po
lo

gy
fil

e,
w

he
re

th
e

‘?
’

st
an

ds
fo

r
th

e
nu

m
be

r
co

ns
tr

uc
tin

g
at

om
s

fo
r

th
e

du
m

m
y

at
om

.
T

hi
s

w
ill

be
‘2

’f
or

ty
pe

2,
‘3

’f
or

ty
pe

s
3,

3f
d,

3f
ad

an
d

3o
ut

an
d

‘
4

’f
or

ty
pe

4f
d

(t
he

di
ffe

re
nt

ty
pe

s
ar

e
ex

pl
ai

ne
d

in
se

c.4
.5

).

P
ar

am
et

er
s

fo
r

ty
pe

2
sh

ou
ld

lo
ok

lik
e

th
is

:

[
d

u
m

m
ie

s2
]

;
D

u
m

m
y

fr
o

m
fu

n
ct

a
5

1
2

1
0

.7
4

3
9

7
5

6

fo
r

ty
pe

3
lik

e
th

is
:

[
d

u
m

m
ie

s3
]

;
D

u
m

m
y

fr
o

m
fu

n
ct

a
b

5
1

2
3

1
0

.7
4

3
9

7
5

6
0

.1
2

8
0

1
2



8
4

C
h

a
p

te
r

5
.

To
p

o
log

ie
s

for
type

3fd
like

this:

[
d

u
m

m
ie

s3
]

;
D

u
m

m
y

fro
m

fu
n

ct
a

d
5

1
2

3
2

0
.5

-0
.1

0
5

for
type

3fad
like

this:

[
d

u
m

m
ie

s3
]

;
D

u
m

m
y

fro
m

fu
n

ct
th

e
ta

d
5

1
2

3
3

1
2

0
0

.5

for
type

3outlike
this:

[
d

u
m

m
ie

s3
]

;
D

u
m

m
y

fro
m

fu
n

ct
a

b
c

5
1

2
3

4
-0

.4
-0

.4
6

.9
2

8
1

for
type

4fd
like

this:

[
d

u
m

m
ie

s4
]

;
D

u
m

m
y

fro
m

fu
n

ct
a

b
d

5
1

2
3

4
1

0
.3

3
3

3
3

0
.3

3
3

3
3

-0
.1

0
5

T
his

w
illresultin

the
construction

ofa
dum

m
y

‘atom
’,num

ber5
(firstcolum

n
‘

D
u

m
m

y’),based
on

the
positions

of1
and

2
or

1,2
and

3
or

1,2,3
and

4
(nexttw

o,three
or

four
colum

ns
‘

fro
m

’)
fol-

low
ing

the
rules

determ
ined

by
the

function
num

ber
(nextcolum

n
‘

fu
n

ct
’)

w
ith

the
param

eters
specified

(lastone,tw
o

or
three

colum
ns

‘
a

b
.

.’).

N
ote

that
any

bonds
defined

betw
een

dum
m

y
atom

s
and/or

norm
al

atom
s

w
ill

be
rem

oved
by

g
ro

m
p

p
after

the
exclusions

have
been

generated.
T

his
w

ay,exclusions
w

illnotbe
affected

by
an

atom
being

defined
as

dum
m

y
atom

or
not,butby

the
bonding

configuration
ofthe

atom
.

5.3
P

aram
eter

files

5.3.1
A

tom
s

A
num

ber
ofsta

tic
properties

are
assigned

to
the

atom
types

in
the

G
R

O
M

A
C

S
force

field:
Type,

M
ass,

C
harge,εand

σ
(see

Table5.2
T

he
m

ass
is

listed
inff?

?
?

.a
tp

(see5.2.1),
w

hereas
the

charge
is

listed
inff?

?
?

.rtp
(.rtp

=
residuetopologyparam

eter
file,

see5.5.1).
T

his
im

plies
that

the
charges

are
only

defined
in

the
building

blocks
of

am
ino

acids
or

user
defined

building
blocks.

W
hen

generating
a

topology
(

*.to
p

)
using

thep
d

b
2

g
m

x
program

the
inform

ation
from

these
files

is
com

bined.

T
he

follow
ing

d
yn

a
m

icquantities
are

associated
w

ith
an

atom

•
P

ositionx

•
Velocity

v

T
hese

quantities
are

listed
in

the
coordinate

file,
*.g

ro
(see

section
F

ile
form

at,5.6.6).

8
.1

3
.

C
h

e
m

ica
lsh

ifts
1

5
7

a
m

olecule
from

head
to

tail,
the

second
m

ethod
gives

an
idea

of
the

ordering
as

function
of

the
box

length.

T
he

electrostatic
potential(

ψ
)across

the
interface

can
be

com
puted

from
a

trajectory
by

evaluating
the

double
integralofthe

charge
density

(
ρ(z)):

ψ
(z)−

ψ
(−
∞

)
=
− ∫

z

−
∞
d
z
′ ∫

z
′

−
∞
ρ(z

′′)d
z
′′/ε

0
(8.37)

w
here

the
positionz

=
−
∞

is
far

enough
in

the
bulk

phase
that

the
field

is
zero.

W
ith

this
m

ethod,itis
possible

to
“split”

the
totalpotentialinto

separate
contributions

from
lipid

and
w

ater
m

olecules.
T

he
programg

p
o

te
n

tia
l

divides
the

box
in

slices
and

sum
s

all
charges

of
the

atom
s

in
each

slice.
Itthen

integrates
this

charge
density,giving

the
electric

field,and
the

electric
field,giving

the
potential.

C
harge

density,field
and

potentialare
w

ritten
to

xvg
r-

inputfiles.

T
he

program
g

co
o

rd
is

a
very

sim
ple

analysis
program

.
A

llit
does

is
print

the
coordinates

of
selected

atom
s

to
three

files,
containing

respectively
the

x-,
y-and

z-coordinates
of

those
atom

s.
Itcan

also
calculate

the
center

ofm
ass

ofone
or

m
ore

m
olecules

and
printthe

coordinates
ofthe

center
of

m
ass

to
three

files.
B

y
itself,

this
is

probably
not

a
very

usefulanalysis,
but

having
the

coordinates
of

selected
m

olecules
or

atom
s

can
be

very
handy

for
further

analysis,
not

only
in

interface
system

s.

T
he

program
g

p
vd

calculates
a

lotofproperties,am
ong

w
hich

the
density

ofa
group

in
particles

per
unitofvolum

e,
butnota

density
thattakes

the
m

ass
ofthe

atom
s

into
account.

T
he

program
g

d
e

n
sity

also
calculates

the
density

ofa
group,buttakes

the
m

asses
into

accountand
gives

a
plot

of
the

density
against

a
box

axis.
T

his
is

usefulfor
looking

at
the

distribution
of

groups
or

atom
s

across
the

interface.

8.13
C

hem
icalshifts

to
ta

l
d

o
_

sh
ift

You
can

com
pute

the
N

M
R

chem
icalshifts

of
protons

w
ith

the
program

d
o

sh
ift

.
T

his
is

just
an

G
R

O
M

A
C

S
interface

to
the

public
dom

ain
program

to
ta

l
[76].

F
or

further
inform

ation,read
the

article.
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is

us
ef

ul
to

ha
ve

ahe
lic

a
l

w
h
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th
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e
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.
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e
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ra
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o
ex
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d
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F
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8.
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In
te
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e
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d
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m
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g
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o
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e
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g
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d
e

n
si
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g

_
p

o
te

n
tia

l
g

_
co

o
rd

W
he

n
si

m
ul

at
in

g
m

ol
ec

ul
es

w
ith

lo
ng

ca
rb

on
ta

ils
,i

tc
an

be
in

te
re

st
in

g
to

ca
lc

ul
at

e
th

ei
r

av
er

ag
e

or
ie

nt
at

io
n.

T
he

re
ar

e
se

ve
ra

lfl
av

or
s

of
or

de
r

pa
ra

m
et

er
s,

m
os

to
fw

hi
ch

ar
e

re
la

te
d.

T
he

pr
og

ra
m

g
o

rd
e

r
ca

n
ca

lc
ul

at
e

or
de

r
pa

ra
m

et
er

s
us

in
g

th
e

eq
ua

tio
n

S
z

=
3 2
〈c

os
2
θ z
〉−

1 2
(8

.3
6)

w
he

re
θ z

is
th

e
an

gl
e

be
tw

ee
n

th
ez-

ax
is

of
th

e
si

m
ul

at
io

n
bo

x
an

d
th

e
m

ol
ec

ul
ar

ax
is

un
de

r
co

ns
id

er
at

io
n.

T
he

la
tte

ri
s

de
fin

ed
as

th
e

ve
ct

or
fr

om
C

n
−

1
to

C
n
+

1
.

T
he

pa
ra

m
et

er
sS
x
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−
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=
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=
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=
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the
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the
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.itp
,w

herep
typ

e
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;

i
j

fu
n

c
cs6

cs1
2

;
T

H
E

S
E

A
R

E
1

-4
IN

T
E

R
A

C
T

IO
N

S
O

O
1

0
.2

2
6

1
7

E
-0

2
0
.7

4
1

5
8

E
-0

6
O

O
M

1
0

.2
2

6
1

7
E

-0
2

0
.7

4
1

5
8

E
-0

6
.....

T
he

param
eters

V
and

W
can

be
defined

in
tw

o
differentw

ays,depending
on

the
com

bination
rule

thatw
as

chosen
in

the[
d

e
fa

u
lts

]
section

op
the

topology
file

(see 5.6.1):

for
com
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=
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To
p

o
log

ie
s

m
olecule

definition:

[
m

o
le

cu
le
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e

]
;

m
o

ln
a

m
e

n
re

xcl
S

O
L

1

[
a

to
m

s
]

;
n

r
a

t
typ

e
re

s
n

r
re

n
n

m
a

t
n

m
cg

n
r

ch
a

rg
e

1
O

W
1

S
O

L
O

W
1

1
-0

.8
2

2
H

W
1

S
O

L
H

W
2

1
0

.4
1

3
H

W
1

S
O

L
H

W
3

1
0

.4
1

[
se

ttle
s

]
;

O
W

fu
n

ct
d

o
h

d
h

h
1

1
0

.1
0

.1
6

3
3

3

[
e

xclu
sio

n
s

]
1

2
3

2
1

3
3

1
2

T
he

section[
se

ttle
s

]
defines

the
first

atom
of

the
w

atery
m

olecule.
T

he
settle

funct
is

alw
ays

one,
and

the
distance

betw
een

O
-H

and
H

-H
distances

m
ustbe

given.
N

ote
thatthe

algo-
rithm

can
also

be
used

for
T

IP
3P

and
T

IP
4P

[
42].

T
IP

3P
justhas

another
geom

etry.
T

IP
4P

has
a

dum
m

y
atom

,butsince
thatis

generated
itdoes

notneed
to

be
shaken

(nor
stirred).

5.5
D

atabases

5.5.1
R

esidue
database

T
he

file
holding

the
residue

database
is

ff?
?

?
.rtp

.
O

riginally
this

file
contained

building
blocks

(am
ino

acids)forproteins,and
is

the
G

R
O

M
A

C
S

interpretation
ofthe
rt3

7
c4

.d
a

t
file

ofG
R

O
-

M
O

S
.S

o
the

residue
file

contains
inform

ation
(bonds,

charge,
charge

groups
and

im
proper

dihe-
drals)

for
a

frequently
used

building
block.

Itis
better

n
o

tto
change

this
file

because
itis

standard
inputforp

d
b

2
g

m
x

,butifchanges
are

needed
m

ake
them

in
the

*.to
p

file
(see5.6.1).

H
ow

ever,
in

the
ff?

?
?

.rtp
file

the
user

can
define

a
new

building
block

or
m

olecule:
see

for
exam

ple
2,2,2-trifluoroethanol(T

F
E

)
orn-decane

(C
10).

B
ut

w
hen

defining
new

m
olecules

(non-protein)
itis

preferable
to

create
a*.itp

file.
T

his
w

illbe
discussed

in
section5.6.2.

T
he

file
ff?

?
?

.rtp
is

only
used

byp
d

b
2

g
m

x
.

A
s

m
entioned

before,the
only

extra
inform

ation
this

program
needs

fromff?
?

?
.rtp

is
bonds,

charges
of

atom
s,

charge
groups

and
im

proper
dihedrals,

because
the

rest
is

read
from

the
coordinate

input
file

(in
the

case
of

p
d

b
2

g
m

x
,

a
pdb

form
atfile).

S
om

e
proteins

contain
residues

thatare
notstandard,

butare
listed

in
the

coordinate
file.

You
have

to
construct

a
building

block
for

this
“strange”

residue,
otherw

ise
you

w
ill

not
obtain

a
*.to

p
file.

T
his

also
holds

for
m

olecules
in

the
coordinate

file
such

as
phosphate

or
sulphate

ions.
T

he
residue

database
is

constructed
in

the
follow

ing
w

ay:

8
.1

0
.

H
yd

roge
n

b
o

n
d

s
1

5
3

D

H

α

A

r

F
igure

8.8:
G

eom
etricalH

ydrogen
bond

criterion.

O

D
A

H

H

H

(1)
(2)

(2)

F
igure

8.9:
Insertion

of
w

ater
into

an
H

-bond.
(1)

N
orm

al
H

-bond
betw

een
tw

o
residues.

(2)
H

-bonding
bridge

via
a

w
ater

m
olecule.

T
he

value
ofr

H
B

=
0
.35

nm
corresponds

to
the

firstm
inim

um
ofthe

rdfofS
P

C
-w

ater
(see

also
F

ig.8.3).

T
he

program
g

h
b

o
n

d
analyses

allhydrogen
bonds

existing
betw

een
tw

o
groups

ofatom
s

(w
hich

m
ustbe

either
identicalor

non-overlapping)
or

in
specified

D
onor

H
ydrogen

A
cceptor

triplets,in
the

follow
ing

w
ays:

•
D

onor-A
cceptor

distance
(
r)

distribution
ofallH

-bonds

•
H

ydrogen-D
onor-A

cceptor
angle

(
α

)
distribution

ofallH
-bonds

•
T

he
totalnum

ber
ofH

-bonds
in

each
tim

e
fram

e

•
T

he
num

ber
of

H
-bonds

in
tim

e
betw

een
residues,

divided
into

groups
n

-n
+
i

w
here

n
and

n
+
i

stand
for

residue
num

bers
andigoes

from
0

to
6.

T
he

group
fori=

6
also

includes
allH

-bonds
fori

>
6.

T
hese

groups
include

then-n
+3,

n
-n

+4
and

n
-n

+5
H

-bonds
w

hich
provide

a
m

easure
for

the
form

ation
of
α

-helices
orβ

-turns
or

strands.

•
T

he
lifetim

e
ofthe

H
-bonds

is
calculated

from
the

average
overallautocorrelation

functions
ofthe

existence
functions

(either
0

or
1)

ofallH
-bonds:

C
(τ)

=
〈s

i (t)
s
i (t+

τ)〉
(8.34)

w
ith

s
i (t)

=
{0
,1}

for
H

-bond
i

at
tim

e
t.

T
he

integralofC
(τ)

gives
a

rough
estim

ate
of

the
average

H
-bond

lifetim
eτH

B
:

τ
H

B
= ∫

∞0
C

(τ)d
τ

(8.35)
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Z
N

2
.0

0
0

0

T
he

fil
e

is
fr

ee
fo

rm
at

,
th

e
on

ly
re

st
ric

tio
n

is
th

at
th

er
e

ca
n

be
at

m
os

t
on

e
en

tr
y

on
a

lin
e.

T
he

fir
st

fie
ld

in
th

e
fil

e
is

th
e[

b
o

n
d

e
d

ty
p

e
s

]
fie

ld
,

w
hi

ch
is

fo
llo

w
ed

by
fo

ur
nu

m
be

rs
,

th
at

in
di

ca
te

th
e

in
te

ra
ct

io
n

ty
pe

fo
r

bo
nd

s,
an

gl
es

,d
ih

ed
ra

ls
an

d
im

pr
op

er
di

he
dr

al
s.

T
he

fil
e

co
nt

ai
ns

re
si

du
e

en
tr

ie
s,

w
hi

ch
co

ns
is

to
fa

to
m

s
an

d
op

tio
na

lly
bo

nd
s,

an
gl

es
di

he
dr

al
s

an
d

im
pr

op
er

s.
T

he
ch

ar
ge

gr
ou

p
co

de
s

de
no

te
th

e
ch

ar
ge

gr
ou

p
nu

m
be

rs
.

A
to

m
s

in
th

e
sa

m
e

ch
ar

ge
gr

ou
p

sh
ou

ld
al

w
ay

s
be

be
lo

w
ea

ch
ot

he
r.

W
he

n
us

in
g

th
e

hy
dr

og
en

da
ta

ba
se

w
ith

p
d

b
2

g
m

x
fo

ra
dd

in
g

m
is

si
ng

hy
dr

og
en

s,
th

e
at

om
na

m
es

de
fin

ed
in

th
e

.r
tp

en
tr

y
sh

ou
ld

co
rr

es
po

nd
ex

ac
tly

to
th

e
na

m
in

g
co

nv
en

tio
n

us
ed

in
th

e
hy

dr
og

en
da

ta
ba

se
,

se
e

5.
5.

2.
T

he
at

om
na

m
es

in
th

e
bo

nd
ed

in
te

ra
ct

io
n

ca
n

be
pr

ec
ed

ed
by

a
m

in
us

or
a

pl
us

,
in

di
ca

tin
g

th
at

th
e

at
om

is
in

th
e

pr
ec

ed
in

g
or

fo
llo

w
in

g
re

si
du

e
re

sp
ec

tiv
el

y.
P

ar
am

et
er

s
ca

n
be

ad
de

d
to

bo
nd

s,
an

gl
es

,
di

he
dr

al
s

an
d

im
pr

op
er

s,
th

es
e



9
0

C
h

a
p

te
r

5
.

To
p

o
log

ie
s

param
eters

override
the

standard
param

eters
in

the
.itp

files.
T

his
should

only
be

used
in

special
cases.

Instead
of

param
eters,

a
string

can
be

added
for

each
bonded

interaction,
this

is
used

in
G

R
O

M
O

S
96.rtp

files.
T

hese
strings

are
copied

to
the

topology
file

and
can

be
replaced

by
force

field
param

eters
by

the
C

-preprocessor
in

g
ro

m
p

p
using

#
d

e
fin

e
statem

ents.

p
d

b
2

g
m

x
autom

atically
generates

allangles.
T

his
m

eans
thatfor

the
G

R
O

M
A

C
S

force
field

the
[

a
n

g
le

s
]

field
is

only
usefulfor

overriding.itp
param

eters.
F

or
the

G
R

O
M

O
S

-96
force

field
the

interaction
num

ber
offallangles

need
to

be
specified.

p
d

b
2

g
m

x
autom

atically
generates

one
proper

dihedral
for

every
rotatable

bond,
preferably

on
heavy

atom
s.

W
hen

the[
d

ih
e

d
ra

ls
]

field
is

used,no
other

dihedrals
w

illbe
generated

for
the

bonds
corresponding

to
the

specified
dihedrals.

Itis
possible

to
putm

ore
than

one
dihedralon

a
rotatable

bond.

p
d

b
2

g
m

x
sets

the
num

ber
ofexclusions

to
3,w

hich
m

eans
thatinteractions

betw
een

atom
s

con-
nected

by
at

m
ost

3
bonds

are
excluded.

P
air

interactions
are

generated
for

all
pairs

of
atom

s
w

hich
are

separated
by

3
bonds

(except
pairs

of
hydrogens).

W
hen

m
ore

interactions
need

to
be

excluded,or
som

e
pair

interactions
should

notbe
generated,an

[
e

xclu
sio

n
s

]
field

can
be

added,
follow

ed
by

pairs
of

atom
nam

es
on

separate
lines.

A
llnon-bonded

and
pair

interactions
betw

een
these

atom
s

w
illbe

excluded.

5.5.2
H

ydrogen
database

T
he

hydrogen
database

is
stored

in
ff?

?
?

.h
d

b
.

Itcontains
inform

ation
for

thep
d

b
2

g
m

x
pro-

gram
on

how
to

connecthydrogen
atom

s
to

existing
atom

s.
H

ydrogen
atom

s
are

nam
ed

after
the

atom
they

are
connected

to:
the

firstletterofthe
atom

nam
e

is
replaced

by
an

’H
’.Ifm

ore
then

one
hydrogen

atom
is

connected
to

the
sam

e
atom

,a
num

ber
w

illbe
added

to
the

end
ofthe

hydrogen
atom

nam
e.

F
or

exam
ple,adding

tw
o

hydrogen
atom

s
to

N
D

2
(in

asparagine),the
hydrogen

atom
s

w
illbe

nam
edH

D
2

1
and

H
D

2
2.

T
his

is
im

portantsince
atom

nam
ing

in
the
.rtp

file
(see5.5.1)

m
ustbe

the
sam

e.
T

he
form

atofthe
hydrogen

database
is

as
follow

s:

;
re

s
#

a
d

d
itio

n
s

#
H

a
d

d
typ

e
i

j
k

A
L

A
11

1
N

-C
C

A
A

R
G

41
2

N
C

A
C

1
1

N
E

C
D

C
Z

2
3

N
H

1
C

Z
N

E
2

3
N

H
2

C
Z

N
E

O
n

the
firstline

w
e

see
the

residue
nam

e
(A

LA
or

A
R

G
)

and
the

num
ber

ofadditions.
A

fter
that

follow
s

one
line

for
each

addition,on
w

hich
w

e
see:

•
T

he
num

ber
ofH

atom
s

added

•
T

he
w

ay
ofadding

H
atom

s,can
be

any
of

1
o

n
e

p
la

n
a

r
h

yd
roge

n
,e.g.rin

g
s

o
r

p
e

p
tid

e
b

o
n

d
one

hydrogen
atom

(n)
is

generated,
lying

in
the

plane
of

atom
s

(i,j,k)
on

the
plane

8
.9

.
C

ova
ria

n
ce

a
n

a
lysis

1
5

1

8.9
C

ovariance
analysis

C
ovariance

analysis,also
called

principalcom
ponentanalysis

or
essentialdynam

ics
[

72],can
find

correlated
m

otions.
Ituses

the
covariance

m
atrix
C

ofthe
atom

ic
coordinates:

C
ij

= 〈
M

12ii (x
i −

〈x
i 〉)M

12jj (x
j −

〈x
j 〉) 〉

(8.22)

w
here

M
is

a
diagonal

m
atrix

containing
the

m
asses

of
the

atom
s

(m
ass-w

eighted
analysis)

or
the

unit
m

atrix
(non-m

ass
w

eighted
analysis).

C
is

a
sym

m
etric3

N
×

3N
m

atrix,
w

hich
can

be
diagonalized

w
ith

an
orthonorm

altransform
ation

m
atrix
R

:

R
T
C
R

=
diag(λ

1 ,λ
2 ,...,λ

3
N

)
w

here
λ

1
≥
λ

2
≥
...≥

λ
3
N

(8.23)

T
he

colum
ns

ofR
are

the
eigenvectors,

also
called

principal
or

essential
m

odes.
R

defines
a

transform
ation

to
a

new
coordinate

system
.

T
he

trajectory
can

be
projected

on
the

principalm
odes

to
give

the
principalcom

ponentspi (t):

p
(t)

=
R

T
M

12(x(t)−
〈x〉)

(8.24)

T
he

eigenvalueλ
i is

the
m

ean
square

fluctuation
ofprincipalcom

ponent
i.

T
he

firstfew
principal

m
odes

often
describe

collective,globalm
otions

in
the

system
.

T
he

trajectory
can

be
filtered

along
one

(or
m

ore)
principalm

odes.
F

or
one

principalm
ode
i

this
goes

as
follow

s:

x
f(t)

=
〈x〉

+
M

−
12R

∗
i p

i (t)
(8.25)

W
hen

the
analysis

is
perform

ed
on

a
m

acrom
olecule,one

often
w

ants
to

rem
ove

the
overallrota-

tion
and

translation
to

look
atthe

internalm
otion

only.
T

his
can

be
achieved

by
leastsquare

fitting
to

a
reference

structure.
C

are
has

to
be

taken
that

the
reference

structure
is

representative
for

the
ensem

ble,since
the

choice
ofreference

structure
influences

the
covariance

m
atrix.

O
ne

should
alw

ays
check

ifthe
principalm

odes
are

w
elldefined.

Ifthe
firstprincipalcom

ponent
resem

bles
a

half
cosine

and
the

second
resem

bles
a

fullcosine,
you

m
ight

be
filtering

noise
(see

below
).

A
good

w
ay

to
check

the
relevance

of
the

first
few

principal
m

odes
is

to
calculate

the
overlap

of
the

sam
pling

betw
een

the
first

and
second

half
of

the
sim

ulation.
N

ote
that

this
can

only
be

done
w

hen
the

sam
e

reference
structure

is
used

for
the

tw
o

halves.

A
good

m
easure

for
the

overlap
has

been
defined

in
[

73].
T

he
elem

ents
of

the
covariance

m
atrix

are
proportionalto

the
square

ofthe
displacem

ent,so
w

e
need

to
take

the
square

rootofthe
m

atrix
to

exam
ine

the
extentofsam

pling.
T

he
square

rootcan
be

calculated
from

the
eigenvalues

λ
i

and
the

eigenvectors,w
hich

are
the

colum
ns

ofthe
rotation

m
atrix
R

.
F

ora
sym

m
etric

and
diagonally-

dom
inantm

atrixA
ofsize3

N
×

3N
the

square
rootcan

be
calculated

as:

A
12

=
R

diag(λ
121
,λ

122
,...,λ

123
N

)
R

T
(8.26)

It
can

be
verified

easily
that

the
product

of
this

m
atrix

w
ith

itself
gives
A

.
N

ow
w

e
can

define
a

differenced
betw

een
covariance

m
atrices

A
and

B
as

follow
s:

d(A
,B

)
= √

tr ((
A

12
−
B

12 )
2 )

(8.27)
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=
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.
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.
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ra
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N ∑ j=
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)
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 1 2

(8
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1)

w
he

re
th

ed
is

ta
n

ce
r i

j
be

tw
ee

n
at

om
s

at
tim

et
is

co
m

pa
re

d
w

ith
th

e
di

st
an

ce
be

tw
ee

n
th

e
sa

m
e

at
om

s
at

tim
e0

.

5
.5

.
D

a
ta

b
a

se
s

9
1

bi
se

ct
in

g
an

gl
e

(j-
i-k

)
at

a
di

st
an

ce
of

0.
1

nm
fr

om
at

om
i,

su
ch

th
at

th
e

an
gl

es
(n

-i-
j)

an
d

(n
-i-

k)
ar

e>
90

o

2
o

n
e

si
n

g
le

h
yd

ro
ge

n
,e.
g.

h
yd

ro
xy

l
on

e
hy

dr
og

en
at

om
(n

)i
s

ge
ne

ra
te

d
at

a
di

st
an

ce
of

0.
1

nm
fr

om
at

om
i,

su
ch

th
at

an
gl

e
(n

-i-
j)=

10
9.

5
de

gr
ee

s
an

d
di

he
dr

al
(n

-i-
j-k

)=
tr

an
s

3
tw

o
p

la
n

a
r

h
yd

ro
ge

n
s,e

.g
.-

N
H

2

tw
o

hy
dr

og
en

s
(n

1,
n2

)
ar

e
ge

ne
ra

te
d

at
a

di
st

an
ce

of
0.

1
nm

fr
om

at
om

i,
su

ch
th

at
an

gl
e

(n
1-

i-j
)=

(n
2-

i-j
)=

12
0

de
gr

ee
s

an
d

di
he

dr
al

(n
1-

i-j
-k

)=
ci

s
an

d
(n

2-
i-j

-k
)=

tr
an

s,
su

ch
th

at
na

m
es

ar
e

ac
co

rd
in

g
to

IU
P

A
C

st
an

da
rd

s
[

61
]

4
tw

o
o

r
th

re
e

te
tr

a
h

e
d

ra
lh

yd
ro

ge
n

s,e.
g.

-C
H

3

th
re

e
(n

1,
n2

,n
3)

or
tw

o
(n

1,
n2

)
hy

dr
og

en
s

ar
e

ge
ne

ra
te

d
at

a
di

st
an

ce
of

0.
1

nm
fr

om
at

om
i,

su
ch

th
at

an
gl

e
(n

1-
i-j

)=
(n

2-
i-j

)=
(n

3-
i-j

)=
10

9.
47o ,

di
he

dr
al

(n
1-

i-j
-k

)=
tr

an
s,

(n
2-

i-j
-k

)=
tr

an
s+

12
0

an
d

(n
3-

i-j
-k

)=
tr

an
s+

24
0

de
gr

ee
s

5
o

n
e

te
tr

a
h

e
d

ra
lh

yd
ro

ge
n

,e.
g.

C
3
C

H
on

e
hy

dr
og

en
at

om
(n′)

is
ge

ne
ra

te
d

at
a

di
st

an
ce

of
0.

1
nm

fr
om

at
om

ii
n

te
tr

ah
ed

ra
l

co
nf

or
m

at
io

n
su

ch
th

at
an

gl
e

(n′-i
-j)

=
(n
′-i

-k
)=

(n
′-i

-l)
=

10
9.

47
o

6
tw

o
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tr
a

h
e

d
ra

lh
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ro
ge

n
s,e

.g
.C

-C
H

2
-C

tw
o

hy
dr

og
en

at
om

s
(n

1,
n2

)
ar

e
ge

ne
ra

te
d

at
a

di
st

an
ce

of
0.

1
nm

fr
om

at
om

i
in

te
tr

ah
ed

ra
lc

on
fo

rm
at

io
n

on
th

e
pl

an
e

bi
ss

ec
tin

g
an

gl
e

i-j
-k

w
ith

an
gl

e
(n

-i-
n2

)=
(n

1-
i-

j)=
(n

1-
i-k

)=
10

9.
5

7
tw

o
w

a
te

r
h

yd
ro

ge
n

s
tw

o
hy

dr
og

en
s

ar
e

ge
ne

ra
te

d
ar

ou
nd

at
om

i
ac

co
rd

in
g

to
S

P
C

[
48

]
w

at
er

ge
om

et
ry

.
T

he
sy

m
m

et
ry

ax
is

w
ill

al
te

rn
at

e
be

tw
ee

n
th

re
e

co
or

di
na

te
ax

es
in

bo
th

di
re

ct
io

ns

•
T

hr
ee

or
fo

ur
co

nt
ro

la
to

m
s

(i,
j,k

,l)
,w

he
re

th
e

fir
st

al
w

ay
s

is
th

e
at

om
to

w
hi

ch
th

e
H

at
om

s
ar

e
co

nn
ec

te
d.

T
he

ot
he

r
tw

o
or

th
re

e
de

pe
nd

on
th

e
co

de
se

le
ct

ed
.

5.
5.

3
Te

rm
in

id
at

ab
as

e

T
he

te
rm

in
id

at
ab

as
es

ar
e

st
or

ed
in

ff
?

?
?

-n
.t
d

b
an

df
f?

?
?

-c
.t
d

b
fo

rt
he

N
-a

nd
C

-t
er

m
in

i
re

sp
ec

tiv
el

y.
T

he
y

co
nt

ai
n

in
fo

rm
at

io
n

fo
rt

hepd
b

2
g

m
x

pr
og

ra
m

on
ho

w
to

co
nn

ec
tn

ew
at

om
s

to
ex

is
tin

g
on

es
,w

hi
ch

at
om

s
sh

ou
ld

be
re

m
ov

ed
or

ch
an

ge
d

an
d

w
hi

ch
bo

nd
ed

in
te

ra
ct

io
ns

sh
ou

ld
be

ad
de

d.
T

he
fo

rm
at

of
th

e
is

as
fo

llo
w

s
(t

hi
s

is
an

ex
am

pl
e

fr
om

th
e

ff
g

m
x-

c.
td

b
):

[
N

o
n

e
]

[
C

O
O

-
]

[
re

p
la

ce
]

C
C

C
1

2
.0

1
1

0
.2

7
[

a
d

d
]

2
8

C
C

A
N

O
O

M
1

5
.9

9
9

4
-0

.6
3

5
[

d
e

le
te

]
O [

im
p

ro
p

e
rs

]
C

O
1

O
2

C
A
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C
h

a
p

te
r

5
.

To
p

o
log

ie
s

T
he

file
is

organized
in

blocks,
each

w
ith

a
header

specifying
the

nam
e

of
the

block.
T

hese
blocks

correspond
to

different
types

of
term

ini
that

can
be

added
to

a
m

olecule.
In

this
exam

-
ple

[
N

o
n

e
]

is
the

first
block,

corresponding
to

a
term

inus
that

leaves
the

m
olecule

as
it

is;
[

C
O

O
-

]
is

the
second

term
inus

type,corresponding
to

changing
the

term
inalcarbon

atom
into

a
deprotonated

carboxylgroup.
B

lock
nam

es
cannot

be
any

of
the

follow
ing:

re
p

la
ce

,
a

d
d

,
d

e
le

te
,

b
o

n
d

s
,

a
n

g
le

s
,

d
ih

e
d

ra
ls

,
im

p
ro

p
e

rs
;

this
w

ould
interfere

w
ith

the
param

e-
ters

ofthe
block,and

w
ould

probably
also

be
very

confusing
to

hum
an

readers.

P
er

block
the

follow
ing

options
are

present:

•
[

re
p

la
ce

]
replace

an
existing

atom
by

one
w

ith
a

differentatom
type,atom

nam
e,charge

and/or
m

ass.
F

or
each

atom
to

be
replaced

on
line

should
be

entered
w

ith
the

follow
ing

fields:

–
nam

e
ofthe

atom
to

be
replaced

–
new

atom
nam

e

–
new

atom
type

–
new

m
ass

–
new

charge

•
[

a
d

d
]

add
new

atom
s.

F
or

each
(group

of)
added

atom
(s),

a
tw

o-line
entry

is
necessary.

T
he

first
line

contains
the

sam
e

fields
as

an
entry

in
the

hydrogen
database

(num
ber

ofatom
s,type

of
addition,

controlatom
s,

see5.5.1),
but

the
possible

types
of

addition
are

extended
by

tw
o

m
ore,specifically

for
C

-term
inaladditions:

8
tw

o
ca

rb
o

xylo
xyge

n
s,-C

O
O −

tw
o

oxygens
(n1,n2)

are
generated

according
to

rule
3,ata

distance
of0.136

nm
from

atom
iand

an
angle

(n1-i-j)=
(n2-i-j)=

117
degrees

9
ca

rb
o

xylo
xyge

n
s

a
n

d
h

yd
roge

n
,-C

O
O

H
tw

o
oxygens

(n1,n2)
are

generated
according

to
rule

3,
at

distances
of

0.123
nm

and
0.125

nm
from

atom
ifor

n1
and

n2
resp.

and
angles

(n1-i-j)=
121

and
(n2-i-j)=

115
degrees.

O
ne

hydrogen
(n’)

is
generated

around
n2

according
to

rule
2,

w
here

n-i-j
and

n-i-j-k
should

be
read

as
n’-n2-iand

n’-n2-i-jresp.

A
fter

this
line

another
line

follow
s

w
hich

specifies
the

details
of

the
added

atom
(s),

in
the

sam
e

w
ay

as
for

replacing
atom

s,
i.e.:

–
atom

nam
e

–
atom

type

–
m

ass

–
charge

Like
in

the
hydrogen

database
(see

5.5.1),
w

hen
m

ore
then

one
atom

is
connected

to
an

existing
one,a

num
ber

w
illbe

appended
to

the
end

ofthe
atom

nam
e.

•
[

d
e

le
te

]
delete

existing
atom

s.
O

ne
atom

nam
e

per
line.

8
.7

.
R

a
d

iu
s

o
fg

yra
tio

n
a

n
d

d
ista

n
ce

s
1

4
9

F
or

planes
ituses

the
norm

alvector
perpendicular

to
the

plane.
Itcan

also
calculate

the
d

ista
n

ced
betw

een
the

geom
etricalcenter

oftw
o

planes
(see

F
ig.

8.6D
),and

the
distancesd1

and
d

2
betw

een
2

atom
s

(of
a

vector)
and

the
center

of
a

plane
defined

by
3

atom
s

(see
F

ig.
8.6D

).
It

further
calculates

the
distancedbetw

een
the

center
ofthe

plane
and

the
m

iddle
ofthis

vector.
D

epending
on

the
input

groups
(i.e.groups

of
2

or
3

atom
num

bers),
the

program
decides

w
hat

angles
and

distances
to

calculate.
F

or
exam

ple,the
index-file

could
look

like
this:

[
a

_
p

la
n

e
]

1
2

3
[

a
_

ve
cto

r
]

3
4

5

8.7
R

adius
ofgyration

and
distances

g
_

g
yra

te
g

_
sg

a
n

g
le

g
_

m
in

d
ist

g
_

m
d

m
a

t
xp

m
2

p
s

To
have

a
rough

m
easure

for
the

com
pactness

ofa
structure,you

can
calculate

the
ra

d
iu

s
o

fg
yra

-
tio

n
w

ith
the

program
g

g
yra

te
as

follow
s:

R
g

= (∑
i ‖r

i ‖
2m

i
∑

i m
i )

12

(8.19)

w
here

m
i

is
the

m
ass

ofatomi
andr

i
the

position
ofatomi

w
ith

respectto
the

center
ofm

ass
of

the
m

olecule.
Itis

especially
usefulto

characterize
polym

er
solutions

and
proteins.

S
om

etim
es

it
is

interesting
to

plot
thedista

n
cebetw

een
tw

o
atom

s,
or

them
in

im
u

m
distance

be-
tw

een
tw

o
groups

ofatom
s

(
e.g.:

protein
side-chains

in
a

saltbridge).
To

calculate
these

distances
betw

een
certain

groups
there

are
severalpossibilities:

•
T

he
d

ista
n

ce
b

e
tw

e
e

n
th

e
ge

o
m

e
trica

lce
n

te
rs

oftw
o

groups
can

be
calculated

w
ith

the
program

g
sg

a
n

g
le

,as
explained

in
sec.8.6.

•
T

he
m

in
im

u
m

d
ista

n
cebetw

een
tw

o
groups

of
atom

s
during

tim
e

can
be

calculated
w

ith
the

program
g

m
in

d
ist

.
Italso

calculates
thenu

m
b

e
ro

fco
n

ta
ctsbetw

een
these

groups
w

ithin
a

certain
radiusr

m
a
x .

•
To

m
onitorthem

in
im

u
m

d
ista

n
ce

s
b

e
tw

e
e

n
re

sid
u

e
s

(see
chapter5)w

ithin
a

(protein)m
olecule,

you
can

use
the

programg
m

d
m

a
t.

T
his

m
inim

um
distance

betw
een

tw
o

residues
A

i
and

A
j

is
defined

as
the

sm
allestdistance

betw
een

any
pairofatom

s
(i

∈
A

i ,j∈
A

j ).
T

he
output

is
a

sym
m

etricalm
atrix

ofsm
allestdistances

betw
een

allresidues.
To

visualize
this

m
atrix,

you
can

use
a

program
such

as
xv

.
Ifyou

w
antto

view
the

axes
and

legend
or

ifyou
w

ant
to

printthe
m

atrix,you
can

convertitw
ithxp

m
2

p
s

into
a

P
ostscriptpicture,see

F
ig.
8.7.

P
lotting

these
m

atrices
for

differenttim
e-fram

es,
one

can
analyze

changes
in

the
structure,

and
e.g.form

ing
ofsaltbridges.
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8
C

h
a

p
te

r
8

.
A

n
a

ly
si

s

φ 
= 

0
φ 

= 
0

A
B

F
ig

ur
e

8.
5:

D
ih

ed
ra

lc
on

ve
nt

io
ns

:
A

.“
B

io
ch

em
ic

al
co

nv
en

tio
n”

.
B

.“
P

ol
ym

er
co

nv
en

tio
n”

.

b
b

a

φ

2

C

D

d

d

E

φ

d

φ

A
B

n

1d

n

n

F
ig

ur
e

8.
6:

O
pt

io
ns

ofg
sg

a
n

g
le

:
A

.A
ng

le
be

tw
ee

n
2

ve
ct

or
s.

B
.A

ng
le

be
tw

ee
n

a
ve

ct
or

an
d

th
e

no
rm

al
of

a
pl

an
e.

C
.A

ng
le

be
tw

ee
n

tw
o

pl
an

es
.

D
.D

is
ta

nc
e

be
tw

ee
n

th
e

ge
om

et
ric

al
ce

nt
er

s
of

2
pl

an
es

.
E

.D
is

ta
nc

es
be

tw
ee

n
a

ve
ct

or
an

d
th

e
ce

nt
er

of
a

pl
an

e.

5
.6

.
F

ile
fo

rm
a

ts
9

3

•
[

b
o

n
d

s
]

,[
a

n
g

le
s

]
,[

d
ih

e
d

ra
ls

]
an

d
[

im
p

ro
p

e
rs

]
ad

d
ad

di
tio

na
lb

on
de

d
pa

ra
m

et
er

s.
T

he
fo

rm
at

is
id

en
tic

al
to

th
at

us
ed

in
th

e
ff
?

?
?

.r
tp

,
se

e5
.5

.1
.

5.
6

F
ile

fo
rm

at
s

5.
6.

1
To

po
lo

gy
fil

e

T
he

to
po

lo
gy

fil
e

is
bu

ilt
fo

llo
w

in
g

th
e

G
R

O
M

A
C

S
sp

ec
ifi

ca
tio

n
fo

r
a

m
ol

ec
ul

ar
to

po
lo

gy
.

A
*.

to
p

fil
e

ca
n

be
ge

ne
ra

te
d

byp
d

b
2

g
m

x
.

D
es

cr
ip

tio
n

of
th

e
fil

e
la

yo
ut

:

•
se

m
ic

ol
on

(;
)

an
d

ne
w

lin
e

su
rr

ou
nd

co
m

m
en

ts

•
on

a
lin

e
en

di
ng

w
ith
\

th
e

ne
w

lin
e

ch
ar

ac
te

r
is

ig
no

re
d.

•
di

re
ct

iv
es

ar
e

su
rr

ou
nd

ed
by[

an
d

]

•
th

e
to

po
lo

gy
co

ns
is

ts
of

th
re

e
le

ve
ls

:

–
th

e
pa

ra
m

et
er

le
ve

l(
se

e
Ta

bl
e

5.
3)

–
th

e
m

ol
ec

ul
e

le
ve

l,
w

hi
ch

sh
ou

ld
co

nt
ai

n
on

e
or

m
or

e
m

ol
ec

ul
e

de
fin

iti
on

s
(s

ee
Ta

-
bl

e
5.

4)

–
th

e
sy

st
em

le
ve

l:[
sy

st
e

m
]

,[
m

o
le

cu
le

s
]

•
ite

m
s

sh
ou

ld
be

se
pa

ra
te

d
by

sp
ac

es
or

ta
bs

,n
ot

co
m

m
as

•
at

om
s

in
m

ol
ec

ul
es

sh
ou

ld
be

nu
m

be
re

d
co

ns
ec

ut
iv

el
y

st
ar

tin
g

at
1

•
th

e
fil

e
is

pa
rs

ed
on

ce
on

ly
w

hi
ch

im
pl

ie
s

th
at

no
fo

rw
ar

d
re

fe
re

nc
es

ca
n

be
tr

ea
te

d:
ite

m
s

m
us

tb
e

de
fin

ed
be

fo
re

th
ey

ca
n

be
us

ed

•
ex

cl
us

io
ns

ca
n

be
ge

ne
ra

te
d

fr
om

th
e

bo
nd

s
or

ov
er

rid
de

n
m

an
ua

lly

•
th

e
bo

nd
ed

fo
rc

e
ty

pe
s

ca
n

be
ge

ne
ra

te
d

fr
om

th
e

at
om

ty
pe

s
or

ov
er

rid
de

n
pe

r
bo

nd

•
de

sc
rip

tiv
e

co
m

m
en

tl
in

es
an

d
em

pt
y

lin
es

ar
e

hi
gh

ly
re

co
m

m
en

de
d

•
us

in
g

on
e

of
th

e[
a

to
m

s
]

,
[

b
o

n
d

s
]

,
[

p
a

ir
s

]
,

[
a

n
g

le
s

]
,

et
c.

w
ith

ou
t

ha
vi

ng
us

ed
[

m
o

le
cu

le
ty

p
e

]
be

fo
re

is
m

ea
ni

ng
le

ss
an

d
ge

ne
ra

te
s

a
w

ar
ni

ng
.

•
us

in
g

[
m

o
le

cu
le

s
]

w
ith

ou
t

ha
vi

ng
us

ed
[

sy
st

e
m

]
be

fo
re

is
m

ea
ni

ng
le

ss
an

d
ge

ne
ra

te
s

a
w

ar
ni

ng
.

•
af

te
r[

sy
st

e
m

]
th

e
on

ly
al

lo
w

ed
di

re
ct

iv
e

is[
m

o
le

cu
le

s
]

•
us

in
g

an
un

kn
ow

n
st

rin
g

in[
]

ca
us

es
al

lt
he

da
ta

un
til

th
e

ne
xt

di
re

ct
iv

e
to

be
ig

no
re

d,
an

d
ge

ne
ra

te
s

a
w

ar
ni

ng
.
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C
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a
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r
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To
p

o
log

ie
s

P
aram

eters
interaction

directive
#

f.
param

eters
pert

type
at.

tp

m
a

n
d

a
to

ry
d

e
fa

u
lts

non-bonded
function

type;
com

bination
rule (a

);
generate

pairs
(no/yes);

fudge
LJ

();fudge
Q

Q
()

m
a

n
d

a
to

ry
a

to
m

typ
e

s
atom

type;m
(u);q

(e);particle
type;

V
(a

);W
(a

)

b
o

n
d

typ
e

s
(see

Table5.4,directive
b

o
n

d
s

)
co

n
stra

in
ttyp

e
s

(see
Table5.4,directive

co
n

stra
in

ts
)

p
a

irtyp
e

s
(see

Table5.4,directive
p

a
irs

)
a

n
g

le
typ

e
s

(see
Table5.4,directive

a
n

g
le

s
)

proper
dih.

d
ih

e
d

ra
ltyp

e
s

2
(c

)
1

θ
m

a
x

(deg);fc
(kJ

m
ol −

1);m
ult

X
(b

)

im
proper

dih.
d

ih
e

d
ra

ltyp
e

s
2
(d

)
2

θ
0

(deg);fc
(kJ

m
ol −

1rad −
2)

X
R

B
dihedral

d
ih

e
d

ra
ltyp

e
s

2
(c

)
3

C
0 ,C

1 ,C
2 ,C

3 ,C
4 ,C

5
(kJ

m
ol −

1)
LJ

n
o

n
b

o
n

d
p

a
ra

m
s

2
1

V
(a

);W
(a

)

B
uckingham

n
o

n
b

o
n

d
p

a
ra

m
s

2
2

a
(kJ

m
ol −

1);b
(nm

−
1);

c
6

(kJ
m

ol −
1nm

6)

M
olecule

definition(s)

one
or

m
ore

m
olecule

definitions
as

described
in

Table
5.4

(nextpage)

S
ystem

m
a

n
d

a
to

ry
syste

m
system

nam
e

m
a
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the
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[
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+
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]
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a
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0
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+
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+
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+
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+
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e

+
0

2
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6
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.2
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0
0

0
0

e
+

0
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2
.9

2
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8
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0
e

+
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2
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6
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1
1

.2
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0
0

0
0

e
+

0
2

3
.3

4
7

2
0

0
e

+
0

2

8
.5

.
C

o
rre

la
tio

n
fu

n
ctio

n
s

1
4

5

intervals
(j
<
<
M

),butitm
akes

iteasier
to

interpretthe
results.

A
nother

aspectthatm
ay

notbe
neglected

w
hen

com
puting

A
C

F
s

from
sim

ulation,is
thatusually

the
tim

e
origins
ξ

(eqn.8.6)
are

notstatistically
independent,w

hich
m

ay
introduce

a
bias

in
the

results.
T

his
can

be
tested

using
a

block-averaging
procedure,w

here
only

tim
e

origins
w

ith
a

spacing
atleastthe

length
ofthe

tim
e

lag
are

included,e.g.using
k

tim
e

origins
w

ith
spacing

ofM
∆
t

(w
here

k
M

≤
N

):

C
f (j∆

t)
=

1k

k−
1

∑i=
0

f(iM
∆
t)f((iM

+
j)∆

t)
(8.11)

H
ow

ever,one
needs

very
long

sim
ulations

to
getgood

accuracy
this

w
ay,because

there
are

m
any

few
er

points
thatcontribute

to
the

A
C

F.

8.5.2
U

sing
F

F
T

for
com

putation
ofthe

A
C

F

T
he

com
putationalcostfor

calculating
an

A
C

F
according

to
eqn.
8.9

is
proportionaltoN

2,w
hich

is
considerable.

H
ow

ever,this
can

be
im

proved
by

using
fastF

ourier
transform

s
to

do
the

convo-
lution

[66].

8.5.3
S

pecialform
s

ofthe
A

C
F

T
here

are
som

e
im

portantvarieties
on

the
A

C
F,

e.g.the
A

C
F

ofa
vectorp

:

C
p
(t)

= ∫
∞0
P

n (cos
6

(p(t),p(t+
ξ))d

ξ
(8.12)

w
here

P
n (x)

is
the

n
th

order
Legendre

polynom
ial 1.

S
uch

correlation
tim

es
can

actually
be

ob-
tained

experim
entally

usinge.g.N
M

R
or

other
relaxation

experim
ents.

G
R

O
M

A
C

S
can

com
pute

correlations
using

the
1st

and
2 n

d
order

Legendre
polynom

ial(eqn.
8.12).

T
his

can
a.o.

be
used

for
rotationalautocorrelation

(gro
ta

cf
),dipole

autocorrelation
(g
d

ip
o

le
s

).

In
order

to
study

torsion
angle

dynam
ics

w
e

define
a

dihedralautocorrelation
function

as
[

67]:

C
(t)

=
〈cos(θ(τ)−

θ(τ
+
t))〉

τ
(8.13)

N
ote

thatthis
is

nota
productoftw

o
functions

as
is

generally
used

for
correlation

functions,butit
m

ay
be

rew
ritten

as
the

sum
oftw

o
products:

C
(t)

=
〈cos(θ(τ))cos(θ(τ

+
t))

+
sin(θ(τ))sin(θ(τ

+
t))〉

τ
(8.14)

8.5.4
S

om
e

A
pplications

T
he

program
g

ve
la

cc
calculates

thisV
e

lo
city

A
u

to
C

o
rre

la
tio

n
F

u
n

ctio
n.

C
v
(τ)

=
〈v

i (τ)·
v

i (0)〉
i∈

A
(8.15)

1P
0 (x

)
=

1,P
1 (x

)
=

x
,
P

2 (x
)

=
(3

x
2
−

1
)/

2
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si
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0.
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1.
0

1.
5

2.
0
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m
)

0.
0

1.
0

2.
0

3.
0

g(r) �

G
ro

m
ac

s 
R

D
F

O
W

1-
O

W
1

F
ig

ur
e

8.
3:
g O

O
(r

)
fo

r
O

xy
ge

n-
O

xy
ge

n
of

S
P

C
-w

at
er

.

w
he

re
th

e
no

ta
tio

n
on

th
e

rig
ht

ha
nd

si
de

m
ea

ns
av

er
ag

in
g

ov
er

ξ,
i.e

.o
ve

r
tim

e
or

ig
in

s.
It

is
al

so
po

ss
ib

le
to

co
m

pu
te

cr
os

s-
co

rr
el

at
io

n
fu

nc
tio

n
fr

om
tw

o
pr

op
er

tie
s

f
(t

)
an

d
g
(t

):

C
f
g
(t

)
=

〈f
(ξ

)g
(ξ

+
t)
〉 ξ

(8
.7

)

ho
w

ev
er

,
in

G
R

O
M

A
C

S
th

er
e

is
no

st
an

da
rd

m
ec

ha
ni

sm
to

do
th

is
(

no
te

:
yo

u
ca

n
us

e
th

exm
g

r
pr

og
ra

m
to

co
m

pu
te

cr
os

s
co

rr
el

at
io

ns
).

T
he

in
te

gr
al

of
th

e
co

rr
el

at
io

n
fu

nc
tio

n
ov

er
tim

e
is

th
e

co
rr

el
at

io
n

tim
eτ

f
:

τ f
=

∫ ∞ 0
C

f
(t

)d
t

(8
.8

)

In
pr

ac
tic

e
co

rr
el

at
io

n
fu

nc
tio

ns
ar

e
ca

lc
ul

at
ed

ba
se

d
on

da
ta

po
in

ts
w

ith
di

sc
re

te
tim

e
in

te
rv

al
s

∆
t,

so
th

at
th

e
A

C
F

fr
om

an
M

D
si

m
ul

at
io

n
is

:

C
f
(j

∆
t)

=
1

N
−
j

N
−

1
−

j ∑ i=
0

f
(i

∆
t)
f
((
i
+
j)

∆
t)

(8
.9

)

w
he

re
N

is
th

e
nu

m
be

ro
fa

va
ila

bl
e

tim
e

fr
am

es
fo

rt
he

ca
lc

ul
at

io
n.

T
he

re
su

lti
ng

A
C

F
is

ob
vi

ou
sl

y
on

ly
av

ai
la

bl
e

at
tim

e
po

in
ts

w
ith

th
e

sa
m

e
in

te
rv

al∆
t.

S
in

ce
fo

r
m

an
y

ap
pl

ic
at

io
ns

it
is

ne
ce

ss
ar

y
to

kn
ow

th
e

sh
or

tt
im

e
be

ha
vi

or
of

th
e

A
C

F
(

e.
g.

th
e

fir
st

10
ps

)
th

is
of

te
n

m
ea

ns
th

at
w

e
ha

ve
to

sa
ve

th
e

at
om

ic
co

or
di

na
te

s
w

ith
sh

or
ti

nt
er

va
ls

.
A

no
th

er
im

pl
ic

at
io

n
of

eq
n.

8.
9

is
th

at
in

pr
in

ci
pl

e
w

e
ca

n
no

tc
om

pu
te

al
lp

oi
nt

s
of

th
e

A
C

F
w

ith
th

e
sa

m
e

ac
cu

ra
cy

,s
in

ce
w

e
ha

ve
N
−

1
da

ta
po

in
ts

fo
r
C

f
(∆
t)

bu
t

on
ly

1
fo

rC
f
((
N
−

1)
∆
t)

.
H

ow
ev

er
,

if
w

e
de

ci
de

to
co

m
pu

te
on

ly
an

A
C

F
of

le
ng

th
M

∆
t,

w
he

re
M

≤
N
/
2

w
e

ca
n

co
m

pu
te

al
lp

oi
nt

s
w

ith
th

e
sa

m
e

st
at

is
tic

al
ac

cu
ra

cy
:

C
f
(j

∆
t)

=
1 M

N
−

1
−

M ∑ i=
0

f
(i

∆
t)
f
((
i
+
j)

∆
t)

(8
.1

0)

he
re

of
co

ur
se
j
<
M

.
M

is
so

m
et

im
es

re
fe

rr
ed

to
as

th
e

tim
e

la
g

of
th

e
co

rr
el

at
io

n
fu

nc
tio

n.
W

he
n

w
e

de
ci

de
to

do
th
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,w
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lly
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tu
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ai

la
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e
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+
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n

_
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st
ra

in
ts

]
;

yo
u

w
o

u
ld

n
’t

n
o

rm
a

lly
u

se
th

is
fo

r
a

m
o

le
cu

le
lik

e
U

re
a

,
;

b
u

t
w

e
in

cl
u

d
e

it
h

e
re

fo
r

d
id

a
ct

ic
p

u
rp

o
se

s
;

a
i

fu
n

ct
fc

1
1

1
0

0
0

1
0

0
0

1
0

0
0

;
R

e
st

ra
in

to
a

p
o

in
t

2
1

1
0

0
0

0
1

0
0

0
;

R
e

st
ra

in
to

a
lin

e
(Y

-a
xi

s)
3

1
1

0
0

0
0

0
;

R
e

st
ra

in
to

a
p

la
n

e
(Y

-Z
-p

la
n

e
)

;
In

cl
u

d
e

S
P

C
w

a
te

r
to

p
o
lo

g
y

#
in

cl
u

d
e

"s
p

c.
itp

"

[
sy

st
e

m
]

U
re

a
in

W
a

te
r

[
m

o
le

cu
le

s
]

;m
o

le
cu

le
n

a
m

e
n

r.
U

re
a

1
S

O
L

1
0

0
0

H
er

e
fo

llo
w

s
th

e
ex

pl
an

at
or

y
te

xt
.

[
d

e
fa

u
lts

]
:

•
no

n-
bo

nd
ty

pe
=

1
(L

en
na

rd
-J

on
es

)
or

2
(B

uc
ki

ng
ha

m
)

no
te

:
w

he
n

us
in

g
th

e
B

uc
ki

ng
ha

m
po

te
nt

ia
l

no
co

m
bi

na
tio

n
ru

le
ca

n
be

us
ed

,
an

d
a

fu
ll

in
te

ra
ct

io
n

m
at

rix
m

us
tb

e
pr

ov
id

ed
un

de
r

th
e

n
o

n
b

o
n

d
p

a
ra

m
s

se
ct

io
n.

•
co

m
bi

na
tio

n
ru

le
=

1
(s

up
pl

yC
(6

)
an

d
C

(1
2
) ,
σ

ij
=
√
σ

i
σ

j
),

2
(s

up
pl

yσ
an

d
ε,
σ

ij
=

1 2
(σ

i
+
σ

j
))

or
3

(s
up

pl
yσ

an
d
ε,
σ

ij
=
√
σ

i
σ

j
)

•
ge

ne
ra

te
pa

irs
=

no
(g

et
1-

4
in

te
ra

ct
io

ns
fr

om
pa

ir
lis

t)
or

ye
s

(g
en

er
at

e
1-

4
in

te
ra

ct
io

ns
fr

om



9
8

C
h

a
p

te
r

5
.

To
p

o
log

ie
s

norm
alLennard-Jones

param
eters

using
F

udgeLJ
and

F
udgeQ

Q
)

•
F

udgeLJ
=

factor
to

change
Lennard-Jones

1-4
interactions

•
F

udgeQ
Q

=
factor

to
change

electrostatic
1-4

interactions

note:F
udgeLJ

and
F

udgeQ
Q

only
need

to
be

specified
w

hen
generate

pairs
is

setto
’yes’.

#
in

clu
d

e
"ffg

m
x.itp

"
:

this
includes

the
bonded

and
non-bonded

G
R

O
M

A
C

S
param

eters,
the

g
m

x
in

ffg
m

x
w

illbe
replaced

by
the

nam
e

ofthe
force

field
you

are
actually

using.

[
m

o
le

cu
le

typ
e

]
:

defines
the

nam
e

ofyour
m

olecule
in

this
*.to

p
and

nrexcl=
3

stands
for

excluding
non-bonded

interactions
betw

een
atom

s
thatare

no
further

than
3

bonds
aw

ay.

[
a

to
m

s
]

:
defines

the
m

olecule,
w

herenr
and

typ
e

are
fixed,

the
rest

is
user

defined.
S

o
a

to
m

can
be

nam
ed

as
you

like,cgn
r

m
ade

larger
or

sm
aller

(if
possible,

the
totalcharge

of
a

charge
group

should
be

zero),and
charges

can
be

changed
here

too.

[
b

o
n

d
s

]
:

no
com

m
ent.

[
p

a
irs

]
:

1-4
interactions

[
a

n
g

le
s

]
:

no
com

m
ent

[
d

ih
e

d
ra

ls
]

:
in

this
case

there
are

9
proper

dihedrals
(funct

=
1),

3
im

proper
(funct

=
2)

and
no

R
yckaert-B

ellem
ans

type
dihedrals.

If
you

w
ant

to
include

R
yckaert-B

ellem
ans

type
dihedrals

in
a

topology,do
the

follow
ing

(in
case

of
e.g.decane):

[
d

ih
e

d
ra

ls
]

;
a

i
a

j
a

k
a

l
fu

n
ct

c0
c1

c2
1

2
3

4
3

2
3

4
5

3

and
do

notforgettoe
ra

se
th

e
1

-4
in

te
ra

ctio
nin

[
p

a
irs

]
!!

[
p

o
sitio

n
re

stra
in

ts
]

:
harm

onically
restrain

the
selected

particles
to

reference
posi-

tions
(sec.4.2.9).

T
he

reference
positions

are
read

from
a

separate
coordinate

file
by

grom
pp.

#
in

clu
d

e
"sp

c.itp
"

:
includes

a
topology

file
that

w
as

already
constructed

(see
next

sec-
tion,m

olecule.itp).

[
syste

m
]

:
title

ofyour
system

,user
defined

[
m

o
le

cu
le

s
]

:
this

defines
the

totalnum
ber

of
(sub)m

olecules
in

your
system

that
are

de-
fined

in
this*.to

p
.

In
this

exam
ple

file
it

stands
for

1
urea

m
olecules

dissolved
in

1000
w

ater
m

olecules.
T

he
m

olecule
type

S
O

L
is

defined
in

the
sp

c.itp
file.

5.6.2
M

olecule.itp
file

If
you

construct
a

topology
file

you
w

illuse
frequently

(like
a

w
ater

m
olecule,

sp
c.itp

)
it

is
better

to
m

ake
am

o
le

cu
le

.itp
file,w

hich
only

lists
the

inform
ation

ofthe
m

olecule:

[
m

o
le

cu
le

typ
e

]
;

n
a

m
e

n
re

xcl

8
.5

.
C

o
rre

la
tio

n
fu

n
ctio

n
s

1
4

3

r

r+
dr

r+
dr

r
θ+

dθ
θ

e

A
BD

C
F

igure
8.2:

D
efinition

ofslices
ing

rd
f

:
A

.
g
A

B
(r).

B
.g

A
B

(r,θ).
T

he
slices

are
colored

grey.
C

.
N

orm
alization〈ρ

B 〉
lo

ca
l .

D
.N

orm
alization〈ρ

B 〉
lo

ca
l,

θ .
N

orm
alization

volum
es

are
colored

grey.

U
sually

the
value

ofr
m

a
x

is
half

of
the

box
length.

T
he

averaging
is

also
perform

ed
in

tim
e.

In
practice

the
analysis

programg
rd

f
divides

the
system

into
sphericalslices

(fromrto
r
+
d
r,see

F
ig.8.2A

)
and

m
akes

a
histogram

in
stead

of
the
δ-function.

A
n

exam
ple

of
the

rdf
of

O
xygen-

O
xygen

in
S

P
C

-w
ater

[48]is
given

in
F

ig.8.3.

W
ith

g
rd

f
itis

also
possible

to
calculate

an
angle

dependentrdf
g
A

B
(r,θ),w

here
the

angleθ
is

defined
w

ith
respectto

a
certain

laboratory
axis
e,see

F
ig.8.2B

.

g
A

B
(r,θ)

=
1

〈ρ
B 〉

lo
ca

l,
θ

1N
A

N
A
∑i∈

A

N
B
∑j∈

B

δ(r
ij −

r)δ(θ
ij −

θ)
2π
r
2sin(θ)

(8.4)

cos(θ
ij )

=
r
ij ·e

‖r
ij ‖

‖e‖
(8.5)

T
his

g
A

B
(r,θ)

is
usefulforanalyzing

anisotropic
system

s.
N

ote
thatin

this
case

the
norm

alization
〈ρ

B 〉
lo

ca
l,

θ
is

the
average

density
in

allangle
slices

from
θ

to
θ+

d
θ

up
to
r
m

a
x ,so

angle
dependent,

see
F

ig.8.2D
.

8.5
C

orrelation
functions

8.5.1
T

heory
ofcorrelation

functions

T
he

theory
ofcorrelation

functions
is

w
ellestablished

[
66].

H
ow

ever
w

e
w

antto
describe

here
the

im
plem

entation
ofthe

various
correlation

function
flavors

in
the

G
R

O
M

A
C

S
code.

T
he

definition
ofthe

autocorrelation
function

(A
C

F
)Cf (t)

for
a

propertyf(t)
is

C
f (t)

=
〈f(ξ)f(ξ

+
t)〉

ξ
(8.6)
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.
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s
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T
he

ce
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te
r-

o
f-

m
a

ss
ve
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ci

ty,d
efi
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d

as v
co

m
=

1 M

N ∑ i=
1

m
iv

i
(8

.2
)

w
ith
M

=
∑ N i=

1
m

i
th

e
to
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s
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e
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em
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ra
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.
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g
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T
he

ra
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ia
ld

is
tr

ib
u

tio
n

fu
n

ct
io

n(
rd

f)
or

pa
ir

co
rr

el
at

io
n

fu
nc

tio
ng

A
B

(r
)

be
tw

ee
n

pa
rt

ic
le

s
of

ty
pe

A
an

d
B

is
de

fin
ed

in
th

e
fo

llo
w

in
g

w
ay

:

g A
B

(r
)

=
〈ρ

B
(r

)〉
〈ρ

B
〉 lo

ca
l

=
1

〈ρ
B
〉 lo

ca
l

1 N
A

N
A ∑ i∈
A

N
B ∑ j∈
B

δ(
r i

j
−
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4π
r2

(8
.3
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w
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〈ρ
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(r
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pa
rt

ic
le
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p
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0
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+
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a
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0
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e
+

0
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2
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8
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0
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2
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.
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.
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1
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1
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0
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e
+

0
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5
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2
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8
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0
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+
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[
d
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d
ra

ls
]

;
a

i
a

j
a

k
a

l
fu

n
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4
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1
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0
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0
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0
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+
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2
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7
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+
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7
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0
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e
+

0
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2
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0
0

0
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0
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+
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0

[
d
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d
ra

ls
]

;
a

i
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j
a

k
a

l
fu

n
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c0
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3
4

5
1

2
0

.0
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0
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0
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e
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0
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1
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7
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6
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0
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+
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2
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7
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1
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0
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0
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0
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0
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0
1

.6
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3
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e
+
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6
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2
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.0
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0
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e
+

0
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1
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7
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6
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0
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+
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T
hi

s
re

su
lts

in
a

ve
ry

sh
or

t*.
to

p
fil

e
as

de
sc

rib
ed

in
th

e
pr

ev
io

us
se

ct
io

n,
bu

tt
hi

s
tim

e
yo

u
on

ly
ne

ed
to

in
cl

ud
e

fil
es

:

;
T

h
e

fo
rc

e
fie

ld
fil

e
s

to
b

e
in

cl
u

d
e

d
#

in
cl

u
d

e
"f

fg
m

x.
itp

"

;
In

cl
u

d
e

u
re

a
to

p
o

lo
g

y
#

in
cl

u
d

e
"u

re
a

.it
p

"



1
0

0
C

h
a

p
te

r
5

.
To

p
o

log
ie

s

;
In

clu
d

e
S

P
C

w
a

te
r

to
p

o
lo

g
y

#
in

clu
d

e
"sp

c.itp
"

[
syste

m
]

U
re

a
in

W
a

te
r

[
m

o
le

cu
le

s
]

;m
o

le
cu

le
n

a
m

e
n

u
m

b
e

r
U

re
a

1
S

O
L

1
0

0
0

5.6.3
Ifdefoption

A
very

pow
erful

feature
in

G
R

O
M

A
C

S
is

the
use

of
#

ifd
e

f
statem

ents
in

your*.to
p

file.
B

y
m

aking
use

of
this

statem
ent,

different
param

eters
for

one
m

olecule
can

be
used

in
the

sam
e

*.to
p

file.
A

n
exam

ple
is

given
for

T
F

E
,w

here
there

is
an

option
to

use
differentcharges

on
the

atom
s:

charges
derived

by
D

e
Loof

e
ta

l.[62]or
by

Van
B

uuren
and

B
erendsen

[
43].

In
factyou

can
use

allthe
options

ofthe
C

-P
reprocessor,

cp
p

,because
this

is
used

to
scan

the
file.

T
he

w
ay

to
m

ake
use

ofthe#
ifd

e
f

option
is

as
follow

s:

•
in

g
ro

m
p

p
.m

d
p

(the
G

R
O

M
A

C
S

preprocessor
inputparam

eters)
use

the
option

d
e

fin
e

=
-D

D
e

lo
o

f
ord

e
fin

e
=

•
putthe#

ifd
e

f
statem

ents
in

your*.to
p

,as
show

n
below

:

...

[
a

to
m

s
]

;
n

r
typ

e
re

sn
r

re
sid

u
a

to
m

cg
n

r
ch

a
rg

e
m

a
ss

#
ifd

e
f

D
e

L
o

o
f

;
U

se
C

h
a

rg
e

s
fro

m
D

e
L

o
o

f
1

C
1

T
F

E
C

1
0

.7
4

2
F

1
T

F
E

F
1

-0
.2

5
3

F
1

T
F

E
F

1
-0

.2
5

4
F

1
T

F
E

F
1

-0
.2

5
5

C
H

2
1

T
F

E
C

H
2

1
0

.2
5

6
O

A
1

T
F

E
O

A
1

-0
.6

5
7

H
O

1
T

F
E

H
O

1
0

.4
1

#
e

lse
;

U
se

C
h

a
rg

e
s

fro
m

V
a

n
B

u
u

re
n

1
C

1
T

F
E

C
1

0
.5

9
2

F
1

T
F

E
F

1
-0

.2
3

F
1

T
F

E
F

1
-0

.2
4

F
1

T
F

E
F

1
-0

.2
5

C
H

2
1

T
F

E
C

H
2

1
0

.2
6

6
O

A
1

T
F

E
O

A
1

-0
.5

5
7

H
O

1
T

F
E

H
O

1
0

.3
#

e
n

d
if

8
.2

.
L

o
o

kin
g

a
tyo

u
r

tra
je

cto
ry

1
4

1

S
id

e
C

h
a

in
protein

side
chain

atom
s;

that
is

allatom
s

except
N

,
C

α ,
C

,
O

,
backbone

am
ide

hydrogen,
oxygens

in
C

-term
inus

and
hydrogens

on
the

N
-term

inus

S
id

e
C

h
a

in
-H

protein
side

chain
atom

s
excluding

allhydrogens

P
ro

t-M
a

sse
s

protein
atom

s
excluding

dum
m

y
m

asses
(as

used
in

dum
m

y
atom

constructions
of

N
H

3

groups
and

T
ryptophane

sidechains),see
also

sec.
5.2.2;this

group
is

only
included

w
hen

it
differs

from
the

’P
ro

te
in

’group

N
o

n
-P

ro
te

in
allnon-protein

atom
s

D
N

A
allD

N
A

atom
s

m
o

le
cu

le
n

a
m

e
for

all
residues/m

olecules
w

hich
are

not
recognized

as
protein

or
D

N
A

,
one

group
per

residue/m
olecule

nam
e

is
generated

O
th

e
rallatom

s
w

hich
are

neither
protein

nor
D

N
A

.

E
m

pty
groups

w
illnotbe

generated.

8.2
Looking

atyour
trajectory

n
g

m
x

B
efore

analyzing
your

trajectory
it

is
often

inform
ative

to
look

at
your

trajectory
first.

G
rom

acs
com

es
w

ith
a

sim
ple

trajectory
view

er
n

g
m

x;the
advantage

w
ith

this
one

is
thatitdoes

notrequire
O

penG
L,w

hich
usually

isn’tpresente.g.
on

supercom
puters.

Itis
also

possible
to

generate
a

hard-
copy

in
E

ncapsulated
P

ostscriptform
at,

see
F

ig.
8.1.

Ifyou
w

anta
faster

and
m

ore
fancy

view
er

there
are

severalprogram
s

that
can

read
the

G
R

O
M

A
C

S
trajectory

form
ats

–
have

a
look

at
our

hom
epagew

w
w

.grom
acs.orgfor

updated
links.

8.3
G

eneralproperties

g
_

e
n

e
rg

y
g

_
co

m

To
analyze

som
e

or
allen

e
rg

ie
sand

other
properties,

such
astota

l
p

re
ssu

re,
p

re
ssu

re
te

n
so

r,
d

e
n

sity,b
o

x-vo
lu

m
eand

b
o

x-size
s,use

the
programg

e
n

e
rg

y
.

A
choice

can
be

m
ade

from
a

list
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ra
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ra
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ra
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.
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fil
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g
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rie

s
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u
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b
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rs(
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th

e
ex
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pl

e
ofg

A
B

)
us
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ke
n

d
x

.
To

ge
ne

ra
te

an
in

de
x

fil
e

w
ith

an
gl

es
or

di
he

dr
al

s,
us

em
k

a
n

g
n

d
x

.
O

f
co

ur
se
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u
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n
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so
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ak
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th

em
by

ha
nd

.
T

he
ge

ne
ra

l
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pr

es
en

te
d

he
re

:
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O

xy
g

e
n

]
1

4
7

[
H

yd
ro

g
e

n
]

2
3

5
6

8
9

F
irs

t
th
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gr
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p
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e
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A
tom

s
that

are
not

perturbed,PC
2

and
P

C
3,

do
not

need
B

param
eter

specifications,
the

B
pa-

ram
eters

w
illbe

copied
from

the
A

param
eters.

B
onded

interactions
betw

een
atom

s
that

are
not

perturbed
do

not
need

B
param

eter
specifications,

here
this

is
the

case
for

the
last

bond.
Topolo-

gies
using

the
G

R
O

M
A

C
S

force
field

need
no

bonded
param

eters
at

all,
since

both
the

A
and

B
param

eters
are

determ
ined

by
the

atom
types.

N
on-bonded

interactions
involving

one
or

tw
o

per-
turbed

atom
s

use
the

free-energy
perturbation

functionalform
s.

N
on-bonded

interaction
betw

een
tw

o
non-perturbed

atom
s

use
the

norm
alfunctionalform

s.
T

his
m

eans
that

w
hen,

for
instance,

only
the

charge
ofa

particle
is

perturbed,its
Lennard-Jones

interactions
w

illalso
be

affected
w

hen
lam

bda
is

notequalto
zero

or
one.

N
ote

thatthis
topology

uses
the

G
R

O
M

O
S

-96
force

field,in
w

hich
the

bonded
interactions

are
not

determ
ined

by
the

atom
types.

T
he

bonded
interaction

strings
are

converted
by

the
C

-preprocessor.
T

he
force

field
param

eter
files

contain
lines

like:

#
d

e
fin

e
g

b
_

2
6

0
.1

5
3

0
7

.1
5

0
0

e
+

0
6

#
d

e
fin

e
g

d
_

1
7

0
.0

0
0

5
.8

6
3

5.6.5
C

onstraintforce

T
he

constraint
force

betw
een

tw
o

atom
s

in
one

m
olecule

can
be

calculated
w

ith
the

free
energy

perturbation
code

by
adding

a
constraint

betw
een

the
tw

o
atom

s,
w

ith
a

different
length

in
the

A
and

B
topology.

W
hen

the
B

length
is

1
nanom

eter
longer

than
the

A
length

and
lam

bda
is

kept
constant

at
zero,

the
derivative

of
the

H
am

iltonian
w

ith
respect

to
lam

bda
is

the
constraint

force.
F

orconstraints
betw

een
m

olecules
the

pullcode
can

be
used,see

sec.
6.1.

B
elow

is
an

exam
ple

for
calculating

the
constraint

force
at

0.7
nanom

eter
betw

een
tw

o
m

ethanes
in

w
ater,

by
com

bining
the

tw
o

m
ethanes

into
one

m
olecule.

T
he

added
constraintis

offunction
type

2,w
hich

m
eans

that
itis

notused
for

generating
exclusions

(see
5.3.5).

;
In

clu
d
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rce
fie

ld
p

a
ra

m
e
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rs

#
in

clu
d

e
"ffG

4
3

a
1

.itp
"

C
hapter

8

A
nalysis

In
this

chapter
differentw

ays
ofanalyzing

your
trajectory

are
described.

T
he

nam
es

ofthe
corre-

sponding
analysis

program
s

are
given.

S
pecific

info
on

the
in-and

outputofthese
program

s
can

be
found

in
the

on-line
m

anualatww
w

.grom
acs.org.

T
he

outputfiles
are

often
produced

as
finished

G
race/X

m
gr

graphs.

F
irst

in
sec.8.1

the
group

concept
in

analysis
is

explained.
T

hen
the

different
analysis

tools
are

presented.

8.1
G

roups
in

A
nalysis.

m
a

ke
_

n
d

x
m

k_
a

n
g

n
d

x

In
chapter3

it
w

as
explained

howg
ro

u
p

s
o

f
a

to
m

scan
be

used
in

the
M

D
-program

.
In

m
ost

analysis
program

s
groups

of
atom

s
are

needed
to

w
ork

on.
M

ost
program

s
can

generate
several

defaultindex
groups,butgroups

can
alw

ays
be

read
from

an
index

file.
Let’s

considera
sim

ulation
of

a
binary

m
ixture

of
com

ponents
A

and
B

.
W

hen
w

e
w

ant
to

calculate
the

radial
distribution

function
(rdf)g

A
B

(r)
ofA

w
ith

respectto
B

,w
e

have
to

calculate

4
π
r
2g

A
B

(r)
=

V
N

A
∑i∈

A

N
B
∑j∈

B

P
(r)

(8.1)

w
hereV

is
the

volum
e

andP
(r)

is
the

probability
to

find
a

B
atom

ata
distance

r
from

an
A

atom
.

B
y

having
the

user
define

theato
m

n
u

m
b

e
rsfor

groups
A

and
B

in
a

sim
ple

file
w

e
can

calculate
this

g
A

B
in

the
m

ost
general

w
ay,

w
ithout

having
to

m
ake

any
assum

ptions
in

the
rdf-program

aboutthe
type

ofparticles.
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ed
to

de
fin

e
w

hi
ch

at
om

s
ar

e
pa

rt
of

th
e

re
fe

re
nc

e
gr

ou
p

(s
ee

ab
ov

e)
.

rc
=

0 W
ith

dy
na

m
ic

re
fe

re
nc

e
gr

ou
ps

,
th

e
cy

lin
de

r
ca

n
be

sm
oo

th
ly

sw
itc

he
d

so
th

at
at

om
s

th
at

fa
ll

be
tw

ee
nr

an
d

rc
ar

e
w

ei
gh

te
d

lin
ea

rly
fr

om
1

to
0

go
in

g
fr

omr
to

rc
.

A
s

re
as

on
ab

le
in

iti
al

va
lu

es
w

e
su

gg
es

tr
=

1
.0

an
d

rc
=

1
.5

,
bu

t
th

is
w

ill
de

pe
nd

st
ro

ng
ly

on
th

e
ex

ac
ts

ys
te

m
of

in
te

re
st

.

u
p

d
a

te
=

1
T

he
fr

eq
ue

nc
y

w
ith

w
hi

ch
th

e
dy

na
m

ic
re

fe
re

nc
e

gr
ou

ps
ar

e
re

ca
lc

ul
at

ed
.

U
su

al
ly

th
er

e
is

no
re
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on

to
us

e
an

yt
hi

ng
ot

he
r

th
an

1.

p
u

llr
a

te
=

0
.0

0
0

0
5

T
he

pu
ll

ra
te

in
nm

/ti
m

es
te

p
fo

r
A

F
M

pu
lli

ng
.

fo
rc

e
co

n
st

a
n

t
=

1
0

0
T

he
fo

rc
e

co
ns

ta
nt

fo
r

th
e

sp
rin

g
in

A
F

M
pu

lli
ng

,i
n

kJ
m

ol
−

1
nm

−
2
.

w
id

th
=

0
W

id
th

of
th

e
um

br
el

la
sa

m
pl

in
g

po
te

nt
ia

li
n

kJ
m

ol
−

1
nm

−
2
.

r0
g
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u
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.0
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.0
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T
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e
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e
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al
cr
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n
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a
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s
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g
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m

m
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s.

to
le

ra
n
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=

0
.0

0
1

T
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ac
cu

ra
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w
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w
hi

ch
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e
ac

tu
al
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si

tio
n
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th

e
gr
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m
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t
m

at
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e
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l
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ns
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r

a
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g
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ct
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e

(in
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).
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a

n
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a
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n
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=

0
.0

0
0

0
1

T
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ra
te
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tr
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n
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al
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m
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.

A
s

m
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d
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M

D
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e
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an
d
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n
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s
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n
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e
gr
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T
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e
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th

er
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o

gr
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e
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ut

fil
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C
ur
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,

th
er

e
is

on
e

im
po

rt
an

t
lim

ita
tio

n:
co

ns
tr

ai
nt

fo
rc

es
ca

n
on

ly
be

ca
lc

ul
at

ed



1
1

0
C

h
a

p
te

r
6

.
S

p
e

cia
lTo

p
ics

betw
een

m
olecules

or
groups

of
m

olecules.
If

a
group

contains
part

of
a

m
olecule

of
w

hich
the

bondlengths
are

constrained,
S

H
A

K
E

or
LIN

C
S

and
the

constraint
force

calculation
here

w
ill

interfere
w

ith
each

other,
m

aking
the

results
unreliable.

If
a

constraint
force

is
w

anted
betw

een
tw

o
atom

s,this
can

be
done

through
the

free
energy

perturbation
code.

In
sum

m
ary:

•
pullcode:betw

een
m

olecules
or

groups
ofm

olecules.

•
free

energy
perturbation

code:betw
een

single
atom

s.

•
not

possible
currently:

betw
een

groups
of

atom
s

that
are

part
of

a
larger

m
olecule

for
w

hich
the

bonds
are

constrained
w

ith
S

H
A

K
E

or
LIN

C
S

.

6.1.5
Im

plem
entation

T
he

code
for

the
options

described
above

can
be

found
in

the
files

p
u

ll.c,
p

u
llin

it.c,
p

u
llio

.c,
p

u
llu

til.c
and

the
headerfilespu

ll.h
and

p
u

lls.h
.

T
his

lastfile
defines

a
few

datatypes,pu
ll.h

explains
the

m
ain

functions.

6.1.6
F

uture
developm

ent

T
here

are
severaladditionalfeatures

thatw
ould

be
useful,including

m
ore

advanced
um

brella
sam

-
pling,an

analysis
toolto

analyse
the

outputofthe
pullcode,incorporation

ofthe
inputparam

eters
and

index
file

into
theg

ro
m

p
p

program
inputfiles,extension

to
m

ore
groups,m

ore
flexible

defi-
nition

ofa
reaction

coordinate,extension
to

groups
thatare

parts
ofm

olecules
thatuse

S
H

A
K

E
or

LIN
C

S
,and

a
com

bination
ofthe

starting
structure

calculation
w

ith
constraints

for
faster

conver-
gence

ofstarting
structures.

6.2
R

em
oving

fastestdegrees
offreedom

T
he

m
axim

um
tim

e
step

in
M

D
sim

ulations
is

lim
ited

by
the

sm
allest

oscillation
period

that
can

be
found

in
the

sim
ulated

system
.

B
ond-stretching

vibrations
are

in
their

quantum
-m

echanical
ground

state
and

are
therefore

better
represented

by
a

constraintthan
by

a
harm

onic
potential.

F
or

the
rem

aining
degrees

of
freedom

,
the

shortest
oscillation

period
as

m
easured

from
a

sim
u-

lation
is

13
fs

for
bond-angle

vibrations
involving

hydrogen
atom

s.
Taking

as
a

guideline
that

w
ith

a
Verlet(leap-frog)integration

schem
e

a
m

inim
um

of5
num

ericalintegration
steps

should
be

perform
ed

per
period

of
a

harm
onic

oscillation
in

order
to

integrate
it

w
ith

reasonable
accuracy,

the
m

axim
um

tim
e

step
w

illbe
about3

fs.
D

isregarding
these

very
fastoscillations

ofperiod
13

fs
the

nextshortestperiods
are

around
20

fs,w
hich

w
illallow

a
m

axim
um

tim
e

step
ofabout4

fs

R
em

oving
the

bond-angle
degrees

of
freedom

from
hydrogen

atom
s

can
best

be
done

by
defin-

ing
them

as
dum

m
y

atom
s

instead
of

norm
alatom

s.
W

here
a

norm
alatom

s
is

connected
to

the
m

olecule
w

ith
bonds,

angles
and

dihedrals,
a

dum
m

y
atom

’s
position

is
calculated

from
the

po-
sition

of
three

nearby
heavy

atom
s

in
a

predefined
m

anner
(see

also
sec.

4.5).
F

or
the

hydrogens
in

w
ater

and
in

hydroxyl,sulfhydrylor
am

ine
groups,no

degrees
offreedom

can
be

rem
oved,be-

cause
rotationalfreedom

should
be

preserved.
T

he
only

other
option

available
to

slow
dow

n
these

7
.3

.
R

u
n

P
a

ra
m

e
te

rs
1

3
1

sim
ulation,8

is
needed

forB
D

w
ith

large
tim

e-steps.
T

he
accuracy

ofthe
constraints

is
printed

to
the

log
file

everynstlog
steps.

Ifa
bond

rotates
m

ore
than

lincs
w

arnangle
[degrees]

in
one

step,
a

w
arning

w
illbe

printed
both

to
the

log
file

and
to

std
e

rr
.

Lincs
should

notbe
used

w
ith

coupled
angle

constraints.

shakeS
hake

is
slow

er
and

less
stable

than
Lincs,butdoes

w
ork

w
ith

angle
constraints.

T
he

relative
tolerance

is
setw

ithshake
tol,0.0001

is
a

good
value

for
”norm

al”
M

D
.

unconstrained
start:

no
apply

constraints
to

the
startconfiguration

yes
do

notapply
constraints

to
the

startconfiguration

shake
tol:

(0.0001)
relative

tolerance
for

shake

lincs
order:

(4)
H

ighest
order

in
the

expansion
of

the
constraint

coupling
m

atrix.
lincs

order
is

also
used

for
the

num
ber

ofLincs
iterations

during
energy

m
inim

ization,only
one

iteration
is

used
in

M
D

.

lincs
w

arnangle:
(30)

[degrees]
m

axim
um

angle
thata

bond
can

rotate
before

Lincs
w

illcom
plain

m
orse:no

bonds
are

represented
by

a
harm

onic
potential

yes
bonds

are
represented

by
a

M
orse

potential

7.3.15
E

nergy
group

exclusions

energygrp
excl:

P
airs

ofenergy
groups

for
w

hich
allnon-bonded

interactions
are

excluded.
A

n
exam

ple:
if

you
have

tw
o

energy
groupsPro

te
in

and
S

O
L,specifying

e
n

e
rg

y
e

xcl
=

P
ro

te
in

P
ro

te
in

S
O

L
S

O
L

w
ould

give
only

the
non-bonded

interactions
betw

een
the

protein
and

the
solvent.

T
his

is
especially

usefulforspeeding
up

energy
calculations

w
ith

m
d

ru
n

-re
ru

n
and

forexclud-
ing

interactions
w

ithin
frozen

groups.
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13
V

el
oc

ity
ge

ne
ra

tio
n

ge
n

ve
l: no

D
o

no
tg

en
er

at
e

ve
lo

ci
tie

s
at

st
ar

tu
p.

T
he

ve
lo

ci
tie

s
ar

e
se

tt
o

ze
ro

w
he

n
th

er
e

ar
e

no
ve

lo
ci

tie
s

in
th

e
in

pu
ts

tr
uc

tu
re

fil
e.

ye
s

G
en

er
at

e
ve

lo
ci

tie
s

ac
co

rd
in

g
to

a
M

ax
w

el
ld

is
tr

ib
ut

io
n

at
te

m
pe

ra
tu

re
ge

n
te

m
p

[K
],

w
ith

ra
nd

om
se

ed
ge

n
se

ed
.

T
hi

s
is

on
ly

m
ea

ni
ng

fu
lw

ith
in

te
gr

at
orm

d.

ge
n

te
m

p:
(3

00
)

[K
]

te
m

pe
ra

tu
re

fo
r

M
ax

w
el

ld
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tr
ib

ut
io

n

ge
n
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ed
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ra
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0
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re
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-
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ra
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ra
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r.

T
he

ac
cu

ra
cy

in
se

tw
ithlin

cs
or

de
r,

w
hi

ch
se

ts
th

e
nu

m
be

r
of

m
at

ric
es

in
th

e
ex

pa
ns

io
n

fo
r

th
e

m
at

rix
in

ve
rs

io
n,

4
is

en
ou

gh
fo

r
a

”n
or

m
al

”
M

D

6
.2

.
R

e
m

ov
in

g
fa

st
e

st
d

eg
re

e
s

o
ff

re
e

d
o

m
1

1
1

D

d

α

d B
A

C

���������� ����������

���������� ����������

���������� ����������

����
�

����
�

����
�

����
�

	�	�
	

	�	�
	


�
�




�
�



���������� ����������

� ���

����
�

����
�

����
�

����
�

���������� ����������

F
ig

ur
e

6.
3:

T
he

di
ffe

re
nt

ty
pe

s
of

du
m

m
y

at
om

co
ns

tr
uc

tio
ns

us
ed

fo
rh

yd
ro

ge
n

at
om

s.
T

he
at

om
s

us
ed

in
th

e
co

ns
tr

uc
tio

n
of

th
e

du
m

m
y

at
om

(s
)a

re
de

pi
ct

ed
as

bl
ac

k
ci

rc
le

s,
du

m
m

y
at

om
s

as
gr

ey
on

es
.

H
yd

ro
ge

ns
ar

e
sm

al
le

r
th

an
he

av
y

at
om

s.
A

:fi
xe

d
bo

nd
an

gl
e,

no
te

th
at

he
re

th
e

hy
dr

og
en

is
no

ta
du

m
m

y
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om
;B
:i

n
th

e
pl

an
e
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th

re
e
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om

s,
w

ith
fix

ed
di
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an

ce
;

C
:i

n
th

e
pl

an
e

of
th

re
e

at
om

s,
w

ith
fix

ed
an

gl
e

an
d

di
st

an
ce

;
D

:c
on

st
ru

ct
io

n
fo

r
am

in
e

gr
ou

ps
(

-N
H

2
or

-N
H

+ 3
),

se
e

te
xt

fo
r

de
ta

ils
.

m
ot

io
ns

,i
s

to
in

cr
ea

se
th

e
m
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s

of
th

e
hy

dr
og

en
at

om
s
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th

e
ex
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e
of
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e

m
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s
of

th
e
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nn
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d
he
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y
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om

.
T
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-
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w

ill
sh

or
tly

be
de

sc
rib

ed
in

se
c.

6.
2.

1
an

d
ha

ve
pr

ev
io

us
ly

be
en

de
sc

rib
ed

in
fu

ll
de

ta
il

[
63

].

U
si

ng
bo

th
du

m
m

y
at

om
s

an
d

m
od

ifi
ed

m
as

se
s,

th
e

ne
xt

bo
ttl

en
ec

k
is

lik
el

y
to

be
fo

rm
ed

by
th

e
im

pr
op

er
di

he
dr

al
s

(w
hi

ch
ar

e
us

ed
to

pr
es

er
ve

pl
an

ar
ity

or
ch

ira
lit

y
of

m
ol

ec
ul

ar
gr

ou
ps

)
an

d
th

e
pe

pt
id

e
di

he
dr

al
s.

T
he

pe
pt

id
e

di
he

dr
al

ca
nn

ot
be

ch
an

ge
d

w
ith

ou
t

af
fe

ct
in

g
th

e
ph

ys
ic

al
be

-
ha

vi
or

of
th

e
pr

ot
ei

n.
T

he
im

pr
op

er
di

he
dr

al
s

th
at

pr
es

er
ve

pl
an

ar
ity

,
m

os
tly

de
al

w
ith

ar
om

at
ic

re
si

du
es

.
B

on
ds

,a
ng

le
s

an
d

di
he

dr
al

s
in

th
es

e
re

si
du

es
ca

n
al

so
be

re
pl

ac
ed

w
ith

so
m

ew
ha

te
la

b-
or

at
e

du
m

m
y

at
om

co
ns

tr
uc

tio
ns

,a
s

w
ill

be
de

sc
rib

ed
in

se
c.

6.
2.

2
[6

4]
.

A
ll

m
od

ifi
ca

tio
ns

de
sc

rib
ed

in
th

is
se

ct
io

n
ca

n
be

pe
rf

or
m

ed
us

in
g

th
e

G
R

O
M

A
C

S
to

po
lo

gy
bu

ild
-

in
g

to
ol

p
d

b
2

g
m

x
.

S
ep

ar
at

e
op

tio
ns

ex
is

t
to

in
cr

ea
se

hy
dr

og
en

m
as

se
s,

du
m

m
ify

al
lh

yd
ro

ge
n

at
om

s
or

al
so

du
m

m
ify

al
la

ro
m

at
ic

re
si

du
es

.
N

ot
e

th
at

w
he

n
al

lh
yd

ro
ge

n
at

om
s

ar
e

du
m

m
ifi

ed
,

al
so

th
os

e
in

si
de

th
e

ar
om

at
ic

re
si

du
es

w
ill

be
du

m
m

ifi
ed

,
i.e

.h
yd

ro
ge

ns
in

th
e

ar
om

at
ic

re
si

du
es

ar
e

tr
ea

te
d

di
ffe

re
nt

ly
de

pe
nd

in
g

on
th

e
tr

ea
tm

en
to

ft
he

ar
om

at
ic

re
si

du
es

.

P
ar

am
et

er
s

fo
r

th
e

du
m

m
y

co
ns

tr
uc

tio
ns

fo
r

th
e

hy
dr

og
en

at
om

s
ar

e
in

fe
rr

ed
fr

om
th

e
fo

rc
efi

el
d

pa
ra

m
et

er
s

(vi
s.

bo
nd

le
ng

th
s

an
d

an
gl

es
)

di
re

ct
ly

byg
ro

m
p

p
w

hi
le

pr
oc

es
si

ng
th

e
to

po
lo

gy
fil

e.
T

he
co

ns
tr

uc
tio

ns
fo

r
th

e
ar

om
at

ic
re

si
du

es
ar

e
ba

se
d

on
th

e
bo

nd
le

ng
th

s
an

d
an

gl
es

fo
r

th
e

ge
om

et
ry

as
de

sc
rib

ed
in

th
e

fo
rc

efi
el

ds
,b

ut
th

es
e

pa
ra

m
et

er
s

ar
e

ha
rd

-c
od

ed
in

to
p

d
b

2
g

m
x

du
e

to
th

e
co

m
pl

ex
na

tu
re

of
th

e
co

ns
tr

uc
tio

n
ne

ed
ed

fo
r

a
w

ho
le

ar
om

at
ic

gr
ou

p.

6.
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1
H

yd
ro

ge
n

bo
nd

-a
ng

le
vi

br
at

io
ns

C
on

st
ru

ct
io

n
of

D
um

m
y

A
to

m
s

T
he

go
al

of
de

fin
in

g
hy

dr
og

en
at

om
s

as
du

m
m

y
at

om
s

is
to

re
m

ov
e

al
lh

ig
h-

fr
eq

ue
nc

y
de

gr
ee

s
of

fr
ee

do
m

fr
om

th
em

.
In

so
m

e
ca

se
s

no
t

al
ld

eg
re

es
of

fr
ee

do
m

of
a

hy
dr

og
en

at
om

sh
ou

ld
be

re
m

ov
ed

,e
.g

.i
n

th
e

ca
se

of
hy

dr
ox

yl
or

am
in

e
gr

ou
ps

th
e

ro
ta

tio
na

l
fr

ee
do

m
of

th
e

hy
dr

og
en
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2
C

h
a
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te
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S

p
e

cia
lTo

p
ics

atom
(s)

should
be

preserved.
C

are
should

be
taken

that
no

unw
anted

correlations
are

introduced
by

the
construction

of
dum

m
y

atom
s,
e.g.bond-angle

vibration
betw

een
the

constructing
atom

s
could

translate
into

hydrogen
bond-length

vibration.
A

dditionally,
since

dum
m

y
atom

s
are

by
definition

m
assless,

in
order

to
preserve

totalsystem
m

ass,
the

m
ass

of
each

hydrogen
atom

that
is

treated
as

dum
m

y
atom

should
be

added
to

the
bonded

heavy
atom

.

Taking
into

accountthese
considerations,the

hydrogen
atom

s
in

a
protein

naturally
fallinto

several
categories,each

requiring
a

differentapproach
(see

also
F

ig.
6.3).

•
h

yd
ro

xyl
(-O

H
)

o
r

su
lfh

yd
ryl

(-S
H

)
h

yd
roge

n
:T

he
only

internal
degree

of
freedom

in
a

hydroxylgroup
that

can
be

constrained
is

the
bending

of
the

C
-O

-H
angle.

T
his

angle
is

fixed
by

defining
an

additionalbond
ofappropriate

length,see
F

ig.
6.3A

.T
his

rem
oves

the
high

frequency
angle

bending,butleaves
the

dihedralrotationalfreedom
.

T
he

sam
e

goes
for

a
sulfhydrylgroup.

N
ote

thatin
these

cases
the

hydrogen
is

nottreated
as

a
dum

m
y

atom
.

•
sin

g
le

a
m

in
e

o
r

a
m

id
e

(-N
H

-)
a

n
d

a
ro

m
a

tic
h

yd
roge

n
s

(
-C

H
-):

T
he

position
of

these
hy-

drogens
cannot

be
constructed

from
a

linear
com

bination
of

bond
vectors,

because
of

the
flexibility

of
the

angle
betw

een
the

heavy
atom

s.
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
pointon

the
line

through
both

second
bonded

atom
s,see

F
ig.

6.3B
.

•
p

la
n

a
ra

m
in

e
(-N

H
2 )h

yd
roge

n
s:T

he
m

ethod
used

forthe
single

am
ide

hydrogen
is

notw
ell

suited
for

planar
am

ine
groups,because

no
suitable

tw
o

heavy
atom

s
can

be
found

to
define

the
direction

ofthe
hydrogen

atom
s.

Instead,the
hydrogen

is
constructed

ata
fixed

distance
from

the
nitrogen

atom
,

w
ith

a
fixed

angle
to

the
carbon

atom
,

in
the

plane
defined

by
one

ofthe
other

heavy
atom

s,see
F

ig.
6.3C

.

•
a

m
in

e
g

ro
u

p
(u

m
b

re
lla-N

H
2

o
r

-N
H

+3
)

h
yd

roge
n

s:A
m

ine
hydrogens

w
ith

rotationalfree-
dom

cannot
be

constructed
as

dum
m

y
atom

s
from

the
heavy

atom
s

they
are

connected
to,

since
this

w
ould

result
in

loss
of

the
rotationalfreedom

of
the

am
ine

group.
To

preserve
the

rotationalfreedom
w

hile
rem

oving
the

hydrogen
bond-angle

degrees
of

freedom
,

tw
o

“dum
m

y
m

asses”
are

constructed
w

ith
the

sam
e

totalm
ass,m

om
entofinertia

(for
rotation

around
theC

-N
bond)

and
center

of
m

ass
as

the
am

ine
group.

T
hese

dum
m

y
m

asses
have

no
interaction

w
ith

any
other

atom
,exceptfor

the
factthatthey

are
connected

to
the

carbon
and

to
each

other,resulting
in

a
rigid

triangle.
F

rom
these

three
particles

the
positions

ofthe
nitrogen

and
hydrogen

atom
s

are
constructed

as
linearcom

binations
ofthe

tw
o

carbon-m
ass

vectors
and

their
outer

product,resulting
in

an
am

ine
group

w
ith

rotationalfreedom
intact,

butw
ithoutother

internaldegrees
offreedom

.
S

ee
F

ig.
6.3D

.

6.2.2
O

ut-of-plane
vibrations

in
arom

atic
groups

T
he

planar
arrangem

ents
in

the
side

chains
of

the
arom

atic
residues

lends
itself

perfectly
to

a
dum

m
y-atom

construction,
giving

a
perfectly

planar
group

w
ithout

the
inherently

instable
con-

straints
thatare

necessary
to

keep
norm

alatom
s

in
a

plane.
T

he
basic

approach
is

to
define

three
atom

s
or

dum
m

y
m

asses
w

ith
constraints

betw
een

them
to

fix
the

geom
etry

and
create

the
restof

the
atom

s
as

sim
ple

dum
m

y
type

3
atom

s
(see

sec.
4.5)

from
these

three.
E

ach
of

the
arom

atic
residues

require
a

differentapproach:

7
.3

.
R

u
n

P
a

ra
m

e
te

rs
1

2
9

sem
iisotropic
P

ressure
coupling

w
hich

is
isotropic

in
the

x
and

y
direction,

but
different

in
the

z
direction.

T
his

can
be

usefulfor
m

em
brane

sim
ulations.

2
values

are
needed

for
x/y

and
z

directions
respectively.

anisotropic
Idem

,
but

6
values

are
needed

for
xx,

yy,
zz,

xy/yx,
xz/zx

and
yz/zy

com
ponents

respectively.
W

hen
the

off-diagonalcom
pressibilities

are
setto

zero,a
rectangularbox

w
illstay

rectangular.
B

ew
are

thatanisotropic
scaling

can
lead

to
extrem

e
deform

ation
ofthe

sim
ulation

box.

surface-tension
S

urface
tension

coupling
for

surfaces
parallelto

the
xy-plane.

U
ses

norm
alpressure

coupling
for

the
z-direction,

w
hile

the
surface

tension
is

coupled
to

the
x/y

dim
en-

sions
ofthe

box.
T

he
firstref

p
value

is
the

reference
surface

tension
tim

es
the

num
-

ber
of

surfaces
[bar

nm
],

the
second

value
is

the
reference

z-pressure
[bar].

T
he

tw
o

com
pressibility

[bar −
1]

values
are

the
com

pressibility
in

the
x/y

and
z

direction
re-

spectively.
T

he
value

for
the

z-com
pressibility

should
be

reasonably
accurate

since
it

influences
the

converge
ofthe

surface-tension,itcan
also

be
setto

zero
to

have
a

box
w

ith
constantheight.

triclinicF
ully

dynam
ic

box
-

supported,
but

experim
ental.

You
should

provide
six

values
for

the
com

pressibility
and

reference
pressure.

tau
p:

(1)
[ps]

tim
e

constantfor
coupling

com
pressibility:

[bar −
1]

com
pressibility

(N
O

T
E

:
this

is
now

really
in

bar
−

1)
F

or
w

ater
at

1
atm

and
300

K
the

com
pressibility

is
4.5e-5

[bar −1].

ref
p:

[bar]
reference

pressure
for

coupling

7.3.12
S

im
ulated

annealing

annealing:

no
N

o
sim

ulated
annealing.

yes
S

im
ulated

annealing
to

0
[K

]
at

tim
ezero

tem
p

tim
e

(ps).
R

eference
tem

perature
for

the
B

erendsen-therm
ostat

isref
t

x
(1

-
tim

e
/zero

tem
p

tim
e),

tim
e

constant
is

tau
t

[ps].
N

ote
that

the
reference

tem
perature

w
illnot

go
below

0
[K

],
i.e.after

zero
tem

p
tim

e
(if

it
is

positive)
the

reference
tem

perature
w

ill
be

0
[K

].
N

egative
zero

tem
p

tim
e

results
in

heating,w
hich

w
illgo

on
indefinitely.



1
2

8
C

h
a

p
te

r
7

.
R

u
n

p
a

ra
m

e
te

rs
a

n
d

P
ro

g
ra

m
s

be
re

nd
se

n
Te

m
pe

ra
tu

re
co

up
lin

g
w

ith
a

B
er

en
ds

en
-t

he
rm

os
ta

t
to

a
ba

th
w

ith
te

m
pe

ra
tu

re
re

f
t

[K
],

w
ith

tim
e

co
ns

ta
nt

ta
u

t[
ps

].
S

ev
er

al
gr

ou
ps

ca
n

be
co

up
le

d
se

pa
ra

te
ly

,t
he

se
ar

e
sp

ec
ifi

ed
in

th
etc

gr
ps

fie
ld

se
pa

ra
te

d
by

sp
ac

es
.

no
se

-h
oo

ve
r

Te
m

pe
ra

tu
re

co
up

lin
g

w
ith

a
by

us
in

g
a

N
os

e-
H

oo
ve

r
ex

te
nd

ed
en

se
m

bl
e.

T
he

re
fe

r-
en

ce
te

m
pe

ra
tu

re
an

d
co

up
lin

g
gr

ou
ps

ar
e

se
le

ct
ed

as
ab

ov
e,

bu
ti

n
th

is
ca

se
ta

u
t[

ps
]

co
nt

ro
ls

th
e

pe
rio

d
of

th
e

te
m

pe
ra

tu
re

flu
ct

ua
tio

ns
at

eq
ui

lib
riu

m
,

w
hi

ch
is

sl
ig

ht
ly

di
ffe

re
nt

fr
om

a
re

la
xa

tio
n

tim
e.

tc
gr

ps
:

gr
ou

ps
to

co
up

le
se

pa
ra

te
ly

to
te

m
pe

ra
tu

re
ba

th

ta
u

t:
[p

s]
tim

e
co

ns
ta

nt
fo

r
co

up
lin

g
(o

ne
fo

r
ea

ch
gr

ou
p

in
tcgr
ps

)

re
f

t:
[K

]
re

fe
re

nc
e

te
m

pe
ra

tu
re

fo
r

co
up

lin
g

(o
ne

fo
r

ea
ch

gr
ou

p
in

tc
gr

ps
)

7.
3.

11
P

re
ss

ur
e

co
up

lin
g

pc
ou

pl
: no

N
o

pr
es

su
re

co
up

lin
g.

T
hi

s
m

ea
ns

a
fix

ed
bo

x
si

ze
.

be
re

nd
se

n
E

xp
on

en
tia

lr
el

ax
at

io
n

pr
es

su
re

co
up

lin
g

w
ith

tim
e

co
ns

ta
nt

ta
u

p
[p

s]
.

T
he

bo
x

is
sc

al
ed

ev
er

y
tim

es
te

p.
It

ha
s

be
en

ar
gu

ed
th

at
th

is
do

es
no

ty
ie

ld
a

co
rr

ec
tt

he
rm

od
y-

na
m

ic
en

se
m

bl
e,

bu
t

it
is

th
e

m
os

t
ef

fic
ie

nt
w

ay
to

sc
al

e
a

bo
x

at
th

e
be

gi
nn

in
g

of
a

ru
n.

P
ar

rin
el

lo
-R

ah
m

an
E

xt
en

de
d-

en
se

m
bl

e
pr

es
su

re
co

up
lin

g
w

he
re

th
e

bo
x

ve
ct

or
s

ar
e

su
bj

ec
tt

o
an

eq
ua

tio
n

of
m

ot
io

n.
T

he
eq

ua
tio

n
of

m
ot

io
n

fo
r

th
e

at
om

s
is

co
up

le
d

to
th

is
.

N
o

in
st

an
ta

ne
ou

s
sc

al
in

g
ta

ke
s

pl
ac

e.
A

s
fo

rN
os

e-
H

oo
ve

rt
em

pe
ra

tu
re

co
up

lin
g

th
e

tim
e

co
ns

ta
nt

ta
u

p
[p

s]
is

th
e

pe
rio

d
of

pr
es

su
re

flu
ct

ua
tio

ns
at

eq
ui

lib
riu

m
.

T
hi

s
is

pr
ob

ab
ly

a
be

tte
r

m
et

ho
d

w
he

n
yo

u
w

an
t

to
ap

pl
y

pr
es

su
re

sc
al

in
g

du
rin

g
da

ta
co

lle
ct

io
n,

bu
t

be
w

ar
e

th
at

yo
u

ca
n

ge
tv

er
y

la
rg

e
os

ci
lla

tio
ns

if
yo

u
ar

e
st

ar
tin

g
fr

om
a

di
ffe

re
nt

pr
es

su
re

.

pc
ou

pl
ty

pe
:

is
ot

ro
pi

c
Is

ot
ro

pi
c

pr
es

su
re

co
up

lin
g

w
ith

tim
e

co
ns

ta
ntta
u

p
[p

s]
.

T
he

co
m

pr
es

si
bi

lit
y

an
d

re
fe

re
nc

e
pr

es
su

re
ar

e
se

t
w

ithco
m

pr
es

si
bi

lit
y

[b
ar
−

1
]

an
d

re
f

p
[b

ar
],

on
e

va
lu

e
is

ne
ed

ed
.
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V
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co

si
ty
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lc

u
la

tio
n

1
1

3

ε

η

ζ
δ

ε

γ

ε

δ
ε

δε
δ γ

ζ
ε

η

ε
δ

γ

P
h

e
T
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H
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T

rp

ζ

ε

ζ

ε
δ
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n
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S

p
e

cia
lTo

p
ics

on
the

off-diagonalpressure
elem

ents,
w

hich
can

increase
the

calculated
viscosity

by
an

order
of

m
agnitude.

G
R

O
M

A
C

S
also

has
a

non-equilibrium
m

ethod
fordeterm

ining
the

viscosity
[

65].
T

his
m

akes
use

of
the

fact
that

energy,
w

hich
is

fed
into

system
by

externalforces,
is

dissipated
through

viscous
friction.

T
he

generated
heatis

rem
oved

by
coupling

to
a

heatbath.
F

or
a

N
ew

tonian
liquid

adding
a

sm
allforce

w
illresultin

a
velocity

gradientaccording
to

the
follow

ing
equation:

a
x (z)

+
ηρ

∂
2v

x (z)
∂
z
2

=
0

(6.2)

here
w

e
have

applied
an

acceleration
a

x (z)
in

the
x

-direction,
w

hich
is

a
function

of
thez-

coordinate.
In

G
R

O
M

A
C

S
the

acceleration
profile

is:

a
x (z)

=
A

cos (
2
π
z

lz )
(6.3)

w
here

lz
is

the
heightofthe

box.
T

he
generated

velocity
profile

is:

v
x (z)

=
V

cos (
2
π
z

lz )
(6.4)

V
=
A
ρη (

lz2
π )

2

(6.5)

T
he

viscosity
can

be
calculated

fromA
and

V
:

η
=
AV
ρ (

lz2
π )

2

(6.6)

In
the

sim
ulationV

is
defined

as:V
=

N∑i=
1

m
i v

i,x 2
cos (

2
π
z

lz )
N∑i=

1

m
i

(6.7)

T
he

generated
velocity

profile
is

not
coupled

to
the

heat
bath,

m
oreover

the
velocity

profile
is

excluded
from

the
kinetic

energy.
O

ne
w

ould
like
V

to
be

as
large

as
possible

to
getgood

statistics.
H

ow
ever

the
shear

rate
should

not
be

so
high

that
the

system
gets

too
far

from
equilibrium

.
T

he
m

axim
um

shear
rate

occurs
w

here
the

cosine
is

zero,the
rate

being:

sh
m

a
x

=
m

axz ∣∣∣∣ ∂
v
x (z)
∂
z ∣∣∣∣ =

A
ρη

lz2π
(6.8)

F
or

a
sim

ulation
w

ith:η
=

10
−

3
[kg

m
−

1
s −

1],
ρ

=
10

3
[kg

m
−

3]
and

lz
=

2π
[nm

],
shm

a
x

=
1

[ps
nm

−
1]
A

.
T

his
shear

rate
should

be
sm

aller
than

one
over

the
longestcorrelation

tim
e

in
the

system
.

F
orm

ostliquids
this

w
illbe

the
rotation

correlation
tim

e,w
hich

is
around

10
picoseconds.

In
this

caseA
should

be
sm

aller
than

0.1
[nm

ps
−

2].
W

hen
the

shear
rate

is
too

high,the
observed

viscosity
w

illbe
too

low
.

B
ecauseV

is
proportionalto

the
square

of
the

box
height,

the
optim

al

7
.3

.
R

u
n

P
a

ra
m

e
te

rs
1

2
7

fourierspacing:
(0.12)

[nm
]

T
he

m
axim

um
grid

spacing
forthe

F
F

T
grid

w
hen

using
P

P
P

M
orP

M
E

.F
orordinary

E
w

ald
the

spacing
tim

es
the

box
dim

ensions
determ

ines
the

highest
m

agnitude
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)
H

ighestm
agnitude

ofw
ave

vectors
in

reciprocalspace
w

hen
using

E
w

ald.
G

rid
size

w
hen

using
P

P
P

M
or

P
M

E
.T

hese
values

override
fourierspacing

per
direction.

T
he

bestchoice
is

pow
ers

of2,3,5
and

7.
A

void
large

prim
es.

pm
e

order
(4)

Interpolation
order

for
P

M
E

.4
equals

cubic
interpolation.

You
m

ighttry
6/8/10

w
hen

run-
ning

in
paralleland

sim
ultaneously

decrease
grid

dim
ension.

ew
ald

rtol(1e-5)
T

he
relative

strength
ofthe

E
w

ald-shifted
directpotentialatthe

cutoffis
given

by
ew

ald
rtol.

D
ecreasing

this
w

illgive
a

m
ore

accurate
directsum

,butthen
you

need
m

ore
w

ave
vectors

for
the

reciprocalsum
.

ew
ald

geom
etry:

(3d)
T

he
geom

etry
to

use
for

E
w

ald
sum

m
ations.

3d
m

eans
the

sum
is

perform
ed

in
allthree

dim
ensions.

Ifyour
system

has
a

slab
geom

etry
in

the
x-y

plane
you

can
try

to
increase

box
z

dim
ension

and
use

the3dc
geom

etry.
T

he
reciprocalsum

is
stillperform

ed
in

3d,
but

a
force

and
potentialcorrection

applied
in

the
z

dim
ension

to
produce

a
pseudo-2d

sum
m

ation.
In

the
future

there
m

ightalso
be

a
true

2d
option,butthis

is
notw

orking
yet.

surface
epsilon:

(0)
T

his
controls

the
dipole

correction
to

the
E

w
ald

sum
m

ation
in

3d.
T

he
defaultvalue

ofzero
m

eans
itis

turned
off.

T
urn

iton
by

setting
itto

the
value

ofthe
relative

perm
ittivity

ofthe
im

aginary
surface

around
your

infinite
system

.
B

e
careful-

you
shouldn’t

use
this

if
you

have
free

m
obile

charges
in

your
system

.
T

his
value

does
notaffectthe

slab
3D

C
variantof

the
long

range
corrections.

optim
ize

fft:

no
D

on’tcalculate
the

optim
alF

F
T

plan
for

the
grid

atstartup.

yes
C

alculate
the

optim
alF

F
T

plan
for

the
grid

at
startup.

T
his

saves
a

few
percent

for
long

sim
ulations,buttakes

a
couple

ofm
inutes

atstart.

7.3.10
Tem

perature
coupling

tcoupl:no
N

o
tem

perature
coupling.
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T
he

he
at

ge
ne

ra
te

d
by

th
e

vi
sc

ou
s

fr
ic

tio
n

is
re

m
ov

ed
by

co
up

lin
g

to
a

he
at

ba
th

.
B

ec
au

se
th

is
co

up
lin

g
is

no
t

in
st

an
ta

ne
ou

s
th

e
re

al
te

m
pe

ra
tu

re
of

th
e

liq
ui

d
w

ill
be

sl
ig

ht
ly

lo
w

er
th

an
th

e
ob

se
rv

ed
te

m
pe

ra
tu

re
.

B
er

en
ds

en
de

riv
ed

th
is

te
m

pe
ra

tu
re

sh
ift

[
20

],
w

hi
ch

ca
n

be
w

rit
te

n
in

te
rm

s
of

th
e

sh
ea

r
ra

te
as

:
T

s
=

η
τ

2ρ
C

v
sh

2 m
a
x

(6
.9

)

w
he

re
τ

is
th

e
co

up
lin

g
tim

e
fo

r
th

e
B

er
en

ds
en

th
er

m
os

ta
t

an
d

C
v

is
th

e
he

at
ca

pa
ci

ty
.

U
si

ng
th

e
va

lu
es

of
th

e
ex

am
pl

e
ab

ov
e,τ

=
10
−

1
3

[s
]

an
d
C

v
=

2
·1

03
[J

kg
−

1
K
−

1
],

w
e

ge
t:
T

s
=

25
[K

ps
−

2
]s

h2 m
a
x
.

W
he

n
w

e
w

an
tt

he
sh

ea
r

ra
te

to
be

sm
al

le
r

th
an

1/
10

[p
s−

1
],
T

s
is

sm
al

le
r

th
an

0.
25

[K
],

w
hi

ch
is

ne
gl

ig
ib

le
.

N
ot

e
th

at
th

e
sy

st
em

ha
s

to
bu

ild
up

th
e

ve
lo

ci
ty

pr
ofi

le
w

he
n

st
ar

tin
g

fr
om

an
eq

ui
lib

riu
m

st
at

e.
T

hi
s

bu
ild

-u
p

tim
e

is
of

th
e

or
de

r
of

th
e

co
rr

el
at

io
n

tim
e

of
th

e
liq

ui
d.

Tw
o

qu
an

tit
ie

s
ar

e
w

rit
te

n
to

th
e

en
er

gy
fil

e,
al

on
g

w
ith

th
ei

ra
ve

ra
ge

s
an

d
flu

ct
ua

tio
ns

:
V

an
d1
/η

as
ob

ta
in

ed
fr

om
(6.
6)

.

6.
4

Ta
bu

la
te

d
fu

nc
tio

ns

6.
4.

1
C

ub
ic

sp
lin

es
fo

r
po

te
nt

ia
ls

In
so

m
e

of
th

e
in

ne
r

lo
op

s
of

G
R

O
M

A
C

S
lo

ok
up

ta
bl

es
ar

e
us

ed
fo

r
co

m
pu

ta
tio

n
of

po
te

nt
ia

la
nd

fo
rc

es
.

T
he

ta
bl

es
ar

e
in

te
rp

ol
at

ed
us

in
g

a
cu

bi
c

sp
lin

e
al

go
rit

hm
.

T
he

re
ar

e
se

pa
ra

te
ta

bl
es

fo
r

el
ec

tr
os

ta
tic

,d
is

pe
rs

io
n

an
d

re
pu

ls
io

n
in

te
ra

ct
io

ns
,b

ut
fo

r
th

e
sa

ke
of

ca
ch

in
g

pe
rf

or
m

an
ce

th
es

e
ha

ve
be

en
co

m
bi

ne
d

in
to

a
si

ng
le

ar
ra

y.
T

he
cu

bi
c

sp
lin

e
in

te
rp

ol
at

io
n

lo
ok

s
lik

e
th

is
:

y
(x

)
=

η
y i

+
εy

i+
1
+
h

2 6

[ (η
3
−
η
)y

′′ i
+

(ε
3
−
ε)
y
′′ i+

1

]
(6

.1
0)

w
he

re
ε

=
1-
η
,a

nd
y i

an
d
y
′′ i

ar
e

th
e

ta
bu

la
te

d
va

lu
es

of
a

fu
nc

tio
n
y
(x

)
an

d
its

se
co

nd
de

riv
at

iv
e

re
sp

ec
tiv

el
y.

F
ur

th
er

m
or

e,

h
=

x
i+

1
−
x

i
(6

.1
1)

ε
=

(x
−
x

i)
/
h

(6
.1

2)

so
th

at
0
≤
ε
<

1.
eq

n.
6.

10
ca

n
be

re
w

rit
te

n
as

y
(x

)
=

y i
+
ε

( y i
+

1
−
y i
−
h

2 6

( 2y
′′ i

+
y
′′ i+

1

)) +
ε2
( h2 2

y
′′ i

) +
ε3
h

2 6

( y
′′ i+

1
−
y
′′ i

)
(6

.1
3)

N
ot

e
th

at
th

e
x-

de
pe

nd
en

ce
is

co
m

pl
et

el
y

in
ε.

T
hi

s
ca

n
ab

br
ev

ia
te

d
to

y
(x

)
=

y i
+
εF

i
+
ε2
G

i
+
ε3
H

i
(6

.1
4)

F
ro

m
th

is
w

e
ca

n
ca

lc
ul

at
e

th
e

de
riv

at
iv

e
in

or
de

r
to

de
te

rm
in

e
th

e
fo

rc
es

:

dy
(x

)
dx

=
dy

(x
)

dε
dε dx

=
(F

i
+

2ε
G

i
+

3ε
2
H

i)
/h

(6
.1

5)
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6
C

h
a

p
te

r
6
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S

p
e

cia
lTo

p
ics

If
w

e
store

in
the

tabley
i ,
F

i ,
G

i
and

H
i

w
e

need
a

table
of

length
4n.

T
he

num
ber

of
points

per
nanom

eter
should

be
on

the
order

of
500

to
1000,

for
accurate

representation
(relative

error
<

10 −
4

w
hen

n
=

500
points/nm

).
T

he
force

routines
geta

scaling
factor
s

as
a

param
eter

thatis
equalto

the
num

ber
ofpoints

per
nm

.
(N

ote
that
h

is
s −

1).

T
he

algorithm
goes

a
little

som
ething

like
this:

1.
C

alculate
distance

vector
(

r
ij )

and
distance

rij

2.
M

ultiply
r
ij

by
s

and
truncate

to
an

integer
valuen0

to
geta

table
index

3.
C

alculate
fractionalcom

ponent(
ε

=
srij −

n
0 )

and
ε
2

4.
D

o
the

interpolation
to

calculate
the

potential
V

and
the

the
scalar

forcef

5.
C

alculate
the

vector
forceF

by
m

ultiplying
f

w
ith

r
ij

T
he

tables
are

stored
internally

as
y

i ,
F

i ,
G

i ,
H

i
in

the
order

coulom
b,

dispersion,
repulsion.

In
totalthere

are
12

values
in

each
table

entry.
H

ow
ever,as

evidentfrom
eqn.

6.10,only
tw

o
values

(y
and

y
′′)

are
necessary

to
determ

ine
each

of
the

repulsion,
dispersion

and
C

oulom
b

potentials;
from

thesey
i ,
F

i ,
G

i
and

H
i

can
be

determ
ined.

H
ence

the
G

R
O

M
A

C
S

user
only

has
to

specify
y

and
y
′′,

for
each

of
these,

leading
to

a
totalof

six
functions

to
be

specified
in

the
input

to
the

m
d

ru
n

program
.

N
ote

thattable
lookup

is
significantlyslo

w
e

rthan
com

putation
ofthe

m
ostsim

ple
Lennard-Jones

and
C

oulom
b

interaction.
H

ow
ever,

it
is

m
uch

faster
than

the
shifted

coulom
b

function
used

in
conjunction

w
ith

the
P

P
P

M
m

ethod.
F

inally
it

is
m

uch
easier

to
m

odify
a

table
for

the
potential

(and
geta

graphicalrepresentation
ofit)

than
to

m
odify

the
inner

loops
ofthe

M
D

program
.

6.4.2
U

ser
specified

potentialfunctions

You
can

also
use

yourow
n

potentialfunctions
w

ithoutediting
the

G
R

O
M

A
C

S
code.

T
he

potential
function

should
be

according
to

the
follow

ing
equation

V
(r

ij )
=

q
i q

j

4π
ε
0
f(r

ij )
+
C

6 g(r
ij )

+
C

1
2 h(r

ij )
(6.16)

w
ith

f,g,h
user

defined
functions.

N
ote

thatifg(r)
represents

a
norm

aldispersion
interaction,g(r)

should
be<

0.
C

6 ,
C

1
2

and
the

charges
are

read
from

the
topology.

A
lso

note
that

com
bination

rules
are

only
supported

for
Lennard

Jones
and

B
uckingham

,
and

that
your

tables
should

m
atch

the
param

eters
in

the
binary

topology.

W
hen

you
add

the
follow

ing
lines

in
your.m

d
p

file:

rlist
=

1
.0

co
u

lo
m

b
typ

e
=

U
se

r
rco

u
lo

m
b

=
1

.0
vd

w
typ

e
=

U
se

r
rvd

w
=

1
.0

7
.3

.
R

u
n

P
a

ra
m

e
te

rs
1

2
5

7.3.9
E

lectrostatics
and

V
dW

coulom
btype:

C
ut-offTw

in
range

cut-off’s
w

ith
neighborlist

cut-offrlist
and

C
oulom

b
cut-offrcoulom

b,
w

hererlist
<

rvdw
<

rcoulom
b.

T
he

dielectric
constantis

setw
ithepsilon

r.

E
w

aldC
lassicalE

w
ald

sum
electrostatics.

U
se

e.g.rlist=
0.9,rvdw

=
0.9,rcoulom

b=
0.9.

T
he

highest
m

agnitude
of

w
ave

vectors
used

in
reciprocal

space
is

controlled
by

fouri-
erspacing.

T
he

relative
accuracy

ofdirect/reciprocalspace
is

controlled
by

ew
ald

rtol.
N

O
T

E
:

E
w

ald
scales

as
O

(N 3/
2)

and
is

thus
extrem

ely
slow

for
large

system
s.

It
is

included
m

ainly
for

reference
-

in
m

ostcases
P

M
E

w
illperform

m
uch

better.

P
M

E
F

ast
P

article-M
esh

E
w

ald
electrostatics.

D
irect

space
is

sim
ilar

to
the

E
w

ald
sum

,
w

hile
the

reciprocalpartis
perform

ed
w

ith
F

F
T

s.
G

rid
dim

ensions
are

controlled
w

ith
fourierspacing

and
the

interpolation
order

w
ithpm

e
order.

W
ith

a
grid

spacing
of

0.1
nm

and
cubic

interpolation
the

electrostatic
forces

have
an

accuracy
of

2-3e-4.
S

ince
the

error
from

the
vdw

-cutoff
is

larger
than

this
you

m
ight

try
0.15

nm
.

W
hen

running
in

parallelthe
interpolation

parallelizes
better

than
the

F
F

T,so
try

decreasing
grid

dim
ensions

w
hile

increasing
interpolation.

P
P

P
MP

article-P
article

P
article-M

esh
algorithm

for
long

range
electrostatic

interactions.
U

se
forexam

plerlist=
1

.0
,rcoulom

b
sw

itch=
0

.0
,rcoulom

b
=

0
.8

5
,rvdw

sw
itch=

1
.0

and
rvdw

=
1

.0
.

T
he

grid
dim

ensions
are

controlled
byfourierspacing.

R
easonable

grid
spacing

for
P

P
P

M
is

0.05-0.1
nm

.
S

ee
S

h
ift

for
the

details
of

the
particle-

particle
potential.

N
O

T
E

:the
pressure

in
incorrectw

hen
using

P
P

P
M

.

R
eaction-F

ield
R

eaction
field

w
ith

C
oulom

b
cut-offrcoulom

b,w
herercoulom

b
>

rvdw
>

rlist.
T

he
dielectric

constant
beyond

the
cut-off

isepsilon
r.

T
he

dielectric
constant

can
be

set
to

infinity
by

settingepsilon
r=

0.

G
eneralized-R

eaction-F
ield

G
eneralized

reaction
field

w
ith

C
oulom

b
cut-off

rcoulom
b,w

herercoulom
b
>

rvdw
>

rlist.
T

he
dielectric

constant
beyond

the
cut-off

is
epsilon

r.
T

he
ionic

strength
is

com
puted

from
the

num
ber

ofcharged
(

i.e.w
ith

non
zero

charge)
charge

groups.
T

he
tem

perature
for

the
G

R
F

potentialis
setw

ith
ref

t
[K

].

S
hiftT

he
C

oulom
b

potentialis
decreased

overthe
w

hole
range

and
the

forces
decay

sm
oothly

to
zero

betw
eenrcoulom

b
sw

itch
and

rcoulom
b.

T
he

neighbor
search

cut-offrlist
should

be
0.1

to
0.3

nm
larger

thanrcoulom
b

to
accom

m
odate

for
the

size
of

charge
groups

and
diffusion

betw
een

neighbor
listupdates.

U
serS

pecify
rlist

and
rcoulom

b
to

the
sam

e
value,m

d
ru

n
w

ill
now

expect
to

find
a
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ro
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g:
(1

00
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ps
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fr
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w
rit

e
en

er
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es
to

lo
g

fil
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th
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en
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ar
e
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s

w
rit

te
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rg
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00
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w
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s
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e
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xt
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w
rit
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c
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is

w
rit
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(if
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s
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an
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en
er

gy
gr

ps
:

gr
ou

p(
s)

to
w

rit
e

to
en

er
gy

fil
e

7.
3.

8
N

ei
gh

bo
r

se
ar

ch
in

g

ns
tli

st
:

(1
0)

[s
te

ps
]

F
re

qu
en

cy
to

up
da

te
th

e
ne

ig
hb

or
lis

t
(a

nd
th

e
lo

ng
-r

an
ge

fo
rc

es
,

w
he

n
us

in
g

tw
in

-r
an

ge
cu

t-
of

f’s
).

W
he

n
th

is
is

0,
th

e
ne

ig
hb

or
lis

ti
s

m
ad

e
on

ly
on

ce
.

ns
ty

pe
:

gr
id

M
ak

e
a

gr
id

in
th

e
bo

x
an

d
on

ly
ch

ec
k

at
om

s
in

ne
ig

hb
or

in
g

gr
id

ce
lls

w
he

n
co

ns
tr

uc
t-

in
g

a
ne

w
ne

ig
hb

or
lis

te
ve

ryn
st

lis
ts

te
ps

.
In

la
rg

e
sy

st
em

s
gr

id
se

ar
ch

is
m

uc
h

fa
st

er
th

an
si

m
pl

e
se

ar
ch

.

si
m

pl
e C

he
ck

ev
er

y
at

om
in

th
e

bo
x

w
he

n
co

ns
tr

uc
tin

g
a

ne
w

ne
ig

hb
or

lis
te

ve
ry

ns
tli

st
st

ep
s.

pb
c:

xy
z

U
se

pe
rio

di
c

bo
un

da
ry

co
nd

iti
on

s
in

al
ld

ire
ct

io
ns

.

no
U

se
no

pe
rio

di
c

bo
un

da
ry

co
nd

iti
on

s,
ig

no
re

th
e

bo
x.

To
si

m
ul

at
e

w
ith

ou
tc

ut
-o

ffs
,s

et
al

lc
ut

-o
ffs

to
0

an
dn

st
lis

t=
0.

rli
st

:
(1

)
[n

m
]

cu
t-

of
fd

is
ta

nc
e

fo
r

th
e

sh
or

t-
ra

ng
e

ne
ig

hb
or

lis
t

6
.4

.
Ta

bu
la
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d

fu
n

ct
io

n
s

1
1

7

th
e

M
D

pr
og

ra
m

w
ill

re
ad

a
si

ng
le

fil
e

(t
he

na
m

e
ca

n
be

ch
an

ge
d

w
ith

op
tio

n
-t

a
b

le
)w

ith
se

ve
n

co
lu

m
ns

of
ta

bl
e

lo
ok

up
da

ta
in

th
e

or
de

r:
x,

f(
x)

,f
”(

x)
,g

(x
),

g”
(x

),
h(

x)
,h

”(
x)

.
T

he
x

sh
ou

ld
ru

n
fr

om
0

to
r c+

0.
5,

w
ith

a
sp

ac
in

g
of

0.
00

2
nm

w
he

n
yo

u
ru

n
in

si
ng

le
pr

ec
is

io
n,

or
0.

00
05

w
he

n
yo

u
ru

n
in

do
ub

le
pr

ec
is

io
n.

In
th

is
co

nt
ex

tr
c

de
no

te
s

th
e

m
ax

im
um

of
th

e
tw

o
cu

t-
of

fsrv
d

w
an

d
rc

o
u

lo
m

b
(s

ee
ab

ov
e)

.
T

he
se

va
ria

bl
es

ne
ed

no
tb

e
th

e
sa

m
e

(a
nd

ne
ed

no
tb

e
1.

0
ei

th
er

).
S

om
e

fu
nc

tio
ns

us
ed

fo
r

po
te

nt
ia

ls
co

nt
ai

n
a

si
ng

ul
ar

ity
at

x
=

0,
bu

ts
in

ce
at

om
s
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=
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2
3

bd
fric:

(0)
[am

u
ps

−
1]

B
row

nian
dynam

ics
friction

coefficient.
W

henbd
fric

=
0,

the
friction

coefficient
for

each
particle

is
calculated

as
m

ass/
tau

t.

ld
seed:

(1993)
[integer]

used
to

initialize
random

generator
for

therm
alnoise

for
stochastic

and
B

row
nian

dynam
-

ics.
W

henld
seed

is
set

to
-1,

the
seed

is
calculated

as
(tim

e
()

+
g

e
tp

id
())

%
1

0
0

0
0

0
0

7.3.5
E

nergy
m

inim
ization

em
tol:

(100.0)
[kJ

m
ol −

1
nm

−
1]

the
m

inim
ization

is
converged

w
hen

the
m

axim
um

force
is

sm
aller

than
this

value

em
step:

(0.01)
[nm

]
initialstep-size

nstcgsteep:
(1000)

[steps]
frequency

ofperform
ing

1
steepestdescentstep

w
hile

doing
conjugate

gradientenergy
m

in-
im

ization.

7.3.6
S

hellM
olecular

D
ynam

ics

W
hen

doing
shellm

olecular
dynam

ics
the

positions
ofthe

shells
are

optim
ized

atevery
tim

e
step

untileither
the

R
M

S
force

on
the

shells
is

less
than

em
tol,

or
a

m
axim

um
num

ber
of

iterations
(niter)

has
been

reached

em
tol:

(100.0)
[kJ

m
ol −

1
nm

−
1]

the
m

inim
ization

is
converged

w
hen

the
m

axim
um

force
is

sm
aller

than
this

value.
F

or
shell

M
D

this
value

should
be

1.0
atm

ost,butsince
the

variable
is

used
for

energy
m

inim
ization

as
w

ellthe
defaultis

100.0.

niter:
(20)
m

axim
um

num
ber

ofiterations
for

optim
izing

the
shellpositions.

7.3.7
O

utputcontrol

nstxout:
(100)

[steps]
frequency

to
w

rite
coordinates

to
outputtrajectory

file,the
lastcoordinates

are
alw

ays
w

rit-
ten

nstvout:
(100)

[steps]
frequency

to
w

rite
velocities

to
outputtrajectory,the

lastvelocities
are

alw
ays

w
ritten

nstfout:
(0)

[steps]
frequency

to
w

rite
forces

to
outputtrajectory.
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th
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n
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ra
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e
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at
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em
st
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m
],
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e

to
le

ra
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e
ise

m
to

l[
kJ

m
ol
−

1
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−
1
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cg
A
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ug
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e
gr
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go
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fo
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gy
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at
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p
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b
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m
ax

im
um

nu
m

be
r

of
st

ep
s

to
in

te
gr

at
e

co
m

m
m

od
e:

Li
ne

ar R
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at
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at
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m

ov
al

(s
ho

ul
d

on
ly

be
us

ed
fo

r
va

cu
um

si
m

ul
at

io
ns

)

co
m

m
gr

ps
:

gr
ou

p(
s)

fo
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=
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is
ch

ap
te

r
ca

n
al

so
be

fo
un

d
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R
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e

.h
tm

l
O

r,
if

yo
u

in
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ra
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D
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am
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Type

O
ption

D
escription

a
to

m
tp

.a
tp

A
sc

A
tom

type
file

used
by

pdb2gm
x

e
iw

it.b
rk

A
sc

-f
B

rookhaven
data

bank
file

n
n

n
ice

.d
a

t
A

sc
G

eneric
data

file
u

se
r.d

lg
A

sc
D

ialog
B

ox
data

for
ngm

x
sa

m
.e

d
i

A
sc

E
D

sam
pling

input
sa

m
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d
o

A
sc

E
D

sam
pling

output
e

n
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r.e
d

r
G
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e
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e
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e
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A
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E
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P
ostS

cript(tm
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file
g

tra
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8
7

A
sc

G
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A

S
C
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form
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n
f.g

9
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A
sc

-c
C

oordinate
file
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G
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form
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n

f.g
ro

A
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oordinate
file
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G

rom
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form
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f.g
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G
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g
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6
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tp
r
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t.g
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G
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structure:gro

g
9

6
p

d
b

p
o

la
r.h

d
b

A
sc

H
ydrogen

data
base

to
p

in
c.itp

A
sc

Include
file

for
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ru
n

.lo
g

A
sc

-l
Log

file
p

s.m
2

p
A

sc
Inputfile

for
m

at2ps
ss.m

a
p

A
sc

F
ile

thatm
aps

m
atrix

data
to

colors
ss.m

a
t

A
sc

M
atrix

D
ata

file
g

ro
m

p
p

.m
d

p
A

sc
-f

grom
pp

inputfile
w

ith
M

D
param
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h

e
ssia

n
.m

tx
B
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-m

H
essian

m
atrix

in
d

e
x.n

d
x

A
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Index

file
h

e
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u

t
A
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-o

G
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outputfile
e

iw
it.p

d
b

A
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-f
P

rotein
data

bank
file

p
u

ll.p
d

o
A

sc
P

ulldata
output

p
u

ll.p
p

a
A

sc
P
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re
sid

u
e

.rtp
A

sc
R

esidue
Type

file
used

by
pdb2gm

x
d

o
c.te

x
A

sc
-o

LaTeX
file

to
p

o
l.to

p
A

sc
-p

Topology
file

to
p

o
l.tp

a
A

sc
-s

A
sciirun

inputfile
to

p
o

l.tp
b

B
in

-s
B

inary
run

inputfile
to

p
o

l.tp
r

-s
G

eneric
run

input:tp
r

tp
b

tp
a

to
p

o
l.tp

r
-s

S
tructure+

m
ass(db):tpr

tp
b

tp
a

g
ro

g
9

6
p

d
b

to
p

o
l.tp

r
xdr

-s
P

ortable
xdr

run
inputfile

tra
j.trj

B
in

T
rajectory

file
(architecture

specific)
tra

j.trr
F

ullprecision
trajectory:trr

trj
tra

j.trr
xdr

T
rajectory

in
portable

xdr
form

at
ro

o
t.xp

m
A

sc
X

P
ixM

ap
com

patible
m

atrix
file

tra
j.xtc

-f
G

eneric
trajectory:xtc

trr
trj

g
ro

g
9

6
p

d
b

tra
j.xtc

xdr
C

om
pressed

trajectory
(portable

xdr
form

at)
g

ra
p

h
.xvg

A
sc

-o
xvgr/xm

gr
file

Table
7.1:

T
he

G
R

O
M

A
C

S
file

types.

7
.3

.
R

u
n

P
a

ra
m

e
te

rs
1

2
1

7.3
R

un
P

aram
eters

7.3.1
G

eneral

D
efault

values
are

given
in

parentheses.
T

he
first

option
is

alw
ays

the
default

option.
U

nits
are

given
in

square
brackets

T
he

difference
betw

een
a

dash
and

an
underscore

is
ignored.

A
sam

ple
.m

d
p

file
is

available.
T

his
should

be
appropriate

to
starta

norm
alsim

ulation.
E

dititto
suityour

specific
needs

and
desires.

7.3.2
P

reprocessing

title:
this

is
redundant,so

you
can

type
anything

you
w

ant

cpp:
(/lib/cpp)
your

preprocessor

include:
directories

to
include

in
your

topology.
F

orm
at:

-I/h
o

m
e

/jo
h

n
/m

y
lib

-I../m
o

re
lib

define:
()

defines
to

pass
to

the
preprocessor,defaultis

no
defines.

You
can

use
any

defines
to

control
options

in
your

custom
ized

topology
files.

O
ptions

thatare
already

available
by

defaultare:

-D
F

LE
X

S
P

C
W

illtellgrom
pp

to
include

F
LE

X
S

P
C

in
stead

ofS
P

C
into

your
topology,this

is
nec-

essary
to

m
akeconjugate

gradientw
ork

and
w

illallow
steepestdescentto

m
inim

ize
further.

-D
P

O
S

R
E

W
illtellgrom

pp
to

include
posre.itp

into
your

topology,used
for

position
restraints.

7.3.3
R

un
control

integrator:

m
d

A
leap-frog

algorithm
for

integrating
N

ew
ton’s

equations
ofm

otion.

sd
A

leap-frog
stochastic

dynam
ics

integrator.
T

he
tem

perature
forone

orm
ore

groups
of

atom
s

(tc
grps)

is
setw

ithref
t

[K
],the

inverse
friction

constantfor
each

group
is

set
w

ith
tau

t
[ps].

T
he

param
etertcouplis

ignored.
T

he
random

generator
is

initialized
w

ith
ld

seed.
N

O
T

E
:tem

perature
deviations

decay
tw

ice
as

fastas
w

ith
a

B
erendsen

therm
ostatw

ith
the

sam
etau

t.


