Molecular dynamics simulations

Outline
{} + Modeling and simulation of complex biomolecular systems
=+ Calculation of free energies
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When is computational modeling
useful ?

Simulation can replace or complement the experiment:

1. Experiment is impossible Inside of stars
Weather forecast
2. Experiment is too dangerous Flight simulation

Explosion simulation

3. Experiment is expensive High pressure simulation
Windchannel simulation
Trial and error drug design

4. Experiment is blind Some properties cannot be
observed on very short time-
scales and very small space-
scales
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Molecular simulation and experiment

experiment simulation
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Resolution® (restricted) . v(ﬁ);}:lé;}ricted)
size : 1023 molecules 1 molecule
time : 1 second 10-1° seconds

*: Single molecules / 10-15 seconds possible
(but not both in the liquid phase)

Typical space / time scales
size : 103 meter 10° meter

time : 103 seconds 106 seconds
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Simulation and experiment are complementing methods
to study different aspects of nature

Visualize, rationalize, predict

Inner life of the cell
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A model for molecular
computations

Three main questions to define a molecular model

3. What are we able to do?
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2. How much input do we have?

1. What questions do we want to answer?

A model for molecular
computations
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A molecule has a certain energy

* Point charges with an electron cloud around it
— Quantum mechanics, ab initio or semi-empirical
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» Collection of balls and springs:
— Molecular mechanics, force field representation

LR

Hy(r)=Ey(r)

Molecular mechanic

bonded
interactions

Ij Bond stretching

Angle bending

==

Rotation around
bond
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Energy minimisation

Find the lowest-energy conformation of a molecule
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Compare to a marble rolling down a slope
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Different conformations

Rotate around bonds %

One compound

HaN N N N N N OH
H H H H H

Many different conformations
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Different conformations

» Every conformation is associated with an energy, as a function of
the positions of all particles, q = (X4,¥1,21,X5,¥2,Z5,---)

E =1(q) = f(X4,Y1,21,X5,¥2,Z5,-.)

A
Sty sk
. i .'p*i“\\“ ?' X ‘(‘
Compare q to a point on a {{,:‘\:\:\:\\‘\O,f;m‘\\ m‘w
f’*“’ @.ﬂ/ ““q&

multi-dimensional energy surface
(3N-6)-dimensional

Minima are favourable conformations
» Saddel points are transition states
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Conformations on the surface

» Every conformation is represented by a specific point on the 3N-6
dimensional surface

ééé;
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Classical laws of motion

g Situation at time t

! ]

Force is determined by relative positions

\k\\ -
' ,,-Q . positionV c acceleration = force / mass
Avelocity = acceleration x At

———
S

velocity Aposition = velocity x At

x k

Situation at time t+At

Modern Bioinf

Sir Isaac Newton
1642 -1727

Determinism ...

Folding simulation

* Proteins are too large
systems to simulate the
slow folding process.

Smaller model compounds
can be correctly folded on
the computer.

= Information about folding
mechanisms and the
unfolded state
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Conformational change over time

1 21 - 10 g eqeye
all different? 321 = 10 | possibilities!!
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‘ folding equilibrium depends on temperature
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0.4
0.3
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Pressure dependency

HEP_P2000
00 atm

HEP_P1000

1000 atm

HEP T340

1 atm

Time [ns]

‘ folding equilibrium depends on pressure
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Molecular dynamics simulation

Time t

Time (t+Ar) <

v
new positions

At = 10715 seco

... comparable to shooting a movie
of a molecular system...

velocities

positions
»forces

v
new velocities

v

nds




Leap-frog algorithm

* There are many integration algorithms
— Verlet, Beeman en Leap-frog give identical coordinate trajectories

tO t] t}, t3 t4
I
I
1

| | |
1 | | |
) 1 1 1 1
pDSltl{)I'l

Los s hs _ hs b
L e L D |

' velocity '

The integration time step At should be sufficiently small, such that
the fastest motion is correctly described

At=T/10
1fs=10"s
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time \ time

Molecular dynamics

1. Start at a certain conformation with initial velocities

2.  Calculate the energy and the force on every atom i:
Fr= =V E" (7 By Ty
3. From the force (acceleration) update velocity for every atom
4.  From the velocity update the position
5.  Propagate through time
. Total energy Eft = Epot + Ekin js conserved (class. mech.)

. Kinetic energy allows us to go over barriers
. If we simulate infinitely long, we get the NVE ensemble
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Forces from a force field

The force on an atom is given by the derivative of the potential

energy, with respect to its coordinates.

L UM
! ox,
dU(r

p -0
1

P __9U(r)
i 0z,

a _82x1 F

Yoot om

U is given by a force field,
with relatively simple
functions.

The derivatives can be
calculated analytically

For simple systems
(harmonic oscillator) the
equations of motion may
be solved exactly: in all
other cases we need to
solve them numerically
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Energy conservation

Simulation of liquid argon (256 atoms)

% kinetic energy

Total energy (kcalimol)
¥ ]
| E |

Time (ps)

total energy

IEE=D.DUG

The kinetic and potential energy fluctuates considerably

The total energy is conserved

— Remaining noise comes from the integration accuracy (At)




History

Year molecular system: type, size length of the simulation

1964 atomic liquid (argon)

1971 molecular liquid (water)

1976 protein (no solvent)

1983 protein in water

1989 protein-DNA complex in water
1997 polypeptide folding in solvent

2001 micelle formation

2010 folding of a small protein
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in seconds

1957 first molecular dynamics simulation (hard discs, two dimensions)
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Binding equilibrium of two small

Complex : molecules
Cyclohexane- Cyclopentane-
diamine ? diol
NH e o | 2, ,
‘3:‘

*

s NH, Yeeeenr gooo©o \

Many different bindingmodes

Average binding strength (free enthalpy) :

Experimental
Benzene cdi,
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AG, [kJ/mol] 9.3 -11.5

H
J .
!

N

N
/\H

H.oy |

20

Hydrogen bonds

MD simulation

-10.4







Results of the simulation

= Experimentally hardly (or not) possible !

Occurrence of different binding modes :

NH, = . HO.
54% O’ * D 7%
NH,«--HO.. NH,«--HO.
oM e 00
'NH, =% HO
NH"§H NH24..HO
Q/O s () " ):> 3%
‘NH, HO

)
: z

Life time :

* Average life time of the complex: 2:101% sec (max. 3-10 sec)
* Average life time of a hydrogen bond: 5 -10-!2 sec
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Lipid A
binding to
MD-2

Complex molecules
like proteins

Dynamics becomes
more difficult to
describe

Timescales are
different

@ Modern Bioinformatics




Molecular dynamics simulations

Inner life of the cell

Outline
Modeling and simulation
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» Calculation of free energies

Processes: Thermodynamic Equilibria

Folding

folded/native

denatured

Micelle Formation

micelle mixture
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free energy

Definitions

The driving force for all physical processes
Free energy AA; Free enthalpy AG (=AA +pAV)

energy

The internal energy of the systems

Energy AE/AU,;

entropy

Enthalpy AH (=AE + pAV)

“The number of realization possibilities”

Entropy AS

Helmholtz / Gibbs equations

AA = AE - TAS;

AG = AH - TAS
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Statistical mechanics

energy
U(x)

Va kgT

U(x,)

U(xy)

X, may have higher energy but
lower free engrgy than x;

mechanics:

statistical mechanics:

' coordinate x
X1 X3

a state is characterised by one minimum energy
structure (global minimum)

a state is characterised by an ensemble of
structures or configurations or conformations




The system
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Guest-host complementarity

* Netropsin binding to DNA minor groove
Complementarity through interactions

)]
.B — H-bonds
1] — Charge-charge
& I Favourable energy
i — Pi-Pi
(=}
U=
.= 9ADE
(o] 5ADE tocyr AT
= 6ADE d
.m 10CYT* water  44Gya- Y \T
6ADE
c \ T / 7ADE TADE H92 H91
9THY* SADE N/
i water < H12 H11 7THY* N9 *
Q / . 8THY* N10
o] N1 fa 8 THY ~H101 —> water
o water H21 + s / H7 N8
z \NZ N3 | ™~ H8 9CYT*
/ H5 i S 7THY
H22 / \ 9ADE
e o1 Z NS 7
\’ / \ 03 water

5ADE / N4

6ADE water / N6

10CYT* Water CH, 92 | water

/ CH,

water

J. Dolenc, C. Oostenbrink, J. Koller, W.F. van Gunsteren, Nucl. Acid Res. (2005) 33:725

Entropy loss upon binding

» Conformational entropy calculated using Schlitter’s formula
— Netropsin and Distamycin A
— In solution and when bound to DNA

Sfree Sbound A Sbind

Netropsin 862 735 -127
Distamycin 902 798 -104
in J/K/mol

Unfavourable entropy

Entropy loss mostly in the tails of the molecules

@ Modern Bioinformatics

J. Dolenc, R. Baron, C. Oostenbrink, J. Koller and W.F. van Gunsteren, Biophys J. (2006) 91:1460




ICS

My affinity for BOKU

» Affinity is a combination of energy and entropy

— Energy:
Interactions with people at BOKU are mostly favourable
(and | am even getting paid for it!)

— Entropy:
How much freedom do | have? At BOKU and elsewhere?

format

iomn

Modern B

o

Modern Bioinformatics

&

favourable
entropy

\ favourable
free energy

favourable
energy

> AS




Conformational selection

[ .
/\ AS, o
Unfavourable entropy
A
AE
N\

Unfavourable energy

R\
C1KU)
\:[ g ’
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Binding to multiple structures

» Docking of 65 substrates in 2500 protein CYP2D6 structures
» Side-chain of Phe483 occupies multiple conformational states

» Different substrates
have different preference

210

180

150 {1

120

dihedral angle

€0

of }“‘ l'm%r"?l(Jlfr‘\/lw[. " !

| L | | |
300 100 200 300 400 00 600 700 BOO 900 1000

time (ps)

J. Med. Chem. 51 (2008) 7469 - 7477




The shape of the host

» Before we could come, people had to move and squeeze
together

e Furniture was moved around

Unfavourable energy
Unfavourable entropy

Modern Bioinformatics

a

Modern Bioinformatics
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favourable
entropy

\ favourable
free energy

favourable
energy

> AS




Desolvation of protein and ligand

+ Loss of solute-solvent hydrogen bonds Unfavourable energy
« Release of ordered water to bulk Favourable entropy
— Hydrophobic effect

» Structural water molecules in the active site

vinformatics

People and knowledge

W)
2

@ Modern Bioinformatics

strengthen the interaction even if it hurts to say goodbye...
they have lot’s of possibilities




favourable
entropy

L \ > AS
\ favourable
g free energy

favourable
energy
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Example: DAAO inhibitors

» Three inhibitors of the enzyme D-amino acid oxidase were studied

H,C X
gy mco H

N7 CcoH N

2

@ Modern Bioinformatics

* Molecular dynamics simulations of the ligands in solution and
bound to the protein, using GROMOS (parameter set 45A4)
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Analysis of the simulations

Number of hydrogen bonds

1 3 4
Free in solutio n 9.98 8.47 7.60 water is being released
In complex:
Tyr228 OH 1.00 1.00 1.00
Arg283 HE 1.03 0.99 1.00
Arg283 HH 1.28 1.35 1.34
Gly313 0.91 0.50 0.50
H,0 215 187 061 water still plays a role
Loss of H-bond 3.61 2.76 3.15
Entropy (kJ/mol)
calculated conformational entropy full entropy X
ligand protein experimen t
—TAS (3) 15.3 17.0 5.0 \ /0
—TAS (4) 15.1 3.3 -15.9 H CO,H
—TAAS 0.2 13.7 10.9
3X=0
4X=S

the ligands are
equally rigid

protein loss of
entropy explains
experiment?

@ Modern Bioinformatics

Free energies of binding

» We hope to calculate the free energy of ligand binding
— And need to consider all energetic and entropic contributions

AG,,, =G

complex - ligand - protein




Definitions

free energy

A(N.V.T)=~k,TIn| N1K*" T [[exp(-H(p.F)/ k,T)dpdr

=U-TS
energy
94/ T

UNJV,T)=| —— =(H

(N.V.,T) [al/TjN,V (1)),
entropy

S(N,V,T)=- o4y _u-4

or),, T

Partition function

ZNY, D) =[N T [[exp(~H(p.F)/ k,T)dpdr

@ Modern Bioinformatics

Free energy, energy and entropy are defined from statistical thermodynamics

Statistical mechanics

» Equation to calculate free energy is simple:

G= —kBTanNpT

* Where Z,,ris the partition function of the system

1 " V)ik,T
ZNpT - th!”Je B dpdrdy
Simulation samples over Integral over all possible
positions, momenta and | positions, and all possible
volumes in physically momenta of all particles in all
relevant way different volumes

@ Modern Bioinformatics
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Sampling of all positions

Sampling of all positions to calculate absolute free energy is
practically impossible

For molecules and for me

2

Modern Bioinformatics

==
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Do we really want that? (I)

We only really care about the difference, AG

The perturbation formula calculates free energy differences
directly

AG — _k T ln <e_(Hcomplex _Hligand _Hprotein)/kBT>
B

Works if the positions, momenta and volumes of both sides are not too different




Directly consider the difference

* Consider my presence at BOKU as one of many possibilities

Modern Bioinformatics

s still very difficult and unlikely to work

o

Do we really want that? (II)

* Free energy is independent

of the path (state function)

Thermodynamic cycle AGy;g(1)
Relative free energies @ .
Computational alchemy

AG,,(free) AG,,(bound)

AGyg(2

AAGyng = AGy;,4(2) - AG;4(1)
= AG,,(bound) - AG,,(free)

Modern Bioinformatics
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a

Who fits better at BOKU?

Are there others that are more suitable?

| Compare two employees when they are free and at BOKU

Modern Bioinformatics

a

Free energy difference

Free energy perturbation

ZB(NaVaT)
A, =A,—A =-k,Tln
Z,(N,V.T)

-H,(r,p)/k,T
| e 5 (P)ky dpdr
=—k TIn=
B -H
e A(r’p)/kBpodr

"e—(HB(r,p)—HA(r,p))/kBTe—HA(r,p)/kBpodr

= —kBT In == J-J e‘HA(r’p)/kBpodl‘

kTin{e )

A

Zwanzig, J. Chem. Phys (1954) 22:1420




Free energy calculation

AG,; =—k;TIn <e_(EA_EB)/kBT>

AG,, = ZAGA,/HS/I
A

B

— > > > > > >

@ Modern Bioinformatics

conformational space

Gradually change one in the other
m>>aA »>ALA >

Change ligand 1
into ligand 2, in
solution and when

bound to the protein
> > >

As long as the end-
states are defined,
the intermediates
do not have to be
physically possible

‘ Modern Bioinformatics
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Example: DAAO inhibitors

* Three inhibitors of the enzyme D-amino acid oxidase were

8 studied H,C X
i) >/_§\ m\
N CO,H

4] N~ TCO,H N 2
E H
- 3X=0
e 4X=5S
-E 3->1 3->4 4->1
.9 Calculated values:
o1} AGree 106.3 1.5 86.1 £0.8  20.4 1.1
E AGeomplex 113.8 + 22 873 +3.5  36.7 £2.0 Overall, the relative
g AAGiing 75+ 3.7 12+ 43 163 + 3.1 binding free energies are
(o] Experimental AAGping based on: very well reproduced
= ICao 8.2 0.9 9.1

ICs0” 4.6 0.1 4.6

ITC 9.4 0.8 8.6

SPR® 14.1 1.6 12.4

J.H.M. Lange, J. Venhorst, M.J.P. van Dongen, J. Frankena, F. Bassissi, N.M.W.J. de Bruin, C. den Besten, S.B.A. de Beer,
C. Oostenbrink, N. Markova and C.G. Kruse, Eur. J. Med. Chem. (2011) 46, 4808 - 4819

Computational alchemy

* Modify one compound into another one in small steps
OH

E(q,p,A)=(-A)E,(q,p)+AE,(q,p)
e [n aformula:

A=0=E=E, A=1=E=FE,

Along the way? The protein ‘sees’ a mixture of A and B

@ Modern Bioinformatics

AGAB = )Zl‘ —kBT In <e—AE(/1—>/l+dA)/kBT >
=0
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Example: ER

* Relative free energy of three compounds
» In three different media (vacuum, solution, protein)
* In 11 discrete steps, forward and backward Tl

Table 4. TI Results (kJ mol~1)@

DES < E2 DES < GEN
for-  back- for-  back-

TI ward ward hysteresis ward ward hysteresis
vacuum 76.3  76.1 0.2 187.1 186.9 0.2
solvent 79.0 81.6 —2.6 151.5 1573 —5.8
protein  80.4  78.2 2.2 173.1 165.3 7.8
AA Gsoly 2.8 5.5 —2.7 —35.6 —29.5 —6.0
AA Giind 1.4 -34 4.8 21.6 8.0 13.6
AA Gping 3.8° 11.3%

(expt) 0.79¢ 21.69¢

@ Modern Bioinformatics

Stereospecific propranolol
* R-and S-Propranolol have similar affinity for CYP45

binding

0 2D6

» 20 fold decrease of affinity of R-Propranolol to F483A mutant

* Free energy calculation to convert R-propranolol into S-propranolol

H
R1 R2 R1 R2 R1 R2 R1
\\C/ _ \CH/ \CH/
I T -
R3 R3 R3
WT
e g
R } f: § AAGppy = AGypg(R) - A
AGtransfer E E
v K + = AG,, (FA83A
R S

T
.

F483A

H
R2
\\C/

Gbind( S)

-7.7 kd/mol (experimental)

) - AG, (WT)

inv(

= -7.5 kd/mol (simulation)
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Molecular picture
E216 ;/. / .

F483A: Ro= | . -, F483A"S

Modern Bioinformatics

One step perturbation
Enveloping Distribution Sampling

AG ,, =—k,TIn <e_(EA_EB)/kBT>

B

AG ;= E;QIGI ,AQBR A
A B

conformational space




Thermodynamic cycle

Protein
AG Abind

AGaPot

AG Bbind AG Bprot
Reference -B =

State

Reference
State

AAGAB = AGBb’”d _ AGAbi"d = AGAHZO _ AGAprot _ AGBHZO + AGBprot

@ Modern Bioinformatics

Using the one step perturbation

. 0.03r T T T T T T T T T T T T
« Simulate a reference molecule I el A
. . — ES-OS 8-Br-GTP, [anti] =5.4%
— Sugar-base interaction soft 0.025 MD Soft_ e, fant] = 41.6% i
— — H-REMD GTP, [anti] = 95.9%
— 8-substituent soft with everything else - == HREMD&B-GTP, fant] -6.1 %
— Apply perturbation formula to project Lo T
back to real molecules T
go.ms -
«  Reproduce " oot .

— experimental preference

— 3J-value for GTP 0005
(Exp:2.5/2.6/2.6/3.5 Hz Calc:2.42 Hz) 7

4 Syn k .
: ,’f PR /
a1 { H

»0180>160>140-120-100 -80 -60 -40 20 0 20 40 60 80 100 120 140 160 180

% [degree]
¢ OSP forscompounds O R L L L L L L L) LA L AR AR AL LA LA LRI LR L

0.025 ES-0S 8-CI-GTP, [anti] = 35.8%
ES-0S 8-Br-GTP, [ant] = 5.4%
ES-OS 8-CH_-GTP, [ant]] = 9.0%
MD Soft_Ref, [anti] = 41.6%

— Relative free energy of solvation
— Relative LogP values

« In different media - 0 Sip  wvoi

o
o
)

0.015

p(x) [degree™]

0.01

@ Modern Bioinformatics

0.005

il il N i 1
»0‘180460»140-120-100 -80 -60 -40 20 0 20 40 60 80 100 120 140 160 180
X [degree]




Free energies of solvation

* Both conformations contribute significantly
The overall value does not follow intuitively from the values in one

)
9 conformation
whd
e
£
)
i
'S AAG (solv) AAG Y (solv) AAG ., (s0lv)
;M GTP 0 0 0
g 8-F-GTP 4.0 4.5 5.8
Q 8-CI-GTP 4.3 4.4 7.3
B 8-Br-GTP 14 0.4 41
s 8-CH,-GTP 4.0 4.6 8.2

And now in a protein

+ Compounds are inhibitors of bacterial FtsZ protein
— Different conformations of the compounds in the protein
* Recent X-ray structure shows only one conformation
— Also with large substituents

OSP in which only substituent is soft
— No need for conformational enhancement

@ Modern Bioinformatics
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Conformational restriction

In protein the conformational freedom is much restricted

Q09 prrr i) REE) el AL B A RS RER] LA RERH RAR) LEk)
water FtsZ T
L GTP 242° | 295 4
Q04 8-F-GTP 333 | 29 7
8-CL.GTP 449 | 295 1
. L 8-Br-GTP 5.46 2.98 4
‘2 L] 8-CH,GTP | 5.3 2.90 5
o “Individual graph legends are accompanied with
L] the corresponding ’J(C4\H1')) values in Hz.
B,
=

-160- 140 120-100 80 -60 40 -20 0 20 40 60 80 100 120 140 160 180
% [degree]

80-1
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Thermodynamic cycle

B2 d

AG g1e(2->1) l AG,(2->1)
AAGbind b ind (2)- AGb ind @
AGn4(1) ( = AGZl(prot) - AG,, (water)
AGS, ((FIsZ)  AGE,%(ag)  AAGLs (bind) AAGES, (bind)
GTP 0 0 0 0
8-F-GTP 14.6 15.0 -0.5 --
8-CI-GTP 16.5 12.8 3.7 8.0
8-Br-GTP 16.0 5.9 10.1 9.2
8-CH,-GTP 23.0 12.6 10.5 ~8.7
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Conformational restriction

Free energy of restricting the analogs in water to the conformations
observed in the protein

R
[(-140-90) ]  AGy'(aq)  AAGh.(ag)  AAGE: (bind)
GTP 50% 1.7 0.0 0.0
8-F-GTP 48% 1.8 0.1 -0.5
8-CI-GTP 18% 4.2 2.5 3.7
8-Br-GTP 3.3% 8.4 6.7 10.1
8-CH,-GTP 4.0% 8.0 6.2 10.5

The free energy of restricting the free energy explains 65% of the
differences in binding free energies between the compounds

Conformational selection of the ligand

J. Hritz, T. Lappchen, C. Oostenbrink. Eur. Biophys. J. (2010) 29:1573
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Binding free energies by pulling

Aspirin binding to cytosolic Phospholipase 2

Umbrella sampling with distance restraints from
the active site
GROMOS11, 54A7 parameter, 31 x 10 ns

Weighted histogram analysis (WHAM)
Barriers along the way
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Barriers: real or artifact

Centre of mass of aspirin

Seems to get stuck behind a
part of the protein

Resolve
— Single path
— Reversible binding

REMD with different replicas
at different distance restraints

@ Modern Bioinformatics

Replica exchange

Run simulations at different conditions
Mix them using the Metropolis criterion (MC)
For each of the simulations you get a correct ensemble

Replicas differ in temperature or in (A-dependent) Hamiltonian

H(p,r,A)=K(@)+V"™ )+ V"™ (r,1)

Ve e, )= SK[A= 05+ ank —r, T

— X |

=

At large distances, the ligand
diffuses

Returns via a different pathway
Broad ensemble at every A
Reversible binding

Hamiltonian /
Temperature

Time >

Sugita, Y.; Kitao, A.; Okamoto, Y. J. Chem. Phys. 113, 6042-6051 (2000)
Figure: A. Patriksson, D. van der Spoel, Phys. Chem. Chem. Phys., 10, 2073 (2008)




Distancefield distances

» Grid based distances to avoid the protein
* Curved routes
» Dijkstra’s algorithm

V) =1ik[10r) -1, | f(r)=—
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I(r) by interpolation or from finite differences, followed by interpolation

i

Distancefield distances

» Distance restraints push into the protein and distort structure
» Distancefield restraints curve around the protein
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Application of distancefield

Distancefield coordinate allows
for reversible binding / unbinding

Various applications
implemented in GROMOS

Slow / fast growth free energy

iy
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calculations
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Local elevation on the distance field
coordinate

Hamiltonian replica exchange
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Resulting PMF and routes
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e
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AG,,, (US)= -29.8 kJ/mol

AG_ oy [Kimel)

5
DR distance |nm]

=

a0

3
| .
E )
34 AG,,, (US)=-32.2 kJ/mol
& AG,,4 (T1) = -30.8 kJ/mol 1
. 10 = w—
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DF distance [nm)
AGy, 4 (exp)=-29.6 kJ/moll

De Ruiter and Oostenbrink, J. Chem. Theory Comp. (2013) 9:883




Papers I
* J. Am. Chem. Soc. 2011, 133, 7016
* A nice demonstration on how molecular dynamics simulations may

be used to understand the effect of experiments that are difficult to
control.

Bioinformatics

pubs.acs.org/JACS

JACS =

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Microscopic Analysis of Protein Oxidative Damage: Effect of
Carbonylation on Structure, Dynamics, and Aggregability
of Villin Headpiece

Drazen Petrov and Bojan Zagrovic*

Papers 11

* J. Chem. Theory Comput. 2012, 8, 3686

A paper by ourselves, in which a more efficient method to calculate
free energies is evaluated.

(quite challenging...)

I Bioinformatics

‘ I ‘ lournal of Chemical Theary and Computation m
pubs.acs.org/JCTC

Efficient and Accurate Free Energy Calculations on Trypsin Inhibitors
Anita de Ruiter and Chris Oostenbrink*®

Institute for Molecular Modeling and Simulation, University of Natural Resources and Life Sciences (BOKU), Vienna, Austria
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Conclusions

Molecular dynamics simulations form a powerful tool to study
biomolecules

— Insight into structure, dynamics and function at an atomic level
— Complementary to experiment

Free energy calculations for e.g. drug design / lead optimisation
— Enthalpic and entropic effects should be included
— Statistical mechanics and thermodynamic cycles

« Efficient calculations

* Unphysical intermediates

Protein flexibility and multiple binding conformations contribute




