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Introduction: Free energy applications

1. Time scale requires for adequate sampling 10-12 W ps
2. Force field approximation
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Introduction: Free energy applications

Partition coefficients
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Alchemical free energy calculation: FEP

Jorgensen, W. L.; Ravimohan, C. J. Chem. Phys. 1985, 83, 3050-3054
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Alchemical free energy calculation: FEP
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Alchemical free energy calculation: Stratification
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Alchemical free energy calculation: Stratification
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Alchemical free energy calculation: Stratification

N-
1

AF(A — B) = "3, n(exp BW(Air1) — U]
i=0

UL = AUg + (1 — DU,
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Alchemical free energy calculation: Tl

Potential energy lanscape for soft-core potential pair interactions

A=1
du
AF(A — B) = j ()2 di
A=0

UL = AWs + (1 — DU,

dU dUB dUA rij (A] 0
a— Ug —UA+AW+(1—A)W

T. Steinbrecher, 1. Joung, and D. A. Case, J. Comput. Chem. 32 (15), 3253 (2011).

10
J. G. Kirkwood. J. Chem. Phys. 1935, 3, 300-313 .



Alchemical free energy calculation: Sampling

forward & backward double-wide sampling
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Alchemical free energy calculation: BAR
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Alchemical free energy calculation: Dual-topology

common
part

* Topology for ethane-to-ethane transformation

27 1 ! pretend we are CHARMM27_1

RESI ZERO 0.00 ! ethane -> ethane
GROUP !

ATOM CI CT3 -0.27 !

ATOM HI1 HA 0.09 !

ATOM HI2 HA 0.09 !

ATOM HI3 HA 0.09 !

GROUP ! HI1 HM1 HF2
ATOM CM  CT3  -0.27 ! \ \ I/
ATOM HM1 HA 0.09 ! \HF | |/
ATOM HM2 HA 0.09 ! CI-——-CM-——--CF
ATOM HI HA 0.09 ! /| | HI\
ATOM HF HA 0.09 ! / | | \
GROUP ! HI2 HI3 HM2

ATOM CF CT3 -0.27 !

ATOM HF1 HA 0.09 !

ATOM HF2 HA 0.09 !

ATOM HF3 HA 0.09 !

BOND CI HI1 CI HI2 CI HI3 !
BOND CF HF1 CF HF2 CF HF3 !
BOND CI CM CF CM !
BOND CM HM1 CM HM2 !
BOND CM HI !
BOND CM HF !

! No patching
PATCHING FIRST NONE LAST NONE
END

HF3

HF1

ethane
ethane
common
common
ethane

ethane

13



Alchemical free energy calculation: Dual-topology

HM2

ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM

O J o U b W N

e e e
G s W N P O

CI
HI1
HI2
HI3
CM
HM1
HM2
HI
HF
CF
HF1
HE2
HE3
OH2
H1

ZERO
ZERO
ZERO
ZERO
ZERO
ZERO
ZERO
ZERO
ZERO
ZERO
ZERO
ZERO
ZERO
TIP3
TIP3

R e T e T = T e T T S e S S S S S Y

.167
.133
.260
.258
.001

0.000
0.005

.234
.237

1.289

.149

1.256
1.131

.574
.545

.224
.414
.824

0.825

.652
.313
.308
.192

0.190

.150
.425
.837
.871
.971
.020

0.034

.000
.876
.874
.002
.890
.889
.000

0.000

.078
.001
.893
.940
.203
.301

I = T T = T S e e e e N

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

O O B P PR P OO O R

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
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Alchemical free energy calculation: NAMD FEP/TI

# FEP PARAMETERS FOR FORWARD

source

alch
alchType
alchFile
alchCol
alchOutFile
alchOutFreq

alchVdwLambdaEnd
alchElecLambdaStart
alchVdWwShiftCoeff
alchDecouple

alchEquilSteps
set numSteps

../tools/fep.tcl

on
FEP

zero.fep

B

forward-shift. fepout
10

[N
n oue

<
]

100
500

# FEP PARAMETERS FOR BACKWARD

source

alch
alchType
alchFile
alchCol
alchOutFile
alchOutFreq

alchVdwLambdaEnd
alchElecLambdaStart
alchvVdwWShiftCoeff
alchDecouple

alchEquilSteps
set numSteps

../tools/fep.tcl

on
FEP

zero. fep

B

backward-shift. fepout
10

(eI
noue

<
)

100
500

runFEP 0.0 1.0 0.0625 $numSteps

runFEP 1.0 0.0 -0.0625 $numSteps

15




Alchemical free energy calculation: NAMD FEP/TI

source ../tools/fep.tcl
alch on

alchType FEP

alchFile zero.fep

alchCol B

alchOutFile forward-shift. fepout
alchOutFreq 10
alchVdwShiftCoeff 6.0
alchDecouple yes
alchEquilSteps 100

set numSteps 500

runFEP 0.0 1.0 0.0625 $numSteps

R2

min

Un(r:: 1) = A, €
U d) = Aues |- a)

ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM

1 CI

2 HI1

3 HI2

4 HI3

5 CM

6 HM1

7  HM2

8 HI

9 HF

10 CF
11 HFI
12 HF2
13 HF3
14 OH2

15 HI1
R

ZERO
ZERO
ZERO
ZERO
ZERO
ZERO
ZERO
ZERO
ZERO
ZERO
ZERO
ZERO
ZERO
TIP3
TIP3

2 -
min

I R = e T T e e e e S S S S R =

7‘5- + a(l — AL])

~1.167 0.224 0.034
~2.133 -0.414  0.000
~1.260 0.824 0.876
~1.258 0.825 -0.874
0.001 -0.652 -0.002
0.000 -1.313 -0.890
0.005 -1.308 0.889
1.234 0.192  0.000
~1.237  0.190  0.000
1.289 0.150 -0.078
2.149 -0.425 -0.001
1.256 0.837 -0.893
1.131  0.871  0.940
-5.574 -5.971 -9.203
~5.545 -5.020 -9.301

+ 2 qiq;

Elect
Erij

e I S S R e N e e e e

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

.00
.00
.00
.00
.00

0.00

o

O O B P PP

.00
.00
.00
.00
.00
.00
.00
.00
.00
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Alchemical free energy calculation: NAMD FEP/TI

1.0

alchVdwLambdaEnd 0.8 0.8

alchElecLambdaStart 0.5
0.6

A value

HM2

0.4

0.2

0.%.

I I
0.2 04 0.6
A (user-controlled)



Alchemical free energy calculation: NAMD FEP/TI

alchVdwLambdaEnd

alchElecLambdaStart

HF2

HF1

HM2

‘: HM1
v

0.8

0.5

HI

0.8

0.6

A value

0.4

0.2

0.0

0.2 04 0.6
A (user-controlled)

0.8




Alchemical free energy calculation: VMD FEP Analysis

[ ) [ J ParseFEP
Help E
Temperature: 300.0
Gram-Charlier order : o
disp (this option is restricted to Unix-like systems) Do or ° Don't keep intermediate files (for plotting purposes)

~ entropy ~ Gaussian approximation

FEP output file /Users/msoroush/Download  Browse
FEP(backward) output file IUsers/msoroush/Download  Browse
FEP({doublewide) output file Browse

Combine forward and backward sampling:
) SOS-estimator © BAR-estimator

Run FEP parsing

O_OITIIlIIlITII[IrI\IIIIIIlITrI\I{llIIIIII\III

-1.0
forward

Ao D
o o o

on
o

backward
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=)
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o b b b b b by Ly
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o
o

—_
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3.200

1.600

0.000,
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2.200

1.100

0.000
2.000

1.000

0.000

-1.5 -1.0 -0.5
[TTTTTTTTT

_Illllllll_
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i

Db
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o

0
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1.300 [— j \ —
0.000 .|".M
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1.800

0.900

0.000
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1.0 1.5 20 25 30

2800 TTTTTTTITH TTTTTTITTIT T
L | 1.600 — —
B A7] o800 —
- 7 _ | ',-__j‘.’
Ll bd=1 0] 0.000 T [
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| | - i
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I .f.# T I llr" T Q
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2 LI TR T 7T T 17 *E
i |\ 1 2400 {\ -
| - \ q4 =
1.000 — — T~
1.200 — }" \*.,I - >
B / 1 T - I‘ —
0.000 il |\"| [o ] 0.000 |"‘/|’I’(‘|:N Q
001020304050 0.0051.01.5202530
L L L L L L L L L
2ol T TTT ] FIrTrimrr
! 2.200 — 4 —
el = /
_Ilf\'.' |I .
)
1.300 1.100 —
N R I L |l“‘| 1

0.000

0.00!
1.0 1.5 20 25 3.0

AU (kcal/mol)

1.0 1.5 20 25 3.0

19



Geometrical free energy calculation: Steered MD simulation

E(S,t) = %k(t)[S - S(®)]?, S(t)=8,+ vt

 (YAES,t)
- JO =2
t t /
W = fo k(@[S — S©O)]vdt’ + jo %[S—S(t)]zd’;it,) at’

AF = — % In{exp(—LW))

If pulling process is reversible, it is possible to
obtain free energy surfaces from repeated
non-equilibrium experiments.

C. Jarzynski, Phys. Rev. Lett. 1997, 78, 2690
C. Jarzynski, Phys. Rev. E, 1997, 56, 5018 20



Geometrical free energy calculation: Collective variables

A colvar S is as a differentiable function of the S(r) = S(ry, 19, .., Ty)
vector atomic Cartesian coordinates r.

Depending on the structure of the system, S(r) is S(r) = S(Zl(r), 72 (r),...)
often a function of much fewer arguments than 3N, or
can be expressed as a combination of such functions

Colvars

These features are contributed to NAMD by
Giacomo Fiorin (NIH) and Jéréme Hénin (CNRS,
France)

b: Download .zip .E Download .tar.gz :’ View on GitHub

A software module for molecular simulation programs, which provides a flexible and high-
performance platform for present and future algorithms (reference article). httDS'//COIVa rs github IO/
Reference manual: https://github.com/Colvars/colvars

« LAMMPS version: PDF HTML https://www.ks.uiuc.edu/Research/namd/2.14/ug/node53.html

¢ NAMD version: PDF HTML

« VMD version: PDF HTML 21



https://colvars.github.io/
https://github.com/Colvars/colvars
https://www.ks.uiuc.edu/Research/namd/2.14/ug/node53.html

Geometrical free energy calculation: Collective variables

Biases

Component
Scalar 18. Orientation projection
1. distance 19. tllt.
. 20. Spin angle
2. Distancez .
. 21. gyration
3. Distance xy . .
22. inertia
4. Polar theta .
. 23. Inertiaz
5. Polar phi .
. . 24. Eigen vector
6. Distance inverse .
. . 25. Alpha dihedrals
7. Distance pairs
8. Dipole magnitud 26. Alpha angles
9' Alnpgcl)ee ghitude 27. Dihedral Principle Component
10. Dipole angle
11. dihedral Non-scalar
12. Coordinate number 1. Distance vector
13. Self coordinate number 2. Distance direction
14. Group coordinate number 3. cartesian
15. Hydrogen bond 4. orientation
16. RMSD

. Orientation angle

N

N

Thermodynamic Integration 9. Multidimensional histograms
Adaptive Biasing Force 10. Probability distribution-
Extended-system Adaptive restraints
Biasing Force
Metadynamics
a. Ensemble-Biased
Metadynamics
b. Well-tempered
metadynamics
c. Multiple-walker
metadynamics
Harmonic restraints
a. Moving restraints: SMD
b. Moving restraints: US
c. Changing force
constant
Harmonic wall restraints
Linear restraints
Adaptive Linear Bias




colvars

components

colvar “d”
(d1 . dz)

distance “d.”:

atoms [1, 2] [3-5]
(C=10,p=1)

distance “d,”:

atoms [7] [8-10]
(C=-10,p=1)

colvar “c”
(coord)

{

name d

distance {
componentCoeff 1.0
groupl { atomNumbers
group2 { atomNumbers

distance {
componentCoeff -1.0
groupl { atomNumbers
group2 { atomNumbers

coord. num. “coord”:

atoms [1-10] [11-20]
radius 6 A

{

name C

coordNum {
cutoff 6.0

groupl { atomNumbersRange 1-10 }
group2 { atomNumbersRange 11-20 }




biases

harmonic restraint;
Y2 K[ (d-d (t))*/w 2 +
(c-c,(0))* /w2 ]

colvars components
f
distance “d.":
atoms [1, 2] [3-5]
o A (C=10,p=1
(dl - dz)
distance “d,”:
atoms [7] [8-10]
(C=-10,p=1)
colvar “c” coord. num. “coord”:
(coord) P> atoms [1-10] [11-20]
radius 6 A




Geometrical free energy calculation: Unbiased simulation

colvar { name phi colvar { name psi
dihedral { dihedral { —180 < ¢,y <180
groupl { atomnumbers 13 } groupl { atomnumbers 3 }
group?2 { atomnumbers 15 } group2 { atomnumbers 1 }
group3 { atomnumbers 17 } group3 { atomnumbers 17 }
group4 { atomnumbers 1} group4 { atomnumbers 15 } ||'|
} }
1 H// C'\'”ﬂ H
F(S) = ——lnf “PUM §(§ —S(r))dr+C H CH: ; |
| W N g
F(S):—ElnN(S)+C | | |
H H 0 H

Need to perform: Simulated tempering , parallel
tempering , and Hamiltonian replica exchange

Y. Sugita, Y. Okamoto, Chem. Phys. Lett. 314 (1999) 141.
H. Fukunishi, O. Watanabe, S. Takada, J. Chem. Phys. 116 (2002) 9058.

N-acetyl-N—methyl-L—alanylamide (NANMA)

E. Marinari, G. Parisi, Europhys. Lett. 19 (1992) 451.
U.H.E. Hansmann, Chem. Phys. Lett. 281 (1997) 140.



Geometrical free energy calculation: Biased simulation

colvar { name psi

metadynamic { colvar { name phi
colvars phi psi dihedral { dihedral {
hillwidth 2 groupl { atomnumbers 13 } groupl { atomnumbers 3 }
hillweight 0.01 group2 { atomnumbers 15 } group2 { atomnumbers 1 }

group3 { atomnumbers 17 }
group4 { atomnumbers 15 }

group3 { atomnumbers 17 }
group4 { atomnumbers 1 }

180

120

60

v (degrees)

-60

120 F(S) = —%lnN(S)—E(S)‘FC

-180
-180  -120 -60 0 60 120 180

¢ (degrees)

26



Geometrical free energy calculation: Adaptive Biasing Potential

t'<t i<Ncy
Metadynamics (5, ) Sl(to))
The bias potential is built as a sum of E(S,t) = z Wexp Z
Gaussian functions centered on the t'=1,21,..
previously visited configurations in the 60
CVs space.

70 +
80
90

F(S) = —%m N(S)—E(S)+C

-100

free energy (kJoule/mol)

lim E(S,t) =~ F($) +C

-110

-120 +

-130 W

D. Cvijovic, J. Klinowski, Science 267 (1995) 664. phi (rad) 27



Geometrical free energy calculation: Adaptive Biasing Potential

Well-tempered Metadynamics

t'<t i<Nc¢y E(S,t)
S (t S (t° " — ’

o= S W 2( ()54 D\ wen exp( =1 )

t'=1,21,... l

Metadynamics

1 {l-tempered
F(S) e Eln N(S) —_— E(S) _I_ C no metadynamics plain metadynamics :xv\imdynarmcs
lim E(S,t) =

t— oo

Bard B and
Barducci, G. Bussi, M. Parrinello, Phys. Rev. Lett. 100 (2008) 020603. Laio and Parrinello, o ;if:m:ﬁ: o

PNAS (2002) 28

Viedo by Giovanni Bussi PRL (2008)



Geometrical free energy calculation: Adaptive Biasing Force

ABF
st Ensemble average of an
AF(S) — j dF(S) ds dF(S) — <67—[> » instantaneous force, acting on
So das as SANES the reaction parameter S.
dF () _ a_U kT dln|J| The term [J] is upon changing from
aS a8 B a8 Cartesian to generalized coordinates.

S
/ \ oU ou_or

Force acting along S Geometric entropic 35S~ or <3S
contribution

Need a full set of generalized coordinates!

Darve, E.; Pohorille, A. J. Chem. Phys. 2001, 115,9169-9183. 29



Geometrical free energy calculation: Adaptive Biasing Force

PMF between an NaCl ion pair in water

OF(S) |oU Taln|]|
as ~\os B oS s

For an arbitrary vector field w such that w;.VS; # 0

os \ wi.vs P U w, s/

If we assume: w;.VS; = §;;
aF (S)
aS

M. J. Ruiz-Montero, D. Frenkel, and J. J. Brey. Mol. Phys., 90:925-941, 1997.
Montero, M. J.; Frenkel, D.; Brey, J. J. Mol. Phys. 1997, 90, 925-941

W. K. den Otter. J. Chem. Phys., 112:7283-7292, 2000.

G. Ciccotti, R. Kapral, and E. Vanden-Eijnden. Chem Phys Chem, 6(9):1809-1814, 2005 Viedo by Giovanni Bussi

= (VUWL - kBTV Wi>S




Geometrical free energy calculation: Adaptive Biasing Force (eABF)

Extended-system ABF

Bias is not applied directly to the
collective variable!

Bias is applied to an extended
fictitious coordinate (A) that evolves
dynamically according to

Newtonian or Langevin dynamics.

A. Lesage, T. Lelievre, G. Stoltz, and J. Hénin. J. Phys. Chem. B

k
Eextended(s’ )l) — U(T) + E(S _ /'1)2

kgT m
5 T =27 |+

o = I k

Corrected z-averaged restraint (CZAR)
estimator of the free energy

0F(S)  10InN(S)

s =5 a5 Hk(s=$)

31
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