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Source: wikimedia commons

...including proteins and DNA

Limongelli et al., PNAS (2010) Limongelli et al., Angew. Chem. Int. Ed. (2013)




- Life is Dynamics

What if we neglect dynamics?




- Life is Dynamics




Molecular Binding

koff

[L] + [P] = [LP]

>

Free Energy

K,= [LP1 K,= kon A
[L] [P] o ' :

Reaction Coordinate

v Kb can be measured by experiments

Vv Kp is correlated to AGping as follows:

*AGbind = GpLey - Gpjgpy = -ko T In Kb

*in case of competitive inhibitors

Limongelli WIREs Comput. Mol. Sci. (2020)
Gilson, Zhou. Annu Rev Biophys Biomol Struct (2007) 5




Molecular Binding

koﬁ'
A kon

L+P
AGbind

Free Energy

AGbind = Gy - Gpuyppr =-ko T In Ky .

Reaction Coordinate

o0 fe_(U(rLP)+S(rLP)/ka)

d
AGY = prp—ur—up = —kpTin 5 —(U +S JkyT) —(U r—(:S‘P) /kpT)
872 ([ e (rL) T2 L) B0 e ) (e (rPY TR R IR g )y

Limongelli WIREs Comput. Mol. Sci. (2020)
Gilson, Zhou. Annu Rev Biophys Biomol Struct (2007) 5 @
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e | Computational Methods

General Rule
The accuracy is always traded for the speed

Fast Methods Accurate Methods

l l

Molecular Dynamics
Monte Carlo

1

End Point Methods: Pathway Free Energy Methods:
LIE - MMPBSA FEP - Tl - Umbrella Sampling -
Funnel-Metadynamics (FM)

Molecular Docking

Limongelli WIREs Comput. Mol. Sci. (2020)
Gilson, Zhou. Annu Rev Biophys Biomol Struct (2007) 7
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v Funnel-Metadynamics (FM)

* Ligand/Protein binding free-energy

* Ligand/Protein binding kinetics

* Funnel-Metadynamics Automated Protocol (FMAP)

Funnel metadynamics as accurate binding 2013 4
free-energy method g

c,d,1

’ Vittorio Limongelli®', Massimiliano Bonomi®, and Michele Parrinello

<. “Department of Pharmacy, University of Naples Federico Il, I-80131 Naples, Italy; bDepartment of Bioengineering and Therapeutic Sciences, and California
‘ Institute of Quantitative Biosciences, University of California, San Francisco, CA 94158; “‘Department of Chemistry and Applied Biosciences, Eidgendssiche
Technische Hochschule (ETH), 8006 ZUrich, Switzerland; and dFacolta di Informatica, Istituto di Scienze Computazionali, Universita della Svizzera Italiana,

CH-6900 Lugano, Switzerland
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Further Reading: Limongelli et al. PNAS (2010)
Raniolo & Limongelli Nature Protocols (2020) Limongelli et al. PNAS (2012)
Limongelli and co. PNAS (2017) Grazioso, Limongelli et al. JACS (2012)




Theory in the Class

* Metadynamics and Well-Tempered Metadynamics

* Collective Variables (CVs)

* Variational Approach to Conformational dynamics (VAC) Metadynamics
* Funnel-Metadynamics (FM)

* Infrequent Metadynamics (IM)

* Path Collective Variables (PCV)

* Multiple Walker Simulations

* Reweigthing the Boltzmann distribution in not-biased CV space

; L,
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The Time Scale Issue

>
[
3
Y
®
I

DNA replication,

protein folding

peptide folding,
helix colil transition

unbound

loop motion,
collective motion

Classical MD

bound

Bond stretching,
angle bending

* MD timestep ~ | fs (bond-stretching, bending,...)

* Biologically relevant processes (ligand binding, protein/DNA folding...) > 10! s

m %
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emae | [ Jimensional Reduction

: : : fine-grained description
Many microscopic variables B olentallena

atomic coordinates U(q) Newton 35 —
1 [ ] dynamics F = mdad

Zwanzig Phys Rev (1961)

. . coarse-grained description
A few collective variables (CVs)  free energy:

s [distances, angles, ...] E(S)=-|§BTcljogf exp(-PU)0(s-s(q))dq
angevin dynamics

Major advantage:
Analysis of g-space trajectories by means of modeling dynamics in s-space

ﬂ %
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Classical MD Metadynamics

free
energy
A
Pace
/\’ 1 Height
Width s, collective
variable

Laio and Parrinello, PNAS (2002)

m %
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d

Va(S,t) = /Ot dt' wexp | — Z (Si(R) — Si(R(t)))"

207

/ 7 \

Gaussian width

W Gaussian height

bias rate W =
TG pace
free
energy
A
Pace /' 1 Height
Va(S,t —o00) =—-F(S)+C e
Width ,, collective
variable

Laio and Parrinello PNAS (2002)
Bussi, Laio, Parrinello PRL (2006)

13
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metadynamics
bias

/

V(S,t)

V(S,t)=we ‘“BjT 05,5(t)

/

initial rate rate decreases as
exp(-V/AT)
T+ AT
F(s,t) = Vis,t
(S, ) AT (57 )

Barducci, Bussi, Parrinello PRL (2008)
Dama, Parrinello,Voth PRL (2014)




NSAIDs Mechanism of Action

7
A %
( ]k\O F107

V102 '\ |
bl A apec
2! S s Fa \
g A SC-558 activities:
IC(COX-1) = 17.7 uM
' > fedis s |Cs0(COX-2) = 9.3 nM
15 20 25

Distance (&)

Model for COX-2 Diarylheterocycle Binding

e ]

Figure 7. Three-step model of SC299 binding to COX-2. SC299
binds in the lobby region in the first step, moves past the constriction
comprised of Argl20, Tyr355, and Glu524 in the second step, and
then inserts into the side pocket bordered by Val523 in the third

step. Inserticn into the side pocket accounts for the stability of
SC299 binding and the stability of inhibition.

Lanzo et al., Biochemistry (2000)

Limongelli et al. PNAS (2010)
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Protein/Ligand Binding

C9 = Standard Concentration (constant)

O Boud ' Unbound

Q

2 ) .“'.1.._

G l\'.

£

= 0

(o)

@

o

=2

: -25 keal/mol
5 10 158 20 25
Distance (A)

Problems in converging the free energy in the unbound region

;7

Limongelli et al. PNAS (2010)
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Protein/Ligand Binding

Funnel metadynamics as accurate binding 2013
free-energy method

Vittorio Limongelli®*, Massimiliano Bonomi®, and Michele Parrinello“%"

2Department of Pharmacy, University of Naples Federico II, -80131 Naples, Italy; PDepartment of Bioengineering and Therapeutic Sciences, and California
Institute of Quantitative Biosciences, University of California, San Francisco, CA 94158; “Department of Chemistry and Applied Biosciences, Eidgendssiche

Technische Hochschule (ETH), 8006 Zirich, Switzerland; and ®Facolta di Informatica, Istituto di Scienze Computazionali, Universita della Svizzera Italiana,
CH-6900 Lugano, Switzerland
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Funnel-Metadynamics @

1
AGY = —Ezn(co Ky)

o potential of the
AGsiee is equal to 0 unbound state

\ \

*Kb — PAGsite / dz e PV ()= Wrey] Su
site

/

potential of the  Su is equal to
bound state TTR¢y12

References:
* Allen et al., PNAS (2004); Roux et al., J. Chem. Phys. (2008)

.  Limongelli, Bonomi & Parrinello, PNAS (201 3)

18 %




Funnel-Metadynamics (FM)

AGg = —%ln(CO Kb)

o potential of the
AGsite is eCIUaI to 0 unbound state

\ \

K, = ePBGite / dz e PWE-Wrerl g
site

/

potential of the  Su is equal to
bound state TTR¢y12

TAGY = AG — lzn(w}z? C°)

cyl

S\

References: Free Energy difference Analytical correction
* Allen et al., PNAS (2004); Roux et al., J. Chem. Phys. (2008) between the bound and
__** Limongelli, Bonomi & Parrinello, PNAS (2013) unbound state

19 %




Trypsin/Benzamidine Binding with FM

Funnel-Metadynamics code available on my website and GitHub:
https://sites.google.com/view/vittoriolimongelli/software?authuser=0

x L,



https://sites.google.com/view/vittoriolimongelli/software?authuser=0
https://sites.google.com/view/vittoriolimongelli/software?authuser=0

Lisand Binding Free Energy

Limongelli, Bonomi & Parrinello, PNAS (201 3)

Torsion [rad]

n

-10

Torsion (rad)
o
N

)

-20

-25 keal/mol

5 10 15 20 25
Distance (A)

Gn)-Go = - 12.3 kcal/mol

3.8 kcal/mol

/

AGY = AG — %ln(ﬂRzleO)

AG,° = -85 + 0.7 kcal/mol

Previous estimates —5.5 to —9.0 kcal/mol*

*Talhout et al., Eur. J. Bochem. (2001)
Katz et al., J. Mol. Biol. (2001)
Doudou et al., JCTC (2009)

21




VAC-FM @

VAC-MetaD™

N
s;(R) = Z bydi(R) Variant of TICA™ adapted for biased simulations
k

*Mccarty & Parrinello JCP (2017)
“Perez-Hernandez et al. JCP (201 3)

dk (R) = Ny /tig Woodo QP (), Wi, Noé et al. Multiscale Model. Simul. (2013)

16
! 14

4 12

C(7)b, = @ﬂibi

;
09 |
08 |
0.7
06 |
05}
04}
03}
02}
0.1

0 5 10 15 20 25 30 35 40
lag time (ns)

Brotzakis, Limongelli & Parrinello JCTC (2019)




What about Ligand Kinetics!?

k.« = 1/<residence time>
(= milliseconds to hours)

k.¢ important for lead optimization
in drug design:
drug works only as long it is bound

Kare

kUll

Ligand bound § koﬁ” |
with protein &

QD

8 |

. Ligand unbound from protein

Reaction Coorainate

Kinetics of protein-ligand unbinding: Predicting
pathways, rates, and rate-limiting steps

2015

2Department of Chemistry and Applied Biosciences, Eidgenéssische Technische Hochschule Zarich, 8006 Zurich, Switzerland; PUniversita della Svizzera Italiana,
Faculty of Informatics, Institute of Computational Science, CH-6900 Lugano, Switzerland; “Department of Pharmacy, University of Naples Federico II, 1-80131

v Naples, Italy; and “Institute of Process Engineering, Eidgenéssische Technische Hochschule Zurich, 8006 Zurich, Switzerland
w——-—_* e —

a,b,1

23

Pratyush Tiwary®P®, Vittorio Limongelli®<, Matteo Salvalaglio™?, and Michele Parrinello
é




N
Facolta
di

&= VVhat about Ligand Kinetics!?

a b c
- —10° 10° —10° 100 —10°
107
-1
N 108 10 108
100 101 _
077‘ OT — 10'2— OT
E i (@) o—t— 108 g ‘Té’g: | 107 2 I\‘né: (@) _107 g
.Q:g 10 -1 © U?I_‘ ,Mo U?I_‘ Q{o 10,3_ A U?I_‘
1 = 102 g —
(@) (@)
4 — 10° / O — 106
1075 10 %
1076 | | | | | | | | 107 1073 | | | 105 10’5 I | | | 105
10 102 10710 108 10° o™ 10710 107 108 107 10" 10  10° 108 107 10°
Ky(M) K (M) K (M)

d d

Figure 2 | Drug affinity (target potency) is often driven by drug-target  and mutant forms of streptavidin'® (part a), saquinavir binding to wild-
residence time. Correlation between the dissociation rate constant  type and resistant mutants of HIV protease!’ (part b), and a series of
(k . orange circles) or association rate constant (k_; green circles) with  aminonucleoside inhibitors binding to the protein methyltransferase

the equilibrium dissociation constant (K ) for biotin binding to wild-type ~ DOT1L" (part c).

Copeland Nature Review Drug Discovery (2016)
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TS
kB_)a 0( K@ without bias ]
Zg
ko X K ZZ IS with bias T
B ,
k. 7 7
* \ -
=L ) a=Lo ) o=
koo Z = —
B—>(X B 8
eferences Acceleration factor

Tiwary & Parrinello, PRL 2013
Salvalaglio, Tiwary & Parrinello, JCTC 2014
Grubmueller, PRE 1995; Voter, JCP 1997

N ;7
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n (unbinding events)/ total time = K= 9.1/sec *

10 | Markov State Model***=10°

0%

10°F

- 1970 expt** = 300-900

10°F

101 E_ MetaD* =9.1+/-2

ks (/sec)

3 Experiment**= 600(+/- 300)/sec 1 CDF
MSM***=10°/sec
0.9r
-6.4 to -7.3 (experiments)
-8.5 +/- 0.7 (MetaD) 0.77
5.2 +/- 0.4 (MSM) 06l
& 05
o nMTD
041 f = z dt eﬁv(s(tiMTD)ltiMTD)
0.3r i
Binding rates 0.2+ TCDF =1 — exp(_f)
— -BAG (p-1c-1 T
kon - 1/C0 kof'fe P (M S ) 041
3 x 107 (experiments) W
1.2 +/-1 x 107 (MetaD — indirect) 00— S
15 +/- 2 x 107 (MSM - direct) 10 10

time (sec)

* Tiwary, Limongelli, Salvalaglio & Parrinello, PNAS (2015)
Tiwary, Limongelli, Salvalaglio and Parrinello, in preparation

** @uillain, Thusius JACS 1970

*** Indirect calculation via k__, Buch et al PNAS 2011

on’

*

" ;7




koff and Rate-Determining Step

— T 2y
| 4.9x10° < a o TM a= ZB (eﬁVﬂ)

5.2x10%

1.4x10%/

unavailable
for binding

Markov state model Kog= 7.3 /sec
Estimate from full unbinding runs = 9.1 £+ 2.5 /sec

8.1x10°

Bound Unbound

7%

unbinding

State P

Transition State

Transition State

Free Energy

Reaction Cooroinate

Tiwary, Limongelli, Salvalaglio, Parrinello PNAS (2015)
27




Ligand Binding Kinetics to Kinase

%—\X o \/"/ p
N.y ”J\NHZ _'\'%
|

kon (M-15°1) 1.18:105 C, oY,
ko (1) 1.4-10° @
C-lobe [
103
0.020 7.4:10 L a106
«— «— —
4.4-10¢ 2.9-105

aBS
0.15s

7
 —
h

5.3-10?

2.0-10° // 1.7-10°

koff (calc) = 0.02 + 0.0l /sec

koff (exp) =0.14 /sec”

*Regan et al. BMCL (2003)

JAC

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

2017

Unbinding Kinetics of a p38 MAP Kinase Type Il Inhibitor from

Metadynamics Simulations

Rodrigo Casasnovas,“ID Vittorio Lirnongelli,#’i’§ Pratyush Tiwary,#’” Paolo Carloni,*’Jr

and Michele Parrinello™*
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PRXY Inhibitors

a3t | N _ g

Table 1. Comparison of Calculated and Experimental
Dissociation Constants K, and Absolute Binding Free
Energy AG,’ of Catechol and 4-Methylcatechol for Human

PRXS
catechol 4-methylcatechol

AGLe

FM” —3.0 + 02 —42 + 03
NMR =32 + 0.1 —4.1 + 0.1
Kp (107%)

FM” 6.9 + 2.1 0.9 + 04
NMR 4.5 + 0.6 1.0 + 0.2

“kcal/mol. bMean value over the last 100 ns of 500 ns FM.

Ad (ppm)

W(z) [kcal/mol]

AGY [keal/mol]

n,c\©: OH
OH

0,25

100

200 300 400
NVT simulation [ns]

500

0,20

0,15

0,05

4 PRXS5 catechol

Ky=45£06.107

NMR-

eeoovAqdroOon

T T T T T T T
10 15 20 25
[LVP]

Distance from z axis [A]
N B [} (o] 8

o

Distance from z axis [A]
N IN ) © =

o

based Kp

42

46

47

116
118
119
121
147

0,20

0,15+

AS (ppm)

0,10 4

0,05

0,00

[LVIP]

kcal/mol
T T T 10
8
6
4
2
0
1 1 T
10 15 20
z[A]
{ PRX5 4-methylcatechol
Ky=10+02.107
[}
| |
A
*
*

44
48
50
119
121

Troussicot, Guillere, Limongelli,Walker, Lancelin JACS (2015)
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Fruit Fly Resistance to Dieldrin PLGIC

—_
o

Wild type
AG,’ = -9.3 £+ 0.2 kcal/mol

= - N w £ (6] o) ~N o] ©
Free Energy (kcal/mol)

5 25 0 25 5 75 10 [25 15 175 20 225 25 275 30
Distance along the Funnel axis (A)

14 10
13 g
;;12
'511 8%\
610 B 7§
Eof T
2l . E204A mutant
< B ()]
“~ 6| @ —
Esr ‘5 AG, = -6.3 % 0.1 kcal/mol
a1l = v

-5 25 0 25 5 75 10 125 15 175 20 225 25 275 30
Distance along the Funnel axis (A)

= RITIA mutant
4 AGL=-3.4+ 0.3 keal/mol

-5 25 0 25 5 75 10 125 15 175 20 22F 25 275 30
Distance along the Funnel axis (A

Comitani, Limongelli, Molteni, JCTC (2016) @
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- Ligand/Protein Binding

What if we have large protein
conformational changes!
(configurational entropy)

31



Adenosine DeAminase (ADA)

Helix displacement in the apo and bound X-ray structure
¥ /' :>rv 3 ;%S

3 _
) /
. / -

effect during ligand binding

Vittorio Limongelli**<', Luciana Marinelli‘, Sandro Cosconati®, Concettina La Motta®, Stefania Sartini®, Laura Mugnaini¢,
Federico Da Settimo®, Ettore Novellino®, and Michele Parrinello®”

?Department of Chemistry and Applied Biosciences, Computational Science, Eidgendéssiche Technische Hochschule (ETH), Zurich, Switzerland; I stitute of
Computational Science (ICS), Universita della Svizzera Italiana, Via Giu pp e Bu f'f 13 CH 6900 Lugano, Switzerland; ‘Dipa rtm t d Chimic

Farmaceutica e Tossicologica, Universita di Napoli “Federico 11", Via D. Montesano, 49, 1-80131 Naples, It aly; ‘Dipartimento di Scienze Ambie t li,

poli, Via Vivaldi 43, I-81100 Caserta, Italy; and eDipartimento di Scienze Farmaceutiche, Universita di Pisa, Via Bonanno, 6,

I Sampling protein motion and solvent 2012 ¢
* Seconda Universita di Il\la b o , f
B R A e A ——— —
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*z(R)* allows exploring states

*s(R)* allows the system to go from
far from the guess path

state A (closed) to state B (open)™

“
1, -AR - )~
| | f()f(’ AMR - Ri1)) dt | 1 | .
s(R) = lim =" zZ(R)=lim — —1In | ¢ MR-RUIg
A—% f()() ' ' (It A—% )\ 0
1 v

0.75 1.574 25
2
_é 0.5 _5 1 15
> 0 > v
Path 0 Distache
LA N N NN Function ey * e * 0_ * - 1 5::‘:;'0'1

2 15 - -05 0 0.5 1 15 2 Value X Position

X Position

* Branduardi et al. JCP (2007); Bonomi et al. JACS (2008); Ren et al. JCP (2005)
“* Closed and open state defined by the available X-ray ADA structures

;7
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Path Collective Variables

Limongelli et al. PNAS (2010)
34




- The ADA Movie

Limongelli et al. PNAS (2012)
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The Binding Mode

The ligand binds to ADA in the open conformation

N\

e | ﬂ
7 f I
“f\>

A
\\4”

- closed X-ray
- open X-ray

Limongelli et al. PNAS (2012)




Reweighting the FES @

The Boltzmann probability
distribution for different CVs can be
computed as:

Pp(R) o e™PVe (SR p(R )

Bonomi et al. JCC (2009)

Interfacial Water

—

6 7 8 9 10 1 12 13 14

Distance [A]

37



Lisand/G-quadruplex DNA

= AG,’ cai) = —10.3 J_r!(i.s kcal/mol
£ SR _ (
-§ o R AGbo(ex,,) = =9.9 * 0.2 kcal/mol
T g X
m-z - | | A

A 2 AN 2

o AL e B o & 5
6 8 10 12 14 20 22
z axis (A)

Limongelli and co. PNAS (2017)
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Allostery in the P2Y1 GPCR

pRS,

| W S

20 "I‘“"'B‘F“?"“" -£..r-----
‘ _
s. 3  Aoe Wiz~ ¢
g 15 B BRA Y v ~ Sy B
S g l D®H{ Lo K
g 10 < - ————— ;-- -—————
BN 5 = (e ('n s ‘A\,
O. g (.,3 € qr("\x‘
> = 2 Coq (€ e ¢
- 0 (__ _I-;\‘Ts N :
05 1 15 2 25 3 Ht ' ( ,_\‘__\\
CV1-Distance (nm) ‘ < 2

Yuan, Raniolo, Limongelli, Xu, JCTC (2018)
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Allostery in HSP90

NH* —

ATP

0 e R AT
» i | HRE 1B Y=t 2 T 2N d
iy - 4 @y W
2] 12 M AT ]
i id i R 83
] o =kl
o8 il =@ em i Y
-6- -
8

&b( l'(cal/ mol)
=)

L]
N

=

AL LU R R -
SSARE -l o2

‘ g
: _.ﬁz_ petis =gty IR AR B ] ey
R i el i P RS S e e s e

00 200 4 5 6 00 200 435 6
- 1 225.23325 35 535 635477 | 225_23225 35 535 635 677
1 4 Chain A Chain B

p—
= 124 b b b
8l 1o
il LA —To v — -

X e Ko r

”“-:..-- ) - ] D [
oy - K
facapes g g1 R e b 41
ot Il . !

»
g
Ol

)
S

(=]

Tife (us)

<108 05 02 02 05 081
0.65-0.35 0.35 0.65

D’Annessa, Raniolo, Limongelli, Di Marino, Colombo JCTC (2019)
40




Facolta
weze | Funnel-Metadynamics Advanced Protocol
biomediche
(FMAP)
nature
p rOtOCOlS httpS://doi.org/151§824:|5_9225082|-:

mc eeeeeeeeeeeeee \

Ligand binding free-energy calculations with
funnel metadynamics

Stefano Raniolo®' and Vittorio Limongelli®"2%

|. Pre-processing
2. FM Simulation

3. Post-processing

41



Funnel-Metadynamics Advanced Protocol
(FMAP)

|. Pre-processing e v

Al 1 »
Pont A 1.00 T100 7100 - e s
100 -
PomiB 5.0 s 800 s 800 : ROy z
— . Low.wal 200 -
Mntpsp 200 T Nex‘psip BOD "
Up.wal 600 -

° Przss kay p and pick an atom ‘rom the screen to move 2oint A (yellow)
| Pross koy p and pick an atom ‘rom the s2rean 10 move 2oint B [grecn)
Press key p and oick &n atom from the screen to set anchor cont

D 0 Lgand resnams MOL k_fur. . 25100] Apply

# [lamember 10 create amoty HILLG a~d COLVAIT fies i7 ¢asa you are dong the 1irst un with LS TAIRT
ogtion.

# <fill> = recassary an input.

# <> = necessary ¢ file.
RESTART

 Invizbie moze
© Transparent mode

\WHOLEMCLECULES ENTITYC=<I>

19: CON ATOMG=3221,0222 3220 3224,2225,0228 3227 3228,2229,0200 3231 3232,3253,0204 3235 3
236,3237,3238

fos: FPS LIGAND=Ili REFERENCE=<7> ANCHOR=dlill> PONTS=01,0.7,0.10.50.20.5

FUNNEL ARCG=Is p,'ps id 200205 ALPHAS® 00 HOYLED 1 MINSSD.2 MAXSE0E KAPTARCIl- NEINS
=200 NEINZ=500 SAFETY=1.0 SLOPE=1.0 LABE .=funnz|

# rerove BIAS=AC TOH If you want 10 perfarm standcrd metadynamics

METAD ARG=<fil> SICMA=<fi & HEICHT=<'ill> PACE=<fill> TEMP=300 BIASFACTOR=<fi b~ LABEL=m
etad

LOWER_WALLS ARG=fps 1o AT=0.2 KAPPA=ill> EXP=2 OFFSET=0 LABEL=hal

UPPER_WALLS ARG=I28.Ip AT=( 6 KAFFA=lilt> EXF=2 OFFSET=0 LABEL=uwal

Raniolo & Limongelli Nature Protocols (2020)
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