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THEORETICAL BACKGROUND

4 N
[protein : ligand] . . Keq L
Keq — . . proteln -+ hgand — protem : hgand
[protein||ligand]
which can readily be determined by experiment:
koff
. e
Kon
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’Ué) 140" .0l
120- e\
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| I . \\‘:“‘-‘c,_‘
O 40 f,’l 100nM S
& 20; |/ B o~
© 9 1onM N
200 280 360 440 520 600 680 760 840 9201000
time (s)
— A single event is evidently not enough.
Kollman, PA. Cher. Ren 1993, 3, 2395-2417 — Brute-force simulations are limited by kon and Koft.

Gilson, M. K. et al. Bzophys. J. 1997, 72, 1047-1069

Chipot, C.; Pohorille, A. Free-energy calculations. Springer 2007.

Karlsson, R.; Larsson, A. Methods Mol. Biol. 2004, 248, 389-415

Buch, I.; Giorgino, T.; Fabritiis, G. D. Proc. Natl. Acad. Sci. U. S. A. 2011, 7108, 10184-10189
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THEORETICAL BACKGROUND

4 )

s Keq
Keoq = protein : ligand protein -+ ligand &= protein : ligand

[protein||ligand]
D —————

rotein 1

ligand| po [proteinjio;  [ligand] po

(
/ dl/ d2.../ dN/dxe_BU
K. — 1 4 site bulk bulk
eq — q-
ligand] / d1 / dz. .. / AN / dx e~ PV
\ J bulk bulk bulk

/ d1 d2.../ dN/dx e PU
| bulk site bulk |
/ d1 d2.../ dN/dX e PV
bulk bulk bulk

protein| = pg [protein|iqy
/ d1 d2.../ dN/dxe—BU
bulk bulk site

protein : ligand| = p; |protein|ot
/ d1 d2.../ dN/dxe—ﬁU
bulk bulk bulk

Shoup, D.; Szabo, A. Biophys. ]. 1982, 40, 33-39

Woo, H. J.; Roux, B. Proc. Natl. Acad. Sei. US A 2005, 102, 6825-6830
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THEORETICAL BACKGROUND

N dl/ d2.../ dN/dxe_
1 site bulk bulk

] Keq — T
o ligand] / d1 / a2... / AN / dx e~
4 bulk bulk bulk
£
?’ N dl/dxe BU
| _ site
o) hgand / /
! dl [ dx e™
o
'y bulk
i ‘%}
Ll
- N dl / dx e PV
‘ _ 1 site
ligand _
lig ]Vbulk/ d1 d(x; —XT)/dX e PV
bulk
P - alchemical route
/ d1l / dx e~ ’
Keq — site
dl §(x; —x3) [ dx e PV \l
bulk
geometrical route
Shoup, D.; Szabo, A. Biophys. ]. 1982, 40, 33-39
Woo, H. J.; Roux, B. Proc. Natl. Acad. Sci. US.A 2005, 102, 6825-6830
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THE DOUBLE-ANNIHILATION STRATEGY

protein + ligand® ———* protein:ligand?

AG2"

AGS

k A G 31te
k AG glte

AGH

k site
AG” AGp

protein + ho#nidg? T———> protein:hgiridg®

A GBUH{ AG gite

protein + nothing® e———> protein:nothing’

gé HANDS-ON WORKSHOP ON ENHANCED SAMPLING AND FREE-ENERGY CALCULATIONS

% e NIH CENTER FOR MACROMOLECULAR MODELING & BIOINFORMATICS, URBANA, ILLINOIS, SEPTEMBER 2018

Couple reversibly the ligand to the binding site of the protein

THE ALCHEMICAL ROUTE

- Floating ligand problem.

- Corpora non agunt nisi fixata.
Paul Ehrlich

- Definition of a set of restraints.

- The loss of translational, otrientational and conformational
entropies contributes to the free energy.

Gilson, M. K. et al. Bigphys. ]., 1997, 72, 1047-1069
Hermans, J.; Wang, L. J. An. Chenr. Soc. 1997, 119, 2707-2714
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THE DOUBLE-ANNIHILATION STRATEGY

- «

/ dl §(x; — x7) /dx e AUotuctuso)
bulk

/ dl d(x; — x7) /d:x e AWotue)
bulk

/ d1 / dx e PV
site

/ d]./dX e BU1Fue)
site

/ d1/dx e~ BUi+tuc)
site

/ dl/dx e~ BWUi+tuctuo)
site

/ d1 / dx e PUrtuctuo)
site

/ dl/dx e_IB(U1+uC+uO+uP)
site

/ dl/dx e_/B(U1+uc+uo+up)
site

/ dl/dx e—B(U1+uc+uo+up+ur)
site

X

-

/ dl d(x; — x7) /dx e AU Fuc)

bulk

/ dl d(x; — x7) /dx e Pl
bulk

X

-

/ dl/dx e_/B(UO+uc+uo+up+u'r')
bulk

/ dl d(x; — x7) /dx e AUotuctu,)
bulk

Deng, Y.; Roux, B. J. Phys. Chem. B 2009, 1713, 2234-2246
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eq

X

/ dl/dx e

site

/ dl/dx e~ BU+tue)
site

/ dl/dX e~ BU+uc)
site

/ d1/dx e~ B(Utuctue)
site

THE GEOMETRICAL ROUTE

/ d]./dX e_B(U+uc+uo+up)
site

/ d1l §(x; — x7) /dx e~ AUHuctu,)
bulk

bulk

/ d1 5(X1 _ XT) /dX e_B(U+uc+U6+U<I>)
bulk

X

d1l [ dx e #U+ue) o
/ dl/dX /Slte / e _ e—I—BAGSéte _ dO e Bwsite ()
/ dl/dxe / dl/dX o~ Bue o —B(U+uc) 46 e—ﬁ(wsite(@)+u@)
site site

/ dl/dx e—ﬁ(U+uc+u@+Uq>)
site

/ d]./dX e—ﬂ(U+uc+u@+u¢+u\p)
site

/ dl/dx o~ B(U+uc+uo)
site

/ dl/dx e—B(U+uc+uo+ue)
site

/ dl/dx e~ BUtuctuo+ug)
site

/ d]_/dX e—ﬁ(U+uc+uo+ue+U¢)
site

/ dl d(x; — x7) /dx g AU+uctue)
bulk

/ dl §(x; — x7) /dx e AlU+uc)
bulk

/ d1l §(x; — x7) /dx e~ AU+Hue)

bulk

/ dl 0(xy — x7) /dx e PV
bulk

X

X

Yu, Y. B. et al. Biophys. |. 2001, 87, 1632-1642
Woo, H. J.; Roux, B. Proc. Natl. Acad. Sci. US. A 2005, 102, 6825-6830

Gumbart, J. C.; Roux, B.; Chipot, C. |. Chem. Theory Comput. 2013, 9, 794-802
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A GEOMETRICAL ROUTE g ey |
site bulk
E
Robust experimental data. 3
. . . AGbUIk n 1 L 1 PRI -
Sampling constitutes the primary source of error. ¢ | N 3 | T

The protein: Abl Stc homology domain 3.

P
(kecal'mol)

g ¢
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=]

The binder: APSYSPPPPP (p41).
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AGY = -7.94 kcal/mol (experimental).

35 a0 a5
v (degrees)

10.07—

e 2
Fully geometrical route: -7.8 £ 0.9 kcal/mol

(keal/mad)
o @
° 4 Y 2 4 o \ 4 \ 4

\',.: A
[
<

20

Fully alchemical route: -7.7 * 1.0 kcal/mol

L 1
\_ Y. 00 20 40 50 €0 70
4 (degrees)

“Noo 970 60 180 140
¢ (degrees)

Pisabarro, M. 'T.; Serrano, L. Biochenistry 1996, 35, 10634-10640

Pisabarro, M. T.; Serrano, L..; Wilmanns, M. |. Mol. Biol. 1998, 287, 513-521

Gumbart, J. C.; Roux, B.; Chipot, C. J. Chem. Theory Comput. 2013, 9, 794-802

Fu, H.; Cai, W,; Hénin, J.; Roux, B.; Chipot, C. |. Chem. Theory Comput. 2017, 13, 5173-5178

Fu, H. and Gumbart, J. C. and Chen, H. and Shao, X. and Cai, W. and Chipot, C. J. Chem. Inf. Model. 2018, 18, 556-560
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THE GEOMETRICAL ROUTE

P

O —

©

Huler angles:
atan?2 (2((10(11 + g2g3), 1 — 2(g7 + (]2))

asin (2(%(]2 — (]3(]1))

- Colvars scripted functions

global
global
global
global

set g0
set gl
set g2
set g3

set f

return

# Euler angles
# Phi
namespace eval eulerPhi { }
proc calc eulerPhi { args } {

eulerPhi::
eulerPhi::
eulerPhi::
eulerPhi::

lindex
lindex
lindex
lindex

~ - -~
~ —-—_ e

[ expr 180

st

lindex
lindex
lindex
lindex

/ 3.1415926 * atan2(2 * ($g0 * S$Sgl + $g2 * $qg3),

Sargs
Sargs
Sargs
Sargs

o O O o

[ N e e L ]

atan?2 (2((}0(!3 + q1q2), 1 — 2((1‘3 + Qg))

w NP O

Polar angles:

0 = acos(z)

p = atan2(y, z)

[ N e e L ]

1 -2 % ($ql * $gl + $92 * $92)) ]

- Handled by the extended adaptive biasing force algorithm (e ABF)
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NEW COLLECTIVE VARIABLES

GULEcl GULkcl
<L
@ Binding Free Energy Calculation Binding Free Energy Calculation
¢ Protein:Ligand ~~ Protein:Protein ¢ Protein:Ligand " Protein:Protein
Setup ‘ Analyze] Setup} Analyze|
—Input for Complex —Input of PMFs
Psf File: Browse Bound State:
: RMSD: | Browse
Coor File: Browse
, Theta: Browse
Vel File: Browse
: Phi: Browse
Xsc File: Browse
~Input for Ligand Pst: Browse
Psf File: Browse theta: Browse
Coor File: Browse phi: Browse
Vel File: Browse R: Browse
Xsc File: Theat Unbound State:
—Other parameters RMSD:’ Browse
Temperature: 300 ~Force Constans (in NAMD unit)
Bound state:
N Add RMSD: |10 Theta: 0.1 Phi: (0.1
ar ries: Clear Psi: |0.1 theta: 0.1 phi: 0.1
—Other parameters
Generate Temperature: 300

Contact Us
Chris Chipot: Christophe.Chipot@univ-lorraine.fr

Compute Binding Free Energy
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onformational orientational positional
EVALUATING THE CONTRIBUTIONS (P5) 6. 6 kcal/mol ; \ 0.4 keal/mol g 0.2 kcal/mol
.—/;‘ a = ' ) % P
contribution PMF (kcal/mol) i= é’ £
Acsitc (1) 6.6 g E S
“ale — LY o
e (2) -0.4 o 5 S
alte (2) _0.3 <] <] <
5[(2(2) _03 : : | : -
Gy” (3) -0.2 5 3 130 135 140 145
:,:le (3) _0.2 RMSD (A‘) ~ ; ‘ A (deorees)
site TR - q .
AG™ (4) ” 6.6 keal/mol /. \ 0.3 kcal/mol 6 0.2 kcal/mol
—(1/p) In(§*1*#C°) (5) -15.6 = : =f Z s
AG ot (6) 8 = g
decouple =~ S = |
~bulk sbulk (= < = s f
Acgulk+ACa ( ) é -20 % 3b
AG™ (8) 11.5 0 G O of
AGSw:(9) = < =
GEUH\ (]0) 6.6 ; 1 5 ) E 1
AGy g 5.5 ’ ; ' : 0 8 90 95 100 105 110
@ (degrees)
05: APTYPPPLNP | gr
AG 4 0.3 kcal/mol : 20; 15.6 kcgml_j
Abl-SH3 + p41 ——  AbIl-SH3:p41 [ E15: ]
ACTYunbound ll I AGfbound é 10
Abl-SH3 + pb =—— Abl-SH3:p5
AGE5 ol
-20-15-10 -5 0 5 10 15 20
AC¥p41 AG;S — AGbound — AGunbound =125.7-125.7=0 §' s (dcgrccs)
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ALANINE-SCANNING EXPERIMENTS

Protein-substrate binding

AGI\)&i:’lI;Iing
_
WT

AG? lAG‘

mutation mutation

% AG{:IiIg‘ding
Ll

—
MT

Thermal-shift assay

folded
0
AC:nmtat.ion
s
U
WT
WwT r
AGfolding AG}\Oilging
unfolded -
s
- ?
l - g
' AG'mutat.ion Wt .
WT MT unfolded

Alanine scanning based on FEP method

8 Host-Guest System

( Setup FEP input files ) ( Analyze FEP output )

Setup FEP input files

~Input

PSF file: /Users/vijay/research/pss-MDM2/pmi-mdmz-eqnest-resuh"( Browse )
PDB file: /Usersivijay/research/p53-MDM2/pmi-mdm2-eqitest-result [ Browse )
XSC file: v/Userslvijay/research/pss-MDM2/pmi-mdm2-eq/lest-resul1( Browse )

(" Load input files )

-Summary of residue selection

Total number of amino acids: 96 Total number of non-Ala residues: 94
Number of amino acids selected for Alanine scanning: 10

-Upload force field parameter files:
/Userslvijay/research/p53-MDM2/pmi-mdm2-eq/ftest-results-for-plugin/ing
/Usersivijay/research/p53-MDM2/pmi-mdm2-egitest-results-for-plugin/ing

Delete

E 5) 14 »

-Select a hybrid topology file:
fApplications/VMD 1.9.2.app/Contentsivmd/plugins/noarchitcl/readcharn

Delete

E 3 14 »

FEP run path: /Users/ivijay/research/p53-MDM2/pmi-mdm2-eqftest- [ Browse

Simulation Parameters: ( Edit ) (" Reset )

( Write NAMD config files

\ [ .a .a

fé HANDS-ON WORKSHOP ON ENHANCED SAMPLING AND FREE-ENERGY CALCULATIONS
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ALANINE SCANNING

Alanine scanning based on FEP method

8 Host-Guest System

( Setup FEP input files )( Analyze FEP output )
Analyze FEP output
~Input
PSF file (native): /Usersivijay/research/p53-MDM2/pmi-mdm2-eq/tes! ( Browse )
PDB file (native): /Usersivijay/research/p53-MDM2/pmi-mdm2-eq/tes! ( Browse )

Path to read FEP outfiles: /Usersivijay/research/p53-MDM2/pmi-mdm2-eq/tes! [ Browse )

Temperature: 300

( Analyze fepout files )

secondary | € 1 & pimtarl mtam AG
structure I N _2.0_4. 0
Residue AG(kcal/mol) AAG(kcal/mol)
Host-Guest Host
105 ARG P - .
106 ASN P
107 LEU P
108 VAL P
109 VAL P
1 T2A L 12.4 (0.0)’ 12.5 (0.1) . -0.1
2 S2A L -2.9 (0.1) -3.2 (0.4) 0.3
3 F2A L -3.4 (1.1)3 -7.4 (o.z)z 4.0
4 ALA L
5 GLU L
6 Y2A L 10.0 (0.2) ‘ 11.0(-0.4). -1.0
7 W2A L -17.7 (5.1) -20.3 (0.1) 2.6
8 N2A L 77.2 (0.3): 78.1 (0.4): -0.9
9 L2A L 12.0 (0.2) 11.8(=0.2) 0.2
10 L2A L 15.1 (0.0) : 13.2(-0.3): 1.9
11 S2A L 2408000 -3.20.5@ .8
12 P2A L -19.3(0.7)Q -17.3(-0.4). =20
A

A

Ramadoss, V.; Dehez, I ; Chipot, C. J. Chem. Info. Model. 2016, 56, 1122-1126
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THE LONG-STANDING PROTEIN-LIGAND PROBILEM

THE AL.CHEMICAIL ROUTE

THE GEOMETRICAL ROUTE
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ALANINE SCANNING
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PROTEIN-PROTEIN ASSOCIATION

Measuring binding constants from one-dimensional separation potentials of mean force is justified in the limit of all other degrees
of freedom being appropriately sampled. This 1s true for small, fast-relaxing molecular species.

e RC ™ 4-0—'OI'I'I'I'I'I'I‘I
K, =A4r dr r? exp|—BAA(T)]

ra
=
|

<~
(=
I |

i
=
|
o

-
<
' I
|

A A(kcal /mol)

%o
o

T T T
|

-10.0 L i . I ) | A | ) ] ] ] 2 ] A 1

Shoup, D.; Szabo, A. Biophys. J. 1982, 40, 33-39
Woo, H. J.; Roux, B. Proc. Natl. Acad. Sci. USA 2005, 102, 6825-6830
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PROTEIN-PROTEIN ASSOCIATION

Measuring binding constants from one-dimensional separation potentials of mean force is justified in the limit ot all other degrees
of freedom being appropriately sampled. This is true for small, fast-relaxing molecular species.

>
=
|

K, =4nr dr r* exp[—BAA(r)]

10 11 12

)
o
Y -
=
-~
oo
e

In more complex molecular assemblies, e.g., protein-ligand complexes, the partners acquire upon
separation additional configurational - i.e., conformational, positional and orientational entropy, not
easily captured over timescales amenable to molecular dynamics.

Shoup, D.; Szabo, A. Biophys. ]. 1982, 40, 33-39

Gumbart, J. C.; Roux, B.; Chipot, C. |. Chem. Theor. Comput. 2013, 9, 3789-3798
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PROTEIN-PROTEIN ASSOCIATION N d1 d2 AN / dx e~ U
_ 1 site bulk bulk

[barstar] / d1 / d2... [ 4N / dx e~BU
bulk bulk bulk

N dl/dx e PV
site

[barsta,r / 1 / "
bulk
d1l / dx e
1 N /Slte

-
i

% )
4 )
! ‘. -
- k I
-3 .- e §
" - -
.
- - ‘N
P~ 4 = o y ‘
- ~ - P Y
- -.. L
s .e
- - - . \ )
A_-B\_A-"" o o = =

3 - A = —~a ~
g B TR, S L N, R T M, ST N

Koy =
q barstar] Vi d1 6(x; — x*) [ dx e _BU
bulk

- - ale : ute

/ dl/dx e ’
Keq — site

dl §(x; —x7) [ dx e PY _\

N bulk y

geometrical route

Gilson, M. K.; Given, J. A.; Bush, B. L.; McCammon, J. A. Biophys. |. 1997, 72, 1047-1069
Woo, H. J.; Roux, B. Proc. Natl. Acad. Sci. US.A 2005, 102, 6825-6830

f& HANDS-ON WORKSHOP ON ENHANCED SAMPLING AND FREE-ENERGY CALCULATIONS %
%™ NIH CENTER FOR MACROMOLECULAR MODELING & BIOINFORMATICS, URBANA, ILLINOIS, SEPTEMBER 2018

UNIVERSITE 1
DE LORRAINE




’% '” a PROTEIN-LIGAND STANDARD BINDING FREE-ENERGY CALCU

Woo, H. J.; Roux, B. Proc. Natl. Acad. Sci. USA 2005, 7102, 6825-6830

Gumbart, J. C.; Roux, B.; Chipot, C. J. Chem. Theory Comput. 2013, 9, 794-802
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LATIONS

/
/ dI/dx e
eq site
/ dl/dxe B(U+uss,c)
site
/ /dX e B(U+UBS c)
site
/ dl/dx e_B(U+uBS,c+uBN,c)
site
/ d1 / dx e AU+ue)
site
/ d]./dX e_/B(U+uC+uBS res)
site
/ d]./dX e B(U—i_uc—l_uBS res)
site

/ d_]_ / dX e_ﬁ(U+uC+uBS res+UBN res)
site

/ dI/dxe BU+ue,an)
site
/ d]_/dX e_B(U+Uc all+u@)
site
/ dl/dx e_/B(U+uc a11+u@)
site
/ dl/dxe B(U+vc,antue+us)
site

/ d]./dX e_’B(U+UC,a11+u@+u<I>)
site

/ d]_/dx e_B(U‘i‘uc,all‘l‘U@—l—u(p—Fu\I,)
site

/ d]-/dX e_B(U+uc alltUo)

site

/ dl/dx e ,B(U—I—’U,C a11+uo+u9)
site

/ d1/dx o BU+uc antuotug)
site

/ dl/dx e_/B(U+uc,all+uo+U9+U¢)
site

X

X

X

BEYOND PROTEIN-LIGAND BINDING

/ dl/dxe BU+uctuotup)
site

/ d]. 5(X1 — X].) /dX e_IB(U+Uc+Uo)
bulk

bulk
bulk
bulk

/ dl §(x; — x7) /dX o~ BU+uctuo)
bulk

d(x1 — x7) /dx o~ BUtuctue)

bulk

bulk

/ X]_ — Xl)/dX e_B(U+uc+uBS,res+uBN,res)
bulk

d1 §(x; — x}) / dx o= B(U-+uctups ves)

/ 0(x1 — x7) /dX e~ P (Utuctuss,res)
bulk
bulk
/ d1l 5(X1 — XT) /dX e—B(U—I—UBs,c—I—uBN,c)
bulk
/ dl d(x; — x7) /dx e~ BAUtuss,c)
bulk

% bulk

/ dl 6(x; — x7) /dx e AU
bl

&
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S ’% a PROTEIN-LIGAND STANDARD BINDING FREE-ENERGY CAILCULATIONS

[component free energy (kcal/mol) time (ns)j
/AGSBige,C -2.0x0.3 6\ backbone: +2.5 kecal/mol
AGER . -3.1£0.1 12 interface: +8 kcal/mol
AGEE res -1.9£0.8 12 orientation: +5.8 kcal/mol
AGER res -3.510.6 24 AVar = 12.8 A3
AGHte -0.1x0.4 8
AGH' -0.4%0.1 4
AGE© -0.2+0.1 8
AGE'te -0.1+0.3 4
AG™ 0.1%0.1 4
—1/81In(S5"I"¢co) 137.140.3 212
e AGR™K 46.6
L
35, | Tes +8.1x20.3 21
gz | AGES s +5.2+0.4 15
§a | AGENL +4.250.5 18
312 / | AGRYE +3.240.2 24
.i\/ 1 L (AGh -21.0+1.4 372 | AG°= -19.0 kcal/mol

25 30 35 40

r (A)
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Protein:ligand standard binding free energies:
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