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1. Integral Equations Theory (IET) of Molecular Liquids

a. Ornstein-Zernike (OZ) equation
b. Molecular OZ equation
c. Reference Interaction Site Model (RISM)
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3. Systems structure predictions

a. Principal Hydration Sites
b. Fragments placement




1. Integral Equations Theory (IET) of Molecular Liquids
a. Ornstein-Zernike (OZ) equation o
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Radial Distribution Function (RDF)

Bseament (r)\ segment number density
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Jo bulk number density
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Frisch, H. & Lebowitz J.L. The Equilibrium Theory of Classical Fluids (New York: Benjamin, 1964)



Direct correlation function
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Ornstein, L. S. and Zernike, F. Proc. Acad. Sci. Amsterdam 1914, 17, 793-806

It is not physically intuitive but it
has a simple structure 2



Indirect correlation function

h(r) = () +|v()]

indirect
correlation function

The indirect influence can be described with
direct influence of particle 1 on any particle 3,
which, in turn, influences indirectly particle 2

h(r,,) =c<r12>+£/c<r13>h<r32>dr3

Ornstein, L. S. and Zernike, F. Proc. Acad. Sci. Amsterdam 1914, 17, 793-806



Ornstein-Zernike (OZ) equation

1 4
C(rq3) C(rs4) Ornstein-Zernike equation
for homogeneous fluid
3 of spherical particles

(h<7”12> =c(r) TP C(’"13>h(7"32>df3)

h(r,) =c(rp)tp[c(rz)c(ryd; + p 2[/C(7"13>C(7’34)C<7'42>df3df4 T...
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Ornstein, L. S. and Zernike, F. Proc. Acad. Sci. Amsterdam 1914, 17, 793-806



Closure relation

‘ h(r,) \—!C(ﬁz)‘ P [ c(ri3)h(r;,)dr;

two unknown functions



Closure relation

I h(ry) = c(rp)+p[c(r3)h(ry)dr;

_ BUG) +hi) = ) HB(yy)} Pridee functional
h(ry-1=e

-

Hyper-Netted Chain Closure (HNC)
B() = 0
h(n-1 = exp[ E(7)] Problem with convergence!
=2(n=-pU@) +h(r)—c@)
Partial linearization of HNC closure:

exp[E()]  when E() <0

h()-1=1 =/ -
E =(n/i!  when Z(r) > 0 (KH closure: i=1)

i=0

\

J.P. Hansen, |.R. McDonald, Theory of Simple Liquids 4 ed., Elsevier Academic Press, Amsterdam, The Netherlands, 2000



1. Integral Equations Theory (IET) of Molecular Liquids

b. Molecular OZ equation N
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MOZ equation
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Ornstein, L. S. and Zernike, F. Proc. Acad. Sci. Amsterdam 1914, 17, 793-806



MOZ equations

homogeneous fluid:

1 2
@ @ h(l'yp) =c'p)+ é / / c(l13)h(I'5,)dr;dO;
R Q

heterogeneous fluid:

M

b =ey+Y. L2 [ [, n,dr,d@,
J J — 87‘:2 2o ]

6D integrals over positional
and orientational coordinates

Necessary to introduce some approximations to make the
MOZ equations solvable for systems of chemical interest

Ornstein, L. S. and Zernike, F. Proc. Acad. Sci. Amsterdam 1914, 17, 793-806



1. Integral Equations Theory (IET) of Molecular Liquids

c. Reference Interaction Site Model (RISM) | éh;;j



Site-site approximation

Molecules are modeled as sets
S of sites (atoms, groups).

h, .c
> i i
o ‘Y‘ 5 Intramolecular correlation functions:

O .

O @ T

, (04 drr,
S
Xa/)’ O

Bulk solvent susceptibility:

Xa/)’ = a)/)’/j’ (7") + pha[)’ (7”)

‘\a{/’)f’“ Assumption:
C<7ij)®i>®j> - E Csoc(7>

Sa

Ao

1
hsoc<7/> = Q‘!z h(yi])@)p@])d@ld@)

8
D. Chandler, H.C. Andersen, J. Chem. Phys., 1972, 57, 1930-1937



1D and 3D versions of RISM

site — site functions molecule - site functions
N M M
mOF 2 2 [Joueead] || = X Jlow 0 Ao e
. Zoc’oco’) dr ’droc’
h, (r) = exp[- Bt (1) + (1) _ i () =exp[-Pu, (r)+h, (r)
e, (r)#Bsa(r):] 1, ~c, (4B, (r)]

\ /

: 9
D. Chandler, H.C. Andersen, J. Chem. Phys., 1972, 57, 1930; D. Beglov, B. Roux, J. Phys. Chem., 1997, 101, 7821-7826



RISM calculations: workflow

Solvent data
A A

o ™ - ™
3D Molecular Force-Field T Force Field 3D Molecular
’ Structure Parameters Parameters Structure
\.L/ é
Intramolecular _ Solute-solvent Intramolecular
corr. functions interaction potential corr. functions

closure

RISM solver
Bulk solvent
susceptibility

RISM equations

Solute-solvent
correlation functions
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RISM calculations: software

Amber 2015

AmberTools http://ambermd.org Reference Manud

http://ambermd.org/tutorials/
TUTORIAL A14: Using 3D-RISM to place waters (Dan Sindhikara)

CHEMICAL
COMPUTING
GROUP ne https://www.chemcomp.com

MOE

ADF® _mOIeC_UIar www.scm.com/adf-modeling-suite
modeling suite
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2. Solvation thermodynamics from RISM approximations

a. Solvation Free Energy Solvation free

energy M




Physico-c
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hemical properties in Drug Design

intestine liver blood kidney tissues
" al
pH=3-8'
Acidic and Metabolism  Plasma Protein logP/  Permeability
Enzymatic Binding logD
Stability logP/logD
Enzymatic .
Solubilit e Blood-Brain
Y Stability Rarar

pKa

Plasma Protein
Binding

Early stage Drug Design:
- Hit-to-lead
- Lead optimization
(filtering, ranking, and analysis of compounds)

cell target

1 -
e

Permeability

logP/logD

\

| ADME

Kerns, E. H.; Di, L., Pharmaceutical profiling in drug discovery. Drug Discov. Today 2003, 8, 316-323
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Partitioning and hydration free energy

Gaseous

Crystal Hydration
- free energy
/ﬁ(:f LC)‘»'
~ ]
Q_ F
Octanol Saq Aqueous solution
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Models for hydration free energy calculation

Calculation time

A
Explicit solvent
10-100 4. models Reference Interaction Site
calculations with " Model (R|SM)
different A [
|
End-point : '
. MmiNn Q@ <«—
calculations : ’ Implicit continuum
[ solvent models
PBSA, GBSA SEC @qe - e mc e e e e
| .
& o é—» Modelling
I : error
|
v v v

Atomistic Correlation functions Continuum

, | ~on * P(q)
00D — ¢ =80
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Hydration free energy from RISM

Universal UcC RISM 7
, . AG,, =|AG,, " |Ha, pV I+ a,
correction (UC):
1D RISM 3D RISM
20 T - 35 . . :
o Training Set o Training Set
e Test Set . @ 30f e Test Set

5} —
BE B\O 25"
S5 ; =8 20/
3t linear | g%
=2 alkanes | ===
L;E, L'E 15'
Os O
GL) | -

5_ ) 10+

— S '
R=0.61 R=0.98
0 ' | ' 0 ' ‘ ' ' ‘
0 2 4 6 8 o 2 4 6 8 10 12
pV p\_/

15
D.S. Palmer, A.l. Frolov, E.L. Ratkova, M.V. Fedorov, J. Phys. Cond. Matt., 2010, 22, 492101



Prediction of HFE for drugs

AGiyg [kcal/mol]

0 1+ Simple Molecules ,," Test Set (N=120)
® Druglike Molecules ‘ rmse = 1.0 kcal/mol
o B . .
No re-parameterization
v’ + H
’ N
o (NSAIDs) + ¥ O/@ \( o
! ’ H Validation Set (N=21): Drugs
o | RMSE
l . method (kcal/mol)
- OH
. OO I 3DRISM,/UC 1.06
w | . ? HF/6-31G(d) PCM 1.12
' 5 r T T T MO6 2X/6-31G(d) SM8 0.82
-15 -10 -5 0 5  MO6 2X/6-31G(d) SM6 1.16

AGos [keal/mol]

It has been a challenge for over 40 years

16

D.S. Palmer, A.l. Frolov, E.L. Ratkova, M.V. Fedorov, Mol. Pharmaceutics 2011, 8, 1423-1429



logP predictions

1
uc
lOg Poct/wat - Gsolv(oct) AC;solv(wat)
—RT(In10)
RISM X7
AGsolv AGsolv + al IO V + aO
8 ' ' ' ' ' s
Test set (N=120) // ° alkanes
. /s
I = 7 1>

g 'mse=0.5logunits  Z7 oy benzenes Small molecules:
. . ‘/‘ + phenols * there are as efficient
O - / ..
< 4 > * chloroalkanes predictive models
= b e 4
o 3 aldehydes
> 2 4 % Letones Larger molecules:

/ . . .

-~ “ﬂ/ 4 @ polychlorinated alkanes e problem with site-site

Of A | 4 polychlorinated benzenes representation of solvent

7 ¥ polychlorinated alkenes * problems with convergence
2 7 1 * acids and amines
S s
o R =0.95
455 : :
-4 -2 0 2 4 6 8
LogP (exp)

Ratkova, Frolov, Fedorov (to be published)
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2. Solvation thermodynamics from RISM approximations

Solvation free
. energy M
b. Partial Molar Volume
y




Partial Molar Volume (PMV)

volume when an infinitesimal amount of substance is VA =
added to water at constant T, P, and amount of solvent.

on

Partial Molar Volume characterizes the change in the ( BV)
T,P,ng,.,

-
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Y ] [
« V. ,° Interaction volume
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Cavity volume:

- \%
W
molecular volume
thermal volume
XX -Atnilicpartiafl chargeé- map{ej B
oosEET 003
T. Imai; et al. Protein Sci. 2007, 16, 1927. 18

T.V. Chalikian; K.J. Breslauer. Biopolymers 1996, 39, 619.



PMV predictions with RISM

1
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Ratkova E.L. (2011). PhD Thesis. University of Duisburg-Essen, Germany
T. Imai; et al. Chem, Phys. Lett. 2004, 395, 1.

19



3. Systems structure predictions
a. Principal Hydration Sites




Water analysis: workflow

3D-RISM
distribution
functions

g, (r) > cut-off

population
analysis

highly probable
binding modes

AH (kcal/mol)

most probable
binding modes

IST

6.0

5.0
2.5

2.0
15
1.0
0.5
0.0

-0.5
-1.0
-1.5
-2.0

A

I/unhappyll
water

1.0 15 2.0 2.5 3.0
-TAS (kcal/mol)

s

binding modes
ranking:

Jolr)
AG
AH

-TAS

(IST = Inhomogeneous

Solvation Theory)
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Water analysis: software

1) Explicit positions of water molecules

Software “Placevent” (free)
http.//ambermd.org/tutorials/

TUTORIAL A14
* gol(r) 1 4
e AG : .‘?‘A@,ﬁ A Software “SolutionMap”
> 12, Be ‘ (Molecular Design Frontier Co. Ltd.)
* AH ) 1 “happy” © o,
e -TAS j:‘s’o’oWdf Y (a-la “WaterMap”)

-TAS (kcal/mol)

21



Principle hydration sites
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HIV-1 protease has 1 conserved

H,0 in binding pocket 11 Bovine chymosin has 7 conserved
2

H,O in binding pocket [?!

[1] D.J. Sindhikara, N. Yoshida, F. Hirata, J. Comp. Chem. 2012, 133, 1536
[2] Palmer et al., J. Comp. Theor. Chem. 2013, 9, 5706
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3. Systems structure predictions

b. Fragments placement




Mixed solvent for fragment placement in de-novo design

X-ray data
3D RISM results

X-ray structure of ZFPLA
complex with thermolysin

25

T. Imai et al, JACS 2009, 131, 12430 MDFT (6D-MOZ): G. Jeanmairet et.al, J Phys Chem Lett 2013, 4, 619-624



Take-home messages

RISM is a theory, not a computer experiment

\/Signiﬁcantly less computationally expensive than molecular simulation
\/ Allows specific solute-solvent effects to be studied (unlike continuum solvent models)

\/ 1D and 3D versions allow choose between speed and accuracy

\/Allows calculations at different parameters (T, concentration, etc.)

Phys/chem properties predictions

RISM Chemo-
informatics

Solvent = water (AG,, 4, PMV)

v high accuracy for small compounds
v’ applicable for larger molecules

Solvent = octanol (logP,/,)

v high accuracy for small compounds
* problems for larger molecules

Structure predictions

Solvent = water

v Correct principal hydration sites
v Analysis of thermodynamics
v" Developed software

Solvent = water + fragments
e there is a proof-of-concept
* non-trivial replacement
* under development
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