Rational Drug Design
lecture 10

Lukasz Berlicki
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» 1964, C. Hansch i T. Fujita: QSAR

» 1984, P. Andrews: functional group contributions to
interactions with molecular target

» 1985, P. Goodford: GRID (binding points on protein
surface)

» 1988, R. Cramer: 3D QSAR

» 1992, H.-J. Bohm: LUDI, interactions, docking, scoring
functions

» 1997, C. Lipinski: bioavailability, rule of five

» 1998,Ajay, W. P.Walters and M.A. Murcko; ).
Sadowski i H. Kubinyi: drug-like compounds




Statistics

» Lies,damned lies, and statistics
(Benjamin Disraeli)

» Statistical data analysis (Bailar, Clin. Pharmacol.
Therapeutics, 1979)

There are only right answers.

Statistics are not the only way to wisdom.
Rare cases happen constantly.

No sample is big enough (and what?).

No analysis is perfect (and what?).
Something is always wrong with the data.

» All models are bad, but some are useful Benjamin Disraeli
» Scaling variables changes the result Prime minister of Great Britain
» The graph says more than equations XIX c.
» Validation - a very important but difficult
problem.

Scaling variables
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QSAR

» QSAR — quantitative structure-activity relationships -
statistical methods by means of which the dependence of
biological activity on structural elements, physicochemical
properties or three-dimensional structures can be obtained.

Activity =
f(physicochemical and/or structural properties)

QSAR Models

» Data selection and validation of results in QSAR
models
Careful evaluation of independent variables;
Meaning of variables;

Occam's razor (one should strive for a model based on the
smallest number of variables);

The right number of compounds per variable;
The qualitative meaning of the model (biophysical).




Dependent / independent variables

» Variables IC and ED do NOT correlate
» Variables 1/IC and ED/IC correlate but are not independent

LogIC vs. Log ED, r=0.00

Log 14C ws. Log EDAC, r = 0.58
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Starks!

The route of the drug to the target

» Drug activity is the result of drug transport and drug
interaction with the molecular target.

2
drug

target

water and lipophilic barriers




Action of the drug

» The action of the drug depends on:

Lipophilicity and ionic character - transport and distribution in
biological systems

Geometric fit and complementarity to the target surface -
interaction with the binding site.

» Which conformation is biologically active?
in a vacuum
in the crystal
in a water solution

at the binding site

QSAR studies

» Basic requirements in QSAR
All compounds belong to one class
All compounds have the same mechanism of action
All compounds bind in a similar way
The effects of isosteric replacement are predictable
Binding is correlated with the energy of interaction
Biological activity correlates with binding




Molecular properties

Molecular properties Oddziatywania

lipophilicity Hydrophobic interactions
polarizability Van der Waals interactions
Electron density lonic bonds, dipole-dipole

interactions, hydrogen bonds,
charge transfer interactions

topology Geometric fit, steric hindrance

Hansch model
» The Hansch model was the first model of the
QSAR type

» Dependence of biological properties on the
properties of compounds

» Linear model

Log l/C=alogP+bo+cMR+..+k

|[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, POMONA COLLEGE, CLAREMONT, CALIFORNIA|
p—o—7 Analysis. A Method for the Correlation of Biological Activity and Chemical Structure

By Corwin HanscH anD TosHio Fujrra!

RECEIVED AUcUsT 19, 1963

Using the substituent constant, o, and a substituent constant, =, defined as = = log Px — log Pg (Pg is the par-
tition coefficient of a parent compound and Px that of a derivative), regression analyses have been made of the
effect of substituents on the biclogical activity of benzoic acids on mosquito larvae, phenols on gram-positive
and gram-negative bacteria, phenyl ethyl phosphate insecticides on houseflies, thyroxine derivatives on rodents,
diethylaminoethyl benzoates on guinea pigs, and carcinogenic compounds on mice.




lipophilicity
» Hydrophobic interactions are an important element of
drug / receptor binding

» Lipophilicity describes the partition coefficient between
water and organic (n-octanol)

» P=cop/ cyq

lipophilicity
» Examples - carbamates

ROCONH, [P | LogP | AlogP

methyl 0.22 -0.66

ethyl 0.70 -0.15 0.51
propyl 2.30 0.36 0.51
butyl 7.1 0.85 0.49
pentyl 225 1.35 0.50
hexyl 70.8 1.85 0.50
heptyl 230 2.36 0.51

octyl 700 2.85 0.49




lipophilicity
» The n-octanol / water system:
similar to membrane structures
available hydrogen bond donors and acceptors
n-octanol practically insoluble in water
low vapor pressure
transparent in the UV range
large database of logP values

» Additivity of © values (Hansch 1964):

7, = logPg x — logPr

lipophilicity

» Substituents of benzene ring

R o m

H 0.0 0.0

CH, 0.5 0.52
Br 0.76 0.70
cl 0.94 1.02
OH -0.49 -0.61
OCH, 0.12 -0.04

NO, 0.11 0.24




lipophilicity

» Calculation of logP values for m-chlorotoluene :

log P = logPg.sene ¥ TClI + TMe =2.13 + 0.71 + 0.56 =
3.40

log P = l0gP1,juene T TMeta-Cl =2.69 + 0.76 = 3.45
log P = 108P ciorobenzene T TMeta-Me =2.84 + 0.51 = 3.35

» Experimental value :logP,, = 3.28

lipophilicity
» Toxicity of substituted benzoic acids for mosquito larvae.
» -log C=0519 7+ 1.54

1CITY OF BENZOIC Acips To M SITO LARVAE
» R2=0.955 Fowemy s o Mosaro

Functions brs b-Lad Caled. Obsd. Alog C
3,4,5-Tri-1 0.98 3.73 3.476 3.540 0.064
3,5-Di-1 0.70 2.56 2.869 2.850 0.019
4-1 0.28 LAy 2147 2.310 0.163
3,4-Di-Cl1 0.60 1.61 2.376 2.280 0.096
4-Cl1 0.23 0.80 1.955 2.060 0.105
(o) 4-Br 0.23 1.01 2.064 2.030 0.034
R 3-Cl 0.37 0.81 1.960 2.000 0.040
AN OH 3,4-(CH), 0.17 1.:27° 2.199 1.920 0.279
| 4F 0.06 0922 1654 1850 0196
R.// 4-CH;, ~0.17 0.43 1.763  1.660 0.103
H .00 0.00 1.540 1.640 0.100
4-OCH; -0.27 0.11 1.597 1.600 0.003
4-NO, 0.7 0.04 1.561 1.520 0.041
4-OH -0.36 ~0.27 1.400 1.290 0.110
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lipophilicity
» Toxicity of substituted benzoic acids for mosquito larvae.
» -logC=0519n+ .54

» R2=0.955 logC

y =0,519x + 1,54
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polarizability

» Parameters defining the polarizability of a molecule :
Molecular volume (MV):

M — molecular mass, p — density
Molar refraction (MR):

o nZ-1
R= 1"mm

n — refractive index




polarizability

» Binding of neutral compounds to BSA
Log 1/C = 0.751 (0.07) log P + 2.300
(n=42;r =0.960)
Log 1/C = 0.024 (£0.02) MR + 2.90|
(n =42;r =0.307)

» Binding of B-D-glicosides to Concanavalin A
Log My, = 0.971 (£0.56) 1 + 2.37
(n=19;r=0.664)
Log M, = 0.019 (£0.003) MR + 2.23
(n=19;r=10.954)

polarizability

» Inhibition of maleate dehydrogenase by 4-
hydroxychinolinecarboxylic acids
plg, = 0.70 (£0.17) MR + 2.29
(n=13;r=0.939)
» Inhibition of cell growth by 4-hydroxychinoline
carboxylic acids
plso = 0.46 (£0.11) it +3.22
(n=14;r=0.933)
» Binding of amino acid derivatives R'CONH-CH(R?)-
COOMe to chymotrypsin
Log 1/Km = 0.082 (£0.02) MRI + 1.382 (0.87) r2 - 3.876

(n=21;r=0.934)
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Hammett’s equation

» Hammett's equation describes the effect of substituents on the
equilibrium of the reaction
po = log Kpy - log Kgy
» p — describes reaction (independent of the substituent)

» o — describes substituent (independent of the reaction)

H,0

Orom 22 £y
R 25°c R
H,0

CH,COOH — @—cmcoo' +H* p=0.49

c00™ +H* p=1.00

OH 0 #H p=2.11
+ —_—
NH, —

S
L
-

+
NH, +H -
R 2 p=2.77

Coefficients of substituents -

» Coefficient of | Substituent | G | Opey

substituent, o -N(CH;), -0.83 0211
describes the electron -NH, -0.66 -0.161
properties of -OCH, -0.268 +0.115
functional groups -OC,Hs -0.25 +0.015

» The influence of -CH; -0.170 -0.069
inductive and -H 0.000 0.000
mesomeric effects on -F +0.062 +0.337
the reaction -Cl +0.227 +0.373
-Br +0.232 +0.393
- +0.276 +0.353

log Kex = Log Ky +po -CN +0.66 +0.56
-NO, +0.778 +0.710
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Hammett’s equation

» It can be used to calculate constant chemical reactions for

compounds with various substituents
» 3,5-Dinitro-4-methylbenzoic acid (pK, = 2.97)
pKa benzoic acid= 4.20

pK, .= 4.20 - (0.71 - 0.17 +0.71) = 2.95

a calc

» m-Hydroxybenzoic acid (pK, = 4.06 i 9.92)
pK =4.20,pK =9.92

a benzoic acid — a phenol

P phenol = 2'23; Ometa OH =0.1 2;

Ometa COOH = 0'37; O\ heta COO- =-0.1 0)
PK, coon=4.20-0.12=4.08

pK, on = 9.92 - 2.23 (-0.10) = 10.14

Other descriptors

» The number of hydrogen bond donors

» The number of hydrogen bond acceptors
» The number of halogens

» The number of aromatic rings

» The number of ionizable groups
» Number of bonds

» Molecular weight

» Surface

» Charge

Dragon 6 program
Calculates 4885 descriptors

» You can calculate several thousand different descriptors
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Descriptors from quantum mechanics

» Atomic partial charges

» The dipole moment

» HOMO/LUMO
HOMO = energy of highest occupied molecular orbital,
“nuclephilicity*
LUMO = energy of lowest unoccupied molecular
orbital, “‘electrophilicity*

» Others ....

Regression

» Regression allows

you to determine
the relationship
between variables Y

» Minimization of the
sum of squared
deviations

15



Linear Regression

Y Y Y
r=0.99 r=-0.99 * r=0.90
X X X
b 1 el ]
- .
[ L ]
L3
L ]

- L ]
* r=0.00 .

X X X

Parameters for statistical analysis

» Coefficient of determination :
S*S'rh'

R2 - 1 = +
B

SSres = Z(yl . j’t)z

i

580t = Z(y: - g)z

» Standard deviation :

> (@7
s=J"-1 =\f (@ - (@)

n—1 fn—1

» Fischer test

Y

16



QSAR equation

Concentration causing

SF.)eCIﬁ.C effect The values Range 95%
biological coefficient significance for values
regression coefficients

N

L — N ¢ L
Log 1/C = 1.15 (£0.2) rt - 1.46 (£0.4) o+ + 7.82 (£0.2)

Logarithm of values Lipophilicity electronic constant
the reverse is parameter
. parameter
good scaling
activity values
(n=22;r=0.945;s = 0.196; F = 78.6)
Number of Correlation Standard The value of the Fisher test
compounds coefficient deviation statistical significance
meta para log1/C = u
E 1 (X) (Y)  obsd.
Xamp € H H 746  0.00 0.00
H F 8.16 015 -0.07
» Anti-adrenergic activity of H Cl 868 070 0.11
. . H Br 889 1.02 015
dlmeth)’l-Phen)’leth)’lamIne H | 9.25 1.26 0.14
H Me 9.30  0.52 -0.31
F H 752 013 035
cl H 816 076 0.40
Br H 830 094 0.41
| H 8.40 1145 0.36
Me H 846 051 -0.07
cl F 819 091 033
Br ?H3 Br F 857 1.09 0.34
x N o Me F 8.82 0.66 -0.14
CH Ci cl 8.89 1.46 0.51
3 Br cl 892 164 052
Me cl 896 1.21 0.04
Y X HCI cl Br  9.00 178 0.55
Br Br 935 196 0.56

Me Br 9.22 1.53 0.08
Me Me 9.30 1.03 -0.38
Br Me 9.52 1.46 0.10
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Example

» Hansch model
log 1/C=1.151(+0.19) it - 1.464 (+£0.38) o+ + 7.817 (+0.19)

(n=22;r=0.945;s=0.196; F = 78.63)

Wilson model

» The Wilson model is the first model of structure-
activity relationship

»log l/IC=%a;+p
a; = contributions of substituents

n = contribution of the reference compound activity

» Mixed model - Hansch/Wilson
logl/IC=a(logP)’+blogP+co+..+3a,+k

logl/IiC=alogP-blog(BP+Il)+co+..+Xa+k

18



» Wilson model
» Data showing

substituent positioning.

meta para log 1/C meta- para-

Example (X) (Y) obs. F CI Br I Me F Cl Br I Me
H H 746
H F 816 1
H ¢ 868 1
H Br 889 1
H I 9.25 1
H Me 930 1
F H 752 1
cl H 816 1
Br H 830 1
I H 840 1
Me H 848 1
cl F 819 1 1
Br F 857 1 1
Me F 882 11
cl ¢l 889 1 1
Br Cl 892 1 1
Me CI 896 1 1
cl Br 900 1 1
Br Br 935 1 1
Me Br 9.22 1 1
Me Me 9.30 1 1
Br Me 952 1 1

Example

» Wilson model
» log 1/C= -0.301 (¥0.50) [m-F] + 0.207 (¥0.29) [m-CI]

+0.434 (£0.27) [m-Br] + 0.579 (£0.50) [m-I]

+0.454 (£0.27) [m-Me] + 0.340 (£0.30) [p-F]

+0.768 (£0.30) [p-CI] + 1.020 (+0.30) [p-Br]

+ 1.429 (£0.50) [p-1]+  1.256 (£0.33) [p-Me]
+7.821 (£0.27)

Position

H F Cl Br 1 Me

meta
para

0.00 -0.30 0.21 0.43 0.58 045 |H7 782

0.00 0.34 0.77 1.02 1.43 1.26

(n=22;r=0.969;s = 0.194; F = 16.99)
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Example 2

» Inhibition of papain by glycine esters

R. o]
Y O

X R log 1/Km T MR c [
4-NHy  -COCgHs5 3.58 -1.23 0.54 -0.66 0
4-Me -COCgHs5 4.02 0.56 0.56 -0.17 0
H -COCgHs5 3.77 0.00 0.10 0.00 0
4-Cl -COCgHs 4.00 0.71 0.60 0.23 0
4-F -COCgH5 3.69 0.14 0.09 0.06 0
3-NO2  -COCgHs 4.74 -0.28 0.74 0.71 0
4-NOy  -COCgH5 4.85 -0.28 0.74 0.78 0

Example 2

X R log 1/Km I MR o |
4-OH -S07Me 2.05 -0.67 0.28 -0.37 1
4-0Me  -SOsMe 2.13 -0.02 0.79 -0.27 1
4-Me -S07Me 2.08 0.56 0.56 -0.17 1
3-Me -502Me 2.23 0.56 0.56 -0.07 1
H -502Me 1.79 0.00 0.10 0.00 1
4-F -S03Me 1.95 0.14 0.09 0.06 1
3-OMe  -SO2Me 2.29 -0.02 0.79 0.12 1
4-CHO  -SO2Me 2.33 -0.65 0.69 0.42 1
4-Cl -502Me 2.38 0.71 0.60 0.23 1
3-F -S02Me 1.98 0.14 0.09 0.34 1
4-COMe -SO2Me 2.57 -0.55 1:42 0.50 1
3-NO2  -SO2Me 2.53 -0.28 0.74 0.71 1
4NO3  -SOpMe 2.71 -0.28 0.74 0.78 1
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Example 2

» Benzamides (n =7)
m
MR
[9)
m, MR
mo
MR, o

r=0.038;s = 0.554;F = 0.01
r=0.714;s=0.388;F =5.19
r=0.892;s=0.251;F = 19.41
r=0.726;s = 0.426; F = 2.23
r=0.916;s=0.248;F = 10.46
r=0.971;s=0.148;F = 32.85

log 1/K,, = 0.771 (£0.67) MR + 0.728 (£0.37) o + 3.623 (£0.34)

(n=7;r=

» Mesylamides (n = 13)
m
MR
o

0.971;s=0.148; F = 32.85)

r=0.271;s=0.271; F = 0.87
r=0.813;s=0.164; F = 21.45
r=0.730;s = 0.192; F = 12.52

m(n.s.),MR r=0.817;s=0.170; F = 10.02

m(n.s.),o
MR, o

r=0.732;s = 0.201; F = 5.79
r =0.935;s=0.105; F = 34.51

log I/K,, = 0.529 (+0.23) MR + 0.370 (+0.20) o + 1.877 (0.13)
(n=13;r=0.935;s=0.105; F = 34.51)

Example 2

» All compounds (n = 20)

MR

c

I

MR, o
MR, |
o, l
MR, o, |

r=0.154;s =0.992; F = 0.44
r=0.250;s =0.972; F = 1.20
r=0.931;s=0366;F=117.79
r=0.259;s =0.998; F = 0.61
r=0.967;s =0.263;F = 122.35
r=0.977;s = 0.220; F = 179.70
r=0.990;s =0.148; F = 272.04

log 1/K_, = 0.569 (£0.26) MR + 0.561 (£0.19) ¢
- 1.922(0.15) | + 3.743 (+0.17)
(n =20;r = 0.990;s = 0.148; F = 272.04)
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Hugo Kubinyi

» www.kubinyi.de

Chemogenomics

ﬁQI
4

QSAR:
Hansch Analysis and
Related Approaches
3D QSAR Ediced by Hugo Kubinyi
inDrag Design

iy

Summary

» QSAR models are the simplest quantitative estimation of
the biological activity of compounds

» QSAR models have many limitations.
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