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(Q)SAR(Q)SAR andand surroundingssurroundings……
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TheThe easiesteasiest wayway toto describedescribe thethe

conceptconcept ofof (Q)SAR(Q)SAR……
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R
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A1 R(1) = NH2

A2 R(2) = NHCH3

A3 R(3) =  N(CH3)2

…                                                                    …

An R(n) = NHC6H5

ActivitiesActivities (LC(LC5050, , µµMM)) ChemicalsChemicals
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(Q)S(Q)SAARR itit isis notnot necessarynecessary toto rememberremember thisthis

definitiondefinition::
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ActivitiesActivities (IC(IC5050, , µµMM))

Any in vivo or in vitro data is affected by both
PHARMACODYNAMIC and PHARMACOKINETCS
properties of the specific assay.



PleasePlease:: don'tdon't startstart anyany quantitativequantitative structurestructure--

activityactivity relationshiprelationship ifif you'reyou're notnot confidentconfident ofof

reproducibilityreproducibility ofof youryour datadata toxicologicaltoxicological

activity!!!activity!!!

LCLC5050 == 11..00 µµMM ≠≠

11..00 ±± 11..00 µµMM ≠≠

LCLC5050 == 11..00 µµMM ≠≠

11..00 ±± 11..00 µµMM ≠≠
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11..00 ±± 11..00 µµMM ≠≠

11..00 ±± 00..55 µµMM ≠≠

11..00 ±± 00..11 µµMM ≠≠

11..00 ±± 00..0505 µµMM

11..00 ±± 11..00 µµMM ≠≠

11..00 ±± 00..55 µµMM ≠≠

11..00 ±± 00..11 µµMM ≠≠

11..00 ±± 00..0505 µµMM



(Q)(Q)SSAARR:: wewe areare readyready toto thisthis……

NH2

NH2

Structure
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PM = 108,14

nC = 6

pKa = 6.2

logP = -0.3

MP = 142

Volume = 93,9

…     

Properties
PM = 108,14

PSA = 52



Chemical Compound (CCChemical Compound (CC))Chemical Compound (CCChemical Compound (CC))

Real world

Numerical Numerical Numerical Numerical 

Virtual world

(Q)(Q)SSAARR:: wewe areare readyready toto thisthis……
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Chemical Structure (CS)Chemical Structure (CS)Chemical Structure (CS)Chemical Structure (CS)

Chemical Properties (CP)Chemical Properties (CP)Chemical Properties (CP)Chemical Properties (CP)

Numerical Numerical 

representazions of  CSrepresentazions of  CS

Numerical Numerical 

representazions of  CSrepresentazions of  CS

Molecular Descriptors (MD)Molecular Descriptors (MD)Molecular Descriptors (MD)Molecular Descriptors (MD)



(Q)(Q)SSAARR:: wewe areare readyready toto thisthis……

DRAGON 7.0 is able to calculate 5270

molecular descriptors.
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R. Todeschini



(Q)(Q)SASARR:: followfollow meme inin thisthis wonderfulwonderful experienceexperience
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ScatterplotScatterplot… an interesting place where … an interesting place where 

scouting for patterns!!!scouting for patterns!!!

ScatterplotScatterplot… an interesting place where … an interesting place where 

scouting for patterns!!!scouting for patterns!!!



((Q)SAQ)SARR:: howhow cancan wewe selectselect thethe goodgood

““molecularmolecular descriptor(s)descriptor(s)”?”?

((Q)SAQ)SARR:: howhow cancan wewe selectselect thethe goodgood

““molecularmolecular descriptor(s)descriptor(s)”?”?
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((Q)SAQ)SARR:: thisthis isis thethe basebase ofof aa quantitativequantitative

structurestructure--activityactivity relationshiprelationship (QSAR)(QSAR):: findfind

patternspatterns !!

((Q)SAQ)SARR:: thisthis isis thethe basebase ofof aa quantitativequantitative

structurestructure--activityactivity relationshiprelationship (QSAR)(QSAR):: findfind

patternspatterns !!
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Ai = aPi + b
Ai = -aPi

2 + bPi + c



Yes,Yes, wewe cancan looklook forfor ““regularityregularity””

((patternpattern)) betweenbetween thethe variabilityvariability

ofof molecularmolecular descriptorsdescriptors andand thethe

Yes,Yes, wewe cancan looklook forfor ““regularityregularity””

((patternpattern)) betweenbetween thethe variabilityvariability

ofof molecularmolecular descriptorsdescriptors andand thethe
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ofof molecularmolecular descriptorsdescriptors andand thethe

correspondingcorresponding variabilityvariability ofof

experimentalexperimental activitiesactivities..

ofof molecularmolecular descriptorsdescriptors andand thethe

correspondingcorresponding variabilityvariability ofof

experimentalexperimental activitiesactivities..



TheThe beautybeauty ofof mathematicsmathematics::TheThe beautybeauty ofof mathematicsmathematics::
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Ai = a Pi + b
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Property (Pi)

1
2

DiscreteDiscrete (few(few xx--yy corrispondences)corrispondences)
ContinuumContinuum (∞(∞ xx--yy corrispondences)corrispondences)



PatternsPatterns areare gorgeousgorgeous::PatternsPatterns areare gorgeousgorgeous::

••PatternsPatterns cancan bebe mathematicallymathematically

condensedcondensed inin equationsequations;;

••PatternPattern cancan bebe usedused toto describedescribe

relationshipsrelationships amongamong variablesvariables;;

••PatternsPatterns cancan bebe mathematicallymathematically

condensedcondensed inin equationsequations;;

••PatternPattern cancan bebe usedused toto describedescribe

relationshipsrelationships amongamong variablesvariables;;
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relationshipsrelationships amongamong variablesvariables;;

••PatternsPatterns cancan bebe usedused toto predictpredict newnew

datadata;;

••PatternsPatterns cancan bebe usedused toto verifyverify exitingexiting

datadata;;

relationshipsrelationships amongamong variablesvariables;;

••PatternsPatterns cancan bebe usedused toto predictpredict newnew

datadata;;

••PatternsPatterns cancan bebe usedused toto verifyverify exitingexiting

datadata;;



sometimessometimes tootoo gorgeousgorgeous……sometimessometimes tootoo gorgeousgorgeous……
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TheThe scatterscatter plotplot:: thethe bestbest placeplace wherewhere

exploreexplore (Q)SAR(Q)SAR..

TheThe scatterscatter plotplot:: thethe bestbest placeplace wherewhere

exploreexplore (Q)SAR(Q)SAR..
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TheThe scatterscatter plotplot:: thethe bestbest placeplace wherewhere

exploreexplore (Q)SAR(Q)SAR..

TheThe scatterscatter plotplot:: thethe bestbest placeplace wherewhere

exploreexplore (Q)SAR(Q)SAR..
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�� regression models (quantitative response)regression models (quantitative response)

�� classification models (qualitative response)classification models (qualitative response)

�� regression models (quantitative response)regression models (quantitative response)

�� classification models (qualitative response)classification models (qualitative response)

sometimessometimes tootoo gorgeousgorgeous……sometimessometimes tootoo gorgeousgorgeous……
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�� classification models (qualitative response)classification models (qualitative response)

�� ranking models (ordered response)ranking models (ordered response)

�� classification models (qualitative response)classification models (qualitative response)

�� ranking models (ordered response)ranking models (ordered response)



TheThe scatterscatter plotplot:: thethe bestbest placeplace wherewhere

exploreexplore (Q)SAR(Q)SAR..

TheThe scatterscatter plotplot:: thethe bestbest placeplace wherewhere

exploreexplore (Q)SAR(Q)SAR..
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TheThe twotwo statisticalstatistical goldgold rulesrules dodo

buildbuild upup linearlinear modelsmodels::

TheThe twotwo statisticalstatistical goldgold rulesrules dodo

buildbuild upup linearlinear modelsmodels::

•• ForFor eacheach independentindependent variablevariable

((molecularmolecular descriptordescriptor)) youyou needneed atat

leastleast fivefive ((55)) dependentdependent variablevariable valuesvalues

((activitiesactivities))..

•• ForFor eacheach independentindependent variablevariable

((molecularmolecular descriptordescriptor)) youyou needneed atat

leastleast fivefive ((55)) dependentdependent variablevariable valuesvalues

((activitiesactivities))..

TheThe twotwo statisticalstatistical goldgold rulesrules dodo

buildbuild upup linearlinear modelsmodels::

TheThe twotwo statisticalstatistical goldgold rulesrules dodo

buildbuild upup linearlinear modelsmodels::
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((activitiesactivities))..((activitiesactivities))..

•• TheThe dependentdependent variablevariable valuesvalues

((activitiesactivities)) mustmust bebe accurateaccurate andand

preciseprecise..

•• TheThe dependentdependent variablevariable valuesvalues

((activitiesactivities)) mustmust bebe accurateaccurate andand

preciseprecise..



S. MORO – SSVGRCM
M S Confidential and Property of ©2012 Molecular Modeling Section 

Dept. Pharmaceutical and Pharmacological Sciences –University of Padova - Italy



experimental 
responses

molecular 
descriptors

training set

set of
molecules

MODEL

SRC (QSAR, QSPR, ... )

fitting

reversible decoding

Here a possible work-flow:Here a possible work-flow:
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new
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predicted new
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experimental 
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molecular 
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prediction 
power



HowHow wewe cancan selectselect thethe goodgood
descriptors?descriptors?

HowHow wewe cancan selectselect thethe goodgood
descriptors?descriptors?
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Property (P1) Property (P2) Property (P3)
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Now,Now, howhow cancan wewe selectselect thethe

““goodgood”” linearlinear modelmodel::

Now,Now, howhow cancan wewe selectselect thethe

““goodgood”” linearlinear modelmodel::

Homoscedasticity: 
homogeneity of  variance.
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dodo youyou rememberremember…… LeastLeast SquaresSquares

Analysis?Analysis?
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residualresidual

LSA is a method for linear

regression that determines

the values of unknown

quantities in a statistical

model by minimizing the sum

of the residuals, the

difference between the
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difference between the

predicted (ŷ) and observed

values (y) squared.

ee == ŷŷ -- yy
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Goodness of fit: variation in the data is quantified by

the coefficient of determination (r2) which measures how

closely the observed data tracks the fitted regression line.

Errors in either the model or in the data will lead to a bad fit.

This indicator of fit to the regression line is calculated as:
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Original variance = Explained variance (i.e., variance explained by the equation) 

+ Unexplained variance (i.e., residual variance around regression line)
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Calculating r 2

Original variance: ∑
=

−=
N

i
i yyTSS

1

2)(

Explained variance: ∑
=

−=
N

i
calci yyESS

1

2
, )(
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=

−=
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i
icalci yyRSS

1

2
, )(Variance around regression line:
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0 < r2 < 1

Possible values reported for r 2 fall between 0 and 1. For example: with r 2 of

0.83, you can say that 83% of the variability in activity can be explained by the

different value of the selected molecular property. The remaining 17% of

variability is due to other unexplained factors.

TSS

RSS

TSS

RSSTSS

TSS

ESS
r −≡−≡= 12



Goodness of fit: the Pearson correlation coefficient

(r) is the square root of r2 expressed as a decimal. Its size is

always between 0 and 1. The sign of the correlation

coefficient depends on the slope of the regression line:
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r ==      2

directdirect corrcorr..
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0 < r < 1
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A perfect correlation of ± 1 occurs

only when the data points all lie

exactly on a straight line. A

correlation greater than 0.8 would

be described as strong, whereas a

correlation less than 0.5 would be

described as weak.

inverseinverse corrcorr..



OutliersOutliers:: anan outlieroutlier isis anan observationobservation thatthat isis

numericallynumerically distantdistant fromfrom thethe restrest ofof thethe datadata..
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HowHow dodo wewe dealdeal withwith them,them, usually?usually?
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BeBe carefullcarefull……
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Property (Pi)

… … the rabbit is out there!!!the rabbit is out there!!!… … the rabbit is out there!!!the rabbit is out there!!!



((QQ))SARSAR:: aa concreteconcrete exampleexample……

Aquatic toxicity: nonAquatic toxicity: non--polar narcotics and neutral polar narcotics and neutral 

organic compoundsorganic compounds

Aquatic toxicity: nonAquatic toxicity: non--polar narcotics and neutral polar narcotics and neutral 

organic compoundsorganic compounds
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Poecilia reticulata Oncorhynchus 
mykiss

Cyprinus carpio

Training set:Training set:

n = 161    r2 = 0.912   sd = 0.413

Handbook of Pesticide Toxicology: Principles. Chapter 29. Robert Irving Krieger ((20012001,, 22 editionedition))



((QQ))SARSAR:: aa concreteconcrete exampleexample……

Aquatic toxicity: nonAquatic toxicity: non--polar narcotics and neutral polar narcotics and neutral 

organic compoundsorganic compounds

Aquatic toxicity: nonAquatic toxicity: non--polar narcotics and neutral polar narcotics and neutral 

organic compoundsorganic compounds
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Poecilia reticulata Oncorhynchus 
mykiss

Cyprinus carpio

Test set:Test set:

Handbook of Pesticide Toxicology: Principles. Chapter 29. Robert Irving Krieger ((20012001,, 22 editionedition))

NH2

NH2

logP = -0.3



((QQ))SARSAR:: aa differentdifferent scenarioscenario……

and if  the experimental activity depended on and if  the experimental activity depended on 

more than one descriptor?more than one descriptor?

and if  the experimental activity depended on and if  the experimental activity depended on 

more than one descriptor?more than one descriptor?
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((QQ))SARSAR:: multiplemultiple regressionregression analysisanalysis (MRA)(MRA)

and if  the experimental activity depended on and if  the experimental activity depended on 

more than one descriptor?more than one descriptor?

and if  the experimental activity depended on and if  the experimental activity depended on 

more than one descriptor?more than one descriptor?
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y1 = a1x1 + b1x2 + z1

...

yn = anxn + bnxn + zn



Multiple Regression Analysis (MRA) Multiple Regression Analysis (MRA) 

Requirements:

•There should be at least 5 times more samples than

descriptors.

S. MORO – SSVGRCM
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•Total number of descriptors should not exceed ~10

(looks the number of compounds you need!!!)

•Descriptors should be uncorrelated.



TheThe secondsecond statisticalstatistical goldgold rulesrules

dodo buildbuild upup linearlinear modelsmodels::

TheThe secondsecond statisticalstatistical goldgold rulesrules

dodo buildbuild upup linearlinear modelsmodels::

•• HavingHaving moremore thethe oneone molecularmolecular

descriptors,descriptors, thethe internalinternal correlationcorrelation

((crosscross--correlationcorrelation)) betweenbetween themthem hashas

•• HavingHaving moremore thethe oneone molecularmolecular

descriptors,descriptors, thethe internalinternal correlationcorrelation

((crosscross--correlationcorrelation)) betweenbetween themthem hashas
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((crosscross--correlationcorrelation)) betweenbetween themthem hashas

toto bebe lowerlower thanthan 00..55

((crosscross--correlationcorrelation)) betweenbetween themthem hashas

toto bebe lowerlower thanthan 00..55



CH3 CH3 n

Descriptors:
•Molecular Volume

•Molecular Weight

M
M S Confidential and Property of ©2012 Molecular Modeling Section 

Dept. Pharmaceutical and Pharmacological Sciences –University of Padova - Italy S. MORO – REACH

r2 = 0.9973

Considering this specific combination of dataset
(aliphatic hydrocarbons and molecular descriptors)
molecular volume and molecular weight are
strongly correlate thus redundant!
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MRA approaches can transform the life in

Flatland!
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z… oplà!!!
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x

y



z… and oplà!!!

yy == mm xx ++ nn zz ++ qq

M
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x

y

yy == mm xx ++ qq



HereHere isis thethe MRAMRA nightmarenightmare::HereHere isis thethe MRAMRA nightmarenightmare::

r 2 will always increase as new 

descriptors are added. 
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Cross-validation (CV) for detecting

and preventing overfitting!

Cross-validation (CV) for detecting

and preventing overfitting!
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yy == f(x)f(x) ++ noisenoise

How we can deal 
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How we can deal 

with these data?

Let’s consider three

different methods…
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LinearLinear QuadraticQuadratic JointJoint--thethe--dotsdots
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Also known as

piecewise linear non
parametric regression…
if that makes you feel

better!!!

“How well are you going to predict future data 

drawn from the same distribution?”
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TheThe ““testtest setset ”” methodmethod……lookslooks thisthis::TheThe ““testtest setset ”” methodmethod……lookslooks thisthis::

1. Randomly choose 30% of the data to

be in a test set ;

2. The remainder is a training set ;
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2. The remainder is a training set ;

3. Perform your regression on the

training set ;

4. Estimate your future performance

with the test set .

Mean Squared Error (MSE)
( )

n

xx
MSE i∑ −

=
2
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Property (Pi) Property (Pi) Property (Pi)

MSE = 2.4 0.9 2.2

Good news:
•Very very simple;

•Can then simply choose the method with the best “test set” score.

Bad news:
•Wastes data: we get an estimate of the best method to apply to 30% less data;

•If we don’t have much data, our test-set might just be lucky or unlucky.
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oror ““LOOCVLOOCV ”” (Leave(Leave--OneOne--OutOut CrossCross

Validation)Validation) methodmethod…… lookslooks thisthis::

oror ““LOOCVLOOCV ”” (Leave(Leave--OneOne--OutOut CrossCross

Validation)Validation) methodmethod…… lookslooks thisthis::

1. Select the first (xi , yi ) data;

2. Temporary remove (xi , yi ) from the

data set;

For each data consider this loop:

S. MORO – SSVGRCM
M S Confidential and Property of ©2012 Molecular Modeling Section 

Dept. Pharmaceutical and Pharmacological Sciences –University of Padova - Italy

A
c

ti
v

it
y

 (
A

Property (Pi)

3. Train on the remaining n-1

datapoints;

4. Note your error (xi , yi );

When you’ve done all points, report the

mean squared errors (MSE).
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MSEMSELOOCVLOOCV == 33..3333
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MSEMSELOOCVLOOCV == 00..9696
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MSEMSELOOCVLOOCV == 22..1212
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Cross-validation coefficient (Q2)Cross-validation coefficient (Q2)
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Q2 initially increases as more parameters are added

but then starts to decrease indicating data over

fitting. Thus Q2 is a better indicator of the model

quality.



1
r2

q2
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opt
model complexity 



SoSo…… whichwhich kindkind ofof validation?validation?SoSo…… whichwhich kindkind ofof validation?validation?

Downside Upside

Test-set Variance: unreliable 

estimate of  future 

performance

Time cheap
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performance

Leave-

one-out

Time expensive.

Has some weird 

behaviour

Doesn’t 
waste data



AnotherAnother importantimportant considerationconsideration

usingusing MRAMRA techniquetechnique::

AnotherAnother importantimportant considerationconsideration

usingusing MRAMRA techniquetechnique::

# MR logP Volume PM Surface density n. X atoms
CH2Cl2 1,62959 1,30436 67,1359 84,933 176,1169 1,63677 3
CHCl3 2,01731 1,73808 75,7514 119,378 186,8237 2,03576 4
CCl4 2,35508 2,42116 83,2702 153,823 194,0565 2,3224 5
CF3CHBrCl 2,35642 2,36112 88,098 197,381 206,6438 2,85284 7
CHCl2CHCl2 2,92829 2,49472 94,2376 167,85 215,3294 2,26061 6
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CHCl2CHCl2 2,92829 2,49472 94,2376 167,85 215,3294 2,26061 6
Cl2C=CHCl 2,46705 2,28836 115,831 131,389 241,6985 1,42863 5
CCl2=CCl2 2,82835 3,37472 132,106 165,834 257,2367 1,46129 6

∆∆xxii == 11..3030 22..0707 4444..0000 112112..4545 8181..1212 11..4242 44..0000

xxii == 22..3737 22..2828 9393..7777 145145..8080 211211..1313 11..9999 55..1010
__

data scaling and data centering data scaling and data centering data scaling and data centering data scaling and data centering 



data scaling and data centering data scaling and data centering data scaling and data centering data scaling and data centering 

Each indipendent variable influences the model according

to its variance.

Thus scaling corresponds to the assumption that all

variables are a priori equally important.
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∆∆xxii

xxii

__



data scaling and data centering data scaling and data centering data scaling and data centering data scaling and data centering 

Unit variance scaling: multiply each column by 1/σi, σi

being the standard deviation.

∆∆xxii

Unit 

variance

scaling
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iσ where n is the number of   data taken



BackBack toto thethe realreal casecase::BackBack toto thethe realreal casecase::

# MR logP Volume PM Surface density n. X atoms
CH2Cl2 1,62959 1,30436 67,1359 84,933 176,1169 1,63677 3
CHCl3 2,01731 1,73808 75,7514 119,378 186,8237 2,03576 4
CCl4 2,35508 2,42116 83,2702 153,823 194,0565 2,3224 5
CF3CHBrCl 2,35642 2,36112 88,098 197,381 206,6438 2,85284 7
CHCl2CHCl2 2,92829 2,49472 94,2376 167,85 215,3294 2,26061 6
Cl2C=CHCl 2,46705 2,28836 115,831 131,389 241,6985 1,42863 5
CCl2=CCl2 2,82835 3,37472 132,106 165,834 257,2367 1,46129 6
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CCl2=CCl2 2,82835 3,37472 132,106 165,834 257,2367 1,46129 6

∆∆xxii == 11..3030 22..0707 4444..0000 112112..4545 8181..1212 11..4242 44..0000

xxii == 22..3737 22..2828 9393..7777 145145..8080 211211..1313 11..9999 55..1010
__

σσii == 00..4545 00..6565 2222..8585 3737..0202 2929..4646 00..5252 11..3434

∆∆xxii/σ/σii == 22..8989 33..1818 11..9292 33..0404 22..7575 22..7373 22..9898



data scaling and data centering data scaling and data centering data scaling and data centering data scaling and data centering 

∆∆xxii

xx
__

Unit 

variance

scaling

Mean centering: subtract from each column its average

value.

Mean

centering
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MRAMRA shouldshould bebe aa suitablesuitable tooltool onlyonly

ifif thesethese criteriacriteria areare respectedrespected::

MRAMRA shouldshould bebe aa suitablesuitable tooltool onlyonly

ifif thesethese criteriacriteria areare respectedrespected::

1. Good ratio between independent and

dependent variables;

2. Statistical significance of the regression
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2. Statistical significance of the regression

coefficient;

3. The magnitude of the typical effect “bixi”;

4. Any cross-correlation with other terms.
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