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Um conjunto de dezoito compostos de neolignanas com atividade antiesquistossomose foi
estudado com o método semi-empirico PM3 e outros métodos tedricos com o intuito de avaliar
algumas propriedades (variaveis ou descritores) mol ecul ares sel ecionadas e correl aciona-lascom a
atividade biolégica.

Andlise exploratériados dados (andlise de componentes principais, PCA, eandlise hierérquica
de agrupamentos, HCA), andlise discriminante (DA) e o méodo KNN foram utilizados naobtengéo
de possiveis correlagdes entre os descritores calculados e a atividade biolégica em questéo e na
predicdo da atividade antiesqui stossimose de algumas mol écul as teste. Os descritores moleculares
responsaveis pel a separagdo entre os compostos ativos einativosforam: energiade hidratacdo (HE),
refratividade molecular (MR) ecargasobreo atomo C19 (Q,,). Estesdescritoresforneceminformages
a respeito do tipo de interagdo que pode ocorrer entre 0S COMpPOStos e Seu respectivo receptor
bi ol 6gico. Apbs aconstrugcao do model o paracompostos ativos einativos, osmétodos PCA, HCA,
DA e KNN foram empregados em um estudo de predi¢&o. Foram estudados 10 novos compostos e
somente 5 delesforam classificados como ativos contra esgui stossomose.

A set of eighteen neolignan derivative compounds with anti-schistosomiasi s activity was studied
by using the quantum mechanical semi-empirical method PM3 and other theoretical methods in
order to calculate selected molecular properties (variables or descriptors) to be correlated to their
biological activities.

Exploratory dataanalysis (principa component analysis, PCA, and hierarchical cluster analysis,
HCA), discriminant analysis (DA) and the K th nearest neighbor (KNN) method were employed for
obtaining possible relationships between the calculated descriptors and the biological activities
studied and predicting the anti-schistosomiasis activity of new compounds from a test set. The
molecular descriptorsresponsiblefor the separation between active and i nactive compounds were:
hydration energy (HE), molecular refractivity (MR) and charge on the C19 carbon atom (Q,.). These
descriptors giveinformation on the kind of interaction that can occur between the compounds and
their respective biological receptor. The prediction study was done with anew set of ten derivative
compounds by using the PCA, HCA, DA and KNN methods and only five of them were predicted
asactive against schistosomiasis.

K eywords. PM3, neolignans, anti-schistosomiasis, principal component analysis, hierarchical
cluster analysis, discriminant analysis, Kth nearest neighbor

Introduction Myristicaceae and other primitive plant families. The
Virola is the most representative Myristicaceae found

Neolignans are dimers obtained from oxidative throughout theAmericas.>?1n 1970, initial studiesof leaves
coupling of alyl and propenyl phenols occurring in the of Virola surinamensis showed high efficacy in the
cercariae blockage tests of Schistosoma mansoni in mice.®

*e-mail: alberico@iqsc.sc.usp.br The active substances responsible for protection were



Vol. 13, No. 3, 2002

isolated and identified as the natural neolignans virolin
and surinamensin.

In order to determine the biological activity of
neolignans, Barataet al .* and Santos® synthesized eighteen
anal ogues of neolignan compounds which were submitted
to biological tests against fungi, bacteria, leishmaniasis,
schistosomiasis, cancer and PAF (platelet activating
factor).® From the eighteen neolignan compounds
synthesized, five have been classified as active and thirteen
have been classified as inactive against schistosomiasis
(al testsin vitro).*®

In the present work we calculated selected molecular
descriptors of the eighteen neolignan derivatives
synthesized*® and afterwards stati stical methods (principal
component analysis, PCA, hierarchical cluster analysis,
HCA, and discriminant analysis, DA) wereused in order to
obtain the relationship between the molecular descriptors
and the biological activity. Theresults obtained with PCA,
HCA and DA were tested in a new set of neolignan
compounds and the KNN method was used for activity
prediction of these new compounds. The molecular
descriptors calculated were selected so that some steric,
electronic and hydrophobic characteristics of these
compounds could be taken into account since each one of
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them can contribute to the biological activity and give
information about the interactions between the compounds
and their respective biological receptor.

Calculations

Figure 1 shows the central chemical structure and
numbering used in all eighteen neolignan compounds
studied here, and Figure 2 displaystheindividual chemical
structure, along with the activity indication, for each one
of the eighteen neolignan molecules.

Figure 1. The central chemical structure and numbering used in all
neolignan compounds studied. The letters t and d are, respectively,
dihedral and bond angles assessed in the calculations

R6

COMPOUND ACTIVITY R, R, R, R, R, R, X
1 Inactive H H =0 H H H (@)
2 Inactive H H =0 CH, H H (@)
3 Inactive H H =0 CH, OCH, H (@)
4 Inactive H H =0 CH, OCH, CH,CH=CH, (@)
5 Active OCH, OCH, =0 CH, OCH, CH=CHCH, (0]
6 Active OCH, OCH, =0 CH, OCH, CH,CH=CH, (0]
7 Inactive H H OH CH, OCH, H (@)
8 Active OCH, OCH, OH CH, OCH, CH,CH=CH, (0]
9 Active OCH, OCH, OH CH, OCH, CH=CHCH, (0]

10 Inactive H H =0 CH, OCH, H S
11 Inactive * * =0 CH, OCH, H S
12 Inactive OCH, OCH, =0 CH, H H S
13 Inactive OCH OCH, =0 CH, H CH, S
14 Inactive H H =0 H H H NH
15 Inactive OCH, OCH, =0 CH, H H NH
16 Inactive OCH, OCH, =0 CH, CH, H NH
17 Active OCH, ©OCH, =0 CH, OCH, H NH
18 Inactive OCH, OCH, =0 CH, H H NCH,

*this compound presents the following substituent

Figure 2. The chemical structure and anti-schistomiasis activity indication of the eighteen synthetic neolignan compounds studied
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The compounds showed in Figure 2 consist of five
active molecules (5, 6, 8, 9 and 17) and thirteen inactive
molecules (1, 2, 3, 4, 7,10, 11, 12, 13, 14, 15, 16 and 18).

All geometry calculations were performed by using
the PM 3 method’ and the geometrieswere fully optimized
by using the EF agorithm of the AMPAC 6.5 molecular
package.®

Among many descriptors (variables) that have been
utilized in SAR studies,*** we have chosen the following
descriptors to be evaluated:

HOMO - The energy of the highest occupied molecular
orbital (eV);

LUMO - The energy of the lowest unoccupied molecular
orbital (eV);

x - Mulliken's electronegativity (eV);

POL - Molecular polarizability (a.u.);

Q, - Net atomic charge on atom N;

t - Torsional angle (see Figure 1);

d - bond angle (see Figure 1);

HE - Hydration energy (kcal molY);

MR - Molecular refractivity (A3);

VOL - Molecular volume (A3);

Log P - Partition coefficient.

The calculated descriptors were selected so that they
could represent electronic (HOMO, LUMO, x, POL, Q,, Q,,
Q. Qi Qi MR and HE), steric (t, d and VOL) and
hydrophobic (L og P) properties of the compounds studied.
These properties (descriptors) are supposed to beimportant
to explain the anti-schistosomiasi s activity of the neolignan
mol ecules under study here® and the number of calculated
descriptors was limited by the softwares we used in the
calculations.

Thestructural descriptorst and d were obtained during
the optimization procedure and the most stable structures
were used to obtain the other descriptors. The descriptors
HOMO, LUMO, y, POL and logP were obtained by using
the HyperChem/Chemplus molecular package'? and the
atomic charges were obtained by employing the electro-
static potential method of the Spartan program.®®

The electrostatic potential method is based on the
calculation of a set of punctual atomic charges so that
they represent the possible best quantum molecular
(electrostatic) potential for a set of points defined around
amolecule.’** The routine developed by Connolly*® was
employed and this methodology uses a density of 1 point
per A2 in four layers placed at distances 1.4, 1.6, 1.8 and
2.0 times the Van der Waals radii.*® The charges derived
fromthe el ectrostatic potential method are physically more
satisfactory than the Mulliken's charges,” especially when
related to biological activity.

All the statistical analysis (PCA, HCA, DA and KNN)
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employed here were performed making use of the program
MATLAB 6.0.®

Resultsand Discussion
Principal component analysis (PCA)

Thecentral ideaof PCA isto reducethe dimensionality
of the data set explaining the variance-covariance structure.
This is achieved by linear transformation of the original
data set of variablesinto asmaller number of uncorrelated
principal components (PCs). Geometrically, this
transformation represents the rotation of the original
coordinate system. Thedirection of the maximum residual
variance is given by the first principal component axis.
The second principal component, orthogonal to the first
one, has the second maximum variance and so on. In this
way, projections conserving maximum amounts of
statistical information can be plotted in order to show usa
more detailed study of data structure.’>

Before applying the PCA method, each one of the
variables was autoscaled so that they could be compared to
each other on the same scale. Table 1 shows the correlation
matrix for all calculated variables and it was initially
obtained in order to eliminate the correlated variables.

After several attemptsto obtain agood classification of
the compounds (separation between the anti-schistosomiasis
active and inactive compounds), the best separation was
obtained with 3 variables (see Table 2) out of the 15 we had
initially. This suggests that the other 12 variables are not
important for classifying these compoundsaccording to their
anti-schistosomiasis activity. Table 3 shows the correlation
matrix for thethreevariables used for the separation between
active and inactive compounds.

The PCA results show that the first two principal
components (PC1 and PC2) describe 84.63% of the overall
variance asfollows; PC1=67.11 and PC2 = 17.52%. Since
amost all of thevarianceisexplained by thefirst two PCs,
their score plot is a reliable representation of the spatial
distribution of the points for the data set studied.

The score plots were examined and the most infor-
mative one is presented in Figure 3 by first principal
component (PC1) against the second principal component
(PC2). Table 4 showstheloading vectorsfor PC1 and PC2.
Looking at Figure 3 we can seethat the eighteen neolignan
compounds studied are separated into two groups, A and
B. Group A contains the active compounds (5, 6, 8, 9 and
17) and group B contains the inactive compounds (1, 2, 3,
4,7,10,11, 12, 13,14, 15, 16 and 18). Also from Figure 3,
we can seethat PC1 aloneisresponsiblefor the separation
between the active and inactive compounds. Figure 4
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Table 1. Correlation matrix between all properties (variables) calculated

HOMOLUMO HE POL VOL LogP MR  x Q, Q Q, Q, Q. t d
HOMO  1.00
LUMO  -0.12 1.00
HE -0.35 -0.04 1.00
POL 0.32 -0.14 -0.54 1.00
VoL 0.34 -0.19 -0.56 0.99 1.00
LogP 0.08 0.33 -001 052 049 1.00
MR 0.34 -0.18 -0.05 100 0.99 0.49 1.00
x -042 -0.85 023 -0.04 -0.01 -0.34 -0.02 1.00
Q, 0.18 -045 -046 075 0.76 0.5 0.78 0.32 1.00
Q, -0.28 -0.04 -0.33 0.65 0.60 027 063 0.19 0.68 1.00
Q, -0.33 -0.18 059 -0.35 -0.39 -0.31 -0.33 034 -0.05 010 1.00
Q, 0.41 -054 -0.28 030 036 -0.16 034 028 041 -0.18 -0.52 1.00
Qe 0.26 0.05 -047 054 058 031 052 -0.19 013 007 -0.61 0.37 1.00
t 0.28 -0.12 0.7 -0.61 -0.58 -0.42 -0.60 -0.05 -0.49 -0.64 0.22 -0.13 -0.36 1.00
d 0.26 -043 -021 006 014 -0.18 0.07 026 0.12 -043 -0.57 0.85 046 0.06 1.00

Table 2. Values of the three most important properties (variables)
that classify the eighteen neolignan compounds studied

COMPOUND HE (kcal/mol)* Q MR (A%
1 -5.16 -0.22 62.42

2 -4.36 -0.22 66.92

3 -4.40 0.25 73.38

4 -4.45 0.24 87.67

5 -6.12 0.32  101.67

6 -6.77 0.23  100.59

7 -7.15 0.31 73.98

8 -9.24 0.25  101.19

9 -8.58 0.25  102.26

10 -3.42 -0.23 73.36

11 -7.50 -0.20 79.13

12 -6.04 -0.21 86.29

13 -4.63 -0.20 91.33

14 -5.79 -0.25 66.15

15 -5.90 -0.17 88.61

16 -5.90 -0.13 88.61

17 -7.54 0.21 90.04

18 -4.67 -0.20 87.81

*1cal =418J

Table 3. Correlation matrix between the three most important

properties (variables)

HE Qu MR
HE 1 -0.407 -0.515
Qe 1 0.506
MR 1

Table 4. Loadings of the two principal components

Variable PC1 PC2
Q, 0.570 0.727
MR 0.589 -0.037
HE -0.572 0.686

Figure 3. PCA scores (PC1 and PC2) for the eighteen compounds
with anti-schistosomiasis activity. The PCA methodology leads
to a separation between two groups: active (Group A) and inactive
(Group B)

-Q19
-HE

MR

) j a0 ! a5 ado [

PC 1

Figure 4. PCA loading vectors (PC1 and PC2) for the three
variables responsible for the separation between the active and
inactive compounds: HE is the hydration energy, Q19 is the net
atomic charge on atom C19 and MR is the molecular refractivity
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displays the plot of the loading vectors for the first two
principal components (PC1 and PC2).

According to Table 4, PC1 can be expressed through
the following equation:

PC1=0.589[MR] +0.570[Q,] - 0.572[HE]

From the equation above, we can see that active
molecules can be obtained when we have higher values
for MR combined with more positive charges on C19 and
lower valuesfor thevariable HE (noticethat HE isnegative
in the PC1 equation). These characteristics can be useful
in the design of new neolignan compounds with effective
anti-schistosomiasis activity. Here it is interesting to
mention that thevariablesQ,,, HEand MR areall electronic
descriptors and represent the strength of a molecular
association by electrostatic interaction.

Hierarchical cluster analysis (HCA)

Another technique very used for analyzing a complex
dataisthehierarchical cluster analysis(HCA). IntheHCA,
each object (the 18 molecules studied) isinitially assumed
tobealonecluster. Onesimilarity matrix isbuilt, generally
calculating the Euclidean distance between all the objects,
and scanned for the minor values. The corresponding
objectsare clustered together and treated asasingle cluster.
Successive iterations lead to the total clustering of all
objects generating adendrogram with the objects clustered
together according to their similarity level.

Figure5 showstheresultsobtained fromtheHCA anadysis.
The horizontal lines in Figure 5 represent the compounds
and the vertical lines the similarity values between pairs of
compounds, a compound and a group of compounds and
between groups of compounds. The similarity value between
the two classes of compounds was 0.15 and this meansthese
two classes are distinct. From Figure 5, we can seethe HCA
resultsarevery smilar tothoseobtained withthe PCA analyss,
i.e. the compounds studied were grouped into two categories:
actives(5, 6, 8,9and 17) andinactives (1, 2, 3,4, 7, 10,11, 12,
13, 14, 15, 16 and 18).

Sepwise discriminant analysis

Discriminant analysis is a multivariate technique that
has two principal goals: (1) separate objects from distinct
populations; (2) allocate new objects to populations
previoudly defined.??2 Here we consider two groups. Group
A, that contains the active compounds (5, 6, 8, 9 and 17)
and Group B, that contains the inactive compounds (1, 2,
3,4,7,10, 11, 12, 13, 14, 15, 16 and 18).
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Figure 5. Dendrogram obtained for eighteen neolignan compounds
studied. The compounds are grouped into two categories: A (actives)
and B (inactives)

The stepwise discriminant analysis is a linear
discriminant method based on the Fischer test (F-test) for
the significance of the variables.?? In each step onevariable
will be selected on the basis of its significance. After two
steps, the two more significant variables were extracted
from the fifteen variables under investigation: MR and
HE. The discriminant functions are given as follows:

GroupA :-76.67 + .16 MR - 4.71 HE
Group B : -45.44+0.93 MR - 3.22 HE

The variables MR and HE represent the strength of a
molecular association by electrostatic interaction. By using
the quantities given in the discriminant functions above, we
can obtain the classification summary showed in Table 5.

The classification error rate was 0%, resulting in a
satisfactory separation of the two groups. The allocation
rule derived from the DA results, when the anti-
schistosomiasis activity of a new neolignan compound is
investigated, is: (a) initially one calculates, for the new

Table 5. Classification matrix

Classified group True group
A B
A 5 0
B 0 13
Total 5 13
Percentage 100% 100%
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neolighan compound, the value of the two more important
variables obtained with the DA methodology (MR and
HE); (b) substitute these values in the two discriminant
functions obtained in this work; (c) check which
discriminant function (Group A - anti-shistosomiasis active
compounds or Group B - anti-shistosomiasis inactive
compounds) presentsthe higher value. The new neolignan
compound is active if the higher value is related to the
discriminant function of Group A and vice versa.

Comparing the results obtained with the DA and PCA
methodologies, we can notice that the variables MR and
HE are important in both methodologies. Recalling the
PC1 equation, one sees that MR and HE are the two
variableswith higher weights. Thus, combining the results
obtained with DA and PCA we can say that MR and HE are
key variables for explaining the anti-shistosomiasis
activity of the neolignan compounds studied here, but
also Q,, is an important variable to be considered when
oneistrying to obtain (design) neolignan compoundswith
anti-schistosomiasis activity.

It isinteresting to notice that all of the three variables
(MR, HE and Q,,) found here as having an important role
in anti-schistosomiasis activity are electronic descriptors,
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Kth nearest neighbor (KNN)

The KNN method classifies a new compound (object)
according to its distance to an object of the training set.
The closer neighbors of the training set are found and the
object will be assigned into the classthat have the mgority
of its nearest neighbors. This method is self-validating
becauseinthetraining set each sample (object) iscompared
with al of the othersin the set but not with itself. The best
value of K can be chosen based on the results from the
training set alone.” The classical KNN approach does not
have outlier detection capability, i.e. a classification is
always made whether or not the unknown object is a
member of any classin the training set.

This method was used for the validation of the initial
data set and Table 6 presents the results obtained with 1, 3
and 5 nearest neighbors. For the case of 1 nearest neighbor
(INN), the percentage of correct information was 100%
while for 3 and 5 nearest neighbors (3NN and 5NN) the

Table 6. Classification obtained with the KNN method

; ) Category Number of Compounds
therefore we can conclude that electronic properties have compounds incorrectly classified
avery important role in the anti-schistosomiasis activity INN 3NN 5NN
of neolignan compounds. Particularly, as the descriptors Active c 0 0 0
MR, HE and Q,, represent the strength of a molecular Inactive 13 0 1 1
association by electronic interaction, it is reasonable to Total 18 0 1 1
suggest that electrostatic interactions play an important Percentage of

. . . . - o correct information 100 94.4 94.4
role in the mechanism of the anti-schistosomiasis activity.
RS
RB
R7 R
%
H,c._©
R1 R
RZ

COMPOUND R, R, R, R, R, R, R,
1T H H OH H H H H
2T OCH, H OH H H H H
3T OCH, H OH OCH, H H H
4T OCH, OCH, OH H H H H
5T OCH, OCH, OH H CH,CH=CH, H H
6T H H OH H CH,CH=CH, H H
7T OCH, OCH, OH H OCH, OCH, H
8T H H OH H OCH, OCH, H
9T OCH, H OCH, H CH,CH=CH, H OCH,
10T H H OH H H NO H

2

Figure 6. The test set (the ten new neolignan compounds)
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percentage was 94.4%. We decided to use 5NN instead of
1NN because the percentage of correct information is still
high (94.4%) and the greater the number of nearest
neighbors, the better the reliability of the KNN method.

Since the experimental group we are working with had
the proposal of ten new structures of neolignan compounds
not yet synthesized (see Figure 6) we decided to apply our
PCA, HCA and DA results, along with the KNN method, in
the ten new neolignan compounds with the aim to predict
theanti-schistosomiasisactivity for thisnew set of molecules
(test set). Table 7 shows the calculated values obtained for
the test set with the variables HE, Q,, and MR.

Table 7. Values obtained for the properties (variables) of the ten new
neolignan compounds (test set)

COMPOUND HE (kcal/mol)* Qe MR (A3)
1T -6.87 -0.17 67.51
2T -8.53 -0.11 73.98
3T -8.76 0.30 80.44
4T -9.18 -0.13 80.44
5T -9.13 -0.10 94.73
6T -6.10 -0.17 82.87
7T -10.91 0.40 93.37
8T -8.67 0.40 80.44
9T -8.21 0.27 95.80
10T -10.61 -0.58 73.84

* 1cal = 4.18J

The results (prediction) obtained with the PCA, HCA,
DA and KNN methodsfor the molecules showed in Figure
6 were similar. According to these four methods, the
compounds 3T, 5T, 7T, 8T and 9T were classified asactive
molecules against schistosomiasis while the compounds
1T, 2T, 4T, 6T and 10T were classified as inactive
molecules.

It is interesting to notice that compounds 3T and 8T
wereclassified asactive moleculeswith PCA, DA and KNN,
and as inactive molecules with HCA, and compound 10T
was classified as an inactive molecule with PCA, DA and
KNN, and as an active molecule with HCA. However,
compounds 3T and 8T have a higher probability to be
consider as active molecules and compound 10T has a
higher probability to be consider as an inactive molecule
as three out of the four methods used in our prediction
study had the same prediction results for the compounds
3T, 8T and 10T. The prediction results obtained with the
four methods are summarized in Table 8.

Conclusions

The principal component analysis (PCA) and hierar-
chical cluster analysis (HCA) show that the neolignan

J. Braz. Chem. Soc.

Table 8. The prediction results obtained with the four pattern recog-
nition methods for the 10 new compounds: active compound (+)
and inactive compound (-)

ACTIVITY
PCA HCA DA KNN

COMPOUND

1T
2T
3T
4T
5T
6T
T
8T
9T
10T

N T L

+ o+ 0+ o+

o+
+ +

derivative compounds studied here can be correctly
classified into two groups (A and B) according to their
anti-schistosomiasis activity. The PCA results show that
the variables MR, HE and Q,, are responsible for the
separation between active and inactive compounds.

The discriminant analysis (DA) shows that the two
groupsA (active compounds) and B (inactive compounds)
arewell separated and only two variables, MR and HE, are
responsible for the separation between the active and
inactive compounds. The error rate was 0% and suggests
an allocation rule to classify new neolignan compounds
as active or inactive against schistosomiasis.

SinceMR, HEand Q,, areall electronic descriptorswe
conclude that electronic properties have an important role
in anti-schistosomiasis activity of neolignan compounds.
Particularly, as the descriptors MR, HE and Q,, represent
the strength of a molecular association by electronic
interaction, it is reasonable to suggest that electrostatic
interactions play an important role in the mechanism of
the anti-schistosomiasis activity.

ThePCA, HCA, DA and KNN methodswereapplied to
ten new neolignan derivative compounds and classified
five of them as active against schistosomiasis.
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