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Abstract: Malaria, one of the most widespread and deadly infectious diseases continues to kill over 1 million people 

every year. This scenario is getting even worse as P. falciparum develops resistance to existing drugs. Thus, there is an 

imperative need for novel and more effective antimalarials. Farnesyltransferase (PFT) appears to be a promising therapeu-

tic target to development of antimalarial drugs and many analogs of PFT inhibitors have proved active against P. falcipa-

rum. In order to shed some light on the structure-activity relationships of 192 tetrahydroquinoline and ethylenediamine de-

rivatives that are active against P.falciparum, exploratory analysis as well as classical and hologram QSAR strategies 

were employed. No global QSAR could be developed for the whole dataset, instead local QSAR models were developed 

for 118 compounds (classical QSAR r
2
=0.78, q

2
=0.75, r

2

pred= 0.77 with 2 PCs; HQSAR r
2
=0.82, q

2
=0.72, r

2

pred= 0.79 with 

3 PCs) and 74 compounds (r
2
=0.79, q

2
=0.74, r

2

pred= 0.57 with 2PCs; r
2
=0.86, q

2
=0.77, r

2

pred= 0.75 with 4 PCs) using par-

tial least square (PLS) regression. Furthermore, the careful and integrated analysis of contribution maps and regression 

vector suggest that these inhibitors might have dissimilar requirements to their biological activity. 

Keywords: Antimalarial activity, chemometric analysis, classical 2D QSAR, ethylenediamine, hologram QSAR, tetrahydro-

quinoline.  

INTRODUCTION 

Malaria, one of the most widespread and deadly infec-

tious diseases [1] kills over 1 million people every year and 

nearly 50% of the world population is at stake [2]. This sce-

nario is getting even worse as P. falciparum, the protozoan 

parasite responsible for the majority of malaria mortality [3], 

develops resistance to existing drugs (chloroquine, meflo-

quine, sulfadoxime/pyrimethamine) [4], the vector eliminat-

ing campaigns are limited by Anopheles mosquito resistance 

to the pesticide DDT and the global warming contributes to 

malaria spread [5]. Thus, there is an imperative need for 

novel and more effective antimalarials [6]. In order to ac-

complish this goal, attention has been directed toward para-

site biochemical pathways that are absent in the human host 

or that allow selective inhibition [7-12]. Among several mac-

romolecular targets for antimalarial drug development [14-

16], the protein farnesyltransferase (PFT) appears to be a 

promising therapeutic target, once it plays a pivotal role in a 

posttranslational modification of proteins (protein prenyla-

tion) that facilitates membrane association as well as protein-

protein interactions [13]. In the human host, the protein 

prenylation is mediated by three different enzymes: PFT, 

protein geranylgeranyltransferase type I (PGGT-I) and pro-

tein geranylgeranyltransferase type II (PGGT-II). However, 

the analysis of P. falciparum genome indicates an apparent 

lack of PGGT-I [17], hence suggesting that the parasite 

would rely on PFT only for its prenylation requirements. In 

fact, a number of PFT inhibitors, previously developed as  
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anticancer agents, were found to be highly toxic to P. falci-
parum [11]. 

Drug design efforts are made easier when the selected 

biochemical target has already been explored for the treat-

ment of other diseases, inasmuch as pharmacological infor-

mation and initial lead compounds can be readily available 

[10, 11, 13]. For that reason many groups have synthesized 

analogs of PFT inhibitors [10, 11, 13, 18-27] (Fig. 1) and 

studied their structure-activity requirements for the selective 

inhibition of parasite’s enzyme [28]. 
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Fig. (1). Representative scaffold of PFT inhibitors analogs with 

antimalarial activity.R1, R2, R3 and R4 stand for the different moie-

ties that can be found in the inhibitors scaffold (see supplementary 

material S1). 
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Nevertheless, as far as we are aware, no effort was made 

to investigate this matter from a quantitative stand point of 

view.Considering that QSAR studies have played an impor-

tant role in the design of many antimalarial compounds [29-

31], it would also be useful to employ this approach in the 

development of second generation PFT inhibitors. Accord-

ingly, descriptor and fragment based QSAR models were 

developed, which not only show good predictive power, but 

also underscore the dissimilar chemical and structural re-

quirements for biological activity among this series of inhibi-

tors. 

MATERIALS AND METHODS 

Data Set 

A data set of 192 tetrahydroquinoline (THQ) and ethyle-

nediamine (EDA) derivatives, that were designed as PFT 

inhibitors [11, 18, 23], was employed for the QSAR studies. 

All structures were drawn in SYBYL 8.0 platform and single 

point optimized using AM1 method (Keywords: 1SCF XYZ 

ESP NOINTER SCALE=1.4 NSURF=2 SCINCR=0.4 

NOMM). The biological activity (ED50– the concentration 

required to inhibit 50% of parasite growth) of these com-

pounds was converted to pED50 (-logED50) and used as de-

pendent variable in the QSAR modeling. The chemical struc-

tures and biological data are listed in Tables S1 and S2 (Sup-

plementary material). A Hierarchical Cluster Analysis 

(HCA), using Euclidean distances and autoscaled variables, 

guided the division of the complete data into two smaller 

data sets (A-118 compounds and B-74 compounds) that were 

further split into training (compounds A 1–89, B 119–179) 

and test (compounds A 90–118 and B 180–192) set for ex-

ternal validation purpose. Special attention was paid to guar-

antee that test sets represent the structural diversity of the 

training sets and show a similar distribution of potency (Fig. 

2). 

Classical QSAR Models 

2D molecular descriptors such as topological descriptors, 

connectivity index, 2D correlation descriptors and so forth 

were computed with DRAGON5.5 software (Taletesrl., Mi-

lano, Italy) and used as independent variables in QSAR 

modeling.  

2489 calculated descriptors were then subjected to the 

following selection criteria; descriptors with constant values, 

pair correlation of 99% or superior and found to have poor 

correlation to biological property (r
2
< 0.10) were discarded. 

This strategy afforded 1008 descriptors that were employed 

to develop multiple linear regression (MLR) models with up 

to 4 variables as described below. 

Variable selection was carried out by genetic algorithm 

(GA) [32], as available in MOBYDIGS 1.0 software 

(Taletesrl., Milano, Italy) using the following parameters: 

QUIK rule (0.005), asymptotic Q2 rule (-0.005), redundancy 

RP rule (0.1) and overfitting RN rule (0.01) [33, 34]. These 

criteria were employed to discard highly correlated variables 

or those completely uncorrelated to the biological activity 

during MLR model development. Due to the stochastic na-

ture of genetic algorithm, the search was performed in ten 

independent populations of 100 models. Each population 

evolved for 1000 generations or at least until 10
6 

(one mil-

lion) models were evaluated. The variables from the best 5 

models of each population were polled together, autoscaled 

and used for Principal Components Analyses (PCA) and 

Partial Least Square (PLS) analysis in the PIROUETTE 4.0 

software. 

HQSAR Models 

Statistical HQSAR modeling was carried out as previ-

ously described [34, 35]. Briefly, each molecule is broken 

down into several unique structural fragments which are ar-

ranged to form a molecular hologram, an extended form of 

fingerprint that encodes all possible molecular fragments 

(e.g., linear, branched, cyclic, overlapping). With the trans-

formation of the chemical representation of a molecule into 

its corresponding molecular hologram, this method requires 

no explicit 3D information for the ligands (e.g. determination 

of 3D structure, putative binding conformations, and mo-

lecular alignment). Furthermore, the molecular hologram 

accounts for the frequency of each molecular fragment type 

in length fixed bins (hologram length), according to a set of 

rules, such as size and type of fragment substructures. For 

that reason, several combinations of fragment distinction and 

size were considered during the QSAR modeling runs and 

holograms were generated using 7 distinct fragment sizes 

over the 12 default series of hologram lengths (53, 59, 61, 

71, 83, 97, 151, 199, 257, 307, 353, and 401 bins). The pat-

terns of fragment counts from the training set inhibitors were 

then related to the experimental biological data using PLS 

analysis. All models generated in our studies were investi-

gated using the full cross-validated r
2
 (q

2
) Partial Least 

Squares (PLS) Leave-One-Out (LOO) method. The models 

internal consistency was also evaluated by means of Leave-

Group-Out cross validation. 

Fig. (2). Histogram of potency distribution of group A and B. 
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QSAR Models Validation 

The ability to predict compounds not employed during 

QSAR model development was evaluated by external valida-

tion using a test set of 29 compounds for model A and 13 

compounds for model B. The test set compounds were se-

lected randomly and none of these compounds were em-

ployed during model development. The QSAR models´ pre-

dictive power was calculated as described by Schuurmann 

and coworkers [36]: 

rpred
2 = 1– i=1

N (yi
pred yi )

2

i=1
N (yi ytest mean )2  (1) 

where N is the number of compounds; yi is the experimental 

value of potency for the i-th compound; yi
pred

 is the predicted 

value of potency for the i-th compound; ytest mean is the mean 

potency of the test set compounds. 

And further evaluated by the r
2

m (test) values [37-39]: 

rm(test )
2 = r2 *(1 r2 – r0

2 )
(2) 

were r
2
 and r0

2
 are the correlation coefficient values between 

the observed and predicted values of the test set compounds 

with and without zero as the intercept, respectively.r
2

m(test) 

values greater than 0.5 are expected in QSAR model with 

good external predictability. 

RESULTS AND DISCUSSION 

QSAR models have been widely used to further under-

stand the structural and physicochemical features that are 

crucial for the biological property of a series of compounds, 

as well as to guide their potency and selectivity optimization 

[40-43]. However, QSAR models are best fitted to describe 

compounds potency when no activity cliff is present. To 

some extent, the sudden changes in potency, following minor 

modification in the compounds´ structure, explain why 

global QSAR models show lower predictive ability than lo-

cal ones. Yuan et al. argued that global models are too coarse 

to capture detailed and subtle structure-activity relationships 

found in the activity landscape [44]. Besides it has been 

pointed out that structurally diverse inhibitors might bind 

differently to the biological target thus clouding the predic-

tive ability of QSAR models [45, 46]. In order to investigate 

the impact of these points in the present work, a hierarchical 

cluster analysis of the whole dataset, using 1008 2D descrip-

tors, was carried out before any supervised modeling step 

was pursued. The HCA clearly shows that the 192 com-

pounds, previously described as PFT inhibitors [11, 18, 23], 

cluster in two different families, group A and B (Fig. 3). No 

clear structural or biological feature that might suggest the 

presence of outliers was evident in each group, but a global 

QSAR model using the whole dataset provided poor statisti-

cal values (data not shown). Therefore, it was decided to 

investigate if local QSAR models would provide better re-

sults. 

Thus, the 118 compounds from group A were randomly 

split into training (1–89) and test set (90-118), as described 

in the experimental section. Then, MOBYDIGS 1.0 software 

was employed to search for multiple linear regression (MLR) 

models, with up to 4 variables, through genetic algorithm.  

This strategy aimed at selecting a subset of uncorrelated 

descriptors that could be useful for QSAR model develop-

ment. The best MLR model shows moderate statistical pa-

rameters (n=89, r
2
=0.72, q

2
=0.70), with poor predictive abil-

ity (r
2

pred=0.65).  

Aiming at increasing the QSAR model´s predictive abil-

ity, we resorted to more powerful statistical tools such as 

PLS and PCA available in PIROUETTE 4.0 software. For 

that purpose, the descriptors found in the 5 best models from 

each population (42 descriptors from 27 best models – Sup-

plementary material Table S3) were gathered and used for 

further QSAR model development. 

PCA shows that the 3 first principal components (PCs) 

are responsible for 73.5% of accumulated variance and that 

PC2 broadly accounts for inhibitors potency: All weak in-

hibitors (pED50< 6.0) have positive PC2 values, 95% of 

moderate inhibitors (6.0 < pED50 < 7.0) have PC2 values 

ranging from 0.5 to -1.6 and >99% of potent inhibitors 

(pED50 > 7.0) have negative PC2 values (Fig. 4). 

This preliminary result suggests that selected descriptors 

somehow explain inhibitors different biological profile to-

wards P. falciparum and hence deserve further investigation. 

Analysis of the PCA loading plot reveals that nTB (–0.45), 

nArCN (–0.45), N-074 (–0.45), Hy (0.34) and H-050 (0.36) 

 

Fig. (3). Hierarchical Cluster Analysis of 192 tetrahydroquinoline and ethylenediamine derivatives with antimalarial activity. The dendogram 

highlights the structural diversity of the dataset, that splits apart into group A and B at 25% similarity degree. 
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have a major contribution to PC2 and thus can be useful to 

explain the potency variation among this series.  

The number of triple bonds (nTB) and of nitriles bonded 

to aromatic ring (nArCN) highlight the importance of such 

fragments to increase potency. Likewise, an optimal balance 

of hydrophobic and hydrophilic contributions must be criti-

cal to activity, as evaluated by the importance of Hy (hydro-

philic index) [47] to the second principal component. Hy 

accounts for molecule hydrophilicity through the following 

ratio: sum of number of hydrophilic groups (eg. number of 

OH, NH, SH, etc.) plus carbons atoms divided by the num-

ber of atoms, except for Hydrogen. Although log P measures 

a somewhat related property these variables are poorly corre-

lated (r  0.55). 

In order to further explore the information contained in 

these descriptors, PLS analysis was carried out next. The 

initial QSAR model shows a decline in statistical parameters 

(r
2
= 0.52 and q

2
= 0.45, 2PCs), however the further iterative 

exclusion of descriptors that have minor contribution to the 

regression vector significantly improved the QSAR model. 

The final QSAR model, containing 19 descriptors (Table 

1), shows higher internal consistency (r
2
= 0.78, q

2
= 0.75, 2 

PCs) and predictive ability (r
2

pred= 0.77and r
2

m(test)=0.67) 

than those of preliminary MLR models (Fig. 5 and Table 2). 

 

Fig. (5). Plot of predicted versus experimental values of pED50 for training and test sets of group A, according to 2D classical QSAR models 

(left panel) and hologram QSAR (right panel). 

 

Table 1. Descriptors Found in the Final Classical QSAR Model for Group A Compounds 

Variables Description

BEHm8 Highest eigenvalue n. 8 of Burden matrix / weighted by atomic masses

C-002 Ghose-Crippen atom-centred fragments / CH3R or CH4

C-025 Ghose-Crippen atom-centred fragments / R– –CR– –R
a

H-050 Ghose-Crippen atom-centred fragments / H attached to heteroatom

N-074 Ghose-Crippen atom-centred fragments / R#N
b
 or R=N–

EEig04r Eigenvalue 04 from edge adj. matrix weighted by resonance integrals

EEig13r Eigenvalue 13 from edge adj. matrix weighted by resonance integrals

EEig04x Eigenvalue 04 from edge adj. matrix weighted by edge degrees

ESpm01x Spectral moment 01 from edge adj. matrix weighted by edge degrees

F06[C-N] Frequency of C-N at topological distance 6

 

Fig. (4). Principal component analysis of group A com-

pounds.Score plot shows the positioning of potent, moderate and 

weak inhibitors according to PC1 and PC2. 
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Table 1. contd…. 

Variables Description

Hy Hydrophilic index

nBM Number of multiple bonds

nTB Number of triple bonds

nArCN Number of nitriles (aromatic)

nBnz Number of benzene-like rings

nCb- Number of substituted benzene C(sp2)

piPC05 Molecular multiple path count of order 05

piPC07 Molecular multiple path count of order 07

piPC08 Molecular multiple path count of order 08

a
R stands for any groups linked through carbon and “– –” for aromatic bonds as in benzene or delocalized bond / 

b
 “#” stands for the triple bond 

 

Table 2. Predictive Power of Classic QSAR (r
2

pred=0.77 and r
2

m(test)=0.67) for Group A Test Set Compounds* 

pED50 pED50

ID ED50 (nM)

Exp. Pred.

Residue ID ED50 (nM)

Exp. Pred.

Residue

90 230 6.64 6.88 -0.24 105 16 7.80 7.45 0.35

91 133 6.88 6.90 -0.02 106 50 7.30 7.25 0.05

92 320 6.50 7.12 -0.62 107 65 7.19 6.93 0.26

93 450 6.35 6.61 -0.26 108 75 7.13 7.19 -0.06

94 2750 5.56 5.95 -0.39 109 90 7.05 7.18 -0.13

95 460 6.34 6.99 -0.66 110 140 6.85 6.45 0.40

96 14 7.85 7.50 0.35 111 62 7.21 7.34 -0.13

97 42 7.38 6.69 0.68 112 185 6.73 6.50 0.23

98 390 6.41 6.00 0.43 113 35 7.46 7.38 0.08

99 48 7.32 7.23 0.09 114 860 6.07 5.64 0.43

100 20 7.70 7.09 0.62 115 460 6.34 6.10 0.24

101 80 7.10 7.46 -0.36 116 4600 5.34 5.53 -0.19

102 58 7.24 7.19 0.05 117 2900 5.54 5.53 0.01

103 50 7.30 7.25 0.05 118 4600 5.34 4.94 0.40

104 750 6.13 6.37 -0.24

*“Exp.” stands for experimental values and “Pred.” stands for predicted values 

 

Table 3. Influence of Fragment Distinction on the Statistical Parameters of HQSAR Models for Group A Compounds 

Model Fragment Distinction q
2

r
2

SEE HL N Fragments’ Size

1 A/B/C 0.58 0.76 0.440 307 3 4-7

2 A/B/C/H 0.58 0.75 0.441 97 4 4-7

3 A/B/C/Ch 0.58 0.76 0.438 257 3 4-7

4 A/B/C/H/Ch 0.58 0.76 0.441 97 4 4-7

5 A/B/C/H/Ch/DA 0.51 0.75 0.478 97 4 4-7
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Table 3. contd…. 

Model Fragment Distinction q
2

r
2

SEE HL N Fragments’ Size

6 A/B/Ch 0.62 0.79 0.421 59 4 4-7

7 A/C/Ch 0.62 0.75 0.416 61 3 4-7

8 A/B/H/CH 0.58 0.70 0.455 83 4 4-7

9 A/C/DA 0.52 0.68 0.481 275 3 4-7

10 A/B/Ch 0.71 0.83 0.367 97 4 2-5

11 A/B/Ch 0.72 0.82 0.358 97 3 3-6

12 A/B/Ch 0.56 0.72 0.450 401 3 5-8

13 A/C/Ch 0.66 0.78 0.396 71 3 2-5

14 A/C/Ch 0.66 0.80 0.397 59 4 3-6

15 A/C/Ch 0.60 0.78 0.429 151 4 5-8 

q2
, cross-validated correlation coefficient; r2

, noncross-validated correlation coefficient; SEE, noncross-validated standard error; HL, hologram length; N, optimal number of compo-

nents. Fragment distinction: A, atoms; B, bonds; C, connections; H, hydrogen atoms; Ch, chirality; DA, donor and acceptor. 

 

Table 4. Predictive Power of HQSAR Model (r
2

pred=0.79 and r
2

m(test)=0.64) For Group A Test Set Compounds* 

pED50 pED50 
ID ED50 (nM) 

Exp. Pred. 

Residue ID ED50 (nM) 

Exp. Pred. 

Residue 

90 230 6.64 6.68 -0.04 105 16 7.80 7.43 0.37 

91 133 6.88 6.85 0.03 106 50 7.30 7.17 0.13 

92 320 6.50 6.84 -0.34 107 65 7.19 7.04 0.15 

93 450 6.35 6.47 -0.12 108 75 7.16 7.20 -0.04 

94 2750 5.56 5.56 0.00 109 90 7.05 7.06 -0.01 

95 460 6.34 6.76 -0.42 110 140 6.85 7.08 -0.23 

96 14 7.85 7.42 0.43 111 62 7.21 7.39 -0.18 

97 42 7.38 6.86 0.52 112 185 6.73 6.19 0.54 

98 390 6.41 6.09 0.32 113 35 7.46 7.33 0.12 

99 48 7.32 7.74 -0.42 114 860 6.07 5.95 0.12 

100 20 7.70 7.54 0.16 115 460 6.34 6.20 0.14 

101 80 7.10 7.62 -0.52 116 4600 5.34 5.98 -0.64 

102 58 7.24 7.68 -0.44 117 2900 5.54 6.00 -0.46 

103 50 7.30 7.53 -0.23 118 4600 5.34 5.31 0.03 

104 750 6.13 6.67 -0.54      

*“Exp.” stands for experimental values and “Pred.” stands for predicted values 

 

It has been shown that hologram QSAR models generally 

show statistical parameters and predictive ability comparable 

to those of more complex 3D QSAR approaches [35]. Thus, 

aiming at developing more statistically sound 2D QSAR 

models, the compounds from training set A were broken into 

several overlapping fragments of 4-7 atoms that were em-

ployed to generate molecular holograms which were then 

used as independent variable in PLS analysis. During QSAR 

model development the influence of fragment distinction 

over the statistical parameters was investigated (Table 3). 

Adding Hydrogen (H) or Chirality (Ch) to fragment distinc-

tion provided no improvement in the model (2 and 3 vs 1), 

whilst the further addition of donor and acceptor atoms de-

creased the quality of the model (5 vs 1). On the other hand, 

the exclusion of either Bond (B) or Connectivity (C), while 

keeping Ch in fragment distinction increased the internal 

consistency of the model (6 and 7 vs 1). These results under-

score the importance of chirality towards the biological ac-

tivity in group A compounds. 

Next, the influence of fragment size over statistical pa-

rameter was investigated for the 2 best HQSAR models (6 

and 7). Smaller fragment sized models show improved statis-

tical parameters (10 and 11vs 6) as well as good predictive 

ability (r
2
pred= 0.79and r

2
m(test)=0.64) (Table 4 and Fig. 5). A 

similar trend was observed for model 7, though to a lower 

extent. 
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Besides good predictive power, a useful QSAR model 

should also provide insights into the structure-activity rela-

tionships for this series of compounds. This task can be 

achieved by the analysis of contribution maps from the 

HQSAR models, which highlight fragments that have posi-

tive (green and yellow) or negative (orange and red) contri-

bution to the biological property. Fragments that do not con-

tribute significantly to differentiate compounds are colored 

white (Fig. 6). 

The contribution map underscores that even in the most 

potent compound (ED50= 9nM) negative contributions to-

wards the biological property are apparent, suggesting that 

improved potency can be achieved by careful modification 

of the inhibitors’ scaffold. 

Next, it was decided to develop QSAR models for the 

remaining 74 compounds (group B) using the same steps 

applied to build group A QSAR models.Thus 74 compounds, 

randomly split into training (119-179) and test (180-192) set, 

were employed to build multiple linear regression (MLR) 

models as available in MOBYDIGS 1.0 software. Once aga-

in, MLR model with moderate statistical parameters (n=61, 

r
2
=0.74, q

2
=0.71 and r

2
pred=0.69) were obtained. Hence, PLS 

and PCA tools, available in PIROUETTE 4.0 software were 

employed to build statistically sound QSAR models. Accor-

dingly 37 descriptors (Supplementary material Table S4) 

were pooled together and used for further QSAR model de-

velopment. Unsupervised exploratory analysis shows that the 

3 first principal components (PCs) of PCA account for 

69.4% of accumulated variance and the analysis of score plot 

shows that although all potent PfPFT inhibitors (pED50>7.0) 

show positive PC2 values, weak and moderate inhibitors are 

scattered along this axis (Fig. 7).  

 

Fig. (7). Principal component analysis of group B compounds.Score 

plot shows the positioning of potent, moderate and weak inhibitors 

according to PC1 and PC2. 

Hoping that supervised chemometric tools would provide 

more detailed information on the structure-activity relation-

ship of group B compounds, PLS analysis was carried out. 

A similar iterative optimization protocol, that discards 

descriptors with minor contribution to the regression vector, 

allowed the selection of 20 descriptors (Table 5), which lead 

to a QSAR model (r
2
=0.79, q

2
=0.74, 2 PCs) statistically e-

quivalent to the one found for group A compounds, but who-

se descriptors contribution to the final QSAR model differ 

significantly from those seen in the group A QSAR model 

(See the comparison of group A and B QSAR models be-

low). 

Fig. (6). HQSAR contribution map and the corresponding 2D chemical structure for molecules 20 (ED50 = 9 nM) – upper panel – and 62 

(ED50 = 3500 nM) – lower panel. Both potent and weak inhibitors in group A have contribution maps that highlight mainly detrimental con-

tributions (orange/red) to potency. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 

of this paper). 
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The predictive power of the group B QSAR model 

(r
2
pred=0.57and r

2
m(test)=0.56), evaluated by means of external 

validation as described previously (Fig. 8 and Table 6) 

would be considered unacceptable for most drug design ef-

forts, so we decided to focus on hologram QSAR models in 

the search for improved statistical parameters and further 

insight into the reasons that rendered global QSAR modeling 

unsuccessful. 

As a consequence, HQSAR method was applied to inves-

tigate if fragments that are important for group B compounds 

activity differ from those identified for group A compounds. 

Initially, models with standard 4-7 fragment size and diffe-

rent fragment distinctions were explored, as shown in Table 

7. The same trend observed for group A HQSAR model was 

identified in group B HQSAR models: use of Chirality (Ch) 

in fragment distinction improved the model (18vs16) where-

Table 5. Descriptors Found in the Final Classical QSAR Model for Group B Compounds 

Variable Description 

C-033 Ghose-Crippen atom-centred fragments / R– –CH..X
a
 

N-073 Ghose-Crippenatom-centredfragments /Ar2NH / Ar3N / Ar2N-Al / R..N..R 

N-074 Ghose-Crippen atom-centred fragments / R#N
b
 or R=N– 

EEig04r Eigenvalue 04 from edge adj. matrix weighted by resonance integrals 

EEig12d Eigenvalue 12 from edge adj. matrix weighted by dipole moments 

ESpm03d Spectral moment 03 from edge adj. matrix weighted by dipole moments 

ESpm05d Spectral moment 05 from edge adj. matrix weighted by dipole moments 

F06[C-N] Frequency of C-N at topological distance 6 

LP1 Lovasz-Pelikan index (leading eigenvalue) 

MAXDP Maximal electrotopological positive variation 

MPC08 Molecular path count of order 08 

nArCN Number of nitriles (aromatic) 

nBnz Number of benzene-like rings 

nTB Number of triple bonds 

VRe2 Average eigenvector coefficient sum from electronegativity weighted distance matrix 

VRm2 Average Randic-type eigenvector-based index from mass weighted distance matrix 

VRp2 Average eigenvector coefficient sum from polarizability weighted distance matrix 

X4A Average connectivity index chi-4 

a
R stands for any groups linked through carbon and “– –” for aromatic bonds as in benzene or delocalized bond /

 b
“#” stands for the triple bond 

Table 6. Predictive Power of Classical QSAR Model (r
2

pred=0.57 and r
2

m(test)=0.56)For Group B Test Set Compounds 

pED50 pED50 
ID ED50 (nM) 

Exp. Pred. 

Residue ID ED50 (nM) 

Exp. Pred. 

Residue 

180 510 6.29 6.36 -0.07 187 175 6.76 7.07 -0.31 

181 230 6.64 6.55 0.09 188 120 6.92 6.71 0.21 

182 450 6.38 6.89 -0.49 189 750 6.13 6.37 -0.24 

183 2100 5.68 5.99 -0.31 190 230 6.64 6.58 0.06 

184 65 7.19 7.53 -0.34 191 700 6.16 5.85 0.31 

185 21 7.68 7.83 -0.15 192 260 6.59 6.37 0.21 

186 4100 5.39 5.90 -0.51      

*“Exp.” stands for experimental values and “Pred.” stands for predicted values 
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as the addition of Hydrogen (H) or donor and acceptor atoms 

(DA) to fragment distinction decreased the quality of the 

model (17, 20 and 24vs16) (Table 7). 

Smaller sized fragments produced HQSAR models with 

improved statistical parameters (26vs18), whose predictive 

ability was evaluated by means of external validation (Fig. 8 

and Table 8). This result might suggest that HQSAR models 

are interchangeable, but predicting the biological activity of 

test set A (90-118) with group B HQSAR models, and vice-

versa, proves otherwise (supplementary material Table S5 

and S6) and suggests that each group has unique chemical 

features that are crucial for their biological activity. 

Overall, the best HQSAR model for group B compounds 

(26) shows good predictive ability (r
2
pred=0.75 and 

r
2

m(test)=0.69) and thus can be useful to shed some light on 

the structural fragments that are important for activity. This 

goal can be accomplished by visual analysis of contribution 

maps, which highlight that both weak and potent compounds 

show positive contributions to biological activity (Fig. 9). 

Other interesting feature is that moieties with negative in-

fluence in group A model, such as the phenyl ring attached 

to tetrahydroquinoline (THQ) scaffold, have a positive con-

tribution in group B HQSAR model (compare lower panels 

of Fig. (6) and (9). In order to further investigate this appa-

rent paradoxical result a detailed comparison of all QSAR 

models was carried out. 

It has been shown that synergic interpretation of holo-

gram QSAR and classical QSAR results afford new insights 

into the structure activity relationships [43, 48, 49]. For that 

reason, comparing and contrasting previous models can be 

very informative for future drug development efforts. The 

graphical analysis of HQSAR contribution maps highlights 

that even the most potent compounds of group A suffer from 

the negative contribution of several fragments. Therefore, it 

is tempting to assume that more potent inhibitors could be 

designed, as long as the structural ballast could be either 

removed or reduced.  

Fig. (8). Predicted versus experimental values of pED50 for training and test sets of group B, according to 2D classical QSAR models (left 

panel) and hologram QSAR (right panel). 

 

Table 7. Influence of Fragment Distinction on the Statistical Parameters of HQSAR Models for Group B Compounds 

Model Fragment Distinction q
2
 r

2
 SEE HL N Fragments’ Size 

16 A/B/C 0.69 0.82 0.473 151 4 4-7 

17 A/B/C/H 0.68 0.83 0.476 61 4 4-7 

18 A/B/C/Ch 0.71 0.83 0.451 151 3 4-7 

19 A/B/C/H/Ch 0.65 0.82 0.503 61 4 4-7 

20 A/B/C/H/Ch/DA 0.64 0.87 0.511 151 4 4-7 

21 A/B/Ch 0.69 0.84 0.471 151 4 4-7 

22 A/C/Ch 0.66 0.77 0.487 151 3 4-7 

23 A/C/DA 0.66 0.83 0.486 151 4 4-7 

24 A/B/C/DA 0.64 0.82 0.512 151 4 4-7 

25 A/B/C/Ch 0.67 0.84 0.483 151 4 2-5 

26 A/B/C/Ch 0.74 0.86 0.430 71 4 3-6 

27 A/B/C/Ch 0.70 0.84 0.466 71 4 5-8 
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Table 8. Predictive Power of HQSAR Model (r
2

pred=0.75 and r
2

m(test)=0.69) for Group B Test Set Compounds* 

pED50 pED50 
ID ED50 (nM) 

Exp. Pred. 

Residue ID ED50 (nM) 

Exp. Pred. 

Residue 

180 510 6.29 6.62 -0.33 187 175 6.76 180 6.29 

181 230 6.64 6.70 -0.06 188 120 6.92 182 6.35 

182 450 6.35 6.92 -0.57 189 750 6.13 183 6.64 

183 2100 6.64 6.69 -0.05 190 230 6.64 184 7.19 

184 65 7.19 7.63 -0.44 191 700 6.16 185 7.68 

185 21 7.68 7.66 0.02 192 260 6.59 181 6.64 

186 4100 5.39 6.09 -0.70      

*“Exp.” stands for experimental values and “Pred.” stands for predicted values 

Fig. (9). HQSAR contribution maps and the corresponding 2D chemical structure for molecule 139 (ED50= 12 nM) – upper panel – and 156 

(ED50 = 5000 nM) – lower panel. Positive contribution (green/yellow) can be found in potent and weak inhibitors throughout this group. (For 

interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper). 

 

Unfortunately, this is not an easy task as red/orange colo-

red fragments can be crucial to maintaining the overall bio-

active conformation. Besides, the final color scheme results 

from the contribution of many overlapping fragments, whose 

individual contributions to activity cannot be easily deconvo-

luted. However, it is interesting to note that a correlation 

seems to exist among contribution maps and regression vec-

tors: Most descriptors found in group A regression vector 

plot show negative contribution and a predominance of 

red/orange fragments can be found in the contribution maps 

from group A HQSAR models. The opposite behavior is 

found in group B regression vector, which shows a larger 

number of descriptors that positively contribute to potency. 

This data is in good agreement with hologram QSAR contri-

bution map for group B, inasmuch as the hologram QSAR 

contribution map also highlights positive contribution to 

activity. These results underscore the fact that both frag-

ment-based and descriptor-based QSAR models are captu-

ring the same information, but from a different stand point of 

view. Taking this assumption into consideration we made a 

careful analysis of descriptors contribution to the regression 

vector of the final classical QSAR models. The reasoning is 

that descriptors with large influence to the regression vector 

(important to the biological activity), might help to explain 

the chemical and structural features that contribute to the 

final coloring scheme of contribution maps. The comparison 

of regression vector plots for group A and B compounds 

reveals that 6 descriptors (EEig04r, F06[C-N], N-074, 

nArCN, nBnz and nTB) can be found in both plots (Fig. 10). 

This result merely indicates that certain structural [50, 51] 

and chemical features are essential for antimalarial activity 

along all dataset.  

However, it should be emphasized that descriptors´ load 

vary from one model to another, for instance nTB, nArCN, 
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N-074 and F06[C-N] show pronounced contribution to group 

A regression vector, but only moderate importance to group 

B regression vector. This data might be a consequence of 

dissimilar chemical diversity between groups, thus pointing 

that the number of triple bonds(nTB), the number of nitri-

les(nArCN), and so forth vary less in group B than in group 

A compounds. On the other hand, this result could also be 

rationalized by different chemical requirements for biologi-

cal activity. Aiming at further explore this hypothesis, our 

attention was turned to those descriptors that are found in 

group A QSAR model but not group B QSAR model and 

vice-versa (highlighted in Fig. 10). 

A straight inspection of regression vector plots clearly 

shows a predominance of steric-related descriptors in group 

A QSAR model (BEHm8, piPC05, piPC07, piPC05, nCb, 

nBm, C-025, C-002) [52-58] whereas group B QSAR model 

seems to be more influenced by electronic features (E-

Eig12d, ESpm03d, MAXDP, ESpm05d) [50, 58]. Thus it is 

possible that the negative contributions found in group A 

HQSAR model are the consequence of steric clashes, where-

as the positive contributions seen in group B HQSAR model 

are due to electrostatic interactions.However it must be poin-

ted out that both QSAR models underscore the importance of 

steric related descriptors to potency, as described below. 

A detailed analysis of the descriptors with great positive 

(N-074) and negative (BEHm8) leverage to the Group A 

QSAR model shows that the nitrile moiety presence (N-074) 

[51, 59, 60] increases PFT inhibitors potency, although it is 

not clear if this is a consequence of electronic or steric pro-

perties. On the other hand, BEHm8, which accounts for the 

highest eigenvalues of the Burden connectivity matrix adjus-

ted by relative atomic mass at the topological distance of 8 

bonds [54, 61], clearly indicates that steric features play a 

crucial role towards PFT inhibition. As BEHm8 values in-

crease with molecular volume it is reasonable to assume that 

the red-orange observed in HQSAR contribution maps are a 

consequence of poor complementarity fit inside their binding 

sites. 

A similar approach was employed to investigate the 

chemical meaning of the most important descriptors for 

Group B QSAR model. The large negative contribution as-

sociated with the number of benzene-like rings (nBnz) [47] 

emphasizes that increasing molecular volume adversely af-

fects potency. This hypothesis is in good agreement with our 

interpretation og Group A QSAR model and highlights that 

steric ballast is counter balanced by the positive contribution 

of electronic factors in highly potent inhibitors. 

N-073, a Ghose-Crippen atom-centered descriptor that 

accounts for nitrogen heterocyclic aromatic rings (i.e. imida-

zole ring) [51, 59, 60] has the most positive contribution in 

Group B QSAR model, hinting at the importance of its inte-

raction to potency. In fact, this feature was also captured in 

HQSAR contribution maps (see Fig. 9). Nevertheless, as 

pointed out before, it is not completely clear whether this is a 

consequence of steric or electronic characteristics.  

Overall, steric complementarity seems to be the most im-

portant singular feature underscored by classical QSAR mo-

dels that shall be optimized in order to develop more potent 

P. falciparum PFT inhibitors. 

CONCLUSION 

The careful usage of unsupervised analysis tools such as 

HCA proved crucial to shed some light on the structure-

activity relationships of PFT inhibitors once it guided the 

separation of the original dataset into two smaller families 

Fig. (10). Regression vector of classical QSAR models for group A compounds (upper panel) and group B compounds (lower panel). Des-

criptors that are found in one but not in the model are marked with *. 
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(Group A and B) that were investigated separately. Next, 

robust and predictive QSAR models were developed and 

analyzed independently for each dataset. This strategy affor-

ded an interesting result as both fragment-based QSAR mo-

dels (HQSAR) and descriptor-based QSAR models unders-

core that steric and electronic features which are pivotal to 

the biological activity of group A compounds are not the 

same as those from group B. A striking difference was ob-

served in HQSAR contribution maps that display contrasting 

contributions to potency. Whereas molecules from Group A 

have red/orange colored fragments that negatively impact 

potency, Group B compounds display contribution maps 

with a predominance of yellow/green colored fragments, 

which have positive contribution to potency. The predictive 

ability of the final models, along with the fact that QSAR 

models for group A cannot be used to predict Group B-

compounds potency and vice-versa, suggest that no statisti-

cal artifact can be blamed for this result, leading us to con-

clude that two separate SAR pathways should be followed in 

the design of novel and more potent antimalarial compounds. 

Moreover, the integrated analysis of contribution maps and 

the chemical interpretation of topological descriptors pointed 

out that steric, rather than electronic features should be opti-

mized in Group A compounds, whereas electronic properties 

can be held responsible for the potency of Group B com-

pounds. Nevertheless, the analysis of descriptor-based 

QSAR models alone suggests that steric complementarity 

towards their binding site is the main global feature that 

should be investigated in the pursue for more potent P. falci-
parum PFTinhibitors. 
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