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Abstract. This paper describes our strategy to introduce Computational Chemis-

try in the undergraduate courses by studying malaria. Artemisinin and its

8-deoxyartemisinin derivative with significant differences in biological activities against

this disease are studied. Complete geometry optimization is done with the Hartree-

Fock-Roothaan (HFR) theory with several basis sets and with semiempirical me-

thods. The Principal Component Analysis (PCA) and Hierarquical Cluster Analysis

(HCA) methods are used to select the most appropriate method and basis set to

model molecules. Maps of molecular electrostatic potential (MEP) and the highest

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)

are used to correlate structure-activity. Also the docking is employed to investigate

the interaction between artemisinin and heme. By this strategy students can study

Computational Chemistry, Theoretical Chemistry, Chemometrics and Medicinal Che-

mistry.

Keywords: in the classroom, computers in chemistry, theoretical chemistry,

chemometrics, interdisciplinary
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Introduction
Computers are important in all areas of the human knowledge. Chemistry uses

computers to simulate and calculate properties of simple and complex systems. Our
group is responsible to implement Computational Chemistry in the undergraduate courses
at our university. So we develop methodologies to facilitate the learning by considering
interesting themes. In this way, the students' interest in extracting chemical informa-
tion with the use of methods implemented in computer programs increases. In this
paper the theme used as motivation is malaria: a disease responsible for a great num-
ber of deaths in the world, mainly in tropical and subtropical areas. We report the use
of Computational Chemistry to investigate the structure-activity relationship (SAR) of
artemisinin (Fig. 1a) and its 8-deoxyartemisinin derivative (Fig. 1b).

Those compounds demonstrate, in experiments, significant differences in bio-
logical activities tested in vitro against D-6 Indochina clone of Plasmodium
falciparum [1], the major species of parasite that cause malaria. The artemisinin
(IC50 = 2.97 ng/mL) is approximately 254 times more potent than 8-deoxyartemisinin
(IC50 = 761.58 ng/mL), as we can note by their inhibition concentration. According
to literature, the severity of the disease results primarily from its ability to modify
the surface of infected red blood cells by inserting parasite proteins. The active
compounds present a region of negative electrostatic potential of similar shape near
the trioxane-ring due to the peroxide linkage. This region is displaced in inactive
compounds because they do not present the trioxane-ring. Those artemisinin and its
active derivatives' characteristics allow correlating structure-activity in those com-
pounds and with this in mind we can propose new derivatives for future syntheses
and biological evaluation [2,3].
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Figure 1. (a) Artemisinin and (b) 8-deoxyartemisinin
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For the success of the methodology, the students study previously the topics of
the Table 1, which give support to understand the theory and develop the strategy
proposed here. This is a way of making connections involving topics from different
areas. In general, those topics are studied separate and so students see no relationship
among them unfortunately.

Results and Discussion
Method and Basis set for the Description of Artemisinin Geometry
Initially the artemisinin is built with aid of GaussView software.1) Complete geo-

metry optimization is done with the HFR approach and the 3-21G, STO-3G, 6-31G, 6-
31G*, 6-31G**, 6-311G, CEP-31G, and CEP-31G* basis sets and with the AM1, PM3,
and ZINDO semiempirical methods as implemented in Gaussian 98 program2) (the
atomic numbering which we adopt to study the compounds corresponds to the same of

Table 1. Topics and Subtopics explained in the Computational
Chemistry Study

Topics Subtopics 

Solutions of the Schrödinger 
Equation for Hydrogenlike 

Atoms 

Hydrogenl ike Orbitals ; 
Slater-Type Orbitals (STOs); 

Gaussian-Type Orbitals (GTOs). 

Atomic Basis Sets of Guassian 
Functions 

Minimal Basis Sets; 
Extended sp Basis Sets; 
Polarization Basis Sets; 

Basis Sets Incorporating Diffuse 
Functions. 

Introduction to Ab Initio 
Molecular Orbital Theory 

The Hartree-Fock-Roothaan (HFR) 
Equations; 

Optimization of Geometry; 
Potential Surfaces; 

Molecular Properties ; 
Frontier Orbitals. 

Introduction to Semiempirical 
Molecular Orbital Theory 

AM1; 
PM3; 

ZINDO. 

Molecular Electrostatic Potential 
(MEP) 

Fundamental Relationships; 
Some General Features of Atomic and 

Molecular Electrostatic Potent ials ; 
Molecular Surfaces; 

Molecular Electrostatic Potentials and 
Chemical Reactivity. 

Introduction to Mul tivariate 
Analysis 

Basic Statistics; 
Visualization of Data; 

Principal Components Analysis (PCA); 
Hierarchical Cluster Analys is (HCA). 
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the output of that program). After the theoretical and experimental [4] geometrical pa-
rameters for 1,2,4-trioxane ring of the artemisinin are used in PC and HC analyses. The
selection of descriptors is done by PCA through the correlation matrix of the variables
and those descriptors that show small correlation (< 0.302) are discarded. The best
method/basis sets selected by PCA and HCA are used to model the molecular structure
of the 8-deoxyartemisinin with the aid of the Gaussview software and to calculate the
molecular properties for the two compounds. To correlate quantitatively structure and
antimalarial activity, frontier orbitals (HOMO and LUMO) are calculated and MEP
maps are computed from the electronic density. The visualization of the MEP maps
and frontier orbitals for the studied molecules is done by using the Molekel program.3)
All molecular calculations are performed with Gaussian 98 code, while PCA and
HCA are performed with the Pirouette program.4) Autodock 4.0,5) an automated
docking program, is used for the docking calculations.

For data analysis, four descriptors related to trioxane ring are selected
(Table 2). They are responsible for the separation of the samples into two classes:
semiempirical methods (as one class) and ab inito and experimental methods (as
other class). The descriptors are identified by the atoms related to the measures.
C9O8 is the interatomic distance between those two atoms, O11O10C9 is the angle
connecting those three atoms and O8C7C2O11 and C2O11O10C9 are related to di-
hedral angles. The correlation between descriptors is always less than 0.82.

Table 2. Descriptors selected for PCA and the correlation matrix

Methods/Basis sets C9O8 O11O10C9 O8C7C2O11 C2O11O10C9 
3-21G 1.435 107.10 -50.85 50.33 

STO-3G 1.446 108.01 -55.23 53.89 
6-31G 1.435 108.80 -49.41 46.70 
6-31G* 1.408 109.45 -50.14 48.68 
6-31G** 1.408 109.46 -50.15 48.68 
6-311G 1.435 109.20 -49.50 46.88 

CEP-31G 1.449 109.40 -49.70 46.60 
CEP-31G* 1.418 109.44 -50.26 48.94 

AM1 1.427 112.53 -41.77 47.05 
PM3 1.428 110.34 -40.51 35.63 

ZINDO 1.396 114.31 -46.61 40.13 
Exp 1.445 108.10 -51.30 47.80 

C9O8  -0.643 -0.302 0.360 
O11O10C9   0.655 -0.641 

O8C7C2O11    -0.806 
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Figure 3 HCA dendogram for methods/basis sets separated into twoFig. 3. HCA dendogram for methods/basis sets into two classes
(semiempirical methods; ab initio methods)

The first three PCs explain 95.65% of the total variance in data as follows: PC1=
66.78, PC2 = 21.89, and PC3 = 6.98%. The PC1-PC2 scores are shown in Fig. 2, in
which we can see that methods are discriminated into two classes according to PC1.
The semiempirical methods are on the left side (AM1, PM3, and ZINDO), while the
ab initio (3-21G, STO-3G, 6-31G, 6-31G*, 6-31G**, 6-311G, CEP-31G, and CEP-
31G*) and experimental methods are on the right side. Moreover we can see that the
3-21G, 6-31G, and CEP-31G basis sets are closer to the experimental method, indica-
ting that any of them could be used in the development of our study.

However, the results of the HCA, displayed in the dendogram in Fig. 3, show the
similarity between CEP-31G and the experimental method. So this basis set reveals
as the most adequate to be employed in this study. Also we can see that the two
classes obtained are the same in PCA analysis (Fig. 2).
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Structure activity correlation
An important aspect explored in this proposal is to correlate the structure-acti-

vity of artemisinin and 8-deoxyartemisinin through the characteristics of the electro-
static potential in the region of the 1,2,4-trioxane-ring in those compounds. MEPs can
be useful in predicting the reactive behavior of a wide variety of chemical systems.

Fig. 4 shows the MEP maps of the studied compounds. In this figure, artemisinin
(a) has a region of negative potential characteristic shape near the trioxane-ring (red
color). However, this region is displaced (yellow color) in the 8-deoxyartemisinin de-
rivative (b). Most negative portions of the surface of MEP map are found near the
trioxane ring involved in the complexation of artemisinin with heme.

In Fig. 5, when HOMO and LUMO orbitals are compared, there is a clear
distinction between the active and the inactive molecule. It is verified that HOMO
orbital lobes in artemisinin (active compound) are positioned on the atoms C
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Fig. 4. MEP (in au) maps to (a) artemisinin and (b) 8-deoxyartemisinin
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Molecular docking
The docking showed (Fig. 6) that artemisinin approaches heme by pointing O11

at the endoperoxide linkage toward the iron center, a mechanism that is controlled by
steric hindrance. Although the mechanism of antimalarial activity of artemisinin is still
in doubt, there is general agreement that endoperoxide group plays an important role
to the antimalarial activity since the 8-deoxyartemisinin compound, which is much less
active, does not present the endoperoxide moiety.

Figure 5. HOMO (upper) and LUMO (lower) orbitals for (a) artemisinin
and (b) 8-deoxyartemisinin

Figure 6. The final docking configuration of artemisinin-heme
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Conclusions
By this proposal university teachers are encouraged to develop with their stu-

dents the application of Computational Chemistry in a daily theme such as malaria.
Certainly it is an interesting and useful way of teaching/learning important aspects not
only of Chemistry but also related areas since this methodology allows interdiscipli-
nary discussions. Finally students can see the useful side of science, that is, when
science is applied to make human life better.
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NOTES
1. Gauss View 1.0, Gaussian Inc., Pittsburg, 1997.
2. Gaussian 98, version A.11, Gaussian Inc., Pittsburg, 2000-2001.
3. Molekel, version 4.1. Swiss Center for Scientific Computing, Mano, 2001.
4. Porouette 3.01. Infometrix Inc., Woodinville, 2001.
5. Auto-Doc 4.0. The Scrips Research Institute http://autodock.scripps.edu/
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ÏÐÅÏÎÄÀÂÀÍÅ ÍÀ ÈÇ×ÈÑËÈÒÅËÍÀ ÕÈÌÈß
ÂÚÐÕÓ ÏÐÈÌÅÐÀ ÍÀ ÌÀËÀÐÈßÒÀ

Ðåçþìå. ×ðåç èçó÷àâàíå íà ìàëàðèÿòà ìîæå äà ñå âúâåäå áàçèñåí êóðñ
ïî èç÷èñëèòåëíà õèìèÿ. Ëåêàðñòâîòî, êîåòî å îáåêò íà èçñëåäâàíåòî, å àð-
òåìèñèíèí è íåãîâîòî 8-äåîêñèàðòåìèñèí ïðîèçâîäíî. Ãåîìåòðè÷íàòà îï-
òèìèçàöèÿ å íàïðàâåíà ÷ðåç òåîðèÿòà íà Hartree-Fock-Roothaan (HFR). Äðó-
ãè èçïîëçâàíè ìåòîäè ñà: Principal Component Analysis (PCA) è Hierarquical
Cluster Analysis (HCA) çàåäíî ñ ïîëóåìïèðè÷íè ìåòîäè. Êàðòè íà ìîëå-
êóëíèÿ åëåêòðîñòàòè÷åí ïîòåíöèàë (MEP) è íà íàé-âèñîêàòà çàåòà ìîëå-
êóëíà îðáèòàëà (HOMO)  è íàé-íèñêàòà íåçàåòà ìîëåêóëíà îðáèòàëà
(LUMO) ñà èçïîëçâàíè çà êîðåëàöèÿòà ñòðóêòóðà � àêòèâíîñò. Òàêàâà ó÷åáíà
ñòðàòåãèÿ ìîæå äà ñå èçïîëçâà ïðè èçó÷àâàíåòî íà èç÷èñëèòåëíà õèìèÿ,
òåîðåòè÷íà õèìèÿ, õåìîìåòðèÿ è ìåäèöèíñêà õèìèÿ.
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