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Abstract
Comparative molecular field analysis (CoMFA) was performed on twenty-three pyrimethamine (pyr) derivatives active
against quadruple mutant type (Asn51Ile, Cys59Arg, Ser108Asn, Ile164Leu) dihydrofolate reductase of Plasmodium
falcipaarum (PfDHFR). The represented CoMFA models were evaluated based on the various three different probe atoms,
Csp3 (þ1), Osp3 (21) and H (þ1), resulting in the best model with combined three types of probe atoms. The statistical
results were r2

cv ¼ 0.702, Spress ¼ 0.608, r2
nv ¼ 0.980, s ¼ 0.156, and r2

test2set ¼ 0.698 which can explain steric contribution of
about 50%. In addition, an understanding of particular interaction energy between inhibitor and surrounding residues in the
binding pocket was performed by using MP2/6-31G(d,p) quantum chemical calculations. The obtained results clearly
demonstrate that Asn108 is the cause of pyr resistance with the highest repulsive interaction energy. Therefore, CoMFA and
particular interaction energy analyses can be useful for identifying the structural features of potent pyr derivatives active
against quadruple mutant type PfDHFR.
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Introduction

Malaria is one of the most common infectious diseases

and an enormous public-health problem which kills

approximately 400 million people every year,

especially in tropical and subtropical regions [1].

The disease is caused by protozoan parasites of the

genus Plasmodium. The most serious form of the

disease is caused by Plasmodium falciparum (Pf).

Dihydrofolate reductase (DHFR) of Pf is an import-

ant target for malaria chemotherapy. In malaria,

DHFR is a bifunctional enzyme with Thymidilate

synthase (TS), which is known to be essential for

DNA synthesis [2–4]. Inhibition of DNA synthesis

through inhibition of PfDHFR can be done by

preventing dihydrofolate to forming tetrahydrofolate

by using an antifolate such as pyrimethamine (pyr)

and cycloguanil drugs. Pyr is an effective, sentitive and

selective antifolate drug against the wild type

PfDHFR but its antimalarial action is slow [5].

Generally, pyr is used in combinations with other

antifolates, such as Maloprim (pyr-dapsone) [6] and

Fansidar (pyr-sulfadoxine) [7,8].

Unfortunately, resistance to antifolates has been

found after using them as antimalarial drugs. It has

been reported that antifolate drug resistance is due to
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point mutations in PfDHFR. The most important one

is Ser108 to Asn108 mutation in the active site of

PfDHFR. Additional point mutations in Asn51Ile,

Cys59Arg and Ile164Leu were associated with higher

levels of resistance to the conventional antifolate drugs

[9–15].

In developing more potent pyr antimalarial deriva-

tives against pyr-resistant parasites, Kamchonwong-

paisan et al. [16] reported a series of pyr derivatives

including the structural modification, synthesis, and

biological assay of the PfDHFR enzyme. Based on the

structure of pyr modifications at position X and Yand

R substitutions on 5-phenyl ring of the 2,4 diamino-

pyrimidine ring contribute to the improvement in its

antimalarial activity, as shown in Figure 1. Both

structures and biological activities, in terms

of inhibition constant (Ki), of these pyr derivatives

are shown in Table I. Following the discovery of these

effective pyr derivatives, a 3D-QSAR (Three Dimen-

tional-Quantitative Structure Activity Relationship)

study of these compounds was carried out in order to

investigate the local physicochemical properties invol-

ving in drug and receptor interactions. In this report,

comparative molecular field analysis (CoMFA), one of

the most useful tools for 3D-QSAR study [17–21], by

relating the biological activity of a series of molecules

with their steric and electrostatic fields was employed.

CoMFA was performed on pyr derivatives to

determine the structural requirements for improving

binding to quadruple mutant type of PfDHFRs

(Asn51Ile, Cys59Arg, Ser108Asn, Ile164Leu). In

addition, the particular interaction energy between

an inhibitor and surrounding amino acids in the

binding pocket of quadruple mutant PfDHFR was

also determined by quantum chemical calculations.

Combination of the tools has led to investigation of

inhibitor-enzyme interactions at the molecular level.

Due to limitations of molecular systems by its

complexity size [22,23], the analysis was therefore

performed by limiting the interaction boundary to only

4 Å surrounding the ligand molecule in the active site

of quadruple mutant PfDHFR. Comparisons of the

particular interaction energy were made between pyr

and the potent derivative, compound 6. Both the

CoMFA method and quantum chemical calculations

provide crucial information not only on the spatial

orientation of the ligands and the main amino acid

Table I. Data set used for CoMFA analysis with Ki (nM) and pKi values in the quadruple mutant (Asn51Ile, Cys59Arg, Ser108Asn,

Ile164Leu) of PfDHFR.

Cpd X Y R Ki (nM) pKi

1 (P1) H Cl Et 385 6.41

2 (P15)a -OCH2O- Et 269 6.57

3 (P17) H Me Et 284 6.55

4 (P13) Cl Cl Et 53 7.27

5 (P20)a H H Et 32 7.49

6 (P30) Cl H Et 3.3 8.48

7 (P16) H Cl (CH2)3COOMe 360 6.44

8 (P26) H H (CH2)3COOMe 24 7.62

9 (P29)a Cl H (CH2)3COOMe 2.7 8.57

10 (P12)a H Cl (CH2)3Ph 170 6.77

11 (P33) H H (CH2)3Ph 4.7 8.33

12 (P31) Cl H (CH2)3Ph 2 8.70

13 (P45) H H (CH2)3OH 549 6.26

14 (P41) Cl H (CH2)3OH 57 7.24

15 (P46) H H (CH2)3OCOCH3 237 6.62

16 (P42) Cl H (CH2)3OCOCH3 31.4 7.50

17 (P47) H H (CH2)3OCOC6H5 14 7.85

18 (P43) Cl H (CH2)3OCOC6H5 3.6 8.44

19 (P39) H H nC6H13 1.4 8.85

20 (P44) Cl H (CH2)3OCOOCH2C6H5 3.6 8.44

21 (P38) Cl H Me 14 7.85

22 (P32) Cl H (CH2)3C6H4-( p-Ome) 2 8.70

23 (P40)a Cl H (CH2)2O(CH2)3OPh 1.7 8.77

aTest set compounds

Figure 1. Template structure of 5-phenyl-2,4-diamonopyrimidine

derivatives.
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interactions but also on design of new potent inhibitors

effective against the mutant PfDHFR enzyme.

Methods

Biological data

Twenty-three pyr derivatives used for the CoMFA study

were selected from Kamchonwongpaisan et al. [16] as

shown in Table I. In this table, eighteen compounds

served as the training set. In addition, five compounds

that were selected from the diversity and ranges of

biological activities were kept to evaluate the predictive

powerof the models as the test set.As the structureof the

X and Y substituents of compound 2 are different from

others due to the fused X-Y substitution, therefore, this

compound was selected into the test set. For each set of

biological data, the Ki (nM) was measured in vitro under

thesameexperimentalconditions.Consequently, invitro

antimalarial activities were converted into the corre-

sponding pKi (2 log Ki) values. These values were used

as dependent variables in the CoMFA study.

Methods of CoMFA study

The CoMFA method is a ligand-based QSAR

technique. In this study, the CoMFA method was

employedbySybyl (version7.0, Tripos Inc.) installedon

a Silicon Graphics Octane2 workstation at the National

Electronics and Computer Technology Center of

Thailand [24]. The structures of pyr derivatives were

built using the SKETCH module in Sybyl. The skeleton

and conformation of pyr (compound 1) was extracted

from the crystal structure of a pyr complex with double

mutant PfDHFR with PDB code 1J3J. The other

molecules were built taking compound 1 as a template

and changing their substituents. Then energy minimiz-

ations of all the generated structures were performed

using the tripos force field and the Gasteiger Hückel

charges were calculated [25].

CoMFA is a 3D-QSAR method that provides steric

and electrostatic values from Lennard-Jones and

Coulombic potentials equations, respectively. The 3D

cubic lattices, with 2 Å grid spacing, were generated

around the aligned compounds based on the molecular

volume of the structure. The lattices were defined

automatically, and were extended by 4.0 Å in all

directions. All the generated structures were aligned in

a 3D lattice based on atom superposition by aligning

5-phenyl-2,4-diamonopyrimidine as shown with the

asterisk in Figure 1, In this investigation, three different

atoms, sp3 carbon atom with þ1 charge, sp3 oxygen

atom with 21 charge and H atom with þ1 charge,

served as probe atoms. The probe atoms were placed at

each lattice point and their interactions with the steric

and electrostatic fields with each atom in the molecule

were calculated with CoMFA standard scaling.

The default value of 30 kcal/mol was used as the

maximum electrostatic and steric energy cutoff.

The CoMFA fields were scaled by CoMFA-STD

method in Sybyl. Then, a partial least squares technique

(PLS) was employed to derive a CoMFA model

expressing the correlation between the steric and

electrostatic properties and the biological activities

[26,27]. The orthogonal latent variables were extracted

by the NIPALS algorithm and subjected to full cross-

validation with the Leave-One-Out method (LOO)

[28,29]. In order to speed up the analysis and reduce the

amount of noise, the minimum sigma value was set to

2.0 kcal/mol. The analyses were carried out with a

maximum of six components, and using the number of

components (noc) atwhich the difference in the r2
cv value

between components was less than 0.05.

Predictive ability

The predictive ability of the model derived from the

training set is expressed by the predictive r2
cv value.

The r2
cv value is defined as

r2
cv ¼ 1:0 2

PRESS

SSY
ð1Þ

where, SSY stands for the variance of the biological

activities around the mean value, and PRESS is the

prediction error sum of squares derived from LOO.

PRESS ¼
X
y

ð ypred 2 yactualÞ
2 ð2Þ

SSY ¼
X
y

ð yactual 2 ymeanÞ
2 ð3Þ

The uncertainty of the prediction is defined as

SPRESS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PRESS

n2 k2 1

r
ð4Þ

where k is the number of variables in the model and n

is the number of compounds used in the study [30].

Particular interaction energy

In order to investigate specific interaction of different

potency of pyr derivatives in quadruple mutant DHFR,

particular interaction was determined by quantum

chemical calculations. According to comparison

between double mutant complex with pyr (1J3J) and

quadruple mutant complex with WR99210 (1J3K)

structures superimposition, it was found that the

binding sites are quite similar with RMS ¼ 0.435 Å as

shown in Figure 2. Due to there being no pyr/quadruple

mutant DHFR available, therefore, in this study, we

proposed pyr and quadruple mutant complex, based on

atom superposition. Considering the graphical back-

bone superimpostion, it can be implied that WR99210

and pyr oriented in the same binding position, therefore,

pyr can be adapted into the quadruple mutant type

PfDHFR to find the estimated particular interaction

energy. The selected inhibitors were compounds 1 (pyr

Pyrimethamine interaction with DHFR of Plasmodium falciparum 473
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drug) and 6 according to their similar structures, but

different Ki values. Compound 1 represented a

resistance to quadruple mutant PfDHFR while com-

pound 6, Cl substituent at X, gave a good Ki for this

enzyme. The model systems contained compounds 1 or

6 and surrounding residues in the binding pocket with at

least one atom interacting with any atoms of inhibitor

within the interatomic distance of 4 Å that covered van

der Waal interactions. The 22 selected residues were

Ile14, Cys15, Ala16, Val45, Leu46, Trp48, Cys50,

Ile51, Asp54, Met55, Tyr57, Phe58, Arg59, Asn108,

Ser111, Ile112, Pro113, Phe116, Leu119, Leu164,

Gly165 and Thr185. The four mutations, Asn51Ile,

Cys59Arg, Ser108Asn and Ile164Leu, were also

included in the system setup. The 2D scheme of the

adopted model system of the inhibitor bound to the

mutant PfDHFR binding site is shown in Figure 3.

In addition, the eleven inserted residues, 47, 49, 52, 53,

56,109,110,114,115,117and118,wereadded intothe

system to complete the connection between the amino

acids in the cutting chains. The N- and C-terminalswere

capped with a methyl amino group (-NHCH3) and an

acetyl group (CH3CO-), respectively, which were

retained from the backbone geometries of the nearby

residues. Thus, the hydrogen atoms were added to the

starting system using Sybyl7.0. Partial optimizations

were performed by using the semiempirical PM3

method, implemented in the Gaussian 03 program

[31], based on the ‘heavy atoms fixing’ approximation.

Therefore, only H atoms of amino acids and all atoms of

the inhibitor were optimized. Finally, MP2 calculations

with 6-31G(d,p) basis set were applied to investigate the

particular interaction energy between inhibitor and each

residue surrounding the binding site as shown in the

interaction energy formula:

E INT
ðligand2amino acidÞ ¼ EAB

ðligand2amino acidÞ 2 EA
ðligandÞ

2 EB
ðamino aicdÞ ð5Þ

where A and B are the numberofbasis sets of ligands and

amino acids, respectively, EAB
ðligand2amino acidÞ is the energy

of the ligand-amino acid complex with the basis set of A

plus B. EA
ðligandÞ and EB

ðamino acidÞare the energies of ligand

and amino acid with its number of basis sets. Moreover,

the basis set superposition error based on counterpoise

scheme (BSSE-CP) of Boys-Bernardi [32] was also

computed to define the interaction energy with BSSE as

shown in Equation 6:

E INT2BSSE
ðligand2amino acidÞ ¼ E AB

ðligand2amino acidÞ 2 E AB
ðligandÞ

2 E AB
ðamino aicdÞ ð6Þ

where EAB
ðligandÞand EAB

ðamino acidÞ are the energies of ligand

and amino acid, respectively, with the number of basis

sets of A plus B [23].

Results and discussion

Statistical analysis

The relationship between structural properties of

twenty-three pyr derivatives and their biological

activities of quadruple mutant type PfDHFR is

presented by using the CoMFA model. There are

three models that varied the type of probe atoms Csp3

(þ1), Osp3 (21) and H (þ1) and the statistical results

are shown in Table II. All models can be used to well

predict the pKi values for training compounds, with a

residual not greater than 0.4; these results are

summarized in Table III. Evaluation of the model

Figure 2. The backbone superimposition between the X-ray

PfDHFR/WR99210 complex structures of quadruple mutant (PDB

entry 1J3K shown in green color) and PfDHFR/pyr double mutant

(PDB entry 1J3J shown in orange color), indicating the similarity

binding position of both of the inhibitors.

Figure 3. The 2D scheme of the adopted model system of inhibitor

bound to the quadruple mutant type (Asn51Ile, Cys59Arg,

Ser108Asn, Ile164Leu) of PfDHFR binding site.

P. Maitarad et al.474
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prediction is assessed by test set compounds which all

showed acceptable pKi prediction values, except

compound 22; this test set compound has a different

structure of R substitution ((CH2)2O(CH2)3OPh) from

the others, so it shows high residual pKi between actual

and predicted values.

By considering the statistical results in Table II,

model I-III with r2
cv values higher than 0.6 (0.724,

0.669 and 0.690, respectively) can be accepted and the

conventional r2 or no-validated r2 (r2
nv) values are found

to be 0.963, 0.980 and 0.983, respectively. These mean

that the three tested probes (Csp3, Osp3 and H) give

qualitatively very similar models. The results suggest

that all three types of probes form equally important

in the enzyme-ligand interactions. Next, the combi-

nation of three probe atoms was used, resulting in

model IV with r2
cv ¼ 0.702 and r2

nv ¼ 0.980. Moreover,

the prediction for test set obtained from model IV

shows the highest predictive ability (r2
testset ¼ 0.698).

Therefore, the combining three probe atoms in model

IV is superior and more general model. Especially, the

statistical error (s) of the represented model is 0.156

which is reasonably acceptable for biological activity

predictions of the training set and the test set.

The graphical plot between actual and predicted pKi

of the training set and the test set is shown in Figure 4.

The CoMFA field contributions of the steric and

electrostatic interactions contributed approximately

Table II. PLS statistical results of CoMFA models for quadruple mutant PfDHFR.

Probe Atoms

Parameters

Model I Csp3

(þ1)

Model II Osp3

(21)

Model III H

(þ1)

Model IV

Csp3 (þ1), Osp3 (21), H (þ1)

no of molecules in training set 18 18 18 18

r2
cv 0.724 0.669 0.690 0.702

Spress 0.560 0.641 0.620 0.608

no of components 5 6 6 6

r2
nv 0.963 0.980 0.983 0.980

s 0.206 0.157 0.144 0.156

F value 62.152 90.708 108.191 92.183

Steric field contributions 0.613 0.567 0.519 0.547

Electrostatic field contributions 0.387 0.433 0.481 0.453

r2
test2set 0.495 0.566 0.695 0.698

Table III. Actual (Act) and predicted (Pred) pKi values and the residuals (D) of the training set and test set molecules for the mutant

PfDHFR models.

Pred D Pred D Pred D Pred D

Cpd Act Model I Model II Model III Model IV

1 6.41 6.28 0.13 6.38 0.03 6.32 0.09 6.36 0.05

3 6.55 6.53 0.01 6.61 20.07 6.61 20.06 6.67 20.13

4 7.27 7.58 20.31 7.38 20.10 7.31 20.04 7.38 20.10

6 8.48 8.12 0.36 8.16 0.32 8.24 0.23 8.16 0.32

7 6.44 6.54 20.09 6.36 0.08 6.46 20.01 6.35 0.09

8 7.62 7.50 0.11 7.77 20.15 7.69 20.07 7.77 20.15

11 8.33 8.12 0.21 8.24 0.08 8.19 0.13 8.23 0.10

12 8.70 8.82 20.12 8.79 20.09 8.73 20.04 8.79 20.09

13 6.26 6.38 20.12 6.44 20.18 6.53 20.27 6.45 20.19

14 7.24 7.06 0.18 7.06 0.18 7.14 0.11 7.08 0.16

15 6.62 6.75 20.13 6.60 0.02 6.51 0.11 6.57 0.06

16 7.50 7.38 0.12 7.40 0.10 7.41 0.09 7.44 0.06

17 7.85 7.91 20.06 7.87 20.02 7.85 20.00 7.86 20.01

18 8.44 8.45 20.01 8.47 20.02 8.52 20.07 8.48 20.04

19 8.85 8.78 0.07 8.86 20.01 8.94 20.09 8.89 20.03

20 8.44 8.44 0.00 8.45 20.01 8.42 0.02 8.44 0.01

21 7.85 8.15 20.30 8.01 20.16 7.95 20.10 7.96 20.11

22 8.70 8.77 20.07 8.70 20.00 8.74 20.04 8.71 20.01

2a 6.57 6.74 20.17 6.76 20.19 6.75 20.18 6.75 20.18

5a 7.49 6.89 0.60 7.28 0.21 7.31 0.18 7.26 0.23

9a 8.57 8.00 0.57 7.92 0.65 8.29 0.28 7.96 0.61

10a 6.77 7.63 20.86 7.41 20.64 7.38 20.61 7.44 20.67

23a 8.77 9.31 20.54 9.81 21.04 9.87 21.10 9.65 20.88

aTest set compounds
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50%. The results indicate that both steric and

electrostatic contributions are equivalent that affected

the biological activity of mutant PfDHFR.

CoMFA contour analysis

The CoMFA analysis with hundreds or thousands

terms, is usually represented as the scalar product of the

associated coefficient and the standard deviation of all

values in the corresponding column of the data table

(STDEV*COEFF) contour plots. Moreover, the con-

tour maps can be showed by merging with the binding

pocket of a drug target. In this study, the CoMFA

contour maps are merged with 7 Å of binding pocket of

crystal structure of quadruple mutant type PfDHFR

which is available in the Protein Data Bank with PDB

code 1J3K. The template compound 12 is displayed as

the inhibitor in the CoMFA contour maps.

Figure 5 shows the steric contour maps of CoMFA

model IV. The steric contour map indicates areas in

which molecular steric bulk might have a favourable

(green) or unfavourable (yellow) effect on the activity

of an analogue. A sterically favoured green region is

found near X substituent of the aromatic ring. This is

further supported by comparing X substituent with Cl

and H when these compounds have the same Yand R

substituents. In addition, the distribution of steric

contours appears around the phenyl side chain of R

substituent; this evidence would explain why com-

pound 12, used as the template, is a better quadruple

mutant PfDHFR inhibitor than the pyr drug (com-

pound 1). Furthermore, this region is closed to Phe116

of the binding pocket. An unfavourable steric contour

region is found at Y substituent on the aromatic ring

which can explain the fact that compounds 1, 7 and 10

show lower pKi when compared with unsubstituted

structures of compounds 5, 8 and 11, respectively.

Therefore, a hydrogen atom is suitable substituent ofY

position because the unfavourable steric area of Y is

closed to an important mutation position, Asn108, of

quadruple mutant PfDHFR. The obtained unfavour-

able steric contour coincides with the previous

publications [3,5,9,10] that reported a steric clash

between the Cl substituent of pyr and the side chain of

Asn108.

Figure 6 depicts electrostatic contour maps of

CoMFA. The electrostatic contour map reveals that

blue contours refer to positive charge favouring areas

and red contours indicate negative charge favouring

areas. The red area is found in the middle of the phenyl

ring of R substitution which means high electron

density in this area. Furthermore, a large blue contour

also surrounds the phenyl ring of R substitution. It can

Figure 4. Plot of the predicted and actual pKi values of the

training set and the test set molecules with CoMFA H model IV.

Figure 5. CoMFA (stdev.*coeff.) sterically favored areas are

represented by green regions. Sterically unfavored areas are

represented by yellow regions (level of steric contour

contribution ¼ 80%) and compound 12 is represented by ball and

stick.

Figure 6. CoMFA (stdev.*coeff.) negative charge favored area is

represented by the red region. Positive charge favored area is

represented by the blue region (level of electrostatic contour

contribution ¼ 80%) and compound 12 is represented by ball and

stick.

P. Maitarad et al.476
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be suggested that high positive charges or low electron

density in this area is preferable. Therefore, donating

substituents of the phenyl ring will increase the activity

of the inhibitors, for example, Cl, F, OCH3, etc.

Particular interaction energy

In order to find the particular interaction energy

between compound 1 or 6 and the amino acids

surrounding the pocket of quadruple mutant type

PfDHFR, the MP2 method with basis set 6-31G(d,p)

level of calculations was performed. In addition, the

BSSE-CP was also calculated to correct the interaction

energy. The obtained interaction energies are given in

Table IV. Asp54 has the strongest interaction energy to

compounds 1 and 6 of210.139 and210.250 kcal/mol,

respectively. This amino acid formed H-bond inter-

action with the inhibitors. In addition, the H-bond

interactions are also found with Ile14 and Leu164 for

both compounds 1 and 6. All H-bond distances are

displayed in Figure 7. Three mutant amino acids, Ile51,

Arg59 and Leu164, show no significantly different

interaction energies between compound 1 and 6

(Table IV). While Asn108 shows more repulsive

interaction to compound 1 by approximately 5 kcal/mol

because compound1has the Cl substituent atYposition

which can occur due to the steric clash with the side

chain of Asn108, as shown clearly by electrostatic

potential surfaces in Figure 8. In pervious reviews

[33–35], there were many reports that proposed the

cause of pyr resistance in quadruple mutant type

PfDHFR came from the steric clash with Asn108

mutation. Our particular interaction energy studies can

verify this evidence with the obtained repulsive energy.

Conclusion

The CoMFA analysis is a very powerful method for

ligand-based drug design. This method has been

successful in designing new potent inhibitors for many

drugs. Therefore, in this study, the CoMFA method was

selected to build a linear equation of the quantitative

structure activity relationship of the pyr derivatives that

are active against quadruple mutant type PfDHFR.

The combined Csp3 (þ1), Osp3 (21) and H (þ1) probe

atoms model was selected to represent the CoMFA

moelcular fields for accounting the different types of

interactions between mutant PfDHFR binding site and

pyr derivatives. The steric contour maps of this model

suggest that X and R substitutions favoured a bulky

group which is opposite to Y substitution. Electrostatic

maps are displayed surrounding the phenyl ring of theR

substituent of the template compound which means that

an electron donating substituent on the phenyl ring will

increase the biological activity. Therefore, the charac-

teristics of new design inhibitors are the bulky group on

the X substitution, the hydrogen atom on the Y

substitution and the long chain on the R substitution.

Moreover, we also performed MP2/6-31G(d,p) quan-

tum chemical calculations with BSSE-CP energy

correction to investigate the particular interaction

energy of compounds 1 (pyr) and 6 (Cl substituent

Table IV. Particular interaction energy (kcal/mol) of 1 (pyr) and 6 with individual residues, calculated at MP2/6-31G(d,p) and MP2/6-

31G(d,p) levels with BSSE-CP.

Particular interaction energy (kcal/mol)

Compound 1 Compound 6

Amino Acids MP2/6-31G(d,p) MP2/6-31G(d,p) with BSSE-CP MP2/6-31G(d,p) MP2/6-31G(d,p) with BSSE-CP

Ile14 28.034 24.172 28.735 24.298

Cys15 24.654 21.203 24.737 21.272

Ala16 22.122 20.667 22.194 20.506

Val45 20.183 20.183 0.002 0.002

Leu46 20.096 1.223 21.517 20.878

Trp48 20.535 20.526 20.554 20.548

Cys50 20.063 20.063 20.025 20.025

Ile51 0.044 0.044 0.056 0.056

Asp54 217.159 210.139 217.251 210.250

Met55 0.191 1.856 0.303 1.933

Tyr57 20.489 20.317 20.343 20.226

Phe58 29.634 23.884 29.511 23.326

Arg59 21.476 21.475 21.744 21.743

Asn108 1.173 3.839 23.355 20.895

Ser111 0.085 1.862 20.921 20.758

Ile112 0.239 1.790 1.517 3.237

Pro113 20.118 20.114 0.038 0.038

Phe116 20.085 20.085 0.052 0.052

Leu119 20.233 20.219 20.247 0.531

Leu164 25.888 23.470 24.072 22.165

Gly165 20.062 20.022 0.026 0.071

Thr185 20.538 0.171 20.458 0.202
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on X). The obtained results clearly show that Asn108 is

the cause of pyr resistance with the highest repulsive

interaction energy and negative electrostatic potential.

Accordingly, this calculation is consistent with the

unfavoured steric region of CoMFA contour maps.

The CoMFA and particular interaction energy analyses

will be useful for identifying the structural features of

potent pyr derivatives active against quadruple mutant

type PfDHFR which is an important target of malaria

chemotherapy.
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