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Abstract

Ž . Ž .We propose a low-resolution model for both the wild type and the pyrimethamine Pyr �cycloguanil Cyc
Ž .cross-resistant mutant type Plasmodium falciparum DHFR Pf DHFR , based on homology modeling using chicken

liver DHFR as a template. The built models contain five �-helices, eight �-sheets, eight tight turns and several loops.
The Ramachandran plot for the models shows 95.3 and 100% of the amino acid residues in the favorable regions for
the whole enzymes and for the active sites, respectively. Furthermore, we made a preliminary analysis of the
complexes Pyr�Cyc-wild DHFR and Pyr�Cyc-mutant DHFR in order to explain the probable mechanism of
resistance. Our results show that the steric factor may be the main structural cause of P. falciparum resistance
toward antifolate drugs. � 2001 Published by Elsevier Science B.V.
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1. Introduction

In spite of early progress, malaria is still one of
the most serious health problems facing human-
ity. It affects 300�500 million people causing over
2.5 million deaths annually, mostly in children.
Today, the threat is more significant for nations
in Latin America, Africa, Asia and in some re-
gions of the South Pacific, but, in all, approxi-
mately 40% of the world population risk catching

� �malaria 1 . This disease is caused by protozoan
parasites of the genus Plasmodium. In humans,
four species are responsible for malaria: P. falci-
parum; P. �i�ax; P. o�ale; and P. malariae. The
first one is the most dangerous. Two aspects have
currently stimulated new efforts regarding medi-
cal and molecular studies about malaria: the rapid
emergence of P. falciparum strains resistant to

� �currently available antimalarial drugs 2�5 ; and
� �the inefficacy of malarial vaccines 6 .

Many strategies are used in developing anti-
malarial chemotherapy. One of them involves the
use of dihydrofolate reductase inhibitors as po-
tential antimalarial drugs. Dihydrofolate reduc-

� �tase DHFR, 5,6,7,8-tetrahydrofolate-NADP ox-
Ž .�idoreductase E.C. 1.5.1.3 is the enzyme that

catalyses the NADPH-dependent reduction of
7,8-dihydrofolate to 5,6,7,8-tetrahydrofolate,
which is the precursor of the co-factors required
for the synthesis of purine nucleotides, thymidy-

� �late and several amino acids 7 . Thus, inhibition
of DHFR can lead to the disruption of DNA
synthesis and the death of the rapidly proliferat-

� �ing cells 7,8 . This enzyme has been successfully
used as a good target for the treatment of cancer,
bacterial infections and malaria. A vast amount of
information about DHFR has been published and

� �reviewed 7�10 .
Pf DHFR exists as a domain of a bifunctional

Ženzyme, DHFR-thymidylate synthase TS, 5,10-
methylenetetrahydrofolate: dUMP C-methyl-

.transferase, E.C. 2.1.1.45 , linked to the TS do-
main by a junctional sequence of 94 amino acids
� �11 . The DHFR domain of the enzyme includes

Ž .228 residues residues 1-228 , and the TS domain
Ž .includes 286 residues residues 323�608 . There is

evidence that the DHFR of other protozoa is
� �similarly bifuncional 7 .

Pyr and Cyc are potent inhibitors of Pf DHFR,
acting by selective inhibition of malarial DHFR.
However, the rapid emergence of antifolate resis-
tant malaria has compromised the clinical utility
of these drugs. Analysis of the DHFR sequences
of several Pyr- and Cyc-resistant P. falciparum
strains revealed correlation between antifolate re-
sistance and point mutations of the DHFR gene.
Mutations in Pf DHFR involving amino acid
residues 16, 51, 59, 108 and 164 have been re-

� �ported 12�19 . Ser-108�Asn-108 is a critical
point mutation found in all Pyr-resistant strains,
and it is believed to be the prime point mutation
necessary for the development of malarial resis-
tant mutants to antifolates. The Ala-16�Val-16
mutation confers resistance only to Cyc, and is
always found to be associated with the Ser-108�

� �Asn-108 mutation 17 . Also the Ile-164�Leu-
164 mutation, in combination with the Ser-108�
Asn-108 mutation and one or both of the Asn-51
�Ile-51 or Cys-59�Arg-59 mutations, has been
found in P. falciparum strains that are highly

� �resistant to both drugs, Pyr and Cyc 17,19 .
Structure-based approaches using the target

‘receptor’ structure are helpful in designing lead
compounds and in developing more selective
drugs. However, up to this moment, the crystallo-
graphic structure of Pf DHFR has not been ob-
tained. In order to address the problem of bind-
ing modes for some antimalarial drugs on Pf D-
HFR, two homology models for the malarial en-
zyme have recently appeared in the literature
� �20,21 . The Pf DHFR homology-model proposed

� �by Lemcke and co-workers 20 was obtained by
� �amino acid substitution in human DHFR 22 .

Based on this model, the investigators confirmed
the hypothesis regarding the Ser-108�Asn-108
point mutation in relation to Pyr resistance. How-
ever, the authors were not able to explain the
enhanced resistance caused by the Asn-51�Ile-
51 and Cys-59�Arg-59 mutations. Rastelli et al.
� �21 , have built wild-type and Ala-16�Val-16,
Ser-108 � Thr-108 and Ala-16 � Val-16 � Ser-
108 � Thr-108 m utant-types Pf D H FR
homology-models. Their models were based on
multiple sequence alignment among the amino

� �acid sequence of Pf DHFR 11 and the amino
acid sequences of the crystal structures of DHFRs
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� � � �from Escherichia coli 23 , Lactobacillus casei 24 ,
� � � �human 22 , chicken liver 25 and Pneumocystis

� �carinii 26 . These authors suggested explanations
for the Cyc resistance and Pyr susceptibility in
relation to the Ala-16�Val-16 mutation of the
Pf DHFR domain.

In this work, we propose Pf DHFR homology-
Ž .models for both the wild-type Ser-108 , and Pyr

and Cys cross-resistant mutation-type Pf DHFR
ŽAsn-51 � Ile-51, Cys-59 � Arg-59, Ser-108 �

.Asn-108, Ile-164�Leu-164 mutations based on
the chicken liver DHFR crystallographic struc-

� �ture 25 . Our models were submitted to a valida-
tion process that showed them to be satisfactory.
The results were satisfactory regarding stereo-
chemical and structural parameters. The Pf
DHFR-drug complexes were generated by dock-
ing each of the drugs, Pyr and Cyc, to the enzyme.
Molecular dynamics simulations were done on
the complexes in order to obtain information
about the binding process and the provable resis-
tance mechanism. The comparison between the
complexes was carried out by the superposition of
the main amino acid residues at the active sites.

2. Experimental

The sequence of the Pf DHFR used was the
� �one determined by Bzik and co-workers 11 . The

Žamino acid sequences of human DHFR PDB
. � � Ž .entry 1dhf 22 , E. coli DHFR PDB entry 1ra9

� � Ž .23 and chicken liver DHFR PDB entry 8dfr
� � Ž .25 , taken from the protein data bank PDB
� �27,28 , were used as potential templates. The
sequences were then aligned using the Multalign

� �program 29 . Thus, we were able to choose,
among the three crystallographic structures, the
one that works better as the main template for
the generation of the desired homology-model.
As described in Section 3, the chosen template
was chicken liver DHFR. We used the Swiss-

� �PdbViewer program 30 to align the sequences of
P. falciparum and chicken liver DHFRs. Then,
this alignment was submitted to the SWISS-

� �MODEL server 30�32 to generate an initial
model. After obtaining the model, we made some
adjustments on the original alignment, followed

by a resubmission to the SWISS-MODEL server.
The obtained model was then submitted to ener-
getic and structural loop refinement, using the
database for loops as implemented in the Swiss-

� �PdbViewer program 30 . After the docking of the
co-factor into the active site of the modeled Pf
DHFR, we carried out some energy optimizations
using molecular mechanics calculations. In order
to generate the mutant-type Pf DHFR, we did

Žspecific point mutations Asn-51�Ile-51, Cys-59
� Arg-59, Ser-108 � Asn-108, and Ile-164 �

.Leu-164 on the wild-type modeled enzyme, fol-
lowed by minimization procedures. The validation
of the generated homology-models was done with

� � � �the PRO CHECK 33 and WHAT IF 34 pro-
grams, available at Biotech Validation Suite for

� �Protein Structures 35 . In order to study the
interaction features between both the wild- and
mutant-type Pf DHFR and the drugs Pyr and
Cyc, docking of both drugs into the active site of
each enzyme was carried out, followed by molecu-
lar dynamics simulations.

The hardware resources used in this work were
a workstation Silicon Graphics IRIX O2 6.3, and
a PC Pentium II .

3. Results and discussion

3.1. Homology modeling of Plasmodium falciparum
DHFR

As a first step, the primary structure of the P.
� �falciparum DHFR 11 was analyzed. This analysis

showed that the amino acid sequence has an Asn
residue at position 108. This single point muta-
tion on codon 108 from Ser to Asn on chromo-
some 4 has been identified as the major change

� �underlying resistance to pyrimethamine 2,36�39 .
Thus, in order to obtain the model for the wild-
type Pf DHFR, a preliminary Asn-108�Ser-108
mutation was done in the Pf DHFR amino acid
sequence. Then, this sequence and the sequences

� � � �of DHFRs from human 22 , E. coli 23 and
� �chicken liver 25 , were aligned using the Multal-
� �ign program 29 . The results showed that the

Pf DHFR sequence has 35.43, 34.09 and 32.69%
identity degree with the chicken liver, the human
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and the E. coli DHFRs, respectively. Conse-
quently, we decided to use the chicken liver
DHFR as the main template during the ho-
mology-modeling of the Pf DHFR.

The next step was to do a single alignment
between the amino acid sequences of the target

Ž .enzyme Pf DHFR and the template enzyme
Ž .chicken liver DHFR , as shown in Fig. 1. This
was accomplished by using the facilities of the

� �Swiss-PdbViewer program 30 . Then, this align-
ment was submitted to the SWISS-MODEL server
� �30�32 to generate an initial model. The align-
ment automatically generated was inspected by
comparison with the three-dimensional structure
of the template enzyme. As may be observed in
bold character in Fig. 1, this alignment shows two
unsuitable discontinuities on the amino acid
residues from Pf DHFR, spanning from Glu-71
Ž . Ž . Ž .E71 to Lys-74 K74 and from Cys-78 C78 to

Ž .Asn-82 N82 . It was noticed that such discon-
tinuities resulted in a considerable distortion of
the modeled enzyme. To overcome this problem,
we altered the alignment by moving the residues

Ž . Ž . Ž .Lys-32 K32 , Tyr-33 Y33 , Phe-34 F34 , Gln-35
Ž . Ž .Q35 and Arg-36 R36 of the chicken liver
DHFR from their original positions to the posi-

Ž .tion adjacent to residue Tyr-31 Y31 . This new
alignment, shown in Fig. 2, was resubmitted to
the SWISS-MODEL server, and the results were

checked again. The loops on the Pf DHFR were
modeled using a structural database for loops
from other proteins with the same sequence
length and similar anchor residues, which is avail-

� �able on the Swiss-PdbViewer program 30 .
The whole model of the generated Pf DHFR

was next minimized with the AMBER force field
� �40�42 , implemented in the Insight II 97.0�Dis-

� �cover package 43 , using the steepest descent and
� �conjugate gradient algorithms 44,45 . At this

stage, our goal was to relax the modeled system
and to arrive at a better conformation, which
would be reflected in a good Ramachandran plot
� �46 . To accomplish that, we conducted several
tests varying the convergence criterion and found

�1 ˚�1that 10.00 kcal mol A gave the best results
when using the distance-dependent dielectric con-

Ž .stant of water � �78.54 during the minimiza-r
tion.

The main structural elements of the optimized
Pf DHFR homology-model are shown in Fig. 3.
The model is formed by eight strand-twisted �-
sheets, composed of seven parallels and one anti-
parallel strand. The remainder of the enzyme
comprises five �-helices, eight tight turns and
several extended loops. It is interesting to men-
tion that, as in the case of both human and

� �chicken liver DHFRs 22,25 , disruptions are few
within some �-sheets. As a result, these sheets

Ž . ŽFig. 1. Alignment between Pf DHFR and chicken liver DHFR 18DFR ExPDB database entry 18DFR, corresponding to PDB
.entry 8DFR, chicken liver DHFR . Identical residues are shown with stars, whereas residues with similar properties are shown with

dots.
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Fig. 2. Modified alignment between Pf DHFR and chicken liver DHFR.

Fig. 3. Proposed wild-type Pf DHFR structure. NADPH is shown in gray.
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are not continuous, but consist of two consecutive
strands. These extended beta bulges, which are
termed ‘beta blow-out’, were first noted by Volz

� �et al. 47 .
The above homology-modeled system is the

Pf DHFR apoenzyme. In order to build the corre-
sponding holoenzyme, we docked the co-factor,
NADPH, into the active site of the modeled
apoenzyme based on the chicken liver DHFR

Ž .holoenzyme PDB entry 8dfr . Then, we
minimized the NADPH using the CVFF force

� �field 48�54 implemented in the Insight II
� �97.0�Discover package 43 . Such a minimization

was done by successive optimizations with the
following convergence criteria: 10.00; 1.00; 0.01;

�1 ˚�1and 0.001 kcal mol A with steepest descent,
conjugate gradient, quasi-Newton�Raphson and
Newton�Raphson algorithms, respectively. Then,
we optimized the whole holoenzyme until a

�1 ˚�1 Ž .10.00-kcal mol A gradient was found Fig. 3 .
As in the modeling of the apoenzyme, the dis-
tance-dependent water dielectric constant was
used during the calculations.

In order to check the compatibility between the
Pf DHFR homology-model and the three-dimen-

Žsional structure of the used template chicken
.liver DHFR , both of the enzymes were superim-

Ž .posed. The root-mean-square RMS deviation
˚between them is 0.16 A. This result shows that

the modeled enzyme is satisfactory with regard to
the utilization of the template enzyme during the
homology-modeling process.

As mentioned above, we are interested not only
in the wild-type, but also in the Pyr and Cyc
cross-resistant mutant enzyme. Thus, some speci-

Žfic mutations Asn-51�Ile-51, Cys-59�Arg-59,
.Ser-108�Asn-108 and Ile-164�Leu-164 were

introduced on the wild-type modeled enzyme.
Then, the mutant model was minimized, following
the same procedure and criteria described for the
wild enzyme.

3.2. Validation of the models

In order to check the quality of both the pro-
posed wild-type and the mutant-type Pf DHFRs,
each of them was submitted to validation analysis,

� � � �using the PRO CHECK 33 and WHAT IF 34

programs. It is important to note that since only
Žfour amino acid residues from a total of 228

.residues were changed in the wild-type enzyme
to generate the mutant-type enzyme, the valida-
tion results found for both enzymes were approxi-
mately the same.

� �Fig. 4 is the Ramachandran plot 46 of the
Pf DHFR, generated with the PRO CHECK pro-

� �gram 33 . Glycine residues are separately identi-
fied by triangles. The shading represents the dif-
ferent regions of the plot, the darker the area the
more favorable the �-� combination. According
to that plot, 95.3% of the amino acid residues of
the Pf DHFR proposed model are in favorable
regions of the plot.

Regarding the main-chain properties of the
modeled enzyme, no considerable bad contacts,
nor C tetrahedron distortion nor hydrogen-bond�

energy problems were found. Moreover, the aver-
� �age G-factor 33 , the measure of the normality

degree of the protein’s properties, is inside
permitted values. Also no distortions of the side-
chain torsion angles were found.

It was noticed that just 31 out of a total of 228
Ž .amino acid residues approx. 13.6% residues show

any geometric distortion. Both residues Met-1
and Val-151 have length bond deviations higher

˚than 0.05 A. Bend angle deviations were found
for Thr-36, Phe-37, Arg-38, Leu-98, Gln-99, Asp-
137, Glu-138, Val-152 and Leu-152. Small aro-
matic ring planarity deviations were found for 11
Tyr, 7 Phe and 2 Trp residues.

3.3. Acti�e site determination

The active site of the Pf DHFR homology-
model was determined based on the superposition

Žof the modeled P. falciparum, the human entry
. � � Ž . � �1dhf 22 the E. coli entry 1ra9 23 and the

Ž . � �chicken liver entry 8dfr 25 DHFRs. From the
E. coli DHFR we selected those residues that

� �interact with both NADPH and folate 23 ,
residues that form the active site as suggested by

� �Blaney and collaborators 55 and those residues
� �that interact with Pyr 56 . From the chicken liver

� �DHFR 25 , were selected those residues that
form its active site according to Blaney and Kraut
� �25,55,57,58 . From the human DHFR were se-
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Fig. 4. Ramachandran plot of the proposed Pf DHFR homology-model.

lected those residues that form both the folate
� �and the NADPH binding sites 22,59 . Thus, we

obtained an ‘amplified binding site’ for the
Pf DHFR homology-model constituted by 78

residues: Phe-9, Asp-10, Ile-11, Ile-14, Ala-16,
Leu-40, Gly-41, Asn-42, Lys-43, Gly-44, Val-45,
Leu-46, Pro-47, Trp-48, Lys-49, Cys-50, Asn-51,
Ser-52, Leu-53, Asp-54, Met-55, Lys-56, Tyr-57,
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Phe-58, Cys-59, Glu-71, Lys-72, Leu-73, Lys-74,
Tyr-75, Lys-76, Arg-77, Asn-100, Val-101, Val-102,
Val-103, Met-104, Gly-105, Arg-106, Thr-107,
Ser-108, Trp-109, Ile-112, Pro-113, Lys-114, Lys-
115, Phe-116, Lys-117, Pro-118, Leu-119, Ser-120,
Asn-121, Arg-122, Ile-123, Asn-124, Ser-128, Arg-
129, Thr-130, Lys-132, Ile-143, Lys-145, Val-146,
Ile-164, Val-168, Val-169, Tyr-170, Gln-171, Glu-
172, Phe-173, Leu-174, Glu-175, Lys-176, Thr-185,
Thr-189, Arg-190, Ile-191, Asp-198 and Val-199.

Attention should be paid to the fact that all the
Žresidues that suffer mutations Asn-51, Cys-59,

.Ser-108 and Ile-164 , as well as those that form
� �the antifolate binding site 60,61 , shown in bold,

are included into the ‘amplified binding site’.
It was observed that the structural parameters

of the majority of the ‘amplified binding site’
residues are in statistically favorable regions. The
exceptions were Ile-11, which shows some minor
� and � rotamer problems, Tyr-75, Trp-109,1 2
Tyr-170 and Phe-173, all of which show slight
aromatic ring planarity deviations. Thus, we can
conclude that 92.31% of the ‘amplified binding
site’ Pf DHFR residues is well defined. Moreover,
none of the active site residues of the model have
geometric, conformational or energetic problems.

3.4. Molecular dynamics simulations of the drug-
enzyme complexes

The modeled Pf DHFR structures have 3827
atoms, including hydrogens. This large number of
atoms makes ligand-enzyme molecular dynamics

Ž .simulations MDS computationally uneconomi-
cal. Thus, modeling approximations were sought
to scale down the Pf DHFRs to more manageable
sizes. In this way, the analysis was restricted to
those amino acid residues, which were close to
their active-site regions. To accomplish this re-
ducing procedure on the modeled enzymes, the
pruning method as proposed by Tokarski and

� �Hopfinger 62 , was followed. Fig. 5 shows a
schematic representation of the used geometry
for determining the enzyme model sizes.

Firstly, both drugs Pyr and Cyc were docked
into the active site of the wild- and mutant-type
Pf DHFRs. Thus, four enzyme-drug complexes
Žwild-type Pf DHFR-Pyr, mutant-type Pf DHFR-

Fig. 5. Schematic representation of the used geometry for
determining the enzyme models size. A ligand is docked into

� �the active site. Three possible cutoffs are shown 62 .

Pyr, wild-type Pf DHFR-Cyc, mutant-type Pf
.DHFR-Cyc were obtained. Three different re-

duced-size enzyme models of each type of Pf
DHFR were modeled in order to examine how
the size of the enzyme structure could be reduced
without losing information regarding the binding
process. These models were created by pruning
away all residues at a distance greater than 8, 10

˚and 12 A from any atom of the bound drug, but if
at least one non-hydrogen atom of these residues
was found within the spherical cutoff, then that
entire residue was included in the models. The
pruning operation resulted in a model that is
formed by a number of unconnected peptide frag-
ments. The number of fragments in the enzyme
models was kept to a minimum by not ‘cutting’
those fragments separated by less than or equal
to four residues in the original Pf DHFR ho-
mology-model sequences. This approach was fol-
lowed in order to retain the local geometric in-
tegrity of the enzyme model during the pruning

� �process 62 .
It was necessary to apply a constraint to each

main-chain atom in the pruned enzyme models to
‘fix’ their positions in space and, consequently, to
maintain the structural integrity of the models.
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Thus, due of the exclusion of the rest of the
enzyme, for each main-chain of atoms we as-
signed a fictitious mass of 5 kDa to serve as
‘momentum reservoirs’ and prevent significant
departures from the model geometry due to the
exclusion of the rest of the enzyme. The use of
fictitious masses is virtually the same as the use of
Cartesian constraints, particularly when the
masses are chosen because of their very high

� �values 62 .
After a MDS of 2 ps at 310 K, the size of the

enzyme models were selected based on a combi-
nation of geometric stability and the variance of
the drug-enzyme interaction energy for the model

˚Ž .radii 8, 10 and 12 A . During this simulation, we
˚used a non-bonded cutoff of 15 A and a dielectric

constant of 3.5. In this study, to compute non-
scaled energy terms, all energy minimizations and
MDS used a force field in which all parameters of

� �the AMBER program 40�42 were adopted into
� �a MM2 force field 63 potential function repre-

Žsentation. Missing force field parameters tor-
sional, bonding stretching and bond angle bend-

.ing were taken and adjusted from the set pro-
� �posed by Hopfinger 64 and the MM2 force field

� �63 . The ‘combining’ of AMBER and MM2
parameters is accomplished by linear scaling. The
most similar set of atoms to those of the missing
AMBER parameters is identified for a parameter
that has both AMBER and MM2 values. The
unknown AMBER parameter value is then scaled

against the known MM2 value in the same ratio
as the parameter having both AMBER and MM2
values. Energy minimization and MDS were per-

� �formed using the MOLSIM 65 program.
The RMS fit of the lowest energy 8, 10 and 12

Å radii models found in MDS was 1.80, 1.60 and
˚1.94 A, respectively, compared to the equivalent

part of the original models. The total drug-
enzyme interaction energies for the 8, 10 and 12
Å models are 604.04, 230.85 and 304.03 kcal
mol�1, respectively. Thus, for the subsequent

˚simulations, the model size of 10 A was selected
for both the wild and the mutant types Pf DHFR
homology-models.

The binding simulation was done, for each of
˚the four pruned drug-enzyme models of 10 A, by

an MDS of 20 ps, using time steps of 0.5 fs and a
relaxation time � of 0.001 ps on the drug-enzyme
complex models. The used dielectric constant was
3.5. During the simulation, the temperature was
kept constant at 310 K by coupling each system to
a constant temperature bath according to the

� �method of Berendsen 66 . The total number of
steps for each simulation was 40 000, and a con-
formation was taken at each 40 steps, generating
1000 conformational states. The lowest energy
conformation of the Pf DHFR active site was
taken for each modeled enzyme: wild-type en-
zyme-Pyr; mutant-type enzyme-Pyr; wild-type en-
zyme-Cyc; and mutant-type enzyme-Cyc com-
plexes.

Fig. 6. Superposition of the active sites for both the wild- and mutant-type Pf DHFR with the docked inhibitor Pyr. The wild-type
active site Pf DHFR-Pyr complex is shown in lighter color, the mutant-type Pf DHFR-Pyr complex is shown in darker color.
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Fig. 6 shows the superposition between the
active sites for both the wild- and mutant-type
Pf DHFR with the inhibitor Pyr docked inside.
Fig. 7 shows the superposition of the active sites,
for both the wild- and mutant-type Pf DHFR, to
the inhibitor Cyc docked inside. In both figures,
the wild-type active site enzyme-inhibitor com-
plexes are shown in a lighter color, whereas the
corresponding mutant-type enzyme-inhibitor
complexes are shown in a darker color.

Fig. 6 and Fig. 7 make possible to hypothesize
an explanation for the resistance found to the
mutant-type Pf DHFR enzyme. Steric hindrance
seems to be the main cause for inhibition resis-
tance regarding both drugs Pyr and Cyc.

Based on the analysis of Fig. 6 and Fig. 7,
Ž .mutation at residue 164 Ile�Leu causes an

obvious modification of the shape of the binding
cavity around the drug. The leucine side chain is
bulky and wider than the isoleucine side chain.
From Figs. 6 and 7 it can be seem that the drugs
are extremely close to one of the methyl groups
of the leucine residue in the complexes with the
mutant enzyme.

Ž .The residue at position 108 Ser�Asn , which is
further away from the inhibitor binding site, may
play a role in the process of admission of the
drugs to the site. It should also be an important
component of the hydrophobic pocket enclosing
the pyrimidine ring of the inhibitors. The partici-

Ž .pation of the mutation on residue 108 Ser�Asn
in the resistance process is not completely clear
in our model, however, it may cause some hin-

drance to the dynamical process of admission and
accommodation of the inhibitors to the active
site. The greater size of Asn as compared to Ser
and the difference in polarity between these two
residues could lead to a more difficult approxima-
tion of the drugs to the active site of the mutated

Ž .enzyme. Also, because both residues 108 Asn
Ž .and 164 Leu are close to each other, they could

act in synergy regarding this effect.
� �As in the work of Rastelli 21 , the participation

Ž .of the mutation on residue 51 Asn�Ile is not
evident. The role of the mutation on residue 59
Ž .Cys�Arg is also unclear but we believe that it
is possible that the positive charge of the Arg
residue in the mutation may lead to some repul-
sion of the inhibitors if they interact as their
protonated forms. Apparently, the remaining
residues of the active site Ile-14, Ala-16, Asp-54
and Thr-185, do not contribute significantly to the
resistance mechanism. Regarding this, it should
be observed that, in Fig. 6, there is a false percep-
tion regarding the position of Thr-185, which
seems to be close to Pyr. In fact, this residue is
far from the inhibitor, back inside the sheet plane.

4. Conclusion

Three-dimensional-homology models of a
Žwild-type and a specific mutant-type Asn-51�

Ile-51, Cys-59�Arg-59, Ser-108�Asn-108 and
.Ile-164 � Leu-164 of P. falciparum DHFR-

domain were built based on pairwise alignment

Fig. 7. Superposition of the active sites for both the wild- and mutant-type Pf DHFR with the docked inhibitor Cyc. The wild-type
active site Pf DHFR-Cyc complex is shown in a lighter color, the mutant-type Pf DHFR-Cyc complex is shown in a darker color.
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between the amino acid sequences of P. falci-
� � � �parum 11 and chicken liver 25 DHFRs. These

models were successfully validated and were used
to hypothesize an explanation of the resistance
mechanism caused by specific point mutations.
The interactions between both inhibitors Pyr and
Cyc were evaluated and, according to the results,
a ‘steric constraint’ hypothesis for the resistance
was proposed. The models of the active site of the
enzymes gave us a clear view of the importance of
residue mutations regarding resistance mecha-
nisms. We believe that these models contribute to
a better understanding of the resistance mecha-
nism and that they could be useful in the develop-
ment of new potential antimalarial drugs.
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