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Abstract
Plasmodium falciparum, the causal agent of malaria, continues to evolve resistance to frontline
therapeutics such as chloroquine and sulfadoxine-pyrimethamine. Here we study the amino acid
replacements in dihydrofolate reductase (DHFR) that confer resistance to pyrimethamine while
still binding the natural DHFR substrate, 7,8-dihydrofolate, and cofactor, NADPH. The chain of
amino acid replacements that has led to resistance can be inferred in a computer, leading to a
broader understanding of the coevolution between the drug and target. This in silico approach
suggests that only a small set of specific active site replacements in the proper order could have
led to the resistant strains in the wild today. A similar approach can be used on any target of
interest to anticipate likely pathways of future resistance for more effective drug development.
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Introduction
Malaria continues to be a severe health concern, with over half of the world’s population at
risk for infection [1]. In Africa, malaria is the second leading cause of death from infectious
disease, following only HIV/AIDS. The parasites responsible for malaria come from the
genus Plasmodium, and are transferred to humans through the Anopheles mosquito. The
parasite Plasmodium falciparum has a long history of human infection dating to between
112,000 and 1,036,000 years ago [2] or at the most 2.5 million years ago [3]. The genus
Plasmodium itself dates back at least to the mammalian radiation at 12.8 million years ago.
Ayala et al. [4] examined the history of the Plasmodium genus through molecular evolution.
Their results demonstrated that P. falciparum, P. malariae, P. ovale, and P. vivax all share a
common history that predates hominid evolution, and that the origin of P. falciparum
correlates well with the origin of the hominids [4].

Arisue et al. [5] provided additional insight into the evolution of 18 species in the
Plasmodium genus through the analysis of the serine repeat antigen (SERA) multigene
family. This gene family began in a common ancestor of the genus Plasmodium and,
through a series of gene duplications, diverged into two types of SERA genes (either a
cysteine or serine-type). This divergence may have coincided with the world-wide
expansion of Plasmodium. The resulting phylogeny of the genus [4, 5] has also been
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adopted as the canonical tree offered by the National Center for Biological Information
(NCBI) (Fig. 1). We have adopted this phylogeny to better understand the evolution of
dihydrofolate reductase (DHFR) within Plasmodium.

In Plasmodium, DHFR is found as a domain in a complex with thymidylate synthase and
catalyzes the reduction of 7,8-dihydrofolate to 5,6,7,8-tetrahydrofolate [6, 7]. Given this is a
critical component of purine and amino acid synthesis, it is not surprising that the overall
secondary and tertiary structure of DHFR is highly conserved [8]. Inhibition of DHFR
effectively blocks thymidine synthesis, leading to cell death [9]. DHFR is also considered as
a therapeutic target for cancer [10], and because of its relevance to central components of
cellular mechanics, a large quantity of detailed structure and activity data exists.

DHFR remains an attractive therapeutic target given inhibition kills prokaryotes such as S.
aureus and M. tuberculosis, unicellular eukaryotes such as P. falciparum as well as cancer
cells [9–12]. The underlying mechanisms, dynamics, and kinetics of DHFR-based drug
resistance, remains a very active area of current research [12–16]. Extensive structure and
activity studies have been performed on DHFR and chromosomal DHFR has a highly
conserved structural motif including a well-defined active site and catalytic mechanism [8].

The recent worldwide use of anti-malarial drugs has led to a coevolutionary response of
malarial strains to rapidly evolve resistance. Chloroquine, which targets heme metabolism,
was first introduced into clinical practice in 1947. It took less than 10 years for resistance to
independently develop in Southeast Asia and South America [17]. By the late 1970s
resistant strains of malaria were prevalent throughout the world. As a replacement therapy,
sulfadoxine-pyrimethamine, targeting dihydropteroate synthase (DHPS) and DHFR
respectively, was introduced into clinical practice in the 1960s in areas where chloroquine
resistance predominated. Unfortunately, wide-spread resistance developed within 10 years
due to key amino acid replacements in both DHPS (A437G, K540E, A581G and A613S)
and DHFR (N51I, C59R, S108N and I164L) [18]. In DHFR, these mutations allow P.
falciparum the opportunity to bind the natural substrate, 7,8-dihydrofolate and the cofactor
NADPH, while simultaneously reducing the binding affinity of therapeutics designed to
block the active site [17–19]. Single mutant (S108N), double mutant (C59R, S108N), triple
mutant (N51I, C59R, S108N) and quadruple mutant (N51I, C59R, S108N, I164L) drug
resistant strains of P. falciparum are now commonplace in the wild primarily in Southeast
Asia and the Western Pacific, although resistant genotypes are now beginning to appear in
Africa particularly in patients with repeated infections [19].

Here we examine the structural evolution of DHFR to better understand the evolutionary
processes that conferred resistance. Towards this goal we first generated a structure-based
alignment of wt-DHFR protein sequences from 17 Plasmodium species in order to evaluate
the degree of site-specific variability/conservation of both sequence as well as structure.
DHFR-specific phylogenetic trees were generated and compared to the canonical
Plasmodium phylogeny. Using homology models of potential and actual mutant Pf-DHFR
sequences, we then used in silico docking experiments to model the selection pressure based
on specific protein–ligand interactions and the resulting evolution of drug resistance in P.
falciparum DHFR in response to pyrimethamine.

Materials and methods
Plasmodium DHFR sequences

Following a comprehensive search of the NCBI Protein sequence database, 554 Plasmodium
DHFR sequences were downloaded in FASTA format, and imported into BioEdit [20]
where they were sorted by species and by their classification as either a wild-type or a
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mutant sequence. As many of the sequences include thymidylate synthase, all sequences
were truncated to include only the DHFR domains. For species having more than one wt
sequence in the database, a representative wt sequence was selected at random. The
“canonical” phylogenetic tree of the resulting 17 wt sequences was generated from
publically available tools at the NCBI (www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/
wwwcmt.cgi). The resulting phylogeny was saved (*.phy), and imported into MEGA for 5.0
[21] for formatting (Fig. 1).

Homology modeling
X-ray crystal structures currently exist for wt, double mutant and quadruple mutant P.
falciparum DHFR (1J3I.pdb, 1J3 J.pdb and 1J3 K.pdb respectively) as well as for wild-type
P. vivax DHFR (2BL9.pdb). Pairwise sequence alignments were performed for each of the
remaining 15 wt Plasmodium DHFR sequences using MOE (www.chemcomp.com) in order
to determine which of the two wild-type X-ray crystal structure sequences to use as a
template for homology modeling: wt-PfDHFR (1J3I.pdb) or wt-PvDHFR (2BL9.pdb). The
X-ray structure having the largest value of Pairwise Percentage Identity (indicating the
greatest sequence homology) to each sequence was selected. All homology models were
generated and refined using the Amber99 potential and default MOE settings. RMSD values
for each homology model from the corresponding template X-ray crystal structure ranged
between 0.37 and 1.24 Å.

Likewise, 16 “mutant” homology models of fictitious P. falciparum DHFR were built in
silico using all 16 combinations of the amino acid substitutions N51I, C59R, S108N, I164L.
RMSD values for each homology model from 1J3I.pdb (wt Pf-DHFR) ranged between 0.93
and 1.34 Å.

Structure-based sequence alignments
We recently published a set of structurally aligned wild-type DHFR sequences from X-ray
crystal structures of 22 prokaryotic and eukaryotic species with diverse evolutionary history
[22]. Using Deepview [23] each of these 22 structures as well as each of the two mutant X-
ray crystal structures for P. falciparum (1J3 J.pdb and 1J3 K.pdb) were “cleaned” by
removing all waters, ligands, and ions. In addition, each *.pdb file was truncated to include
only a monomer of DHFR in each *.pdb file. These were then imported into MOE along
with the 15 generated homology models of Plasmodium DHFR wt sequences where they
were structurally aligned using MOE’s “Superpose” function (Fig. 2). The overall RMSD
for the 39 structures was 1.46 Å.

The 17 aligned Plasmodium wt DHFR sequences were then exported as a *.fasta file and
imported into BioEdit for further alignment. For each sequence, a mask was generated
labeling each residue for the type of secondary structure present (alpha helix (H) or beta-
sheet (S)). The structure-based sequence alignment was truncated in Bio-Edit to include
residues 6 Å from bound NADPH and the active site residues (Fig. 3).

Plasmodium DHFR phylogenetics
A phylogenetic tree was generated from the structural alignment with MEGA 5.0 [21] using
the UPGMA method with the following parameters: Dayhoff amino acid replacement
model; uniform rates of site-specific mutation; complete deletion of gaps and missing data
(Fig. 4). The phylogeny was evaluated using the bootstrap method with 1,000 replications.
Analyses using the Neighbor–Neighbor joining method as well as non-uniform rates of site-
specific mutation were very similar to that presented in Fig. 5.
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TOPD/FMTS [24] with default settings was used to perform pairwise comparisons of this
phylogenetic tree to the canonical DHFR phylogenetic tree. Three different algorithms were
used to evaluate differences between the trees. These include the Split Difference based on
partition metrics [25], the Nodal Distance based on path length metrics [26] and the
Disagree Distance which identifies the fraction of taxa that disagree between two trees [27].
100 comparisons using randomized trees generated with a Markovian algorithm were
performed with each method for each pair of trees in order to determine if the similarity was
greater than random [24].

Determination of sequence and structure conservation and variability
The structure-based alignment was analyzed in an attempt to quantify the frequency of site-
specific amino acid substitutions and the degree of sequence conservation. BioEdit was used
to calculate the frequency of occurrence for each of the 20 naturally occurring amino acids
at all positions in the aligned sequences. For cases where one or more gaps were present at a
particular position in the alignment, the gaps were assigned a null value. For each position in
the aligned sequences, the frequency of finding a residue in either an α-helix or β-sheet
conformation was also calculated.

The average amino acid frequency of occurrence for each position in the alignment was then
determined. The higher this average, the greater the degree of position specific conservation.
The lower this average, the greater the variability for amino acid replacement. Likewise, the
average frequency for secondary structure and residue class was calculated at each position.
These residue classes reflect commonly used classifications of amino acids (e.g., acid, base,
glycine, proline, non-aromatic hydrophobic, aromatic, polar) based on both side chain
functionality and the underlying codon. Given the critical role that proline and glycine play
in secondary structure elements such as turns and helices, they were given separate
classifications.

The average of the average frequency per position was then calculated for amino acid
frequency, secondary structure amino acid class. These values provided a metric for the
overall degree of conservation or variability at each site in the alignment—not only in terms
of amino acid residue identity, but also secondary structure and residue class. For purposes
of this paper these values will be called Amino Acid Conservation and Secondary Structure
Conservation, and Residue Class Conservation respectively.

In silico docking experiments
Docking experiments were performed using GOLD (www.ccdc.cam.ac.uk) with the default
GOLD fitness functions and default evolutionary parameters [28]. In GOLD, the default
scoring functions are the Pairwise Linear Potential (PLP) Fitness Score (an empirical fitness
function optimized for pose prediction termed “PLP Fitness”) and “PLP score” (similar to
empirical estimates of the free energy of binding) [29]. The more positive the PLP Fitness
score or the more negative the PLP score the better the pose.

For each homology model, docking experiments were first performed with NADPH and
subsequently with 7,8-dihydrofolate and pyrimethamine each in the presence of the top
scoring NADPH pose. The amide hydrogen on Ser108 was selected as the binding site
center for all NADPH binding experiments and the carbonyl oxygen of Ile164 was selected
as the binding site center for all pyrimethamine and 7,8-dihydrofolate binding experiments
[30, 31]. For the NADPH docking experiments, the side chain of Arg129 was allowed to be
flexible in order to avoid a steric clash with NADPH. Ten docking runs were performed per
structure unless 3 of the 10 poses were within 1.5 Å RMSD of each other. All poses were
output into *.sdf files.
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In order to verify that poses resulting from in silico docking represented correctly-bound
conformations, each pose was inspected visually and compared to the experimentally
determined binding modes and conformations from the X-ray crystal structure of wt-
PfDHFR with bound pyrimethamine and NADPH (3QGT.pdb). This process is illustrated in
Fig. 5. Poses inconsistent with experimentally determined binding modes and conformations
were discarded. Only the top scoring pose (based on PLP Fitness and PLP Score) for each
compound was retained.

Results and discussion
DHFR phylogenetics and insights into Plasmodium evolution

In a recent analysis of Plasmodium phylogeny based on mitochondria encoded proteins:
cytochrome c oxidase subunits I and III and cytochrome b (all three of which are not under
positive selection) [32], Hayakawa et al. [33] argued for coevolution of the malaria parasites
with their hosts: rodent; bird; primate group 1; and primate group 2.

The phylogenetic tree generated from our structure-based Plasmodium DHFR sequence
alignments (Fig. 4) clustered into 4 main clades corresponding well with the host organism:
bird (P. galliniceum); rodent (Vinckeia); primate group 1 (Plasmodium); and primate group
2 (Laverania). This clustering is also consistent with phylogenetic trees generated using
ribosomal RNA sequences [34], circumsporozite protein genes [35], as well as genes for
cytochrome b [36].

However significant differences remain relative to the canonical tree (Fig. 1) as well as
phylogenies based on mitochondrial, ribosomal as well as circumsporozite protein genes
[32, 34–36]. Within the DHFR phylogeny, these differences included grouping the
Laverania clade with P. gallinaceum in addition to placement of the Vinckeia clade basal to
all other taxa.

A pairwise comparison was performed using three different metrics to evaluate these
phylogenetic differences. The calculated Split Difference had a value of 0.692 and the
Disagree Difference had a value of 0.750 compared to the calculated “random” trees,
producing values of 0.977 and 0.952 respectively. For these metrics, two truly random trees
would provide a value of 1. The Nodal Difference had a value of 2.249 compared to the
calculated “random” value of 2.799. For the Nodal Difference, the larger the value, the
greater the tree dissimilarity.

These differences imply that DHFR is under a different selection pressure than the
mitochondrial, ribosomal as well as circumsporozite protein genes used to generate the other
trees. There are many possibilities for this observed difference that may include selection
pressures targeting regulation of the catalytic function as well as selection pressures
targeting the protein–protein interactions of DHFR with thymidylate synthase domains. This
will be further explored in future studies.

Determination of sequence and structure conservation and variability
For the structure-based alignment of Plasmodium DHFR, the Amino Acid Conservation (in
terms of residue identity) was 51.95 % ± 5.63 %. This ranges from a value of 5.88 %
representing the case where each of the Plasmodium sequences have a different amino acid
at each position to a value of 100.00 % representing complete conservation at each and
every position. The calculated value of 51.95 % is indicative of a high degree of site-specific
sequence conservation.
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The value for Secondary Structure Conservation was higher, 80.14 ± 3.95 %. This is to be
expected given the 1.46 Å RMSD calculated from the structural alignment (Fig. 2).
Likewise the value for Residue Class Conservation was also higher, 64.27 ± 5.56 %.
Although a substantial degree of site-specific sequence variability exists across the 17
Plasmodium species, there is low tolerance for amino acid replacements that result in
changes to secondary structure or residue class for DHFR.

A similar analysis was performed for the structure alignments of the active site residues. Not
surprisingly, the value of Amino Acid Conservation for the active site, 74.42 ± 11.46 %, was
almost 50 % higher than the Amino Acid Conservation for the entire sequence alignment.
The value for Secondary Structure Conservation was also higher, 95.19 ± 5.32 % indicating
minimal tolerance for changes in secondary structure type. Likewise the value for Residue
Class Conservation was also higher than the total sequence alignment, 86.93 ± 8.96 %. From
analysis of the positional conservation for the active site residues (Fig. 3) it appears that 30
out of 53 (roughly 57 %) of the active site positions are completely conserved. Only 7 out of
53 (roughly 13 %) of the active site positions had variations with more than 3 different
amino acids.

The structure-based alignment was then analyzed to determine the degree of conservation
for the positions corresponding to the four amino acid replacements found in drug resistant
strains of P. falciparum. Of these, only active site position 59, corresponding to the point
mutation C59R, was not highly conserved. In 13 of the other wt species, serine, threonine or
valine is present in position 59. However, positions 51, 108, and 164 corresponding to
amino acid replacements N51I, S108N, I164L respectively, are highly conserved and are
found only in resistant P. falciparum DHFR sequences.

A similar analysis was performed using our previously published structure-based alignment
of X-ray crystal structures of 22 prokaryotic and eukaryotic species [23]. Unlike the
alignment of Plasmodium DHFR sequences, this structure based alignment had a much
greater degree of variation in active site residue identities: 27.08 ± 7.53 % Amino Acid
Conservation [22]. Only 3 active site positions out of 53 (5.7 %) were completely conserved.
These correspond to glycine in positions 105, 165, and 166. Only one species, Bacillus
anthracis, was found to have asparagine in position 108. As mentioned previously, the
amino acid substitution S108N is thought to have introduced drug resistance to P.
falciparum [32]. Candida glabrata, Mycobacterium tuberculosis, Lactobacillus casei and
Thermotoga maritima all have arginine in position 59. Haloferax volcanii and Babesia bovis
have isoleucine and arginine in positions 51 and 59 respectively. Additionally, Babesia
bovis has leucine in position 164. Although these species share one or more residues in
common with mutant Pf-DHFR sequences, their resistance to pyrimethamine remains
unknown.

Given that there are 53 positions in the active site (defined in our studies) and 20 possible
naturally occurring amino acids, this amounts to a space of 2053 or ~9 × 1068 possible amino
acid replacement combinations. However, there is a high degree of conservation in the
active site of DHFR throughout the evolutionary history of the genus Plasmodium over the
last 12.8 million years. The relatively recent evolution of resistance in Pf-DHFR due to
changes in 4 active site positions indicates the presence of a strict selection pressure from
drugs like pyrimethamine. In the next section we mimicked this selection pressure through
in silico docking experiments.

Docking studies: fitness and selection
Docking studies were performed with each of the 17 wt Plasmodium DHFR X-ray crystal
and homology structures (Table 1) as well as with each of the 16 P. falciparum wt and
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mutant homology models (Table 2). As described in the methods section, a subjective, fuzzy
objective function was created to evaluate the ability of each sequence to maintain binding
affinity for both the co-factor NADPH and the substrate 7,8-dihydrofolate while reducing
affinity for the drug pyrimethamine. This fitness function was defined using the relative
binding affinities for NADPH and 7,8-dihydrofolate evaluated through a ratio of the
corresponding docking scores for each DHFR structure versus those of wt P. falciparum
(1J3I.pdb). Values close to 1 indicated “similar” affinity for each ligand as the wt sequence
and low values indicated “lesser” affinity. To evaluate the relative resistance of each
sequence to pyrimethamine, the ratio of the docking scores for pyrimethamine versus that of
7,8-dihydrofolate were calculated for each DHFR structure. A “low” value for this ratio
indicated reduced binding affinity relative to the substrate 7,8-dihydrofolate, thus implying
“enhanced” resistance.

In order to verify that poses resulting from in silico docking represented correctly-bound
conformations, each pose was inspected visually and compared to the experimentally
determined binding modes and conformations from the X-ray crystal structure of wt-
PfDHFR with bound pyrimethamine and NADPH (3QGT.pdb). This process is illustrated in
Fig. 5.

Poses of NADPH, pyrimethamine and 7,8-dihydrofolate that were inconsistent with the
experimentally determined binding modes and conformations from the X-ray crystal
structure of wt-PfDHFR with bound pyrimethamine and NADPH (3QGT.pdb) and/or poses
that were displaced from the appropriate binding site were considered not to bind and were
designated by “N/A” in Tables 1 and 2. Using these metrics, we defined a drug “resistant”
DHFR model as one with NADPH and 7,8-dihydrofolate ratios approximating 1 and a
pyrimethamine pose that was scored as “N/A.” If the docked pose of pyrimethamine was
consistent with that of the X-ray crystal structure, the DHFR model was classified as “non-
resistant”—even if the docking score ratio was “low.” Models where the NADPH pose and/
or dihydrofolate pose were scored as “N/A” were eliminated as organisms with these amino
acid replacements would be culled in nature.

The results presented in Table 1 show that only two DHFR sequences were predicted to be
resistant, P. yoelli yoelli and P. chabaudi. At first we considered these to represent possible
‘false positives’. However, upon further inspection we discovered that the P. yoelli yoelli
sequences in the NCBI Protein database, including the one used in these studies: gi#
82540717, are all identical to that of one coming from a pyrimethamine resistant strain [37,
38]. Likewise the P. chabaudi DHFR sequence used in this analysis (gi# AAA29587.1) also
came from a pyrimethamine resistant strain [39]. To our surprise, it turned out that these
sequences were correctly identified as being pyrimethamine resistant.

The results of the docking studies of the 16 models of wt and mutant Pf-DHFR sequences
presented in Table 2 are summarized in Fig. 6. In these studies we identified the naturally
occurring single mutant (S108N), double mutant (C59R, S108N), triple mutant (C59R,
S108N, N51I) and quadruple mutant (C59R, S108N, N51I, I164L) all as “resistant.”
However, the single-mutants N51I and C59R were classified as being not resistant as
pyrimethamine bound to the active site. The I164L mutant was also eliminated as the
cofactor NADPH and substrate dihydrofolate did not bind well.

In the literature, it has been proposed that the first mutation conveying resistance to
pyrimethamine may have been S108N resulting from a steric clash between the side chain of
Asn 108 and pyrimethamine [30, 31, 40–43]. In our docking studies we observed that while
this mutation does indeed result in a steric clash with pyrimethamine [31, 32], it does not
affect binding of the substrate dihydrofolate (Fig. 7).
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Interestingly, we observed that the docked pose of dihydrofolate forms hydrogen bonds with
the side chain of Arg 59 in the mutant C59R, S108N structure that are not possible with Cys
59 (Fig. 7). This provides a structure-based explanation for the observed synergistic
enhancement of resistance in mutant DHFR containing the S108N as well as C59R
mutations.

We also predicted 3 additional replacement sets (S108N, N51I); (C59R, S108N, I164L); and
(S108N, N51I, I164L) to be resistant to pyrimethamine. To our knowledge, these
replacements have not yet been observed in the wild. It is possible that some/all of these
may represent intermediate steps in the evolution of resistant strains of P. falciparum that
have been lost over time due to competition with the genotypes that exist in the wild today.

Pathways to pyrimethamine resistance
In recent studies Lozovsky et al. and Brown et al. [44, 45] performed similar analyses in
which assays were performed measuring inhibition of bacterial growth with plasmids
containing all 16 mutants. From the resulting IC50 values, evolutionary models were
generated and predicted pathways to pyrimethamine resistance were predicted and
evaluated. Interestingly, in these studies they observed that the S108N mutation lead to
resistance (as expected) and that the N51I as well as the I164L mutations did not. Our results
are in complete agreement (Fig. 7). However, in their studies, the C59R mutation did lead to
resistance, whereas in our analysis it did not. It is possible that resistance from the C59R
mutation may arise from a greater binding affinity for the substrate over pyrimethamine due
to increased hydrogen bonding. Based on this discrepancy, we plan to refine our fitness
function to model these interactions more accurately. Overall, our predicted pathway to
pyrimethamine resistance closely mirrors that of Lozovsky et al. including a (S108, N51I)
branch.

Conclusions
Over the last 50 years, P. falciparum has demonstrated the ability to rapidly evolve
resistance to front-line therapeutics such as chloroquine and sulfadoxine-pyrimethamine.
This poses a grand challenge: how can we combat a parasite that rapidly evolves in response
to therapeutics that take years to develop at significant cost? We believe the answer is to
include models as a component of drug development that can faithfully recapitulate
coevolutionary processes. A portfolio of potential therapeutics can result, all in anticipation
of likely possible future amino acid replacements.

In this paper, we have demonstrated that in silico modeling of evolution can simulate the
evolutionary trajectories of the clinically relevant therapeutic target dihydrofolate reductase
(DHFR) and identify amino acid replacements that maintain 7,8-dihydrofolate and NADPH
binding while simultaneously reducing drug affinity, thus providing increased “resistance”
for the host. Furthermore, our model has helped elucidate the likely pathways of amino acid
replacement leading to double, triple, and quadruple mutant DHFR in the wild. The
simulation also provides a means to better understand those pathways that are highly
unlikely to lead to resistance to pyrimethamine while still maintaining an affinity to its
natural substrate. These results are consistent with the growing consensus that there are a
limited number of pathways to drug resistance in P. falciparum [44–46].

In future studies, we propose to couple this methodology with in silico and in vitro screening
[47] as well as computational intelligence based de novo ligand design [48] in order to
identify compounds active against future drug resistant strains of malaria parasites. This
same approach can be used on any target of interest to better understand previous pathways
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to resistance, leading to the opportunity to predict likely pathways of future resistance as an
additional benefit to future drug development.
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Fig. 1.
Taxonomic tree of 17 Plasmodium species adopted from www.ncbi.nlm.nih.gov/Taxonomy/
CommonTree/wwwcmt.cgi
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Fig. 2.
The structural superimposition of DHFR proteins from 24 X-ray crystal structures and 15
homology models (RMSD = 1.46 Å)
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Fig. 3.
Structural alignment of 17 DHFR sequences truncated to residues 6 Å from bound NADPH
and the active site with corresponding secondary structure residue masks. Residues >6 Å
from bound NADPH and the active site are not shown and are designated by dashed lines.
The first 17 rows represent the actual residues in each sequence. The second set of 17 rows
are labeled for the type of secondary structure present: H for alpha helix, S for beta-sheet.
X-ray crystal structures exist for P. falciparum (1J3I.pdb) and P. vivax (2BL9.pdb), all
others sequences represent homology models
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Fig. 4.
UPGMA tree generated with MEGA5. Parameters: complete deletion, Dayhoff model,
uniform rates of substitution. Tested with Bootstrap n = 1,000. Double mutant P. falciparum
(C59R, S108N) and quadruple mutant P. falciparum (N51I, C59R, S108N, I164L) are also
shown relative to the wt P. falciparum
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Fig. 5.
Superposition of X-ray crystal conformations of pyrimethamine and NADPH bound to wt
DHFR from 3QGT.pdb (colored in gold) versus docked conformations (in CPK), RMSD
values <1.00 Å
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Fig. 6.
Pathways of resistance to pyrimethamine by DHFR. Starting with the wild type amino acid
sequence for DHFR (green), several one-step, two-step, and even three-step amino acid
replacements provide no resistance to pyrimethamine (pathways with crossed circles). The
only viable pathways to the known double, triple, and quadruple mutant DHFR sequences
(shown in red) are through either C59R or S108N replacements, leading to a cascade of
alternate replacement sets that provide further resistance
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Fig. 7.
Superposition of bound X-ray crystal of dihydrofolate bound to S. aureus wt-DHFR
(3RD.pdb) versus conformations from docking experiments to P. falciparum DHFR: (A) wt
and (B) double mutant (C59R, S108N)
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