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AbstractÐA three-dimensional (3-D) model of dihydrofolate reductase (DHFR) from Plasmodium falciparum has been constructed
by homology building. The model building has been based on a structural alignment of ®ve X-ray structures of DHFR from dif-
ferent species. The 3-D model of the plasmodial DHFR was obtained by amino acid substitution in the human DHFR, which was
chosen as template, modi®cation of four loops (two insertions, two deletions) and subsequent energy minimization. The active site
of P. falciparum DHFR was analyzed and compared to human DHFR with respect to sequence variations and structural di�er-
ences. Based on this analysis the molecular consequences of point mutations known to be involved in drug resistance were dis-
cussed. The signi®cance of the most important point mutation causing resistance, S108N, could be explained by the model, whereas
the point mutations associated with enhanced resistance, N51I and C59R, seem to have a more indirect e�ect on inhibitor binding.
# 1999 Elsevier Science Ltd. All rights reserved.

Introduction

Malaria is one of the most widespread diseases in the
world. Each year, more than 100 million people are
infected and close to one million die, because they do
not receive adequate treatment.1 Malaria is caused by
di�erent parasites of Plasmodium, of which Plasmodium
falciparum is the most vicious one. It causes Malaria
tropica, which, without treatment, is very often lethal
for the infected patient. There are a number of e�ective
drugs available that interact in di�erent ways with the
biochemical life cycle of the parasite (quinine, chloro-
quine, primaquine, halofantrine, pyrimethamine and
proguanil), but as the parasites rapidly develop perma-
nent resistance against the di�erent subclasses, there is a
great urge to develop new and e�ective drugs.2

One of the targets for drugs against malaria is the
enzyme dihydrofolate reductase (DHFR). Pyri-
methamine and cycloguanil (the active metabolite of
proguanil) (Fig. 1) are speci®c inhibitors of the plasmo-
dial DHFR, which is essential to the DNA synthesis.
DHFR is an ubiquitous enzyme and it is a target for the

anticancer drug methotrexate as well as the antibacterial
trimethoprim. The selectivity is due to selective binding
of the drugs to the enzyme in the di�erent species.3,4

DHFR from various species have sequence identities of
25±40%, but despite the low sequence identity the
structural homology is very high and all known DHFR
structures are remarkably similar. The secondary struc-
ture elements that are conserved in all known DHFR
structures comprise a central eight stranded sheet and
four helices, ¯anking the sheet (Fig. 2).5,6 The active site
is a 15AÊ deep cleft with a core of mostly hydrophobic
residues, and an acidic residue at the bottom (Glu or
Asp). X-ray crystallographic studies of DHFR co-crys-
tallized with various substrate analogues have shown
that the natural substrate, dihydrofolic acid, is bound
via hydrogen bonds and hydrophobic interactions to
highly conserved residues in the active site.5,6

In protozoa DHFR is part of a bifunctional homo-
dimeric protein, where each monomer comprises a
DHFR domain, a junctional peptide and a thymidylate
synthase (TS) domain. The two functional domains are
homologous to monofunctional DHFR and TS, respec-
tively, but as for the monofunctional counterparts the
protozoal DHFR domains display considerably less
sequence identity compared to the TS domains. The length
of the junctional peptide is variable in the bifunctional
proteins ranging from a few residues in Leishmania
major to almost 100 residues in P. falciparum.7
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The 3-D structure of DHFR±TS from L. major has been
solved by X-ray crystallography,8 but the coordinates
have not yet been made publicly available. According to
the authors the two domains display the expected
structural similarity to the corresponding monofunc-
tional enzymes. The monomer±monomer interface is
very similar to the one found in TS dimers of mono-
functional enzymes, and the DHFR±TS interface is
determined by the length of the junctional peptide in L.
major. The N-terminal extension found in protozoal
enzymes serves to improve the contacts between the two
domains. In contrast to what was predicted in a modelling
study,9 the DHFR domains do not interface each other.

The 3-D structure of plasmodial DHFR is not yet known,
but the enzyme is an obvious target for structure-based

molecular design. It is of great importance to under-
stand selectivity and resistance at a molecular level in
order to be able to design new and more e�ective anti-
malarial drugs. Therefore, we have constructed a 3-D
model of the plasmodial DHFR, based on sequence and
structural alignment of the known 3-D structures of
vertebrate and bacterial DHFR.

Methods

The amino acid sequence of P. falciparum DHFR
(entry C31262)7 was taken from the NBRF-PIR Data-
base (version 42.0).10 The coordinates of the 2.0AÊ

resolution structure of human DHFR (entry 1drf),11 the
1.7AÊ resolution structure of chicken DHFR (entry
8dfr), the 1.9AÊ resolution structure of Escherichia coli
DHFR (entry 3drc),12 the 1.7AÊ resolution structure of
Lactobacillus casei DHFR (entry 3dfr)13 and the 2.3AÊ

resolution structure of Pneumocystis carinii DHFR
(entry 1daj)14 were taken from the Protein Data Bank.15

The sequence alignment of the ®ve protein sequences
was carried out using the programme CAMELEON
(version 3.12)16 followed by manual adjustments.
Molecular modelling and energy calculations were per-
formed using the SYBYL molecular modelling system
(version 6.3).17 In the energy minimization procedure all
hydrogen atoms were included considering a neutral pH
for the charged groups. AMBER all-atom partial
atomic charges18 were used for all protein atoms and a
dielectric constant of 4 was applied in order to com-
pensate for the lack of water.19 Energy minimizations
were carried out with the MAXIMIN2 minimization
algorithm20 using the SYBYL implementation of the
AMBER 3.0 all-atom force ®eld.21 One to four non-
bonded interactions were scaled by a factor of 0.5 and a
convergence criterion of 0.005 kcal/mol/AÊ was applied.

Figure 1. Dihydrofolate reductase inhibitors mentioned in the text.

Figure 2. MOLSCRIPT representation39 of human DHFR (1drf)
illustrating the secondary structure elements.
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The energy minimization was performed by a stepwise
procedure where the protein atoms were gradually
relaxed: (1) all sidechain atoms, (2) all sidechains and
the backbone of the changed loops and, ®nally, (3) all
atoms. The programmes PROCHECK (version 3.0)22

and PROSA (version 3.0)23 were used to evaluate the
modelled enzyme structure. Solvent accessible surfaces
were calculated using the programme GRID (version
14.0)24,25 (probe OH2, 0.5AÊ grid size).

Results and Discussion

Sequence and structural alignment

The sequences of human, chicken, E. coli, L. casei and
P. carinii DHFR were aligned using the programme
CAMELEON. Subsequently, the alignment was manu-
ally re®ned by a thorough structural alignment. For
this structural alignment the 3-D structures of the
chicken, E. coli, L. casei and P. carinii enzymes were
®tted to the backbone of the human DHFR (based on
the conserved residues Leu27, Gly53, Gly116 of the
human enzyme). The conserved secondary structure
elements and the regions of signi®cant structural simi-
larity were de®ned as structurally conserved regions
(SCR).26 The rest of the structure displayed consider-
able di�erences in the backbone conformation and were

classi®ed as variable regions (VR). The SCRs were then
used as a template for the ®nal sequence alignment
(Fig. 3).

For the sequence alignment and model building we
chose the sequence of the pyrimethamine sensitive 3D7
clone of P. falciparum.27 The sequence was aligned to
the structurally derived sequence alignment of the
DHFR structures. The alignment was carried out using
the programme CAMELEON followed by manual
adjustments in order to place insertions and deletions
outside structurally conserved regions (Fig. 4). As
described by Bzik et al.7 the amino acid identity between
the vertebrates and plasmodium were higher than
between the bacteria or fungi and plasmodium (P. fal-
ciparum±human: 59 residues; P. falciparum±E. coli: 44
residues; P. falciparum±L. casei: 37 residues; P. falci-
parum±P. carinii: 48 residues). The N-terminal part of
the sequence alignment di�ers from the one published
by Bzik et al.,7 but it is consistent with the more recent
alignment based on the 3-D structure of DHFR from
L. major.8

The 3-D structure of the human DHFR was chosen as
the template for the model building, because the human
and the plasmodial DHFR displayed the highest degree
of sequence identity and similarity (59 identical resi-
dues=32%; 87 similar residues=47%). The ®rst and

Figure 3. Structural alignment of the X-ray crystallographically determined structures of human Lactobacillus casei, Escherichia coli, chicken and
Pneumocystis carinii DHFR. The structurally conserved regions are coloured green in all structures, whereas the variable regions are coloured yel-
low, cyan, and red in vertebrates, bacteria and fungi, respectively.
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the last aligned pair of the plasmodial sequence were
Glu25 and Asn230, respectively. There was no back-
bone template for residue 1±24 at the N-terminal and
none for residues 231±258 at the C-terminal of the
plasmodial sequence. Therefore, no reliable structure
could be obtained in these regions. Based on the struc-
tural alignment four loop regions, 2 insertions and 2
deletions, were de®ned. The loops were numbered from
1 to 4 beginning at the N-terminal end (Fig. 4).

Model building

The model building was performed in several steps. In
the ®rst step, all amino acids in the SCRs were sub-
stituted, using the SYBYL biopolymer module. It leaves
the backbone unchanged and replaces the sidechains
with new ones. All the sidechain torsion angles
(w1,w2,. . .) are retained where a short sidechain is
replacing a long one. In case of a short sidechain being

Figure 4. Sequence alignment of Plasmoduim falciparum DHFR against the ®ve DHFR with known 3-D structure. The secondary structure ele-
ments present in all ®ve 3-D structures are marked above the alignment. The structurally conserved residues and residues lining the substrate binding
site are marked by an asterix and a triangle, respectively. The four loops modi®ed during the model building are marked below the alignment.
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changed to a longer one, the conformation of the new
sidechain is taken from a library of preferred sidechain
conformations.

The second step involved modelling of the four loops,
which was carried out using the loop search facility of
SYBYL. Three Ca-carbons, two preceding and one fol-
lowing the loop, were used as anchor points for each
loop search. Initially, all loop searches were done inde-
pendently and the resulting loops were carefully eval-
uated, considering: (1) homology score, (2) position and
orientation of the carbonyl groups in the three anchor
residues, (3) root-mean-square (RMS) distances between
the Ca-carbons in the anchor residues, and (4) possible
collisions with the remaining part of the protein.
Finally, the loop searches were carried out in an order
that took the changes of the preceding loop search into
account and the promising candidates of the ®rst run
were tested for possible collisions with other newly
found loops. The loop searches were performed in order
of increasing complexity: loop2, loop3, loop4, loop1
(Table 1 and Fig. 4). Especially, loop1 was complicated
because it involved an insertion of 28 residues. Many of
the suggested loops were pointing completely away
from the enzyme surface. The selected loop had a good
sequence homology score, ®tted to the enzyme sur-
face and did not collide with the remaining part of the
protein.

In the X-ray structure of human DHFR the residues
Asn126-His127-Pro128-Gly129-His130 make the con-
nection between the fourth a-helix and the sixth strand
of the b-sheet. According to the alignment the corre-
sponding sequence in the plasmodial enzyme is Glu175-
Lys176-Lys177-Leu178-Ile179 and a glycine is, there-
fore, to be replaced by a leucine. In the human X-ray
structure Gly129 is adopting a conformation which is
only allowed for glycines, but as the sequence of the
chicken enzyme (Glu126-Lys127-Pro128-Ile129-Asn130)
is more similar to the plasmodial in this region, the
backbone conformation of residues Glu126:Asn130 was
adopted from the X-ray structure of chicken DHFR
(8dfr) (Fig. 4).

In the third step a short local energy minimization was
carried out for each of the carbonyl groups in the
anchor residues in order to optimize the junctional
regions between loop and protein. A visual inspection of
the model built structure and the use of the programme

PROCHECK revealed four very close contacts (dis-
tances <1.5AÊ ). These close contacts were relieved by
using the ®x_sidechain command of the biopolymer
module within SYBYL and by manually adjusting tor-
sion angles of the sidechains within the regions of pre-
ferred sidechain conformation. By this procedure a
good starting geometry for the energy minimization was
obtained. The model building was completed by a step-
wise energy minimization of the plasmodial DHFR as
described in Methods.

Evaluation

In order to establish the quality of the ®nal energy
minimized model structure, the programme PRO-
CHECK was used. Seventy-one percent of the amino
acids were located in the most favoured regions of the
Ramachandran plot (Fig. 5). Two residues (Lys76 and
Asp137) were located in disallowed regions. Lys76 is
situated in the ®rst part of loop1 and it was already
located in the generously allowed area of the Rama-
chandran plot in the structure (1prc)28 retrieved from
the PDB. Asp137 is situated on the tip of loop2 and
prior to energy minimization this residue is occupying
position i� 1 in a Type II0 -turn (�,	=64, ÿ132).
During the energy minimization the loop bends slightly

Table 1. Loops modi®ed in the human DHFR structure during the model building of Plasmodium falciparum DHFR. For each loop the original
sequence in human DHFR as well as the modi®ed sequence in P. falciparum DHFR are listed. The source of the new loop is also listed

Loopa Human DHFR sequence P. falciparum DHFR sequence PDB entryb

1(#40±46) TSSVEGK YVNESKYEKLKYKRCKYLNKETVDNVNDMPNSKKL 1prc:H:Pro136-Asp170
2(#82±87) PPQGAH EDFDEDV 2apr:Ala202-Thr208
3(#100±110) TEQPELANKVD LGKLNYY 1lap:Ala346-Lys352
4(#157±166) KLLPEYPGVL QIISV 8cat:Pro308-Val312

aNumbering according to human DHFR.
b1prc: Photosynthetic reaction center from Rhodopseudomonas viridis.28 2apr: Acid proteinase from Rhizopus chinensis.36 1lap: Bovine leucine ami-
nopeptidase.37 8cat: Beef liver catalase.38

Figure 5. Ramachandran plot produced by PROCHECK of the
model build structure of Plasmodium falciparum DHFR.
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and the conformation changes to a g-turn having Asp137
in position i� 1 (�,	=72, ÿ67). The w1ÿw2 plots (not
shown here) revealed good agreement with expected
values for sidechains. Bond lengths and hydrogen bond
lengths also did not deviate signi®cantly from standard
values. Thus, based on the criteria used in PROCHECK,
the model built structure could be characterized as a
good structure (overall average G-factor ÿ0.10).

The technique of calculating energy pro®les based on
knowledge based mean ®elds has successfully been
applied to identify protein structures or segments of
protein structures, which were misfolded.23 We have
used the PROSA programme to calculate energy pro-
®les for our model built structure of P. falciparum
DHFR. The pro®le (not shown here) clearly showed
that the part of the structure made up by loop1 was not
optimally folded, whereas the remaining part of the
structure displayed a z-score or mean force energy well
below zero, thus indicating that the overall fold of the
P. falciparum structure is correct. For loop1 several dif-
ferent loops suggested by the loop search facility in
SYBYL were evaluated, but none of these a�orded
better energy pro®les in PROSA than the one originally
selected. Considering the length of the loop, it is not
surprising that this part of the structure cannot be
modelled with the same high degree of reliability as the
remaining part of the structure. Thus, even though we
took special care in selecting suitable candidates, the
conformation of loop1 is still in a way arbitrary. Since

the loop is located on the surface of the protein and well
away from the cleft, where the active site is located and
the area where the co-factor binds, this does not change
the usefulness of our model for further investigations of
substrate binding, selectivity and building up of resis-
tance (Fig. 6).

Finally, the 3-D structure of our model of plasmodial
DHFR was compared to the X-ray structure of the
human DHFR. The comparison focused on the struc-
turally conserved regions and particularly on the active
site. Except for the modi®ed loops, no major di�erences
between the human DHFR and the plasmodial model
DHFR were observed (Fig. 6). This was con®rmed by
low RMS distances and very good superpositions of the
structures (Table 2). Generally, the RMS distances for
the active site residues were smaller than for the SCRs,
which may indicate that the active sites are less ¯exible
or structurally more conserved.

Active site

The shape of the active site in the P. falciparum model
was compared to the experimentally determined struc-
tures. The programme GRID was used to contour the
surface of the active site cleft by calculating the solvent
accessible surface. In GRID a 3-D grid is placed around
the protein and in each grid point the energy of inter-
action between the protein and a probe (in this case
water) is calculated. The overall shape of the active site

Figure 6. Ca-plot of the energy minimized structure of Plasmodium falciparum (green except for the four loops, which are colored cyan) and the X-ray
crystallographically determined structure of human DHFR (red). The substrate analogue folic acid present in the human DHFR structure is shown
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of P. falciparum was retained relative to the human
template structure and it was comparable to the shape
of the active sites in the other DHFR structures. The
substrate analogue folic acid could easily be accom-
modated in the active site of P. falciparum in the same
conformation as in the human enzyme (Fig. 7). Thus,
the pteridine ring is forming a bidentate hydrogen bond
to a carboxylate sidechain (Asp54 in P. falciparum and
Glu30 in human DHFR) and the proximal carboxylate
in the glutamic acid part form a salt bridge to Arg122
and Arg70 in P. falciparum and human DHFR, respec-
tively. The most pronounced di�erence is observed at
the entrance to the active site, as the replacement of
Asn64 in human DHFR with Phe116 in P. falciparum
DHFR prevents the enzyme in donating a hydrogen
bond to the carbonyl oxygen of the benzoic acid moiety.
The residue is found in a variable region just after the
highly conserved second a-helix and it must, therefore,
be concluded that the hydrogen bond is not essential to
substrate binding. Only in vertebrates an asparagine
forms this hydrogen bond while in protozoa and fungi
there is a conserved phenylalanine at this position.
In bacteria a two or three residue deletion is found and
no residue can be unambiguously aligned to Asn64. In
L. casei Lys51 has the potential of donating a hydrogen
bond, but sidechain atoms beyond Cb have not been
determined in the X-ray structure (3dfr) and, therefore,
it is most unlikely that a hydrogen bond is formed. In
the P. falciparum model the sidechain of Phe116 adopts
a conformation similar to the conformation of the cor-
responding Phe69 in P. carinii making van der Waals
contacts to the benzene ring of folic acid.

The substrate binding site of DHFR is lined by 30 resi-
dues (Fig. 4). Throughout the six sequences aligned
during the model building, 10 residues are identical and
an additional 14 represent conservative mutations. Of
the remaining 6 only 4 di�er between human and
P. falciparum DHFR. Apart from the Asn64/Phe116
exchange mentioned above the most pronounced di�er-
ence is Asn33, which makes close contacts to folic acid.
This residue is an alanine in most DHFR sequences, but
two exceptions are known: in bacteriophage T429 it is an
aspartic acid and in P. chabaudi30 it is a serine. The
remaining two residues, Asn51 and Cys59, display a
remarkable sequence variation between the di�erent
species. The polar Asn51 corresponds to a non-polar
leucine in most other sequences, whereas the non-polar

Cys59 corresponds to a polar (glutamine, arginine or
lysine) residue.

One of the apparently conservative changes in the active
site of P. falciparum DHFR is Ser108, which is a threo-
nine in many cases. This residue is, however, biologi-
cally very interesting because it is reported to be related
to building up of drug resistance against pyr-
imethamine.31,32 The S108N point mutant of plasmodial
DHFR is catalytically active, but the sensitivity to pyri-
methamine is considerably reduced. Ser108, which is
directly facing the active site cavity, is unique to pyri-
methamine sensitive parasites. Thus, Ser108 may be
essential for the activity of pyrimethamine as well as for
the sensitivity towards the drug. The resistance to pyri-
methamine is further enhanced by point mutation of the
above mentioned Asn51 and/or Cys59. These two resi-
dues are situated in an a-helix close to the entrance of the
active site. It is here interesting to notice the di�erence
between mutations of Ser108 and Asn51/Cys59. The
resistant S108N mutant di�ers more from sequences
from other species, having a threonine at the equivalent
position, than the pyrimethamine sensitive strains. In
contrast, the N51I and C59R mutations cause the P.
falciparum sequence to converge towards the pattern (a
hydrophobic residue in position 51 and a large hydro-
philic residue in position 59) common in most sequences.9

Various inhibitors containing a diaminopyrimidine
moiety have been co-crystallized with DHFR from dif-
ferent species and it has been found that the heterocyclic
ring either binds as the 2-amino-4-hydroxy-pteridine
ring of folic acid or as the diaminopteridine ring of
methotrexate.33 Assuming that pyrimethamine binds to
plasmodial DHFR in a way similar to methotrexate
(bidentate contact to Asp54 and hydrogen bonds to
backbone groups of Val31 and Ile116), we have docked
low energy conformations of pyrimethamine into the
active site of our plasmodial DHFR model. In all the
available X-ray structures of DHFR-inhibitor com-
plexes the inhibitors adopt folded conformations when
bound to the enzyme, but in pyrimethamine the two
aromatic ring systems are linearly arranged. If pyri-
methamine binds as suggested, the phenyl ring of the
inhibitor will be located in a region of the active site that
due to the Thr/Ser exchange display noticeable di�er-
ences between the human and the plasmodial structure
(Fig. 7). In the modelled complex pyrimethamine is

Table 2. RMS distancesa between Ca atoms in the 3-D structures of Plasmodium falciparum, human, Lactobacillus casei, Escherichia coli, chicken
and Pneumocystis carinii DHFR. (SCR, lower left; active site residues, upper right)

P. falciparumc Humanb L. caseib E. colib Chickenb P. cariniib

P. falcipaurmc ± 1.06 1.46 1.39 1.20 1.39
Humanb 1.05 ± 0.92 1.10 0.61 0.83
L. caseib 1.76 1.35 ± 1.09 0.75 0.61
E. colib 1.68 1.46 1.27 ± 0.97 0.98
Chickenb 1.12 0.50 1.26 1.41 ± 0.67
P. carinii 1.54 1.08 1.03 1.26 1.00 ±

aAll values in AÊ .
bX-ray structure.
cHomology model, this work.
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adopting a conformation almost identical to what is
found for the X-ray crystal structure of the mono-
acetylated derivative.34 The preliminary docking experi-
ments seem to indicate that the chlorine atom in
pyrimethamine is in van der Waals contact with Ser108
and Ser111. Consequently, if Ser108 is changed to
another residue (e.g. asparagine) there might not be
enough space for the inhibitor to bind to the enzyme.
This observation is consistent with the reported pyri-
methamine resistance of the S108N mutant, and the
recently published activity of the meta±chloro isomer of
pyrimethamine.35 The sidechains of Asn51 and Cys59
are not in direct contact with pyrimethamine but they
may have an indirect in¯uence on the steric or electro-
static properties of the binding site. Thus, it remains to
be shown how the N51I and C59R mutations in¯uence
the sensitivity towards pyrimethamine.

Conclusion

A 3-D model of the DHFR-domain from P. falciparum
has been obtained by homology building. The model
was based on the X-ray structure of the human DHFR
and a structural alignment of ®ve DHFR structures.
Based on the model we were able to explain the sig-
ni®cance of the S108N point mutation in relation to
pyrimethamine resistance. The dramatically enhanced
resistance caused by the N51I and C59R mutations still
cannot be explained on a molecular level, and further
investigations are required.

The model presented here should be considered as a tool
for explaining the mode of action of DHFR anti-
malarials in general but it will also be a prerequisite for
the understanding of species selectivity. Further docking
experiments with di�erent inhibitors may allow us to
rationalize the structure±activity relationships of anti-
malarial DHFR inhibitors and, hopefully, to determine
the structural requirements for new and more e�ective
inhibitors.
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