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Abstract—The nature of the interactions between Plasmo.fium falciparum dihydrofolate reductase (pfDHFR) and antimalarial
antifolates, i.c., pyrimethamine (Pyr), cycloguanil (Cyc) and WR99210 including some of their analogues, was investigated by
molecular modeling in conjunction with the determination of the inhibition constants (K)). A three-dimensional structural model of
pf[DHFR was constructed using multiple sequence alignme=nt and homology modeling procedures, followed by extensive molecular
dynamics calculations. Mutations at amino acid residues 16 and 108 known to be associated with antifolate resistance were introduced
into the structure, and the interactions of the inhibitors with the enzymes were assessed by docking and molecular dynamics for both
wild-type and mutant DHFRs. The X, values of a number of aralogues tested support the validity of the model. A *steric constraint’
hypothesis is proposed o explain the structural basis of the antifolate resistance. © 2000 Elsevier Science Ltd. All rights reserved.

Introduction

The dihydrofolate reductase (DHFR) domain of Plas-
modium falciparum bifunctional dihydrofolate reduc-
tase-thymidylate synthase (DHFR-TS) is one of the few
well-defined targets in malarial chemotherapy. The
enzyme catalyzes the nicotinamide adenine dinucleotide
phosphate (NADPH) dependent reduction of dihyc-o-
folate to tetrahydrofolate. DHFR has received con-
siderable attention as it is the target of pyrimethamine

Abbreviations: Cye, cycloguanil; Pyr, pynimethamine; pfDHFR, Plas-
modium falciparum dihydrofolate reductase; RMS, root mean square;
TES, N-tris (hydroxymethyl)-methyl-2-aminoethane-sulfonic  acid;
Hjfolate, 7,8-dihydrofolate; (s, femto-second; RESP, restrained elec-
trostatic potential.

*Corresponding auihor, Tel.: +662-245-5195; fax: +662-248-0375;
e-mail: scwsr@mahidolac.th

0968-0896/00/
PII: S50968-0896(00)00022-5

(Pyr) and cycloguanil (Cyc) and other antifolates used
for prophylaxis and treatment of P. falciparum infection.
The rapid emergence of antifolate resistant P. falci-
parum has unfortunately compromised the clinical utili-
ties of the drugs, and thus highlights the urgent need to
search for new effective antifolate antimalarials.

Analysis of the gene encoding DHFR from P. falci-
parum parasites obtained from geographically distant
sources and with different degrees of resistance suggested
the association of antifolate resistance with point muta-
tions of the gene coding for P. falciparum DHFR.'®
Mutations of one or more residues at amino acid
positions 16, 51, 59, 108, and 164 of the P. faiciparum
DHFR were identified to be involved in antifolate
resistance. Evidence available recently also supports the
hypothesis that antifolate resistance in malaria evolved
in a step-wise selection of mutants, with multiple muta-
tions subsequent to a single S108N mutation, and that

- see front matter © 2000 Elsevier Science Ltd. All nghts reserved.



mutants which do not survive in nature were either
poorly resistant to the drugs or had insufficient catalytic
activity of DHFR to support DNA synthesis.'®

While the parasites with A16V+ S108T double muta-
tion in the dh/fr gene are resistant to Cyc but susceptible
to Pyr, those with cross resistance to both drugs have
, éither single or multiple mutations at amino acid
residues 51, 59, 108 and 164.57-1! Since the structures of
Pyr and Cyc are very closely similar, the questions arise
as to why Cyc-resistant but Pyr-sensitive evolved while
the reverse has never been reported in the natural iso-
lates, and whether the binding of Pyr and Cyc to the
wild-type and the mutant DHFRs are different. Similar
questions can also be raised with WR99210, a dihydro-
triazine whose structure is closely related to Cyc. The
fact that WR99210 is highly effective against both
Pyr-sensitive and -resistant parasites in vivo!? and the
DHFRs in vitro!* has made WR99210 an attractive
compound for further studies.

In order to address the problems of binding modes of
Pyr, Cyc, and WR99210, structural data of P. falci-
parum DHFR are needed. In the absence of pfDHFR
structure from X-ray diffraction analysis, it is necessary
to construct and predict the structure of the enzyme
by a homology modeling approach.'®* Such modeling
approach has been exploited for the prediction of the
structure of the new drug leads cabable of inhibiting P.
Jalciparum DHFR at micromolar and submicromolar
levels.!® Using the model built from the 3D-structure of
Leishmania major DHFR-TS, McKie et al.'® predicted
that the S108N mutation of the P. falciparum DHFR
would lead to a steric clash with the p-Cl atom of Pyr.
The hypothesis was readily tested by modifying the Pyr
structure to avoid the steric constraint, hence resulting
in two Pyr analogues which are highly effective against
Pyr-resistant DHFR and malarial parasites.'® Indeed,
through analysis of a number of physicochemical char-
acteristics of residues at position 108 of P. falciparum
DHFR and compared with their activities against a
series of drugs including Pyr, Cyc, TMP (trimethoprim),
and WR99210, Warhurst has recently pointed out that
mutant DHFRs with bulky groups at residue 108 would
cause steric constraint and hence result in poor binding
with the inhibitor.!?

In this paper, we describe the construction of a homol-
ogy model of DHFR domain of the bifunctional P. fal-
ciparum DHFR-TS, and the structures of the complexes
between Pyr, Cyc and WR99210 with the wild-type,
Al6V, SI108T, and A16V+ S108T mutant enzymes. We
predict from the model that A16V mutation of P. falci-
parum DHFR imposes a steric conflict for binding to
Cyc as opposed to Pyr and WR99210, and that the
steric conflict becomes more pronounced when com-
bined with mutation at residue 108 in the A16V +S108T
double mutants. The hypothesis ‘was tested against
experimental data on the binding strengths of analogues
of these drugs to both wild-type and mutant enzymes.
This model was used to design and synthesize new
compounds which were tested against wild-type and
resistant P. falciparum in vitro.
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Materials and Methods
Homology modeling of Plasmodium falciparum DHFR

The structure of the DHFR domain of P. faleiparum
bifunctional DHFR-TS was obtained from homology
modeling simujations. The model was constructed by
alignment of P. falciparum DHFR primary sequence!'®
with the DHFR sequences of which the crystal struc-
tures are already known; these include DHFRs from
Escherichia coli,'® Lactobacillus vcasei,?® human,?!'22
chicken liver® and Pneumocystis carinii.** Unfortu-
nately, the Leishmania major bifunctional DHFR-TS
was not included into the sequence alignment as the
crystal structure was not publicly available at the time
the model was built. The alignment of P. falciparum
DHFR sequence!'® was carefully <hecked by using the
available sequence alignment evaluation functions
within MODELLER 3.0,>° and by superimposing the
structurally conserved regions of the available DHFR
crystal structures.

The model of pfDHFR was constructed using MOD-
ELLER 3.0.% A primary homology model was con-
structed based on the conserved regions of most
DHFRs by removing the sequences of the two inser-
tions, 1.e., residues 22-38 and 64-98. Next, several mod-
els were constructed on the whoie sequence by adding
one at a time the local alignments found to fll the
two insertions. Local alignments were predicted using
BLAST (Basic Local Alignment search Tool)®® at the
National Center for Biotechnology 'nformation, NCBI
(web site hyperlink http://www.ncbi.nlm.nih.gov/blast).
A stringent significant threshold of 3 was adopted for
the BLAST search. Then, combinations of these, and
finally all the local alignments were introduced. The
mode] showing the best score as judged by the value of
the Modeller objective function, and with the least root
mean square (RMS) deviation with respect 1o the con-
served regions of the DHFR templates, was saved for
further refinement with molecular dynamics. The qual-
ity of the stereochemistry and of the structures was
validated using the PROCHECK?” and WHATIF tools
available at the Biotech Validation Suite for Protein
Structures (web site http://biote..h.embl-heideiberg.
de:8400/).

Molecular dynamics refinement of the structure

The pfDHFR structure resultir: from MODELLER
was refined by means of molecular mechanics and
molecular dynamics calculations using AMBER 4.1%%
and the all-atom force field by Cornell et al.?® Bond
lengths involving hydrogens were constrained using the
SHAKE algorithm*® and a time step of 2.0 femto-
second (fs). Molecular dynamics were performed at
JOOK using a residue-based cut-off of 10 A. Pairlists
were updated every 25 time steps. Hydrogens were
added to the structure predicted by MODELLER using
the stored internal coordinates of the AMBER all-atom
data base and then minimized, the heavy atoms being
kept fixed in their original positions. All Lys and Arg
residues were positively charged and Glu and Asp resi-
dues were negatively charged.
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The reduced form of the cofactor (NADPH) was used
for the calculations, according to the tighter binding
of NADPH over NADP™* to DHFR.?'"3? Force field
: ters for NADPH were adapted from previous
simulations that emp]oyed the oxidized form (NADP*)
of the cofactor.3® The geometry of the reduced nico-
inamide ring was fully optimized at the 6-31G* level
' paing Gaussian 94, and partial charges on atoms were
alculated from an electrostatic potential fit to a 6-31G*
ab-initio wave function, followed by a standard RESP
(restrained electrostatic potential) fit.35-*6 Bond, angle,
. dihedral and van der Waals parameters of the nicotin-
, amide ring were assigned consistently with the Cornell
etal force field, and then tested for their ability to repro-
duce the 6-31G* optimized geometry. The remaining
. adenosine and phosphate parameters of NADPH were
. taken from NADP* 3

Molecular mechanics and molecular dynamics calcu-
lations on the two long insertions in the p(DHFR
sequence were performed first to allow meore relaxation
of the non-conserved and less validated regions of the

| structure without affecting the geometry of the most
conserved regions. The two loops were energy-mini-
mized with 3000 steps of conjugate gradient minimiza-
tion, followed by 10 ps molecular dynamics at 300K.
This protocol was repeated 10 times, with energy-mini-
mization after each molecular dynamics. To perform
these first molecular mechanics and molecular dynamics
calculations, a distance-dependent dielectric constant
with a dielectric multiplication constant of 4 was used to
simulate the presence of water.

In order to include the effects of explicit water molecules
at the active site of DHFR, the final structure obtained
was solvated with a spherical cap of 2113 TIP3P? water
molecules centered on the center of mass of pfDHFR.
Calculations were continued using a dielectric constant
of | and the explicit water molecules. In order to allow
the equilibration of the solvent around the protein resi-
dues, 100 ps molecular dynamics at 300 K were per-
formed on the water molecules. Then, the whole system
(enzyme, water, and NADPH) was energy-minimized
with 3000 steps, with 5 Kcal/mol restraint applied on the
backbone atoms of the enzyme with the exception
that the backbone atoms of loops 1 and 2 were left
free. The restraint was imposed in order to avoid initial
large drifts from the homology model structure, which
is based on experimentally-validated structures of
DHFRs. Then, 2000 steps of minimization without any
counstraints were performed, and the resulting structure
was compared with the homology model and the
DHFR templates to ensure that the conserved regions
maintained similar 3D-structure. A 200 ps molecular
dynamics simulation at 300 K was then performed on
the whole system with a 1Kcal/mol restraint on the
backbone atoms. Whilst performing molecular dynam-
ics, coordinates were collected every 0.2 ps and averaged

every 10ps for visual inspection. Finally, 2000 steps of

energy-minimization without constraints were per-
formed. The values of RMS deviations between the final
PIDHFR model and the crystal structures of DHFRs
from different sources used for homology modeling

iy

were calculated. The considerably low RMS deviations,
1.40 with E. coli, 1.47 with L. casei, 1.21 with human,
1.24 with chicken liver, and 1.26 with P. carinii, revealed
that the pfDHFR model was close to these structures.

Decking of pyrimethamine, cycloguanil and WR99210,
and molecular dynamics of the complexes

The inhibitors were docked into the active site of
pfDHFR, using the final structure oblained from the
explicit solvent molecular dynamics calculations. The
inhibitors were modeled as protonated state at N1, as
evidenced by the NMR studies of both the bound and
free states of Pyr, methotrexate (MTX) and trimetho-
prim (TMP).*#-3® The protonated amino portions of the
inhibitors were initially positioned to interact with the
anionic side chain of D54. This choice was strongly
suggested by the binding modes of other antifolates with

- the conserved aspartic or glutamic acid residue corre-

sponding to D54 of the pfiDHFR in the available crystal
structures of DHFRs from different sources. While Pyr
and Cyc have conformationally constrained structures,
the more conformationally flexible 2'.4',5'-trichloro-
phenoxy propyloxy group of WR99210 was docked into
the active site using the orientations of folate and MTX
in the available crystal structures as guidelines.

To obtain a set of atomic charges for the inhibitors,
their structures were completely oplimized at the STO-
3G basis set level, using Gaussian 94. Charges were
calculated from an clectrostatic potential fit to a 6-31G*
ab-initio wave function, foliowed by a standard RESP
fit. Atom types were assigned consistently with the
Cornell et al. force field,?’ and some parameters were
adjusted to reprod.uce the STO-3G optimized geometry.
The parameters for the chlorine atoms of the inhibitors
were as previously described.*?

The molecular mechanics and molecular dynamics cal-
culations of the complexes with the inhibitors were per-
formed in explicit water molecule environment. The
same solvation sphere of the pfDHFR-NADPH binary
complex was used, but the water molecules that are
replaced by the inhibitors were removed from the
structure. Two thousand steps of minimization on the
inhibitor, NADPH, the water molecules and all the
protein residues within 10 A from the inhibitor were
performed, followsd by 300 ps molecular dynamics at
300K. A 1 Kcal/ ol restraint on the backbone atoms
was applied to avoid undesirable dnfts from the imitial

structure.

Molecular dynamics of the pfDHFR mutant complexes

The mutant pfDHFRs complexed with Pyr, Cyc and
WR99210 were constructed by changing alanine to
valine (A16V), serine to threonine (S108T), and both
(A16V + S108T) in the corresponding structures of the
wild-type pfDHFR-inhibitor complexes. Five hundred
steps of energy-minimization were performed on the
inhibitor and the mutated residue only in order to posi-
tion the side chain of valine and/for threonine with
respect to the inhibitor and to relieve steric conflicts due
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to the growing of the bulkier amino acid side chains.
This was followed by 1000 steps of minimization on the
protein residues within 10 A from the inhibitor, the

. inhibitor, and all the water molecules. The molecular

dynamics at 300 K was then started from these mini-
mized complexes and run for over 300 ps. The 1 Keal/
mol restraint on the backbone atoms was applied as

usual.

Synthesis of derivatives of cycloguanil and WR99210

Compounds I, II, II1, XIV and XV were prepared by a
three-component condensation between 4-chloroaniline,
dicyancdiamide and acetone in the presence of con-
centrated HCl {I) or two-component condensation
between the arylbiguanides and the aldehydes (II, III,
XTIV and XV) both in the presence of concentrated HCI

1 according to the literature.*'*3 The new compound IV

——

was synthesized by a three-component condensation
between 4-chloroaniline, dicyanodiamide and methylal.
Compounds V-XII were synthesized by a modified two-
component condensation* between the corresponding
biguanides and ketones in the presence of concentrated
HC| as catalyzt- and triethyl orthoacetate as water
scavenger, the details of which will be published elsewhere
(Vilaivan et al., in preparation). All cycloguanil deriva-
tives were isolated as monohydrochloride salts and were
purified by crysiallization from water or water—ethanol.
New compounds gave clean 'H nmr and mass spectra
(APCI or MALDI) and provide satisfactory elemental
analysis (C,H,N).

Preparation of pfDHFRs and inhibitor binding studies

The recombinant plasmids pET-pfDHFR (wild-type)
and pET-pfDHFR (A16V +S108T) were prepared as
previously described!® and were employed for the pre-
paration of enzymes used for testing the compounds
synthesized in the present study. Purification of both
wild-type and mutant pfDHFRs was achieved by affinity
chromatography on MTX-Sepharose CL-6B column.*
The activity of pfDHFR was determined spectro-
photometrically bv monitoring the decrease in absor-
bance at 340 nm at 25°C according to the standard
assay method described previously.*® For determination
of the X; values of a number of synthesized analogues,
the assay reactions were initiated with affinity-purified
enzyme (~0.005-0.01 U ml~!), and the initial velocities
in the presence of varying concentrations of inhibitors
were analyzed by non-linear least square fit using
Kaleidagraph™ software. Other analyses of the protein
were as earlier described.!?

Results

. The alignment of the sequence of pfDHFR wi.th the
sequences of DHFRs from selected ‘sources of which the

X-ray structures are known is shown in Figure 1. There
is significant homology among the DHFRs compared,
with the exception that the pfDHFR sequence con-
tained two extra insertions between residues 22-38 and
residues 64-98. Our initial pfDHFR model was therefore
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Figure 1. Alignment of the amino acid sequences of dihydrofolate
reductase of Plasmedium falciparum,'® Escherichia coli*® Lactobacillus
casei,® human,*'-*2 chicken liver™ and Pneumocystis carinii.®® The
percentages of the identical amino acids between P. falciparum
DHFRs and DHFRSs from E. coli, L. casei, human, chicken liver, and
P. carinii are 29, 24, 32, 32, and 24%, respectively. The elements of
secondary structure are indicated as «, §, and loop.

constructed without the sequences of the two insertions.
The resulting model was then used to check for the fold-
ing of the conserved regions, to make superimpositions
and comparisons with other known templates.

The local alignments of the two extra sequences of
pfDHFR were predicted from BLAST.2% A stringent
significance threshold of 3 was adopted, resulting in two
significant homologous segments for loop 1 and five for
loop 2. The predicted alignments were restored into the
DHFR model. As for loop I, the local alignments pre-
dicted to fill this insertion significantly reduced the
quality of the model and also markedly affected the
structure of the most conserved regions. On the con-
trary, one out of the five local alignments that BLAST
identified to fill the second insertion gave an acceptable
initial arrangement of loop 2 without affecting the
quality and the structure of the conserved regions.
Therefore, the initial homology model was constructed
using the best local alignment only for loop 2. The loop
1, however, was subsequently constructed manually and
then appended to the structure previously obtained
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WR99210

Flgure 3. Stercoviews of wild-type (Panel A) and A16Y + 5108T (Panel B) pfDHFRs showing active site residues involved in the interaction with Pyr
(yellow), Cyc (greeen), and WRI9210 (red). The residues shown are [14, A16, C50, D54, M55, F58, 5108, 5111, 1112, P113, 1164, Y170 and NADPH
molecule,

<
mpﬂ

Figare 4. Stereoviews showing the superimpositions of inhibitors bound at the aclive site of wild-type pfDHFR. Residues A 16, D54, S108, and the
nicotinamide ring of NADPH are shown with the inhibitors Pyr (yellow), Cyc (green), and WR99210 (red).

_ e
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with the same residues as those described for Cyc.
However, while the chlorophenyl substituent of Cyc and
Pyr stacks against the nicotinamide ring of NADPH
- and is directed toward 5108, the flexible trichloro-
phenoxy propyloxy of WR99210 is almost perpendi-
cular with the nicotinamide ring and is not in contact
with the cofactor. Interestingly, one water molecule
. binds over the nicotinamide ring, making hydrogen
bonds with the N1 nitrogen of the nicotinamide and the
2-hydroxyl of the ribose. The trichlorophenoxy propy-

substituent of WR99210 is in contact with C50,
M35, 5111, and P113 (see Fig. 3A and B).

The effects of single and double mutations at amino
acid residues 16 and 108 on the binding of Pyr, Cyc and
WR99210 were further investigated (Fig. 5). The mole-
calar dynamics stimulation of the Pyr complexed with
Al6V mutant model revealed minimal changes of
orientation and binding interactions with respect to that
of the wild-type enzyme complex (Fig. 5A). By contrast,
the complex between Cyc and the A16V mutant was
significantly different from the complex with the wild-
| type enzyme; the inhibitor was displaced from its posi-
| tion ip the wild-type complex due to the steric conflict
| with valine in A16V mutant (Fig. 5B). Superimposition
| between Cyc and Pyr in the wild-type complexes indi-
| cated that one of the two 2,2’-methyl substituents of
Cyc was located much closer (1.4 A) to the methyl of
the Al6 side chain with respect to the 6-ethyl sub-
| stituent of Pyr, the former being in Van der Waals con-
tact with the methyl of Al16 whereas the latter is
significantly more distant {data not shown). Therefore,
the steric demand imposed by the Al16V mutation
should be much more pronounced for Cyc than for Pyr,
| although hydrogen bonding interactions with D34, 114,
and 1164 are still present. The displacement of Cyc in
the structure of the A16V mutant is illustrated in Figure
5B. While the displacement of the triazine ring of Cyc
did not seem to affect the ability to make hydrogen
bond between the drug and D54, 114, and 1164, the
orientation of the chlorophenyl ring of the inhibitor
bound to the A16V enzyme was found to be sig-
nificantly different from that of the wild-type enzyme.
This is due to Cyc being bound in a locked region com-
prising A16 and D54 for the dihydrotriazine ring, nico-
tinamide, and S108 for the chlorophenyl ring of the
inhibitor. Interestingly, the stacking interactions with
the nicotinamide ring of NADPH were completely lost
fn the A16V mutant anu one water molecule was found
in place of the chlorophenyl ring (data not shown).

The dihydrotriazine rings of WR99210 and Cyc are
identical and therefore are predicted to bind the A16V
mutant pfIDHFR in the same orientation. As a con-
sequence, the 2,2-dimethyl substituents of WR99210
should also be in steric conflict with the valine side chain
of the A16V mutant. Figure 5C illustrates the super-
impositions of WR99210 bound to wide-type, A16V,
S108T and AI16V+SI108T double mutant DHFR
models. A slight displacement from its optimal position
occupied in the wild-type complex was noted when the
inhibitor was bound to the pfDHFRs with Al6V
mutation. The model shows that the trichlorophenoxy

-

propyloxy substituent of WRS99210 is not forced to
change its orientation significantly in the A16V mutant.
Instead, its fiexible side chain allows it to be free from
being locked between the residues A16, D54, nicotin-
amide, and S108 as observed in the structure of the
wild-type complex. Therefore it is likely that the steric
demand imposed by V16 would not significantly affect
the orientation of the drug upon binding to the
pfDHFRs with the A16V mutation (Fig. 5C).

The bindings of Pyr, Cyc, and WR99210 to the mutant
model of DHFR with single S108T mutation were also
investigated. Generally, all the three inhibitors bind to
the S108T mutant model with similar orientation as in
the wild-type complex, albeit with some minor differ-
ences. The bulkier side chain of the TI108 mutant
slightly affects the position of the chlorophenyl ring of
Pyr and Cyc (Fig. 5A and B). However, the orientation
of the propyloxy substituent of WR99210 is not affected
upon binding to pfDHFR with the S108T mutation

(Fig. 5C).

The model indicates that the 6-ethyl substituent of Pyr
is not in steric conflict with A16V +S108T pfDHFR
despite the locking of the inhibitor between residues 16,
54, nicotinamide, and 108. Therefore, Pyr is predicted to
bind the double mutant DHFR with no appreciable
differences as compared to the binding to the wild-type,
Al6V, and S108T single mutant enzymes (Fig. 5A). As
previously illustrated for the A16V and S108T mutant,
the steric conflict with V16 must be relatively small and
therefore no signiiicant displacement of the inhibitors
was detected. The situation is very different for Cyc. In
the A16V + S108T double mutant, however, the chloro-
phenyl ring is further displaced from nicotinamide
owing to steric conflicts with T108, while the position of
the dihydrotriazine ring of Cyc is not different to that
of the A16V mutant (Fig. 5B). Binding of WR99210 is
similar to Cyc in its dihydrotriazine moiety but the
inhibitor is not locked toward nicotinamide and is also
much more flexible. As a result, slight displacement of
the dihydrotriazine ring has no consequences for the
overall binding in the double mutant enzyme (Fig. 5C).
The steric clash between the V16 side chain of the A16V
mutant pfDHFR is clearly evidenced for Cyc binding,
but not for Pyr binding (Fig. 6).

In order to verify the homology meodel of P. falciparum
DHFR and to exploit the model for the prediction of
binding of inhibitors and/or development of strategies
for the design of the best effective inhibitor(s) targeted
against antifolate resistant malaria, we have synthesized
a number of Cyc derivatives and tested against both
wild-type and A16V+S108T mutant pfDHFRs., Qur
premise is that resistance to Cyc in the A16V + S108T
mutant is the result of steric conflict imposed by a
bulkier side chain of V16. To test the hypothesis, Cyc
derivatives with one substituent (ethyl or methyl group)
or no substituent at position R, and those with bulky
substituents at both R, and R, positions of the dihy-
drotriazine ring were synthesized. The binding affinity
(KD values were then determined and the ratios of K-
mut/K;-wt were compared. Table 1 summarizes the X;
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Figore 5. Superimpositions of inhibitors bound to wild-type (yellow), A16V (red), S108T (cyan) and A16V + S108T (white) pfDHFRs. The inhibi-

tors shown are (A) Pyr; (B) Cyc; (C) WR99210.

values for the wild-type and the A16V +5108T mutant
DHFRs. The relative loss in binding affinity of the Cyc
derivatives is reflected by the elevation of K;-mut/K;-wt
ratio. As shown in Table 1, the compounds II and III
inhibited the wild-type pfDHFR with K; values 2-3
times higher than that of Cyc, but exhibited 7-10 times
lower K; values for the A16V + S108T mutant pfDHFR

than the Cyc. As a result, the X;-mut/K;-wt ratios for the
compound II and III were ~17-28 times lower than that
of the Cyc parent compound. Removal of both methyl
groups at the 2-R, and 2-R; positions gave rise to com-
pound IV (didesmethyl Cyc), which has a X; value for
the wild-type enzyme about 16-fold higher than that of
Cyc, whereas the K value for the A16V + S108T enzyme
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Figwre 6, Display of the surface of the side chain residue of amino acid
Al6 (red) and AI6Y (purple) interacting with one of the 2,2 -methyl
substituents of Cyc (yellow) and 6—<thyl substituent of Pyr (yellow).

was about 2-fold lower than Cyc. As a consequence, the
ratio of Kj-mut/K;-wt for the compound IV was 34-fold

lower than that for Cyc (Table 1).

Our studies were further extended to investigate the
binding between Cyc derivatives with bulky 2,2° di-
substituents and the wild-type and Al16V +35108T
mutant DHFRs. Nine compounds (compounds V-XIII)
were selected for the evaluation. Except for compounds
IX and XIII, which exhibited high X; values, all other
seven derivatives gave K, values for the wild-type
enzyme that were comparable to that for Cyc. When
tested with the A16V +S108T enzyme, the X values of
these derivatives except compound VIII were all higher
than that of Cyc, resulting in relatively high ratios of
Ki-mut/K;-wt.

The K, values for WR99210 (compound XIV, Table 2)
and other Cyc derivatives were compared with their 2-
monomethyl derivatives (Table 2). Removal ofl one
methyl from position 2-R; of WR99210 (compound

XYV, Table 2) resulted in a 2- and 3-fold decrease in the
K; values for the wild-type and the A16V+S108T
enzymes, respectively. The compound XV1 with 4'-Br-
Ce¢Hy at 3-R position (Table 2) only slightly increased
the K; for the wild-type pfDHFR by 2-fold, but drama-
ucally elevated the X for the A16V + S108T enzyme by
800-fold. The steric conflict observed in the compound
XVI was relieved by replacing the methyl group at
position 2-R, with hydrogen. The resulting compound
XVI1 was then found to exhibit a 10-fold lower K, for
the A16Y +S108T enzyme as compared to the com-
pound XVI, albeit the manipulation slightly affected the
binding affinity of the inhibitor to the wild-type enzyme.
Likewise, similar effect was also found for compounds
XVTII and XIX, where changes were made at the posi-
tions 2-R1 and 3-R (Table 2).

Discussion

Resistance to antifolates Pyr and Cyc in malaria para-
sites has been shown to be associated with point muta-
tions in the di/r gene.'7% Cross resistance to both
drugs is generally found to involve combinations of
N5I1I, C59R, SI08N, and l164L mutations, whereas
parasites resistant to Cyc but susceptible to Pyr are
associated with mutation at residues 16 and 108
(Al16V +S108T). In the present study, we sought to
understand the molecular interactions between the
DHFR of P. falciparwm and antimalarial antifolates
Pyr, Cyc, and WR99210, to predict the effect of muta-
tion(s) on the binding of the inhibitors to the enzyme, and
to address the importance of the mutation(s) at different
residues in conferring resistance to the antifolates.

We describe a homology model of P. falciparum DHFR
based on sequence alignment of the DHFR sequences of
E. coli, L. casei, human, chicken liver, and P. carinii.
Our model was built using the conserved regions of a
pumber of known DHFR templates, and the struc-
tures of the unique regions in pfDHFR were subse-
quently assigned to avoid undesirable perturbation of

K; values for the cycloguanil derivatives with only one or no substituent at position R, (compounds I-1V) and bulky substituents at

Table 1.
pasitions R, and R; (compounds V-XIIT)*

Compound 2-R, 2-R, Ki-wt® (aM) Rel to Cye K-mut® (nM) Rei to Cyc K-mut/ Ki-wt®
1 Me Me 1.5£0.3¢ 1.0 1314 £ 1654 1.0 876
n H Me 4100 27 127+ 14 0.1 31
m H Et 3.6+£00 24 189.£37 0.14 53
v H H 24443 163 646+ 78 0.5 26
v Me n-Pr 35204 23 9229 4+ 547 7.0 2637
vi Me n-Bu 18202 12 4217390 3.2 2343
v Me n-Pen 1.2£0.1 0.8 3554 £ 446 2.7 2995
Vi Me n-Hex 0.6£0.1 0.4 956+ 78 0.7 1593
IX Me iPr 36.5+4.) 243 44,791 £ 5872 34.1 1227
X Me iBu 47219 31 15,263 £ 986 11.6 3247
x1 Me #Pen 1.7+0.1 k1 5755+ 545 44 3385
X Et Et T7£12 5.1 16,151 £ 3599 123 2098
xm Et n-Pen 19338 129 18,041 £ 1905 13.7 935
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Table 2. K; values for the WR99210 and other cycloguanil derivatives compared with their 2-monomethyl derivatives

Compound 3R 2-R;  2-R; Ki-wt* (nM) Relto WR$9210  K-mn® (nM)  Rel to WR99210  K-mut®/K-wit*
XV (WR95210) Me* Me 0.5+0.1 1.0 24x04 1.0 4.8
%/0\/\/
cl
ol
XV | H Me 0.3+0.0 0.6 0.8x0.1 0.3 2.7
3/0\/\/
CI
o]
Xxv1 4.Br-C.H, Me Me 1.1+0.2 2.2 1948 + 366 Bl2 1771
vl 4.Br-CH, H Me 5.7+0.5 i14 202+17 84 35
vl 4'-Me-C.H, Me Me 1.8+0.2 3.6 1584 + 210 660 380
XIx ¥-Me-CiH, H Me 234+19 458 186 + 22 78 8.0

*Wild-type pfDHFR.

SpiDHFR (A16V +S5]08T).
“Me, methyl.

the overall conformation of the structure. The overall
topology of the pfDHFR is similar to the DHFRs from
other sources (Fig. 2), except for its two extra-loop
insertions located at the enzyme surface. Unlike those
previously reported by other workers,!®4® the model
presented in this paper was built based not only on the
alignments among the DHFR sequences, but also on
their 3D-structural conservation. The homology noted
at Jeast from residue 10, therefore, makes the alignment
more meaningful and enables analysis of residue 16
which is crucial for Cyc-resistance. In the present study,
the structures of Al6Y and Al16V+SI108T mutant
pfDHFRs were also built from the wild-type template
and docking of the antifolates Pyr, Cyc, and WRS59210
was performed using both wild-type and mutant
structures.

Our structural models show that the ethyl and methyl
substituents of Pyr and Cyc, respectively, are directed
towards the methy! side chain of A16 in the wild-type
pfDHFR. As a result, it is very likely that the bulkier
side chain of valine in the A16V mutant of pfDHFR
would cause steric conflicts with these substituents, and
therefore may explain Cyc resistance for these mutants.
However, such effect does not occur in the case of Pyr;
the inhibitor binds equally well with the same orienta-
ticn and binding interactions to A16V +S5108T mutant
pfDHFR as well as the wild-type enzyme, evidence
which is in accord with the earlier observations by many
groups that the A16V + S108T mutant is susceptible to

Pyr.s.'l.lo.l 1

Although Cyc is predicted to bind to the wild-type
pfDHFR in a similar way to Pyr, one of its two 2,2'-
dimethyl substituents is significantly closer to the side
chain of residue 16 than is the ethyl group of Pyr. This
would inevitably generate steric constraint for binding
to Cyc when the bulkier side chain of valine is present at
position 16 as in the A16V and A16V +S108T mutants.
Since Cyc is predicted to bind in a locked region which
is composed of Al6 and D54 for the dihydrotriazine

ring, and nicotinamide and S108 for the chlorophenyl
nng of the inhibitor, A16V +SI108T mutation would
result in steric constraint and cause displacement of
both the dihydrotriazine moiety and the chlorophenyl
ring from its optimal position as depicted for the wild-
type enzyme, giving rise to a remarkable loss of binding
affinity for Cyc and hence resistance to Cyc for the
Al6V +S108T mutant pfDHFR.

The displacement of WR99210, however, is relatively
minor when compared with Cyc. This is likely due to
the reason that the more flexible trichlorophenyl pro-
pyloxy side chain of WR9%210 is not locked between
nicotinamide and S108 as observed for the chlorophenyl
ring of Cyc. Therefore, the steric demand imposed
by valine 16 only slightly affects the orientation of
WR99210 and leaves unaffected binding interactions
with other protein residues, in agreement with the find-
ing that WR99210 is highly effective against the resis-
tant mutants.

QOur model predicts that binding of the derivatives with
only one or no substituent at position 2 should be less
affected by the mutation than Cyc. This would be
reflected in the values of the ratios of the X; for the
Al6V +S108T mutant enzyme and the wild-type
enzyme (K;-mut/K;-wt). In voder to test this model, a
number of Cyc derivatives were synthesized and the
binding affinities to the wild-type and mutant enzymes
were studied. It was found that K;-mut/K;-wt values for
the derivatives with only one or no substituent at posi-
tion 2 are lower than for Cyc, as predicted (compounds
II-1V, Table 1). Furthermore, 2,2'-disubstituted deriva-
tives of Cyc with bulky substituents tend to have higher
Ki-mut/K;-wt ratios, as expected (compounds V-XIII,
Table 1). The favorable effect on binding of the removal
of the 2-methy! group was also found for WR99210
{Table 2). However, this effect is far less than for Cyc
derivatives with p-chloro-, bromo- or methyl-phenyl
substituents, because WR99210 is not locked, and can
already interact well with the mutant enzyme even with
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both 2-methyl groups present. The overall results
obtained from this study are in support of the steric
constraint hypothesis. Further it reveals the important

" steric role in binding between the substituents at posi-

tion 2 of Cyc to the active residue(s) of the pfDHFR,
which could have profound implications for the devel-
opment of new and effective inhibitors against antifolate

resistant parasites.

Conclusion

The homology models of wild-type, A16V, SI108T, and
Al6V+S108T P. falciparion DHFRs were built based
on multiple sequence alignment and homology model-
ing procedures. The models were used to address the
molecular interactions between the active site residues
of the enzymes and antufolates Cyc, Pyr and WR99210.
We proposed a ‘steric constraint” hypothesis and
demonstrated its validity by testing with inhibitor
analogues using the wild-type and relevant mutant
pfDHFRs. The models not only explains the Cyc resis-
tance but also Pyr susceptibility in relation to the A6V
mutation of the pfOHFR domain. In addition, it has
allowed us for the first time to better understand the
molecular basis of cross resistance between Cyc and
Pyr, which have been known to involve mutations at
residues 51, 59, 108 and 164 of the pfDHFR domain.
Further, the modeling of the interaction between
pfDHFR and WR99210 has alsc provided ideas that
could lead to the development of new and more effective
second generation antifolate antimalarials.
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Structure and dynamics data of the Homo sapiens apo-
dihydrofolate reductase (hDHFR) have been investigated
by molecular dynamics (MD) simulation. The MD
simulation for a total of 300ps was performed for the
system containing the apo-hDHFR with explicit water
molecules. The last 250ps MD trajectory of the
equilibrated system was generated and the 25 sampling
structures of the apo-hDHFR were analyzed. The
statistical quantities of the simulation reveal significant
differences between the apo-enzyme and the complex
form. The differences include the mainchain mobility,
the solvent accessibility, the secondary structures, the
phenylalanine movement and the hydrogen bond may
relate to the stability of the enzyme. The tertiary folding
from the secondary structure motif reveals a less compact
for the apo-enzyme structure with respect to the X-ray
structure of the hDHFR-folate complex. In addition,
intramolecular hydrogen bond involving the backbone
protons dramatically decreases. Comparisons between
the unbound and the ligand-bound enzyme obtained
from the X-ray, NMR and MD data are discussed.

Keywords: Molecular dynamics; Dihydrofolate reductase;
Apo-enzyme; Root mean square deviation

L INTRODUCTION

Knowledge of the structure and dynamics of
biological macromolecules at an atomic level is
essential for understanding their functional mechan-
iszn in biochemical process. To reach such funda-
mental relationship, molecular dynamics (MD)
calculations have considerably become one of the
powerful techniques for investigating dynamics

information from atomic coordinates [1,2]. This
computational tool provides structural statistics
that link to its biological task in physiological
conditions. This technique has also great potential
to extend details that the experimental observations
are missing due to technical difficulty or impracti-
cality. The MD applications have successfully
revealed the structure-function relationship for
numercus proteins, including the enzyme dihydro-
folate reductase (DHFR:E.C.1.5.1.3).

DHFR has been a remarkable attention in
molecular and structural research because of its
biological and clinical importance. DHFR is a crucial
enzyme responsible for the biosynthesis of nucleo-
tide in living organisms. The biological role of this
enzyme is to catalyze the NADPH-dependent
reduction of 7, 8-dihydrofolate or folate to 5,6,7,8-
tetrahydrofolate required in several biochemical
processes including biosynthesis of thymidylate,
purines, and certain amino acids. For the clinical
usefulness, DHFR has been significantly useful as a
drug target of antifolate inhibitors for a number of
diseases. This includes anticancer (methotrexate,
MTX), antibacterial infection (trimethoprim, TMP)
and antimalaria (pyrimethamine, PYR) and cyclo-
guanil, CYC), etc [3].

Because of the appropriate size of the enzyme
molecule (15-30kD), it is, therefore, amenable for
the structural study using X-ray crystallography and
NMR spectroscopy. The three-dimensional struc-
tures of the DHFR wildtype and the drug resistant
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mutants in protozoal, bacterial and vertebrate DHFRs
have been reported. These include Leishmania
major [4), Lactobacillus casei [5,6], Escherichia coli
[5.7.8), Pneumocystis carinii [9), chicken liver [10-13]
and human [14-16). The atomic coordinates of those
DHFR structures have shown that the tertiary
folding pattern of the enzyme is similar and the
secondary structures are very well conserved.
Despite the similarity of their overall folding
topology, subtle differences do exist, particularly
residues surrounding the substrate-binding site.
Such differences are crucial for enzyme selectivity
and specificity to small organic molecules such as the
substrate or antifolate inhibitors [17]. This requires
atomic details associated with the dynamics infor-
mation in order to design and develop novel and
more effective inhibitors.

Most of DHFR studies reported so far were
conducted in the presence of small ligand molecules
such as the folate substrate or antifolate inhibitor.
The fact is that the binary or the ternary enzyme
complexes are the most interest for studying the
protein-ligand interactions. Moreover, the binding of
these small molecules is strong enough to stabilize
the enzyme throughout experimental measure-
ments., Without the substrate/inhibit or, many
experimental techniques seem to fail due to protein
instability {18]. What causes the enzyme in the
absence of ligands to be unstable? Are there any
conformational changes that could lead the apo-
enzyme to unfold?

Here, we have performed the MD simulation of
the apo-enzyme DHFR from Homo sapiens (hDHFR)
in aqueous solution at 300K, with the objectives
(1) to obtain dynamics information of the apo-
enzyme; (2) to extend the knowledge of the crystal
structure of the human DHFR; (3) to relate some
specific properties of the calculation to expenimen-
tally observable quantities for the system and (4) to
find out possible evidence influencing the stability of
the enzyme. The hDHFR is a monomeric protein
consisting of 186 amino acid residues (21.5kD) that
make possible to pursuing MD study with a
timescale of hundreds picosecond. Its 3D crystai
structures with the resolution ranging from 2.0 to
25A have been solved by the X-ray diffraction
techniques. The resonance assignments of the back-
bone and the side-chain protons of the hDHFR
complexed with methotrexate in aqueous solution
were achievable using muitidimensional NMR
spectroscopy. The NMR structure of the hDHFR-
MTX-NADPH complex has been obtained from
NOEs restraints around protein-ligand binding
region [19). Due to the poor stability of the apo-
hDHFR, it is therefore not possible for structural
studies through X-ray and NMR techniques. Avail-
ability from the X-ray and NMR data of the hDHFR

complex is helpful for the purpose of comparison
with the MD results.

2. COMPUTATIONAL DETAILS

The single crystal structure (Fig. 1) of the mammalian
DHFR complexed with the folate refined at 2.0 A
resolution [14] was taken from the Brookhaven
Protein Data Bank (http://www.rcsb.org and pdb
ID: 1drf). The structure was then used as the starting
conformation of the study The atomic coordinates
belonging to the folate, water and sulfate molecules
were removed. In order to obtain the full protein
structure, the missing sidechain atoms of GIn12 were
built on the basis of the intermal coordinates of
glutamine residue in the Amber amino acid library.
Addition of hydrogen coordinates was considered
the ionization-state of the charged residues including
Glu, Asp, Arg and Lys as well as the positive and
negative charges at N-terminal Vail and C-terminal
Aspl86. Energy minimization of the hDHFR mole-
cule was subsequently performed to improve the
poorly defined regions present in the protein
structure as a consequence of the geometrically
inappropriate construction of added atoms.

All energy calculations were conducted using the
Comell et al. all-atom force field model available in the
program Amber [20]. The steepest descent algorithm
was applied through the first 5000 steps and then
followed by the conmjugated gradient algorithrm for
the remaining minimization. The convergence
criterion of 1.0 x 10 *kcalmol 'A™' was chosen
for the energy gradient otherwise the maximum
minimization step 15 reached. The treatment of

FIGURE 1 Schermatic representation of the X-ray structure (1ds?)
showing the secondary structure elements and the substrate folate,
The figure was generated using MOLSCRIPT [27).
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TABLE |

Relevant simulation parameters for the MD simulation

Protein-solvent simulation condition

Energy minimization
In vacuo

In water

Molecular dynamics
Number of atoms

Thermodynamic ensemble

Integration algorithm

Integration time step

Constraints

Long-range interactions

Periodic boundary conditions
Thermalization

Equilibration

Dynamics trajectory for structural evaluation
Collection of coordinate sets

Simulation dala

60,000 steps (5,000 steps steepest
descent and 55,000 conjugated gradient)
60,000 steps (5,000 steps steepest
descent and 55,000 conjugated gradient)

19933 (atoms) 3013 protein atoms
and 5640 TIP3F water molecules
Isobaric-isothermal ensemble (INPT)
Leapfrog

0.001ps

No,

10 A residue cut off distance .
Box dimension 64.8 x 57.6 x 52.8A°
15ps

3Sps

250 ps

2500 substructures (every 0.1 ps)

long-range electrostatic interactions was employed
by a residue-based cutoff value of 10.0A.

The energy-minimized coordinates were placed
afterwards in a rectangular box of water. To employ
the method of periodic boundary conditions, the
cubic dimension of 64.8A x576AxX528A was
defined with a total of 19933 atoms, including 3013
protein atoms solvated by 5640 explicat water
molecules. This represents sufficient numbers of
solvent molecules as to make the results obtained
meaningful. The interactions involving the solvent
molecules were modeled by the well-known three-
center charge TIP3P model [21]. Since the simulation
of this step was carried out in the explicit solvent
water molecules, the dielectric constant of 1 was
used. The periodic boundary conditions were
employed throughout the simulations. Another
energy minimization of the protein in aqueous
solution was performed.

The MD simulation was carried out in subsequent
calculations. An isobaric-isothermal ensemnble (NPT}
was employed using constant pressure of 1 atm and
constant temperature of 300 K. The pressure was
kept constant by coupling to an extenal pressure
bath (22] with a coupling constant of 0.2 ps. The
velocities of the atoms were assigned according to a
Maxwellian velocity distribution at 300K. The
integration of the equation of motion was done
using a leapfrog algorithm employing the time step
of 1 fs. For the first 50 ps of the MD simulation, an
equilibration of the protein in solution was reached
after warming up the system for 15ps. During the
thermalization period, the temperature was adjusted
with the SHAKE option using the Berendsen
coupling algorithm. A single scaling factor was
used for all atoms at 300 K. A set of the coordinates
containing enzyme structure with bulk solvent water
molecules, so called MD trajectory, was collected
every 0.1ps over the last 250 ps and was used to

monitor the dynamics behavior of the simulation.
The overall behavior of the MD simulation was
analyzed by assessments of the fluctuation of total
energy, kinetic energy, potential energy, pressure,
volume, temperature of the solution and the
deviation of the atomic positions {or a root-mean-
square deviation, RMSD) as a function of time.
RMSD calculation for hDHFR did not take into
consideration the effect of the N- and C-terminal,
neglecting the first and the last three residues.
Relevant simulation parameters were summarized
in Table I. All MD simulation and analysis of MD
trajectory were performed using the program Amber
5 [23]. The three-dimensional structures were
visualized using the program Swiss-PdbViewer
(24], Rasmol [25], Molmol [26] and Molscript [27].
Evaluation of the quality of the protein structure was
performed using Procheck [28]. The simulations
were performed on an 5GI Power Challenge XL
8 x R10000.

3. RESULTS AND DISCUSSION

3.1. Energy Minimization

The energy minimization profiles of the apo-enzyme
hDHFR in the absence of water molecules reveal a
rapid drop from 4.60 x 10°kcalmol™' to —6.0 x
10° keal mol ™! and then insignificantly alter. The final
potential energy of the munimized enzyme structure
was —6.17 x 10° kcal mol ™', The potential energy of
the system containing the apo-enzyme and water
molecules starts with —533 X 10*kcal mol™! and
reached a value of —7.82 x 10%kcalmol ! when
minimized. The energy profile curves of the apo-
enzyme both in the presence and absence of water
were similar, implying that the minimization
significantly decreased the strain of the system.
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The system was gradually relaxed and ready to
perform MD simulation for the next investigation.

3.2 Molecular Dynamics
3.2.1. Analysis of the MD Trajectory

In a molecular dynamics simulation, the trajectory of
coordinates of hundreds picosecond provides useful
information that some statistical quantities can be
extracted. Figures 2A and B illustrates the energy
profiles (total energy, kinetic energy. potential
energy) and temperature of the simulated system
for 300 ps, respectively. As a typical MD simulation,
the results are well behaved. We observed rapid
initial equilibration and slight fluctuations over a
longer simulation time scale. The overall MD profiles
obtained were most common to those observed in
other protein simulations [29,2]). Analysis of proper-
ties of the system performed after the first 30 ps and
the final MD parameters averaged over the last
250 ps are summarized in Table II.
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FIGURE 2 MD simulanon profiles for the total energy. the
potential energy, the kinetic energy (A). the temperature (B).
the mainchain fluctuation of the enzyme with respect to that of
the average energy-minimuzed structure (C).

TABLE I The average values from the MD simulation

MD parameters Meazn rajuss
Total energy ( x 10" kcal mol ™'} -483 = 0009
Kinetic energy ( % 10" kcal mol ') 1.26 = 0.006
Potential energy { x 10" kcal mol ™" -6.09 = 001!
30] = 4

Temperature of the enzymes (K)

For the last 230 ps of the MD trajectory, the apo-
hDHFR coordinates of all collected configurations
were used to generate an average structure, which is
in turn used to calculate the RMSD of atomic
coordinates. Figure 2C shows a plot of the mean
global RMSD with respect to the ensemble average
structure versus the simulation time of 250 ps. The
RMSD for backbone atoms of residues Ser3-Glu 183
over the MD trajectory was in a range of 0.50-0.90 A.
This structural fluctuation is not uncommon in the
typical MD simulation of protein, indicating the
reliable equilibration of the system in this study.

3.2.2. Sampling Configurations and Evaluation

A set of 25 snapshot structures taken every 10ps
from the 230 ps MD trajectory is shown in Fig. 3A.
A superposition of the 25 substructures manitests the
mean global RMSD of 1.38 = 0.17 A for the backbone
atoms and 1.72 + 0.15A for the heavy atoms. As
shown in Fig. 3B, the conformations of 25 MD
structures superimposed on each other were con-
siderable similar. Three segments with the largest

B 3-0"

2.5 I ! J .
T 20 4 o
sl podlry ML
SRR R R

1.0-*73 hfi : 1, 1 ':.

V.'v v v
0.5
0 30 60 90 120 150 180
Residue #

FIGURE } Stereo views showing the backbone a-carbon of the
hDHFR (A) and its corresponding RMSD (B) The structures were
taken every 10 ps from the MD trajectory. The figure was prepared
with the program MOLMOL [26].
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backbone fluctuation (RMSD > 2.0 A) encompass
residues Glu62-Asné64, Asp9%4-Leu97 and His
127-Gly128.

The 25 MD sampling configurations were eval-
uated. The calculation of mainchain torsion angles of
the apo-hDHFR showed that no geometrically
distortion of the backbone polypeptide was found,
except for Ser 118. The backbone dihedral angles,
¢ and ¢, of the apo-enzyme fall within the
structurally favorable regions of Ramachandran
diagram. This is an indication of a good quaiity of
regular protein structures.

The elements of the protein secondary structure
were computed using the DSSP algorithm [30]. The
tertiary folding and secondary structure elements of
the solvated apo-hDHFR are mostly comparable to
that of the hDHFR-folate complex in the crystal-
lographic state. Significant discrepancy between the
X-ray diffraction and the MD calculations was found
for the two secondary structures as follows: the
B-strand (Phe88-Ser90) and the short «-helical
structure (Pro6l- Arg65). From the 25 configurations
sampling from the MD trajectory, the [-strand
changed to a coil structure, while the disruption of
the a-helix was observed with 65% occurrence.
Among the known 3D structures of DHFR family
including from L. casei, E. coli, chicken liver, P. carinii
and L. major, the strand is one of the seven conserved
B-structures while the helix is not. Interestingly,
these two regions are short in numbers of residue
and close in contact with the bulk solvent. Perhaps
these two segments involve in the early event of
denaturation of the mammalian apo-enzyme.

3.2.3. Mobility from RMSD and the Solvent
Accessibility

In this study, the RMSD was used to indicate the
local movement along the mainchain polypeptide
relative to the molecular tumbling rate in solution.
The RMSD values for the backbone atoms of the
25 sampling coordinates were thus characterized
the amino acid residues into three categories:
immobilized to slightly mobile residue (for
residues RMSD < 1.0 A); fairly mobile residue
(10A = RMSD = 20A); and very mobile residue
(RMSD > 2.0A). From the simulation, each cat-
egory was composed of 36, 56 and 8% amino acids
from a total of 186 residues, respectively.

It should be noted that the highly mobile
residue has the greatest potentials of the confor-
mational perturbation in the absence of the
cofactor of the enzyme. Residues of the third
category are, therefore, of interest because they
may involve either the protein-ligand contact or
the denaturing event or both. It should, however,
be careful to not over-interpret the results of

hundreds picosecond timescale. In addition, the
residue experiencing rapid conformational move-
ment is typically located at the protein surface. As
can be seen (Fig. 3), this category composes of
residues present in the helical structures (Glué2-
Asnt4d and Asp94-Leu97) and in random coil
segments (Lys68, His127-Glyl29, Thri46). Most of
these residues are solvent exposed.

It is obvious that a hydrophilic residue that is
exposed to the protein surface has more favor of
the conformational mobility, thus raising the
RMSD value. To analyze this more quantitatively,
the solvent accessible surface area (SASA) was
computed using an algorithm developed by
Connolly [31] with the probe radius of 1.4 A. The
total SASA values of all 25 MD sampling
structures were approximately 10% higher than
that of the crystal structure. Here a term called
“the solvent accessibility (SA)” was defined as the
calculated SASA divided by a total surface area of
a residue being considered. A higher value of 5A
of a residue, the more chance of residue interacts
to the solvent. For instance, if the SA value of a
residue is 0 (dimensionless), this residue is
completely buried. It is unlikely that the solvent
molecule can contact to the residue. Figure 4A
shows a plot of the average SA per residue
obtained from the accessibility calculation of the
25 MD structures. Distribution of the SASA values
(Fig. 4A) of all residues reveals the protein is
compact. Most residues are embedded in the
protein. About 50% of residues are below 0.2 of
the SA value (Fig. 4B). However, Fig. 1C is a plot
of the difference of the solvent accessibility (ASA)
between the average 25 MD structures and the
X-ray structure along the entire sequence. Appa-
rently, most residues of the solvated apc-enzyme
have positive ASA, suggesting a more contact to
the environment with respect to those of the
crystal structure.

3.24. Comparison to the X-ray Structure

We have so far discussed the comparisons of the
teriary and secondary structures and the acces-
sibility between the free enzyme in the aqueous
environment and the folate bound enzyme in the
crystal structure. In order to determine the magni-
tude of the MD structures drifted from the crystal
coordinates, RMSD calculation was performed using
the reference X-ray structure and the 25 sampling
structures of the MD simulation. This comparison
may indicate conformational differences between the
bound (hDHFR-folate) and free {apo-hDHFR)
enzyme. The global RMSD per residue and the
superposition structures between the X-ray hDHFR-
folate and the 25 structures apo-h[DHFR are shown in
Fig. 5. The RMSD values suggest a significant
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FIGURE 5 RMSD per residue of the 25 MD structures with
respect to the X-ray structure: for the backbone atoms {A) and for
the heavy atoms (B).

difference between the two structures (2.64 A for the
backbone atoms and 3.20 A for the heavy atoms).
Despite the similar folding patterns between the
X-ray and the average structure, the RMS differences
of some residues are sizeable to reflect the
conformational differences. In this study, the back-
bone RMSDs of residues Pro26, Phe3l-Phe34, Ser76-
Glu8l, and Glylé4 were in a range of 4-6A.
Interestingly, residues Phe31-Phe34 are located
within 5 A accounting from the folate coordinates.

In the unbound state, the residues surrounding the
binding site may possess a more rapid conformation
movement with respect to that in the complex form.
This results in an increase of the mainchain mobility.
From an observation of six isomorphous crystal-
lographic structures of E. coli DHFRs, the loop and
domain motions were influenced by the folate and
NADPH {32]. Such conformational rearrangements
occur when the enzyme releases the folate product
(http:/ /chem-faculty.ucsd.edu/kraut/dhfr.htmi}.
From the X-ray structure of the folate-DHFR
complex, 24 residues that are located within 5.0 A
accounting from the atomic coordinates of the folate
were identified. These residues are summarized with
the RMSD in Table 1lI. Four out of the 24 ligand-
encountered residues exhibiting the RMSD over
40A were located in the a-helix conformation.
However, we remark on the possibility that
there might be a considerable difference between
both the conformations for the RMSD in a range
of 3-4A.

Although the RMSD and SA values seem
arbitrarily to relate with the experimental data,
our data are consistent with the previous proposal
from the crystallographic study of E. coli DHFR
(ecDHFR). Structural invariance was commonly
seen in the vertebrate DHFRs, while it is not for the
case of bacterial DHFRs [32). In ecDHFR, the loop
and domain movements encompass Metl16-Asn23
and His45-Trp47, respectively. The alignment
residues Lys18-Pro25 and Lys55-Trp57 of the
hDHFR that are homologous to these two segments

TABLE Il Compansons of RMSD and the-solvent accessibility
between the X-ray and the average MDD structures. Residues with
n 5A from the folate are reported

RMSD (A}
Residue
Backbone Heatny

Oe? 0.77 1.14
Valg 129 1.4
Ala9 152 1.65
Leu22 2.57 324
Arg28 256 326
Glud0 3.55 4.26
Phell 585 7.19
Arg32 5.9 6.14
Tyrl3 4.58 345
Phe34 4.2 4.27
GIn35 365 326
Thr38 343 335
Thr56 333 33
Ser59 379 383
{let0 342 337
Proél 3.28 346
Asnod 278 281
Leus? 238 331
Lys68 2.78 14.49
Arg70 159 233
Vatl1s 148 165
Glyilé 1.35 1.54
Val121 1.67 17
Thrl36 0.82 118

were, however, slightly mobile (RMSDs within the
ensemble were in a range of 0.7-1.4 A). The RMSD
values for the heavy atoms of this segment
scattered between 22-3.9A. The SASA values
calculated from the crystal structure of the termary
complex of ecDHFR were about twofold greater
than those of human DHFR apo-enzyme. However,
there is still inconclusive to explain why the
mobility of the mammalian and the bacterial
DHFRs are different.

3.2.5. Deviation of Aromatic Rings of Phenylalanine
Side-chain

The dynamics information of the phenylalanine
sidechain were extracted from the MD trajectory.
As depicted in Fig. 6, we monitored the dynamics
profile of phenylalanine rings (the . torsion angles
of Ca-CB-Cy—C38) along the 250 ps trajectory. The
residues Phe58, Phe88, Phel34, Phel42, Pheld7,
Phel48 and Phel79 were also included in the analysis.
The profiles indicated that the y» values of most
phenylalanine residues including Phe34, PheS58,
Phel34, Phel42, Pheld7 and Phel48 were between
B0-100° or equivalent to — 100-80° (because of the
presence of the symmetry of the aromatic ring), with
an average fluctuation of 20°, implying the similar
orientation of the aromatic ring with respect to their
Ca-CB-bond. A slight difference of the phenyl ring
orientation was found for Phe88 and Phel79, of
which the y» values were around — 120 and + 120°,
respectively. The sidechain of Phe31 exhibits the most
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FIGURE & Dhhedral angle x- fluctuation of the sidechain ot rune phenylalanines versus the period of the MD simulation.

different orientation as well as the fluctuation
relative to the others.

According to the results from site-directed
mutagenesis experiments, Phe3l and Phe34 of the
wild-type protein, were previously reported to play a
critical role for the binding efficiency of the ligand in
the enzyme catalysis [33.34]. In the binary and
ternarv complexes of hDHFR, the phenyl ring of
Phe34 forms a pi-pi stacking with the pteridine ring
of the folate, but such interaction was unlikely in the
case of Phe31 (Fig. 7}. In the deficiency condition of
the folate, the movement of aromatic ring of the side
chain of Phe3l and Phe34 might relate to the
conformational change of the apo-enzyme. From
Fig. 6A, the flipping of the Phe3l ring was clearly
observed and hence the most sensitive residue with
respect to the others. The y; value changed from — 30
to +60° and stabilized for a pericd of 30ps and
retumed back again to the original equilibrium
value. In contrast, y; of Phe34 suggested only a
minor movement of the side chain. The differences in
orientaion and the movement of the side chain
between Phe31 and Phe34 in the apo-enzyme were
likely affected by the unoccupied space in the
binding pocket It appears that there is a strong
relationship between the mobility of the sidechain
and the surface area of molecular contact. Phe} is
considerably buried in the protein with a low solvent
accessibility (0.07) whereas the SA of Phe3] was 0.42
(Fig. 4A).

3.2.6. Comparison of Interamolecular Hydrogen
Bond

[t has been known that the effect of the interresidue
hvdrogen bond network plays an important role in
folding and stabilizing protein conformations. Here,

FIGURE 7 Schemanc representanon showing an onentanon of
Phe31, Phe3 and the folate m the X-ray structure. For clarificabon,
some segments of the protemn were not shown
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[30] Kabsh, W. and Sander, C. (1983) “Dictionary of protein
secondary structure; pattern recogniion of hydrogen-bonded
and geometrical features”, Biopolymers 22, 2577.

[31] Connolly, M_L. {1983) *Solvent-accessible surfaces of proteins
and nucleic acids”™, Science 221, 709.

[32] Sawaya, MR and Kraut, J. (1997) “Loop and sundomain
movements in the mechanism of Escherichia coli dihydrofolate
reductase: crystallographic evidence”, Biochemistry 36, 586.

(33]

[34]

Chunduru, SK. Cody V., Luft, LR, Pangbom, W,
Appleman, J R and Blakley, RL {1994} “Methotrexate-
resistant variants of human dihydrofolate reductase: effects
of Phedl substtutions”, [. Biol. Chemt. 269, 9547.

Nakano, T., Spencer, H.T., Appleman, ] R. and Blakley, RL
(1994) “Critical role of phenylalanine 34 of human dihy-
drofolate reductase in substrate and inhibitor binding and in
catalysis”, Biochsrmstry 33, 9945.



120 PORNTHEF SOMPORNPISUT et al.

significantly different. As can be seen from Fig. 8,
many vanishing NH protons, particular in the
conserved a-helin encompassing residue 32-39, are
rather not used to maintain regular secondary
structures. This might suggest the apo-enzyme is
less compact and eventually unable to sustain the
conformation without the ligand molecule. Perhaps,
this causes the enzvme to be unstable without the

ligand.

4. CONCLUSIONS

The present study demonstrates the dynamics
structures of the apo-enzyme in the absence of
ligand. The MD simulation provides a tendency of
conformational changes tfrom the crvstal structure
of the enzyme-folate complex to the apo-enzyme in
aqueous solution The changes including the
secondary structure, the solvent accessibility, the
mainchain mobility and the hvdrogen bond could
play a critical role that relate to the stability of the
apo-enzyme.
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FIGURE 8 Comparison of the hydrogen bond involving.the NH protons: (=) predicted from the X-ray structure, {O) calculated from the

MDD structures and { x ) taken from the NMR data [18}.

additional information from the dynamics trajectory
was further investigated by identification of possible
hydrogen bond involving backbone hydrogen atoms
of the apo-hDHFR. A principle criteria used to
identify a possible formation of the hydrogen bond
are: (1) a distance between a HN atom and the
hydrogen bond acceptor should be below 2.5 A and
(2) the angle of N-HN the acceptor should not
exceed 35°. About 94 out of 174 backbone amide
protons (excluding 12 prolines) were found in the
X-ray structure (Fig. 8). On the other hand, analysis
of the 25 MD structures shows that 48 NH protons

appearing consistently more than 80% of the
ensemble are capable of forming the intramolecular
hydrogen bond. It should be noted that the
resonance assignment from the homonuclear and
heteronuclear NMR spectra of the hDHFR com-
plexed with methotrexate (MTX) identified 63 NH
protons corresponding to the slow exchangeable
proton [18). Almost half of backbone hydrogen bond
disappears from the simulation. Indeed, the number
of the hydrogen bond involved with the NH protons
between the MD simulation of the apo-enzyme and
the NMR data of the hDHFR-MTX complex is



