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Abstract The worldwide TB structural genomics initiative
has identified several new drug targets for Mycobacterium
tuberculosis (M. tb). Dihydrofolate reductase (DHFR) cata-
lyzes the NADPH-dependent reduction of dihydrofolate to
tetrahydrofolate that is essential for DNA synthesis. Inhi-
bition of its activity leads to arrest of DNA synthesis and
hence cell death. Thus, M. tb DHFR (mtDHFR) is an attrac-
tive novel drug target for developing anti-TB drugs. Struc-
tural comparison of mtDHFR and human DHFR (hDHFR)
reveals key differences in the active sites. These differences
can be exploited for the design of selective inhibitors for
mtDHFR. Based on the recently determined high resolution
crystal structure of mtDHFR complexed with known inhib-
itor methotrexate (MTX) and cofactor NADPH, a tri-pep-
tide inhibitor has been identified using a structure-based drug
design approach. Docking studies indicate that the designed
tripeptide inhibitor has a high potency (Kd = 1.78 nM) and is
a selective (approximately 120 fold over hDHFR) inhibitor
for mtDHFR. Hence, the tripeptide is a suitable lead com-
pound for the development of novel anti-TB drugs.
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Introduction

Mycobacterium tuberculosis (M. tb), the main causative agent
for TB in humans, is responsible for more deaths in the world
today than any other single infectious agent [1]. Because
of the lack of an effective vaccine, chemotherapy with four
front line drugs (e.g., rifampicin, isoniazid, pyrazinamide,
ethambutol) for six months is the only existing treatment
regimen [2]. However, the rapid increase of multi-drug-resis-
tant tuberculosis (MDR-TB) (resistant to at least isoniazid
and rifampicin) and extensively drug-resistant tuberculosis
(XDR-TB) (resistant to at least isoniazid and rifampicin and
additionally to fluoroquinolone and kanamycin, amikacin, or
capreomycin among second line anti-TB drugs) has led to an
urgent need for the identification of new drug targets and the
development of novel anti-TB drugs [3–5].

The enzyme dihydrofolate reductase (DHFR) catalyzes
NADPH-dependent reduction of dihydrofolate to tetrahydro-
folate which is a precursor of cofactors necessary for the syn-
thesis of thymidylate, purine nucleotides, methionine, serine,
and glycine required for DNA, RNA, and protein synthesis.
Inhibition of DHFR leads to the arrest of DNA synthesis caus-
ing cell death. This inhibition is the basis of the use of meth-
otrexate (MTX) in the cancer therapy [6]. However, MTX
is not selective for mtDHFR [7]. The clinical drug trimeth-
oprim (TMP) and pyrimethamine (PYR) are selective and
potent inhibitors of bacterial and protozoal DHFR respec-
tively [7,8], but TMP has low affinity for M. tb DHFR [7].
Triazine Br-WR99210 has been shown to be a potent inhibi-
tor of malarial DHFR [9]. However, it has been used only as
an experimental drug on account of its harmful side-effects.
DHFR inhibitors (TMP and sulfamethoxazole) have been
used in Cote d’Ivoire in the treatment of patients infected with
both HIV and M. tb [10]. Recently, it has been shown that
DHFR is also a target for the front-line drug isoniazid [11].
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The low sequence identity of ∼26% between hDHFR
and mtDHFR suggested possible differences in the crucial
regions of the two enzymes. This has been confirmed by the
high resolution crystal structures of mtDHFR and hDHFR
in binary and ternary complexes with its cofactor NADPH
and its inhibitors, MTX and Nα-(4-amino-4-deoxypteroyl)-
N δ-hemiphthloyl-l-ornithine (PT523), respectively [12–14].
PT523 is a non-polyglutamate analogue of MTX and has
been reported to bind 10–100 fold more tightly than MTX
to recombinant hDHFR [15]. The structural comparison of
mtDHFR [PDB ID: 1DF7] [12] and hDHFR [PDB ID: 1OHJ]
[14] is shown in Fig. 1a and b.

The overall fold of mtDHFR and hDHFR is similar. It
consists of a central β-sheet flanked by four α-helices. This
β-sheet is made up of seven parallel strands and a C-terminal
anti-parallel strand. The structural comparison of mtDHFR
[PDB ID: 1DF7] and hDHFR [PDB ID: 1OHJ] reveals strik-
ing differences in the NADPH, MTX, and PT523-binding
sites, respectively. In particular, in the ternary complex of
MTX with mtDHFR, a glycerol molecule (glycerol A) is
found close to MTX in a pocket formed by Trp22, Asp27,
and Gln28 (Fig. 2a) while in hDHFR, the glycerol-binding
site is packed with three hydrophobic residue side chains,
Leu22, Pro26, and Phe31 (Fig. 2b). These differences can
be exploited for the design of a selective inhibitor for
mtDHFR.

Thus, mtDHFR is an attractive target for the development
of a novel class of anti-TB drugs. A set of 2,4-diamino-
S-methyl-5-dazapteridine (DMDP) derivatives was recently
proposed and shown to be selective inhibitors of mtDHFR
[16]. Out of the 18 inhibitors studied, the best one had
an activity of 23 nM and was 65-fold selective over
hDHFR.

In an effort to identify more potent and selective inhibitors
of mtDHFR, we have undertaken a study of small peptide
inhibitors as potential lead compounds. Although peptides
are generally known to have undesirable pharmacokinetic
properties, yet they have provided novel lead compounds
and, in several cases, modified peptide analogues have been
developed as drugs. Also, with recent advances in the drug
delivery techniques, the opportunities for peptide drug devel-
opment have been significantly enhanced [17]. Based on the
crystal structures of mtDHFR complexed with NADPH and
MTX [PDB ID: 1DF7] and hDHFR complexed with NADPH
and PT523 [PDB ID: 1OHJ], we have used a structure-based
approach for designing a set of small peptides. Docking and
scoring of these peptides using Discovery Studio (DS) 1.7
[18] have identified some of them to be more potent and
more selective for mtDHFR as compared to the inhibitors
proposed so far.

Fig. 1 Crystal structure of a mtDHFR (cartoon rendering in grey) com-
plexed with MTX (in black, ball-and-stick rendering) and b hDHFR
(cartoon rendering in grey) complexed with PT523 (in black, ball-and-
stick rendering) showing the active site residues (ball and stick rendering
in grey). Hydrogen bonds are shown as black, dashed lines together with
distances. All the figures were produced using PyMol v0.99 [29]
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Fig. 2 Difference between
binding sites of MTX and
PT523 in mtDHFR and hDHFR,
respectively. MTX and PT523
are shown as ball-and-stick
rendering colored in black.
Glycerol is shown as
ball-and-stick rendering in grey
surrounded by grey dots while
side-chains of interacting
residues are shown as stick
rendering in grey

Materials and methods

The starting point for the computational studies was the
X-ray crystal structure of mtDHFR complexed with the cofac-
tor NADPH and MTX [PDB: ID 1DF7]. All computations
were done using DS 1.7 [18].

Receptor setup

The target protein [PDB ID: 1DF7] was taken, the ligand
MTX was extracted, hydrogens were added, and their
positions were optimized using the all-atom CHARMm (ver-
sion-c32b1) forcefield [19,20] and the Adopted Basis set
Newton Raphson (ABNR) method available in DS 1.7 proto-
col until the root mean square (r.m.s.) gradient was less than
0.05 kcal/mol/Å. The minimized protein was defined as the
receptor using the binding site module of DS 1.7. The bind-
ing site was defined from the volume of ligand method which
was modified to accommodate all the important interacting
residues in the active site of mtDHFR. The Input Site Sphere
was defined over the binding site, with a radius of 5 Å from
the center of the binding site. The protein, thus characterized,
was taken as the target receptor for the docking procedure.

Ligand setup

Using the build-and-edit module of DS 1.7, a peptide of
the desired sequence with a protonated amino group and a
deprotonated carboxyl group was built, all-atom CHARMm
forcefield parameterization was assigned and then minimized
using the ABNR method as described above. A conforma-
tional search of the peptide was carried out using a simulated
annealing molecular dynamics (MD) approach. The ligand
was heated to a temperature of 700 K and then annealed to
200 K. Thirty such cycles were carried out. The conformation
obtained at the end of each cycle was further subjected to local

energy minimization, using the ABNR method as described
above. The 30 energy-minimized structures were then super-
imposed and the lowest energy conformation occurring in
the major cluster was taken to be the most probable confor-
mation.

Docking and scoring

Docking of mtDHFR with the ligands was carried out with
CDOCKER [21,22] protocol of DS 1.7. CDOCKER is a grid-
based MD-simulated, annealing-based algorithm that uses
CHARMm. The receptor (protein) is held rigid while the
ligands are flexible during the refinement. The basic strategy
involves the generation of several initial ligand orientations
in the active site of the target protein followed by MD-based
simulated annealing, and final refinement by minimization.

Input Site Sphere parameters specify a sphere around the
center of the binding site, where the CDOCKER experiment
is to be performed. The center of the Input Site Sphere is used
for the initial ligand placement. Fifty replicas for each ligand
are generated and randomly distributed around the center
of the active site. Each of these is subjected to MD-based
simulated annealing and final refinement by minimization,
leading to 50 minimized docked poses.

The docked complexes are further refined by the Ligand
Minimization protocol, during which the side-chain atoms
within the Input Site Sphere are free to move. A Smart Mini-
mizer algorithm with 1,000 steps and r.m.s. gradient of
0.05 kcal/mol/Å is used for ligand minimization.

The final step in docking is the scoring of the refined
docked poses. This is done using the Score Ligand Poses
protocol of DS 1.7. The Ludi Energy Estimate [23–25] was
used for scoring the refined poses. The ligand pose which
corresponded to the highest Ludi score [26] was taken as the
best-docked pose.
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Fig. 3 Docked position of
MTX (in grey) superimposed on
the crystal structure position (in
black). The coloring and
rendering are the same as in
Fig. 1

Molecular dynamics

In order to check whether the designed inhibitor remains
bound in the presence of explicit solvent, a MD simula-
tion was carried out on a fully hydrated model using explicit
spherical boundary with harmonic restraint.

The final receptor–ligand complex was first solvated using
the explicit solvent model mentioned above. The Standard
Dynamics Cascade Protocol [27] of DS 1.7 was used with a
time step of 1fs. The first step in the MD simulation was the
energy minimization of the hydrated model during which the
backbone of the refined receptor was kept fixed. The mini-
mized hydrated complex was then subjected to a MD sim-
ulation in three stages. In the first stage, the temperature of
the system was raised from 50 to 300 K over 2 ps. Next, the
system was equilibrated for 20 ps, and finally the production
run was carried out for another 150 ps.

Results and discussion

Validation of the docking methodology

The docking methodology was first tested on two known
inhibitors (MTX and Br-WR99210), which were docked in

the folate-binding site of mtDHFR, after extracting the ligand
from the crystal structure.

Figure 3 shows the superimposition of the docked MTX
(in grey) with the crystal structure position (in black). The
structures are seen to overlap very well with a positional
rmsd of 0.94 Å. The Ludi score is found to be 825, and the
corresponding Kd value {− log Kd = (Ludi score/100)} is
5.6×10−3 μM. This is in good agreement with the observed
value of 11 × 10−3 μM [12].

Figure 4 shows the superimposition of the docked Br-
WR99210 (in grey) with the crystal structure position (in
black) [PDB ID: 1DG7] [12]. It can be seen that the two
structures overlap very well with an rmsd of 0.60 Ǻ. The pre-
dicted activity (Kd value) was found to be 1.0μM, which
agrees well with the experimental value of 0.19μM [12].

The validation of the docking methodology was also car-
ried out for the inhibitor PT523 complex with hDHFR. The
results are shown in Fig. 5. Once again there is a good overlap
of the docked PT523 (in grey) and the crystal structure posi-
tion (in black). The predicted Kd value of 1.02 × 10−5 μM
agrees well with the observed value (reported to be a bet-
ter inhibitor than MTX, which has a measured Kd value of
1.2 × 10−3 μM).

Thus, the above results provide a sound validation of the
docking and scoring methodology used in this study.
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Fig. 4 Docked position of
Br-WR99210 (in grey)
superimposed on the crystal
structure position (in black). The
coloring and rendering are the
same as in Fig. 1

Fig. 5 Docked position of
PT523 (in grey) superimposed
on the crystal structure position
(in black). The coloring and
rendering are the same as in
Fig. 1
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Fig. 6 Chemical structures of
known inhibitors MTX and
Br-WR99210

Table 1 Peptide sequences and
their predicted activity Peptide sequence Predicted Kd value (M) for binding with

mtDHFR hDHFR

WYD 1.26 × 10−7 5.37 × 10−8

WYE 5.02 × 10−6 2.69 × 10−7

WPD 9.12 × 10−9 6.16 × 10−6

WPE 1.02 × 10−6 4.17 × 10−6

YPD 4.17 × 10−8 5.49 × 10−6

YPE 2.75 × 10−8 2.51 × 10−6

WYY 1.78 × 10−9 2.09 × 10−7

WPY 9.55 × 10−8 8.32 × 10−9

WYP 4.57 × 10−8 1.95 × 10−8

WPW 4.27 × 10−6 3.16 × 10−7

WYW 1.45 × 10−7 7.94 × 10−9

WYS 1.44 × 10−8 1.38 × 10−8

WPS 7.94 × 10−8 4.57 × 10−6

WPT 2.95 × 10−7 4.90 × 10−10

WYT 3.31 × 10−6 2.04 × 10−7

YPS 8.91 × 10−6 5.62 × 10−6

YPT 6.46 × 10−6 8.13 × 10−7

Design of a peptide inhibitor and modeling of the docked
complex of mtDHFR with the designed inhibitor

Based on the structures of the known inhibitors (Fig. 6), sev-
eral tripeptide sequences containing two or three aromatic
residues were designed and each of these tripeptides was
docked after a conformational search as described in the
methods. A list of trial sequences and the corresponding pre-
dicted activities is given in Table 1.

It can be seen that the tripeptide with the sequence

NH3+−WYY−COO−

has the highest activity with a Kd value of 1.7 nM.
The final docked position of the designed inhibitor is

shown in Figs. 7 and 8, and the list of contacting residues
(up to 4 Å) is given in Table 2. The tripeptide is seen to
occupy a position similar to that of MTX, and in the vicinity

of glycerol binding pocket. In addition, residue Y2 of the
inhibitor is seen to have a close approach to NADP, making
a hydrogen bond to NADP. The inhibitor is also hydrogen
bonded to residue K53. These extra interactions are reflected
in a lower docking energy as can be seen from Table 2.

Molecular dynamics simulation of a fully hydrated model
of the final docked complex

The effect of solvent on the binding of the designed peptide
inhibitor was studied by a MD simulation of a fully hydrated
model as described in the methods. During the production
phase of 150 ps following the initial heating and equilibra-
tion phases, the total energy and the simulation temperature
were found to remain steady with little fluctuation. The snap-
shots of the dynamics trajectory at 25, 50, 75, 100, 125, and
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Fig. 7 Final docked position of the designed peptide inhibitor, WYY
(black, ball-and-stick rendering) with mtDHFR. The coloring and ren-
dering are the same as in Fig. 1

150 ps of the production run are shown in Fig. 9, while the
corresponding interaction energies and interaction sets are
given in Table 3.

The results indicate that the ligand as a whole moves into
a more stable position with a much lower docked energy
(Table 3). The residue Y2 of the inhibitor moves toward S49
of the enzyme, forming a hydrogen bond which is pres-
ent throughout the simulation. The carbonyl group of Y2
which was initially hydrogen bonded to the residue K53
moves away and forms a hydrogen bond with Q28. W1 of
the inhibitor, which was initially hydrogen bonded to D27,
maintained so throughout the simulation. In addition, the lig-
and has van der Waals contacts with P58. The backbone of
the ligand, which was allowed to vary in the simulation, is
seen to remain fairly stable with hydrogen bonding to Q28
being retained throughout. The carboxy terminal of the ligand
remains hydrogen bonded to R60 throughout the simulation.
Thus, we have shown that the designed inhibitor remains
bound in the presence of the explicit solvent.

Selectivity of the designed inhibitor

The selectivity of the designed peptide inhibitor for mtDHFR
was checked by docking it with hDHFR [PDB ID: 1OHJ].

Fig. 8 Final docked complex
of mtDHFR with the designed
inhibitor, WYY. WYY is shown
in black, ball-and-stick
rendering, and the interacting
side-chains of protein are shown
as grey, stick rendering
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Table 2 Discovery studio 1.7
docking results

Hydrogen bonded residues are
highlighted in bold

Ligand Docked energy (kcal mol−1) Contacting residues (up to 4.0 Å) in
final docked position

Steric Electrostatic Total

MTX −51.19 −46.12 −97.31 I5, W6, A7, I20, D27, Q28, F31,
R32, S49, L50, P51, V54, L57, R60,
I94, Y100, NADPH, H2O

Br-WR99210 −42.82 −25.06 −67.88 I5, W6, A7, I20, D27, Q28, F31,
L50, P51, K53, L57, I94, Y100,
T113, NADPH, H2O

WYY −50.34 −121.01 −171.35 I5, W6, A7, I20, D27, Q28, F31,
R32, S49, L50, P51, K53, V54,
L57, R60, NADPH

Fig. 9 Molecular dynamics
trajectory for the docked
complex. Snapshots of the
designed peptide and the
selected mtDHFR active site
residue conformers extracted
from the production dynamics
trajectory at the time intervals of
0, 25, 50, 75, 100, 125, and
150 ps. The peptide is shown in
black and the InhA residues are
shown as thin sticks in grey.
(NADPH has not been shown
for the sake of clarity)

The docked complex is shown in Fig. 10. It can be seen
from the Fig. 10 that designed inhibitor occupies a posi-
tion similar to that in mtDHFR (Fig. 7). However, docking
energy is higher (−120.54 kcal mol−1), and the predicted
Kd value is 0.21 μM. Thus, the modeling studies predict the
tripeptide WYY to be about 120-fold selective for mtDHFR
over hDHFR (Table 4).

Conclusion

Using an in silico structure-based approach, we have
exploited the structural differences between mtDHFR and
h DHFR to design a potent and selective small peptide inhib-
itor of mtDHFR. Docking studies indicate that the designed
peptide has potency about six times that of the most potent,
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Table 3 Fully hydrated dynamics simulation results of docked complex DHFR–WYY

Time (ps) Docked Energy of ligand (kcal mol−1 Contacting residues (upto 4.0 Å)

With solvent and enzyme With enzyme only

Steric Electrostatic Total Steric Electrostatic Total

0 −56.57 −657.22 −713.79 −45.58 −456.26 −501.84 I5, W6, A7, I20, D27, Q28, F31, R32, S49, L50,
P51,V54, L57, P58, R60, I94, NADPH

25 −67.88 −650.95 −718.83 −55.34 −454.14 −509.48 I5, W6, A7, I20, D27, Q28, F31, R32, S49, L50, P51,
L57, P58, R60, NADPH

50 −60.66 −650.32 −710.98 −48.38 −452.37 −500.75 I5, W6, A7, I20, D27, Q28, F31, R32, S49, L50, P51,
V54, L57, P58, R60, NADPH

75 −56.50 −683.72 −740.22 −44.80 −459.18 −503.98 I5, W6, A7, I20, D27, Q28, F31, R32, S49, L50,
P51,V54, L57, P58, R60, NADPH, H2O

100 −57.43 −662.76 −720.19 −46.84 −463.03 −509.87 I5, W6, A7, I20, D27, Q28, F31, R32, S49, L50, P51,
L57 P58, R60, NADPH

125 −59.31 −682.31 −741.62 −48.48 −467.13 −515.61 I5, W6, A7, I20, D27, Q28, F31, R32, S49, L50, P51,
L57, R60, NADPH

150 −60.78 −674.82 −735.60 −48.37 −469.21 −517.58 I5, W6, A7, I20, D27, Q28, F31, R32, S49, L50,
P51,V54, L57, P58, R60, NADPH

Hydrogen bonded residues are highlighted in bold

Fig. 10 Final docked position of the designed peptide inhibitor, WYY
(black, ball-and-stick rendering) with hDHFR. The coloring and ren-
dering are the same as in Fig. 1

known inhibitor (MTX), and is about 120 fold selective for mt
DHFR over h DHFR. Thus, the designed tripeptide, WYY,
is a suitable lead compound for the development of a new
class of selective drugs for anti-tubercular therapy. A similar
approach has been adopted by us earlier [28] for designing

Table 4 Selectivity of designed ligand (WYY)

Target Corresponding Selectivity
Kd value at ratio
298 K (nM)

1 mtDHFR 1.78 1

2 hDHFR 209 117.4

a small peptide inhibitor of NADH-dependent Enoyl-ACP
reductase (InhA).

References

1. Tuberculosis (as of 17 March 2009) -> Estimated TB -> Estimated
TB deaths (MDG indicator 23). WHO Global Tuberculosis Data-
base

2. Chan ED, Iseman MD (2002) Current medical treatment for tuber-
culosis. Br Med J 325:1282–1286

3. Corbett EL, Watt CJ, Walker N, Maher D, Williams BG, Ravigli-
one MC, Dye C (2003) The growing burden of tuberculosis: global
trends and interactions with the HIV epidemic. Arch Intern Med
163:1009–1021

4. Nachega JB, Chaisson RE (2003) Tuberculosis drug resistance: a
global threat. Clin Infect Dis 36(Suppl 1):S24–S30

5. Raviglione M, Smith I (2007) XDR tuberculosis—implications for
global public health. N Engl J Med 356((7):656–659

6. Schweitzer BI, Dicker AP, Bertino JR (1990) Dihydrofolate reduc-
tase as a therapeutic target. FASEB J 4:2441–2452

7. White EL, Ross LJ, Cunningham A, Escuyer V (2004) Cloning,
expression and characterization of Mycobacterium tuberculosis
dihydrofolate reductase. FEMS Microbiol Lett 232:101–105

8. Sardarian A, Douglas KT, Read M, Sims PFG, Hyde JE, Chitnum-
sub P, Sirawaraporn R, Sirawaraporn W (2003) Pyrimethamine
analogues as strong inhibitors of double and quadruple mutants of
dihydrofolate reductase in human malaria parasites. Org Biomol
Chem 1:960–964

123



604 Mol Divers (2010) 14:595–604

9. Hekmat-Najad M, Rathod PK (1997) Plasmodium falciparum:
kinetic interactions of WR99210 with pyrimethamine-sensitive
and pyrimethamine-resistant dihydrofolate reductase. Exp Parasi-
tol 87:222–228

10. Wiktor SZ, Sassan-Morokro M, Grant AD, Abouya L, Karon JM,
Marice C, Djomand G, Ackah A, Domoua K, Kadio A, Yapi A,
Combe P, Tossou O, Roels TH et al (1999) Efficacy of trimeth-
oprim-sulfamethoxazole prophylaxis to decrease morbidity and
mortality in HIV-1 infected patients with tuberculosis in Abijian,
Cote d’Ivoire: a randomized control trial. Lancet 353:1469–1475

11. Argyrou A, Vetting MW, Aladegbamil B, Blanchard JS (2006)
Mycobacterium tuberculosis dihydrofolate reductase is a target for
isoniazid. Nat Struct Mol Biol 13(5):408–413

12. Li R, Sirawaraporn R, Chitnumsub P, Sirawaraporn W, Wooden J,
Athappilly F, Turley S, Hol WG (2000) Three-dimensional struc-
ture of M. tuberculosis dihydrofolate reductase reveals opprtunities
for the design of novel tuberculosis drugs. J Mol Biol 295:307–323

13. Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weiss-
ig H, Shindyalov IN, Bourne PE (2000) The protein data bank.
Nucleic Acids Res 28:235–242

14. Cody V, Galitsky N, Luft JR, Pangborn W, Rosowsky A, Blak-
ley RL (1997) Comparison of two independent crystal structures
of human dihydrofolate reductase ternary complexes reduced with
nicotinamide adenine dinucleotide phosphate and the very tight
binding inhibitor PT523. Biochemistry 36:4399–4411

15. Johnson JM, Meiering EM, Wright JE, Pardo J, Rosowsky A, Wag-
ner G (1997) NMR solution structure of the antitumor compound
PT523 and NADPH in the ternary complex with human dihydro-
folate reductase. Biochemistry 36:13897–13903

16. da Cunha EFF, Ramalho TC, Reynolds RC (2008) Binding mode
analysis of 2,4-diamino-5-methyl-5-deaza-6-substituted pteridines
with Mycobacterium tuberculosis and human dihydrofolate reduc-
tase. J Biomol Struct Dyn 25(4):377–385

17. Otvos L (2008) Peptide-based drug design: here and now. Pept-
Based Drug Des 494:1–8

18. Accelrys Software Inc (2003) Cerius2 modeling environment,
release 4.7. Accelrys Software Inc, San Diego

19. Brooks BR, Bruccoleri RE, Olafson BD, States DJ, Swaminathan
S, Karplus M (1983) CHARMM: a program for macromolecular

energy, minimization, and dynamics calculations. J Comput Chem
4:187–217

20. Momany FA, Rone R (1992) Validation of the general purpose
QUANTA �3.2/CHARMm� force field. J Comput Chem 13:888–
900

21. Wu G, Robertson DH, Brooks CL, Vieth M (2003) Detailed anal-
ysis of grid-based molecular docking: a case study of CDOC-
KER—a CHARMm-based MD docking algorithm. J Comput
Chem 24:1549–1562

22. Hamdouchi C, Zhong B, Mendoza J, Collins E, Jaramillo C, Diego
JE, Robertson D, Spencer CD, Anderson BD, Watkins SA, Zhang F,
Brooks HB (2005) Structure-based design of a new class of highly
selective aminoimidazo[1,2-a]pyridine-based inhibitors of cyclin
dependent kinases. Bioorg Med Chem Lett 15:1943–1947

23. Böhm HJ (1994) The development of a simple empirical scoring
function to estimate the binding constant for a protein-ligand com-
plex of known three-dimensional structure. J Comput Aided Mol
Des 8:243–256

24. Böhm HJ (1994) On the use of LUDI to search the fine chemi-
cals directory for ligands of proteins of known three-dimensional
structure. J Comput Aided Mol Des 8:623–632

25. Böhm HJ (1998) Prediction of binding constants of protein ligands:
a fast method for the prioritization of hits obtained from de novo
design or 3D database search programs. J Comput Aided Mol Des
12:309–323

26. Wang R, Lu Y, Wang S (2003) Comparative evaluation of 11 scor-
ing functions for molecular docking. J Med Chem 46:2287–2303

27. Berendsen HJC, Postma JPM, DiNola A, Gunsteren WFvan , Haak
JR (1984) Molecular dynamics with coupling to an external bath.
J Chem Phys 81:3684–3690

28. Subba Rao G, Vijayakrishnan R, Kumar M (2008) Structure-based
design of a novel class of potent inhibitors of InhA, the Enoyl acyl
carrier protein reductase from Mycobacterium tuberculosis: a com-
puter modelling approach. Chem Biol Drug Des 72:444–449

29. DeLano WL (2002) The PyMOL molecular graphics system. http://
www.pymol.org

123

http://www.pymol.org
http://www.pymol.org

	In silico structure-based design of a novel class of potent and selective small peptide inhibitor of Mycobacterium tuberculosis Dihydrofolate reductase, a potential target for anti-TB drug discovery
	Abstract
	Introduction
	Materials and methods
	Receptor setup
	Ligand setup
	Docking and scoring
	Molecular dynamics

	Results and discussion
	Validation of the docking methodology
	Design of a peptide inhibitor and modeling of the docked complex of mtDHFR with the designed inhibitor
	Molecular dynamics simulation of a fully hydrated model of the final docked complex
	Selectivity of the designed inhibitor

	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


