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Abstract

A series of novel antifolate inhibitors having naphthalene core, substituted quinazoline, indole, pyrrolo—
pyrimidine, pyrido—pyrimidine, and pteridine were designed using computational technique. These molecules
were compared with the known classical and non—classical antifolate inhibitors of the thymidylate synthase by
performing docking studies and by computing their ADME properties. The designed molecules showed good
binding affinity towards the protein compared to the several thymidylate synthase inhibitors. The biological
activities for these inhibitors were predicted withy a model equation generated by regression analysis between
biological activity (pK;) of known inhibitors and there E-model which is a specific combination of Glide score,
Coulombic and van der Waals interactions. The MLR QSAR analysis was carried out on 20 analogues used as
training set, and 8 analogues used as test set. This study gave a reasonably good predictive model with R* =
0.957 and R* oo = 0.871 (leave—one—out method). The cross validation on the test set gave R%., = 0.587 and
RMS = 0.493.

Keywords. Thymidylate synthase; ADME; docking; activity; QSAR; quantitative structure—activity
relationships; E-model.

Abbreviations and notations

ADME, absorption, distribution, metabolism, and elimination =~ OPLS—AA, optimized potentials for liquid simulations

DM, dipole moment Polrz, polarizability
MR, molar Refractivity QSAR, quantitative structure—activity relationships
MMFF94s, Merck molecular force field 94 static SASA, solvent accessible surface area

1 INTRODUCTION

Thymidylate synthase (TS) [1] is especially attractive as a target for therapeutic interventions
since cellular DNA synthesis cannot be maintained in the absence of functioning thymidylate
synthase because the transfer of the one—carbon moiety from 5,10-methylene tetrahydrofolate to
deoxy uridylate occurs concomitantly with the oxidation of the cofactor tetrahydrofolate to the
dihydrofolate level. Thymidylate synthase catalyzes the reductive methylation of deoxyuridylate to

deoxythymidylate that is required for the pyrimidine nucleotide biosynthesis later produced in the

* Correspondence author; E-mail: drmv12002@yahoo.com.
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DNA synthesis [2]. Thus inhibition of TS is an attractive target for the development of antitumor

agents.

Several classical antifolates inhibitors, notably ZD1694 [3], LY231514 [4], PDDF [5], 10—
propargyl-5,8—dideazafolic acid (Quin—1) [6,7] contain a benzoyl L—glutamic acid side chain which
acts as the substrate for folypoly—y—glutamate synthetase (FPGS). FPGS catalyzes the formation of
poly—y—glutamate [4,5,8] leading to high intracellular concentrations of these antitumor agents and
at the same time increases the TS inhibitory activity. In the case of the classical inhibitors, a
decrease in the FPGS activity can cause resistance and/or inefficient uptake. Examples of
nonclassical analogue are TMQ [9,10] originally developed as an anticancer agent [11,12,13],
AG337 [14] which is the first nonclassical TS inhibitor to reach clinical trials, Quin—2 to Quin—20
[6] that are not dependent on FPGS for their potency and could passively diffuse into cells. These
classical and non—classical inhibitors of thymidylate synthase were clinically active but had toxic
effects [15]. Therefore it is important to design novel potent TS inhibiting drugs, which will be
more soluble, having ability to passively diffuse into the cell and non—toxic in nature. In the present
work both the classical and the non—classical antifolate inhibitors of thymidylate synthase (TS)
were taken into consideration, and we performed docking and QSAR studies on them. The novel
classical folate analogues were designed by using the napthalene core and by substitution on the
existing quinazoline, indole, pyrrolo—pyrimidine, pyrido—pyrimidine and pteridine cores, while

maintaining required ADME properties.

2 MATERIALS AND METHODS

The computational work was run on a 3.2 GHz Intel Pentium—IV system. The software Glide 4.0
[16] was used for protein preparation, protein minimization, grid generation and ligand docking.
QikProp 2.5 [17] was used to calculate the ADME properties of the ligands, the existing ligands
(quinazolines) with their K; values were obtained from Jones ef al. [6]. Thymidylate synthase
crystal structure was downloaded from protein data bank (PDB 1HVY) [18]. The protein structure
was prepared by glide application’s protein preparation job. Protein minimization was carried out
using a conjugate gradient method applying a convergence gradient of 0.01 kcal/mol. The OPLS—
AA force field was used for this purpose and then the active site of the protein was defined and a
grid was prepared for the protein structure with receptor van der Waals scaling for the non polar
atoms as 0.9. The ligands were built and prepared by using Ligprep 2.0 application, which produces
the low energy conformer of the ligand using the MMFF94s force field. The ADME properties and
molecular descriptors were calculated by using QikProp 2.5. The low energy conformations of the
ligands were selected, these were then docked into the protein using the standard precision docking
mode [19].
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Figure 1. Structures of the quinazoline molecules.

3 RESULTS AND DISCUSSION

Quinazoline inhibitors were taken from literature [6] and have a wide range of inhibition
constants (Figure 1). Their ADME properties were calculated using QikProp 2.5. The required
pharmacokinetics properties [20,21] for a viable drug are: molecular weight should be in the range
of 150 to 650 amu, partition coefficient (log Po/w) should be greater than —1 and less than +6.5,
solubility (log units) should be greater than —7 and number of metabolic reactions should be less
than 10.

A QSAR model was generated using the Strike 2.5 application, for the known quinazoline

molecules (descriptors values given in Tables 1 and 2, calculated with QikProp), using the MLR
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method which gave a good predictive model with R*>=0.957 and RzLoo = (0.871 with leave—one—out
method. The cross validation on the test set gave R* = 0.587. Scatter plot of predicted activity vs

experimental activity is shown in Figure 2.

pKi =—0.139 + 0.043(£0.015) MR + 0.011(£0.026) DM + 0.015(x0.054) SASA
—0.228(+0.091) Polrz — 0.465 (+0.166) Log Po/w — 0.518 (+0.173) Log S 0
n=20 R=098 R*=0.957 F=48.0 SEE=0.186 PRESS =0.424 p<0.00001
R’ 00=0.871 testsetn=8 R%,=0.587 PRESS=1.949 RMS =0.493

Table 1. Calculated descriptors of quinazoline molecules from the training set

Mol MR DM SASA Polrz LogPo/w LogS E-model Glide Score  pKiexp  PKipre
Quin-1 12427 406 81239 47.74 2.48 -5.56 -140.9 -11.63 8.15 8.04
Quin-2 12149 994 77152 4584 2.61 -5.63 -114.3 -10.70 7.73 7.79
Quin-3 104.67 11.44 67144  38.51 1.57 —4.32 -80.3 -9.35 7.07 7.08
Quin—4 109.43 13.02 703.70 41.19 2.38 -5.25 —-80.2 -9.46 7.15 7.27
Quin-5 12325 896 73041  46.29 3.51 -5.55 -78.6 -9.09 6.89 6.68
Quin-6 132.62 9.75 769.77  48.20 3.83 -6.13 -78.2 -9.00 7.07 7.39
Quin-7 123.57 539 75282 46.78 4.64 —-6.55 -76.9 -8.91 6.79 6.87
Quin-8 126.89 646  760.58  47.40 3.95 -5.58 -69.1 -8.66 6.96 6.81
Quin-9 103.42 13.13 68558 40.14 4.12 —6.34 —63.8 -8.36 6.82 6.75
Quin—-10 102.04 423 64827 37.79 4.13 -5.46 —61.6 -7.42 6.17 6.12
Quin—11 104.13 1045 628.88  36.57 3.30 -5.98 -60.4 -8.13 7.10 6.92
Quin-12  98.67 9.89 648.69 38.49 3.62 -5.54 —60.2 -8.24 6.31 6.15
Quin—13  100.56 450 616.68 36.27 4.16 -5.47 —60.2 -7.25 6.07 5.92
Quin-14 97.6 5923 625.15 3643 4.15 -5.61 -60.0 -8.12 6.11 5.98
Quin-15 9847 447 61046  35.19 2.85 -4.10 —58.7 -7.81 5.92 5.89
Quin-16  99.53 9.68 63897 36.75 3.05 -5.87 -57.4 —-7.83 6.77 6.88
Quin—-17  97.43 344  602.67 35.56 3.85 —-4.88 -57.0 -7.90 5.47 5.57
Quin—18 105.66 586 639.19 3743 4.36 -5.94 -54.9 -7.73 6.36 6.38
Quin-19  97.76 743  653.05 38.465 4.63 -6.32 -52.7 -7.91 5.96 6.09
Quin—20  93.00 3.88°  601.13 35.12 3.70 —4.85 -50.9 -7.21 5.24 5.52

Scatter plot of Experimental pKi vs Predicted pKi

Predicted pKi

4 T T T T 1
4 5 6 7 8 9

Experimental pKi

Figure 2. Scatter plot of experimental pK; vs predicted pK;.
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Table 2. Calculated descriptors of quinazoline molecules from the test set

Mol MR DM SASA  Polrz TLogPo/w LogS E-model GlideScore pKiexp PKipre
Quin-21 113.22 1077 716.03  44.58 2.94 —5.54 -77.9 -8.84 5.66 6.71
Quin—22 12399 7.06  722.58 44.76 2.49 —4.53 =77.7 -9.12 7.04 6.87
Quin-23 127.86  7.74  770.02 48.21 3.83 —-6.13 =77.7 -9.00 7.68 7.16
Quin—24 12566 642 76142 46.46 2.03 -3.98 =75.7 -9.06 7.15 7.06
Quin-25 107.51 10.58 704.11 41.74 3.09 —5.65 —68.7 -8.90 7.55 6.92
Quin—26 13098  6.12 77535 48.28 2.34 -3.96 —63.9 -7.92 6.72 6.91
Quin—27  102.04 3.92 63294 37.56 431 -5.26 —60.0 -8.15 5.42 5.75
Quin—28  104.28 11.52 649.03 38.43 3.79 —6.53 —58.1 —8.05 6.85 6.87

These molecules were docked into the protein (PDB: 1HVY) having the active site amino acids
(Arg50, Lys77, Phe80, Asnl12, Leu221, Asn226, Met309). The top molecules of this series i.e.
Quin—1, Quin—2, Quin—-3, Quin—4 having inhibition constant 0.0071, 0.019, 0.084, 0.070 uM
showed the docking score of —11.63, —10.70, —9.35, —9.46, and E-model being —140.9, —114.3, —
80.3, —80.2 kcal/mol respectively (Table 1). The cores of these 4 molecules showed hydrogen bond
interactions with Lys77 and the side chain interacting with Asn226 of the active site and also
interacting with the other amino acid like [1e307 which is not there in the active site, where as it did

not show any interactions with the other active site amino acids.

For the rest of the molecules in the series the core only interacted with Lys77 and very few
molecules showed the side chain interactions with Asn226 and these molecules had E-model value
very less compared to Quin—1, Quin—2, Quin—3, and Quin—4. The correlation of E-model vs
biological activity (pKi) of the known inhibitors gave correlation coefficient R = 0.80261 and
standard error of estimate SEE = 0.4393, the following equation was derived with the scatter plot of
biological activity vs E-model shown in Figure 3:

pK;=-0.02612 (E-model) + 4.79862 (2)

Scatter plot of biological activity vs E-model.
-170 -

¢
120 .

-70 -
°® l‘;

5
_20 | | | ]
Biological Activity{log1/Ki)

E-model(Kcal/mol)
[o0]
[(e]

Figure 3. Scatter plots of biological activity vs E-model.

The new molecules were computationally designed using 6 different cores having substituents at

N-10 position for naphthalene, quinazoline, pyrido pyrimidine and pteridine cores, and substitution
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at N-9 position for indole and pyrrolo pyrimidine cores (Figure 4). These molecules were first
screened for their drug like properties i.e. ADME using QikProp 2.5 and were docked into the
protein (PDB: 1HVY) active site which showed the E-model greater than the known molecules.
The molecules (M—1 to M—67) showed the highest E-model value compared to the known

molecules.

NH,
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axele - :
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A = Napthalene core, B = Quinazoline core, C = Indole core, D = Pyrrolo pyrimidine core, E = Pyrido
pyrimidine core, F = Pteridine core.
Figure 4. Structures of newly designed molecules.
The cores of designed molecules (Figure 5) showed interactions with Asn112 and Leu 221 and
the substituent on N-10 and N -9 position interacted with Asn226 and Arg50 of the active site, o—

carboxylic acid of glutamic acid interacted with Phe80 and y—carboxylic acid interacted with Lys77.
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They also showed interactions with the other amino acids like Arg215, Asp218, Tyr135, Tyr258
which are not there in the active site. (Hydrogen bonding shown in yellow color, active site amino
acids shown in pink color with ball and stick representation, ligand shown in tube form and the

protein is shown in ribbon model).

Substitutions at position N-10 for A, B, E, F (R)
Substitutions at position N-9 for C,D (R)

\)Q HoN Sg\ _° e O| >< H
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) 2 3 4
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Lo 54\/ T DQOMCHZ cH,
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Figure 4. (Continued).

The cores of designed molecules (Figure 5) shows interactions with Asn112 and Leu 221 and the
substituent on N—10 and N -9 position interacted with Asn226 and Arg50 of the active site, a—
carboxylic acid of glutamic acid interacted with Phe80 and y—carboxylic acid interacted with Lys77.
They also showed interactions with the other amino acids like Arg215, Asp218, Tyr135, Tyr258
which are not there in the active site. (Hydrogen bonding shown in yellow color, active site amino
acids shown in pink color with ball and stick representation, ligand shown in tube form and the

protein is shown in ribbon model).
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Table 3. Calculated descriptors, E-model, Glide score, and predicted activity for the new molecules

Mol Core R MR DM SASA  Polrz  LogPo/w LogS E-model Glide Score  pKipe

M-1 F 24 161.6  11.82 93542 57.69 2.178 —6.38 -179.9 -12.50 9.83
M-2 A 7 14359 193 82748 48.74 0.41 —4.18 -170.7 -11.50 9.08
M-3 D 24 15222  3.06 890.37 53.24 0.46 -5.21 -170.6 -11.73 9.87
M-4 C 7 138.03 7.58 76630 44.74 —-0.13 -3.22 -167.5 -9.66 8.67
M-5 F 14 15528 7.09 897.04 55.58 0.14 —4.80 -167.4 -10.23 9.55
M-6 F 13 15821 4.14 94634 56.78 —-0.10 —5.44 -166.7 -11.27 10.54
M-7 C 11 13941 14.12 806.14 47.98 0.24 —4.41 -164.8 -10.90 9.10
M-8 B 13 16203 629 953.15 57.99 1.01 —6.03 -164.3 -11.22 10.34
M-9 C 13 160.28  3.60 936.88 57.12 1.41 —6.02 -160.5 -11.73 10.00
M-10 C 4 15083 748  829.81 51.34 2.38 -5.21 -159.0 -11.18 8.51
M-11 E 17 15293 1194 846.64 52.78 0.31 —4.60 -157.4 -10.91 9.22
M-12 B 14 159.1 8.02 930.53 57.21 1.21 -5.79 -157.3 —-10.80 9.86
M-13 D 19 15955 498 87797 5494 2.74 -5.90 -152.3 -10.07 8.94
M-14 B 17 154.84 842  835.02 5292 0.88 —4.66 -151.9 -9.76 8.82
M-15 C 21 127.21 822 77228 43.13 0.78 -3.98 —-151.6 -9.28 8.64
M-16 F 23 13437 3.62 81791 4735 0.17 -3.98 -151.4 -10.04 8.89
M-17 A 4 156.4 1097 86843 54.39 3.05 -5.98 —-151.3 -11.28 8.74
M-18 D 11 13559 633 79034 46.22 —0.81 -3.89 -151.2 —-10.03 9.23
M-19 B 15 13099 736  798.87 45.02 -0.97 -2.90 -151.0 -10.09 9.01
M-20 E 3 15048 431 893.88  53.30 1.473 -5.45 -150.7 -9.32 9.50
M-21 D 10 148.05 480 866.46 52.03 2.23 -5.72 -150.5 —-11.61 9.08
M-22 E 19 161.76 635 904.87 56.81 2.89 —6.28 -150.5 -10.23 9.14
M-23 F 1 140.59 10.20 823.38 49.25 1.05 —4.67 -150.4 -9.94 8.82
M-24 B 9 139.77 9.01 81931 48.23 1.21 -5.09 —149.7 -10.42 9.09
M-25 B 20 13358  6.84  778.58 45.32 0.55 —4.00 —149.7 -9.52 8.61
M-26 D 16 13222 373 772775 43.74 0.27 -3.51 —-149.1 —-10.80 8.67
M-27 C 23 13644 6.02 807.89 47.10 1.44 —4.49 —-149.1 —-10.15 8.59
M-28 F 28 12848 952 79535 44.45 —0.29 —4.21 —-148.5 -10.62 9.37
M-29 E 22 136.55 299  846.54 47.78 0.48 —4.74 —-148.4 -9.96 9.55
M-30 E 9 13787 6.15 80294 46.71 0.49 —4.69 -148.4 -9.49 9.22
M-31 B 10 153.62 6.65 895.81 54.66 2.94 —6.38 —147.8 -10.59 9.18
M-32 C 22 13671  7.49  809.45 46.85 1.62 —4.62 —147.5 -10.31 8.68
M-33 B 1 144.41 745 837.99 50.68 2.14 -5.34 —147.4 —-10.04 8.68
M-34 F 4 14876 742  827.72  50.69 0.87 —4.51 —147.3 —-10.45 8.87
M-35 E 11 13925 1132 843.14 48.82 -0.79 —4.57 —147.2 —-11.06 9.97
M-36 B 16 137.79  3.56  814.89 46.09 0.98 —4.26 -146.9 —-10.03 9.05
M-37 F 12 111.62 692 76897 41.57 -0.97 -3.58 —-146.8 -10.36 9.22
M-38 A 5 139.0 6.81  811.15 47.92 2.07 -5.41 —-146.6 -10.37 8.75
M-39 D 8§ 13286 642  820.79 46.84 -0.13 —4.57 -146.4 -11.35 9.46
M-40 C 16 136.04 7.63 77459 44.58 1.37 -3.85 —146.2 -10.10 8.38
M-41 D 23 132.62 3.18 795.61 45.47 0.44 -3.99 —-146.0 —-10.63 9.58
M-42 B 7 139.77 359 797775  46.70 —0.34 -3.48 -145.4 -9.07 8.95
M43 E 26 13431 11.62 812.08 45.99 0.37 —4.90 —-145.3 -10.31 9.58
M-44 E 20 131.67 272 779.13 44.99 —0.06 -3.83 —144.2 —9.48 8.76
M-45 F 10 149.8 8.63  886.85 53.28 1.77 =5.75 —143.7 -9.68 9.44
M-46 B 19 165.12 584 92470 58.35 3.61 —6.85 —143.7 -9.02 9.18
M-47 F 22 13464 296 854.04 48.17 0.25 —4.61 —-143.6 -9.89 9.53
M-48 B 12 12344 989 76924 4245 0.06 -3.89 —-143.5 -9.95 8.89
M-49 C 14 15735 774 94159 57.79 1.78 —6.22 —-143.3 -9.97 9.77
M-50 A 2 14403 521 83979 49.13 —0.82 -4.29 —-143.3 -9.55 9.86
M-51 F 3 148,57 495 886.15 53.12 1.08 -5.09 —-143.1 -10.38 9.35
M-52 B 18 148.71 596 85246 52.07 2.56 -5.84 —-143.1 -10.09 8.81
M-53 D 12 117.87 328  719.18 39.22 —0.45 -3.05 —-143.0 —9.82 8.39
M-54 D 1 13884 470  796.54 47.75 1.49 —4.54 -142.8 -9.75 8.36
M-55 B 11 141.16 12.56 833.14 49.46 —0.08 —4.62 —142.7 —8.94 9.47
M-56 B 3 15239 8.18 912,56  54.73 2.04 -5.99 —142.5 —9.53 9.59
138
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Table 3. (Continued)

Mol Core R MR DM SASA  Polrz  LogPo/w LogS E-model Glide Score  pKipe

M-57 B 8 13843 424  841.61 49.18 0.53 —4.98 —142.4 -10.32 9.35
M-58 C 18 14697 834 80936 49.88 2.38 -5.16 -141.8 -10.50 8.36
M-59 D 26 129.62 6.68 775774 43.59 0.29 —4.47 -141.8 -9.75 9.15
M-60 F 19 1613 444  899.37 56.07 2.21 -5.94 -141.8 -9.70 9.33
M-61 A 6 1404 1345 81735 49.28 2.92 -5.69 —-141.5 -10.18 8.41
M-62 E 12 121.53 697 76849 41.79 —0.52 -3.73 —-141.5 -9.61 9.11
M-63 E 27 13577 11.97 820.21 46.90 1.32 —4.95 -141.2 -9.86 9.14
M-64 A 8§ 14224 823  850.14 50.89 1.63 -5.46 -141.1 —-10.51 9.03
M-65 A 1 14822 1294 845.54 52.15 3.17 -5.86 -141.1 -9.94 8.48
M-66 D 25 121.77  8.04  731.41 40.83 —0.06 —4.43 —-141.1 -9.75 8.95
M-67 A 3 156.2 5.60 85349 53.24 2.75 =5.45 —140.9 -10.37 8.59

o
0L§ 17 W
1Y oy

PS
“'L \,Lct%z" —e™® DA SN AP2
j'

Figure 5. The designed molecules showing hydrogen bonding interaction with the active site
amino acids of thymidylate synthase.

The designed molecules activity has been predicted using the model equation (Eq. 1) generated
from the existing molecules. This showed that the designed molecules are having better predicted
activity than that of the known molecules (see Table 3 for descriptor values, E-model and predicted
activity).

4 CONCLUSIONS

In the current docking studies of the known quinazoline inhibitors and the newly designed
molecules it is established that the newly designed molecules showed good binding affinity, which

is evident from E—model value and glide score. Amongst the 67 molecules M—1 showed a highest
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E—Model and glide score (—179.9 Kcal/mol, —12.5 respectively). QSAR study gave a good
statistical model with R* of 0.957, RZCV/LOO 0of 0.871 and R2CV of 0.587 on test set. Predicted activities
of new molecules using the QSAR model were better compared to the known inhibitors. Hence
these newly designed molecules can be considered as the hit molecules. Compounds like M— 1, 3, 6,
8, 9,12, 43 that have good E-model and predicted activity can be considered as hit molecules. There

synthetic studies are in progress.
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