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Abstract

The induced fit docking of anilino quinoline scaffold results in the required hydrogen bonding
interactions with amino acid residues in the orthosteric site of 3 Phosphoinositide dependent kinase
(PDK1). The rational design of 4-substituted amino quinolines is carried out and eight compounds are
synthesized. Four crystal structures are determined and their binding mode with adenosine triphosphate
(ATP) site of PDK1 is analyzed. The anticancer activity in A549 cell lines of the test compounds by
MTT assay resulted in an inhibitor with 1Cso value of 0.96uM which is less than the pemetrexed, a

marketed lung cancer drug.

Keywords
PDKZ1; Quinoline; Induced fit docking, A549 inhibitor

1. Introduction

Protein kinases are rich source of targets for the development of chemical probes and
therapeutics, as the dysregulation of protein phosphorylation mediated by them leads to progression of
various cancers[1] . Among number of kinase targets identified in different cancers, PDKL1 is recently

found to be an attractive one as it downstreams the activation of 24 different kinases in the cell
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signaling pathway and is the key regulator for cell migration and cell dissemination[2]. It was also
reported that the most aggressive types such as acute myeloid leukemia, melanoma and esophageal
squamous cell carcinoma, lung cancer affected cells are rich in PDK1 expression. Also, evidence is
being accumulated suggesting that PDK1 is overexpressed in majority of human breast cancer cell
lines[3—7]. Thus different PDK1 inhibition strategies and medicinal chemistry efforts are continuously

reported in order to come out with a highly potent therapeutic drug.

In view of its three dimensional structure, PDK1 has an ATP binding site (orthosteric) and PIF
pocket binding site (allosteric).The inhibition of intrinsic kinase activity is appropriate where the
corresponding pathways are kinase dependent such as AKT phasphorylation inhibition. Tamgliney et
al.,[8] have demonstrated that the PDK1 inhibition barely affects cell growth under regular culture
conditions and it sensitizes cells to apoptotic stimuli. It is-also suggested that, targeting PDK1 by itself
or in combination with standard chemotherapeutics could be a beneficial treatment for cancer. Many
orthosteric inhibitors for PDK1 are developed in which most of them are ATP competitive inhibitors
such as azaindoles[9], aminoindazoles[10], imidazo quinolones[11], dibenzo naphthrydines[12,13],
oxindoles[14], pyrrolo pyrimidines[15] etc. Recent results proved that the mechanism of action of few
ATP binding site inhibitors with allosteric behavior (affecting the distant site specifically) such as
PS653 [16] produced conformational changes in the protein secondary structures. PS653 shown in
Figure 1 favors an open-hinge conformation and breaks the allosteric communication by stabilizing the
aB and aC helices lining the PIF pocket. Together with few allosteric inhibitors, it is still continuing to
develop the substrate selective ATP site inhibitors for PDK1. At the same time, Rettenmeir et al.,[17]
determined the complete suppression of PDK1 signaling by dual targeting approach. It is inferred that
the interference of PIF pocket ligands in recruiting substrates lowers threshold of active site occupancy
for ATP site binders. It is interesting to know that up to date, though numerous inhibitors are reported

for PDK1 in many patents and papers, only one (GSK2334470) shown as (I) in Figure 1 is approved by
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FDA and this may be due to many factors such as selectivity, solubility, non-optimal safety profiles,
weak inhibition and lack of efficacy. Therefore there exists always a need for potent, selective ATP site

inhibitors for PDK1.

A derivative of 3-Amino-quinolin-2(1H)-one scaffold was identified to have an appropriate
geometry and electronic properties for the ATP binding site. In spite of varying the substituents in 11,
the inhibition was found to be very weak towards PDK1 [15, 18]. Quinoline derivatives.are potentially

bioactive and no quinoline substituted potent inhibitors for PDK1 were reported so far.
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Figure 1: PS653 (1), 3-Anilino-quinolin-2(1H) analogs (I1) and Aminoquinoline analogs (111)
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Considering the shape and structural similarities of 1 and Il, an attempt was made to analyze the
binding mode of 4-anilino _quinoline scaffold with PDK1 by induced fit docking protocol. The blind
docking of the scaffold with grid covering the whole protein confirmed the preference of anilino

quinoline to ATP binding site rather than the PIF pocket.
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Figure 2: Interaction of anilino quinoline with PDK1 at the ATP site

To our expectation, two hydrogen bonds were observed. The nitrogen atom at position-1 of the
quinoline core formed hydrogen bond with the backbone of Alal62 and the other aromatic nitrogen
atom with Leu88 of PDKZ1 in the active site. It is inferred from the ligand interaction diagram (Figure
2) that the substitutions at 3 position of the phenyl ring which is in the solvent exposure region will
lead to a better binder by forming hydrogen bonds with other important residues like Thr222 and
Lys111 in'the active site. From the docking results and by visualizing the interactions with the active
site, the substitutions at R1 of 111 (Figure 1) and the replacement of methyl group in quinoline ring with
suitable pharmacophoric feature may lend support to better binding with key amino acid residues
Ser160, Thr222 and Lys111. Also, by extending the amine substituent region, it is expected that the
ligand binding part will move close to Thr222, Lys111 and Asp223 and possibly make interactions.
Considering the afore mentioned, herein we have reported the synthesis and characterization of a series

of eight quinoline derivatives as PDK1 inhibiting agents. The contribution of different heterocycles and
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fluorine substituents was anticipated and the influence of position of phenyl moiety on their
antiproliferative activities was investigated. Finally, the study of cell proliferation in lung
adenocarcinoma (A549), in vitro prediction and analysis of PDK-1 and ligand complexes were carried

out.

2. Materials and methods

2.1  Computational methods

The properties such as log P, n-octanol/water partition coefficients, drug likeliness for kinase
and ADMET/TOX were calculated by ChemAxon algorithm available in-Marvinview18.1 and Qikprop
in Schrodinger suite®. Structures of the compounds (1a-c,e) were sketched in using build panel and
were prepared for docking using Ligprep module[19] implemented in Maestro 11[32] (Schrodinger
LLC). The molecules were subjected to energy minimization with OPLS-2005 force field[20] to
generate single low energy 3-D structure for each input structure. The three dimensional structural
coordinates of compounds 1d, 1f-h determined from single crystal X-ray diffraction were used as such
for ligand docking. The crystallographic structure of human PDK-1 in complex with ATP (protein data
bank PDB ID: 4RRV at 1.41A resolution) was used for all the docking simulations performed. Protein
was prepared by removal of solvent molecules coupled with the addition of hydrogen atoms using
Prepwizard in Maestro. The missing side chains were built using prime and the active site was visually
inspected and the appropriate corrections were made for tautomeric states of histidine residues,
orientations of hydroxyl groups, and protonation states of basic and acidic residues. The hydrogen
atoms were minimized using OPLS2005 force field, while constraining all the heavy atoms (non-
hydrogen) to their original positions. The protein with optimized hydrogen coordinates was finally
saved as a separate file to be used for docking. For all the molecules, Induced Fit Docking (IFD)

protocol implemented in Glide [20] was used to carry-out the docking simulation.
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2.2 Chemicals

All the chemicals such as 4-chloroquinaldine, various amines (2,3-dihydrobenzo [b][1,4]dioxin-
6-amine, benzo[d][1,3]dioxol-5-ylmethanamine, 3,4-dimethoxy aniline, benzo[d][1,3]dioxol-5-amine,
7-amino-4-(trifluoromethyl)-2H-chromen-2-one, 2-(pyridin-2-yl)ethan-1-amine, (2-methoxy phenyl)
methanamine, (4-fluorophenyl) methanamine) and solvents were purchased from Sigma Aldrich
(India). Neat reactions were performed using sealed glass tubes. Thin layer chromatography was
performed on pre-coated silica gel plates. One dimensional Nuclear Magnetic Resonance spectra were
recorded in dimethyl sulfoxide DMSO-ds at 298 K (Bruker, 'H NMR 400 MHz, *C NMR 100
MHz).NMR chemical shifts were referenced to the residual solvent signal of DMSO at & 2.5ppm for 'H
and at & 40ppm for 3C. On the basis of their chemical shifts, signal intensities, multiplicity of
resonances and H—H coupling constants, individual resonances were assigned. Single crystal XRD data
were collected at Structural Crystallography Center, University of Florence, Sesto Fiorentino

(Florence), Italy.

2.3 Experimental procedure for the synthesis of compounds (1a-h)

To 0.567 ml (1 eq) of 4-chloroquinaldine, R-NH: (1 eq) was slowly added at room temperature
and the reaction mixture, in neat condition, was stirred at 180°C for 4 h. The completion of the reaction
was monitored using thin layer chromatography. Once the reaction has been completed, the reaction
mixture was cooled to room temperature and extracted with ethyl acetate. The combined organic layer
was dried over anhydrous sodium sulfate and concentrated under reduced pressure. The reaction
mixture was washed with hexane and ethyl acetate (10%) to get the pure product. The description of

synthesis of the compounds 1a-h and characterization are given in supporting information.
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Scheme 1: Synthesis of 4-quinolineamines
2.4  Crystallographic structure determination

X-ray diffraction measurements were performed on a Bruker X8 APEXII CCD diffractometer
at room temperature. The data were processed using SAINT software[21]. The structures were solved
by direct methods and refined by full-matrix least-squares techniques. Non-H atoms were refined with
anisotropic displacement parameters. H atoms were inserted in calculated positions and refined with a
riding model. The following computer programs and hardware were used: structure solution, SHELXS-

97 and refinement, SHELXL-97[22] and molecular diagrams, MERCURY[23].

2.5  Anticancer activity

The A549 cells (human lung carcinoma cell line) were cultured in DMEM medium
supplemented with 10% fetal bovine serum (FBS) at 37°C with 5% CO3. The cell viability upon
different compound treatments were evaluated in A549 cells by MTT (3-[4,5-methylthiazol-2-yl]-2,5-
diphenyl-tetrazolium bromide) assay[24,25]. Briefly, A549 cells (10,000 cells/well) were seeded in a
96-well plate and incubated overnight. The next day, the culture medium was replaced with fresh

DMEM (without FBS) and serial 10-fold dilutions of the test compounds were added. Negative control
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wells contained only the cells without any compound, and the blank wells contained only the culture
medium without cells. The cells were placed back into the incubator for next 24 hours. On the day of
the assay, the cells were washed with phosphate buffer solution gently and 100 ul of it was added to
each well, to this 5 pl of MTT reagent (10 mg/ml) was added per well and incubated for 4 hours in
dark. After completing the incubation, 100 pl of 100% DMSO was added to each well and incubated in
dark at room temperature for 1 hour. The colour developed was measured as optical density (OD) at
570 nm. The percentage cell viability was calculated by ratio of the difference in the OD values
obtained from wells carrying cells treated with compounds and the blank wells versus the difference in
the OD values obtained in negative wells and the blank wells. To assess the compound’s anticancer
potency, the ICso values (the concentration that inhibited cell viability to 50% of the control) were

determined using Prism version 6 (GraphPad, San Diego, CA) by non-linear regression method.

3. Results and Discussion
3.1  Computational approach

To design the compounds rationally for inhibiting the active site of PDK-1, the induced fit
docking method was used in which both the protein and ligands are treated flexible so as to exactly
predict the binding site of the amino quinoline analogs. The docking result of the anilino quinoline
scaffold indicated that although it develops multiple interactions with Alal62, Leu88 it cannot interact
with polar residues Thr222, Serl60 and other positively charged residues such as Lys111 that are
located in the vicinity of the ring C and play important role in binding of GSK2334470, UCNO1 and
MP7 inhibitors. As shown in Figure 3a, it can be observed that, the quinoline ring system sit well in the
hinge region and the ring C in the solvent exposure region of the protein. By extending the methyl
substituent, interactions with serl60 could be developed. The average distance from N2 position to
Thr222 and Lys 111 (Figure 3b) enables that, the linking of quinoline ring to ring C by addition of a

methyl group at N2 position could make the molecule to adopt at the appropriate distance so as to
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develop interactions with Thr222 and Lys111. Also, addition of complementary negatively charged

group from 3" and 4™ position of ring C could favorably develop interactions with the positively

charge residues like Lys111 in its neighborhood.

THR 222
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Figure 3: a) Anilinoquinoline scaffold in the ATP site of PDK1 b) Distance between Lys111 and
Thr222 from anilinoquinoline ¢) Aminosubstituents with compatible distance to interact with Lys111
and Thr222

To achieve this, we employed eight random substituents as shown in scheme 1 to 2-methyl
aminoquinoline with and without the methyl linker, positive and negatively charged groups at positions
3 and 4 of ring C. Another advantage is that, 2 and 4-substituted quinolines are easy to prepare as they
are good nulcleophilic reaction sites. All the compounds except 1f have negatively charged groups
which can act as a hydrogen bond acceptor for the positively charged residues of PDK1 active site.
From Figure 3c, it is inferred that the addition of negatively charged groups at 3 and 4 could develop
hydrogen bonding to Lys111, a positively charged aminoacid in the binding site. To evaluate this kind
of designing approach and to predict their binding mode, IFD docking of the compounds with PDK1
was investigated. The docking results showed the improved docking scores and most of the compounds

possess hydrogen bonds with Lys111 in addition to interactions with Alal62 when compared to parent
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anilino quinoline. The docking scores and glide energy were tabulated (Table 1). The synthesis of these

eight compounds was then carried out.

Table 1: Docking results of the designed compounds

. . Hydrogen
Compound Docking | Glide bonded
score energy :
residues
Anilino 1 5356 | -37.350 | Alalb2
quinoline Leu88
la -8.673 -45.661 | Alal62
Alal62,
1b -7.835 -41.115 Leuss
Alal62,
1c -8.472 -44.756 Leuss
Alal62,
d -8.346 -42.103 Lys111
Alal62,
le -8.535 -51.045 | Leu88,
Lys111
Alal62,
1f -7.624 -42.797 Lys111
Alal62,
1g -8.064 -43.236 Lys111
1h -7.749 -38.679 | Alal62

3.2  Crystal structure

The single crystals of compounds (1d, f-h) were obtained by slow evaporation. The diffraction
data were obtained to solve their three dimensional structures. The ortep plot of their thermal
probability ellipsoids at 50% probability were given in Figure 1. 1d and 1h were crystallized as two
molecules in an asymmetric unit. As (1d) crystallized from methanol and toluene, the toluene
contributed as half molecule in an asymmetric unit. The atomic positions of distorted five membered
ring in la was also refined using restraints. The quinoline system is found to be planar in all the

structures. Among the four crystal structures (1d, f-h), the interplanar angle between quinoline ring
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system and the substituted amines deviates much in 1g and 1h (78.36° and 83.73° respectively) when
compared to 1d and 1f (63.67° and 64.89° respectively). This planarity change was anticipated to make
difference in binding in the PDK-1 active site. The details of crystal structure solution and refinement

are given in Table 2.
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Figure 4: ORTEP plots showing thermal ellipsoids at 50% probability level.
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Compound 1d 1f 1g 1h
Empirical formula 4(C17 H1a N2 Oy), C17 H17 N3 CisHis N2 O Ci17 His F N2
C7Hs
Formula weight 1202.31 263.34 278.34 266.31
Temperature 293 K 293 K 293 K 293 K
Wavelength 0.71073A 1.54184 A 0.71703 A
Crystal system Triclinic Monoclinic Monoclinic Triclinic
Space group P-1 P 21/n P21/n P-1
Unit cell a=10.0816(5) A, a=8.8917(3), |a=10.0610(8), |a=9.1057(8) A,
dimensions b =12.9268(6) A, b=14.9336(7), | b=14.6561(11), | b =9.7472(10) A,
c=12.9465(7) A, | c=10.7455(5), |c=10.0750(8), | c=15.4797(12) A,
a=111.963(5)° a=90° a=90° a=97.615(7)°
B =102.999(4)° B=97.306(4)° | B=99.107(7) | P =99.954(7)°
Y =92.068(4)° y=90° v =90° y = 94.279(8)°
Volume 1511.13 (11) A® 1415.26(11) A3 | 1466.9(2) A® 1334.6(2) A®
Z 2 4 4 4
Density (calculated) | 1.321 g/cm3 1.236 g/cm3 1.26 g/cm3 1.325 g/cm3
Absorption 0.087 mm-1 0.582 mm-1 0.079 mm-1 0.089 mm-1
coefficient
F(000) 631 560 592 560
Theta range for data | 4.10° to 29.47° 5.08° to 70.9° 4.64° to 27.86° | 4.1° to 29.4°
collection
Index ranges -13<=h<=13, -10<=h<=10, -13<=h<=7, -12<=h<=11,
-16<=k<=16, -18<=k<=17, -16<=k<=19, -12<=k<=12,
-17<=I<=17 -9<=I<=12 -11<=|<=12 -20<=1<=20
Reflections 20056 10629 7097 6280
collected
Independent 7141 [R(int) = 2595 [R(int) = | 3246 [R(int) = | 6280 [Rint =0.118]
reflections 0.0552] 0.051] 0.039]
Absorption 'multi-scan’ 'multi-scan’ 'multi-scan’ 'multi-scan’
correction
Max. and min. 0.983 and 0.974 1.0and 0.7099 | 0.992 and 1.0 0.963 and 1.0
transmission
Refinement method | Full-matrix least- Full-matrix Full-matrix Full-matrix least-

squares on F2

least-squares on
F2

least-squares on
F2

squares on F2
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Data / restraints / 3947/ 3/ 447 2595/0/249 3246/0/250 6280/0/361

parameters

Goodness-of-fit on | 1.019 1.077 0.98 0.91

F2

Final R indices R1 =0.0641, R1 =0.0493, R1 = 0.0566, R1 =0.0863,
WR2 = 0.1292 WR> = 0.1641 WR> = 0.1559 WR; = 0.2392

R indices (all data) | R1 =0.1326 R; =0.0728 R1 =0.0905 R1=10.2423

Largest diff. peak 0.250 and -0.313 0.224 and - 0.358 and - 0.464 and -0.254

and hole e.A-3 0.252 e.A-3 0.6803 e.A® e A3

CCDC number 1548778 1559837 1567175 1565972

3.3  Antitumor activity by MTT assay

To analyze the efficiency of anticancer activity, the synthesized compounds were tested by
MTT assay using lung adenocarcinoma A549, a non small cell lung cancer cell line. The expression
pathways in A549 include PI3/AKT, MAPK, NF-kB etc in which PDK1 expression was reported as
14.7 TPM (transcripts per million)[26,27]. PDK1 downstreams the PI3K cell signaling pathways in
cells and it was reported to be highly expressed in different lung cancer lines in addition to many breast
cancer cells[26,28]. Pemetrexed, a lung cancer drug[29] was used as a positive control. The inhibitory
efficiency of the compounds was assayed after 24 h of incubation of the cells in drug-containing
medium at a concentration range of 102 to 102 M. Significant inhibition of growth was defined as
60% or less of control cell growth. The obtained OD values for compounds 1a-h, blank and control
were given in detail as Table S1. The 1Cso value determined from the plots for pemetrexed was found
to be 1.15 uM. The activity of the test compounds was found to be in mocromolar ranges whereas 1h
significantly inhibited the cancer cells with ICsovalue of 0.96 pM which represents a better A549 cell
line inhibitor than the Pemetrexed. Though, the inhibition mechanism of Pemetrexed is different, this
MTT assay proved the better cytotoxicity of 1h against A549 cell lines may be through inhibition of

PDK1 or other mechanism which can be explained by further enzyme inhibition assays. When
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compared to all other compounds, 1b and le with 1C50 values of 31.98 and 70.0 uM, respectively

indicates futher tuning of their chemical structure will lead to a better inhibitor.

IC50 (uM)

350

300 —
250 —
200 —
150 —
100 —

50 +

Ay

la 1b

1c 1d

le

—
1f 1g 1h  control

Compounds

Figure 5: ICso values determined from MTT assay

3.4  ADME prediction and binding mode analysis

Table 3: ADME properties predicted by Qikprop for compounds la-1h

Rule of

Five
Compound MW volume QPlogPo/w %HumanOralAbsorption  PSA violation
la 292.337 .~ 937.327 4,121 100 39.154 0
1b 292.337  938.618 3.958 100 40.712 0
1c 294.352 - 992.792 4.392 100 36.095 0
1d 278.31 873.89 3.739 100 40.622 0
le 372,346 1073.548 4.455 100 61.73 0
1f 263.341  940.893 4,059 100 34.799 0
19 278.353  966.366 4,377 100 29.279 0
1h 266.317  919.264 4.655 100 21.971 0

The pharmacokinetic properties such as Absorption, Distribution, Metabolism and Excretion are

more important in drug design[30]. The failure of anyone of these properties may lead to failure in

druggability of the identified leads. The distribution of the drugs depends mainly on their binding with

plasma protein[31]. The binding of all the test compounds with human serum albumin were confirmed
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by multi spectroscopic methods with binding constants in 10* to 10° ranges (our previous reports). The
ADME properties were also predicted using Qikprop in Schrodinger which indicates that all the
compounds possess full human oral absorption and none of the Lipinski rules of 5 is violated. The
octanol-water coefficients which denote the hydrophobicity of the compounds was also found to be

well within the normal range of other standard drugs (Table 3).

In order to analyze the binding mode of the compounds, the three dimensional coordinates
obtained from the crystal structure obtained for 1d, 1f-1h were docked with PDK-1 and the obtained
complex structures were superimposed with complex crystal structure with PS653 (PDB ID: 5LVL)
and the superposition revealed that the quinoline scaffold exactly sit in the same position as PS653 and
the substituents at N> made the difference in interacting with the protein. Also it can be observed from
Figure 4, the addition of any positively charged group instead of methyl group in quinoline ring system
might develop hydrogen bond with Ser160. This type of hydrogen bonding with Ser160 was observed
in almost all the cocrystallized ligands with PDK-1 in PDB. The angular difference between the
quinoline scaffold and the amine substituents among these four compounds were found to influence

their docking scores and activity.
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Figure 6: Superposition of the docked complexes of 1d, 1f, 1g and 1h with cocrystallized complex of
PS653 and PDK1

4, Conclusion

Quinaline scaffold is identified to bind in the hydrophobic space of the active site in PDK1.
Eight new derivatives were designed based on induced fit docking results of anilino quinoline with
PDK1. The three dimensional crystal structures of amino substituted quinoline analogs were
determined and the coordinates obtained were used for IFD and the comparison of their binding mode
with PS653 indicates that further tuning of 1b, 1e and 1h will provide a better lead. The screening of

compounds against A549 cell lines identified 1h with 1Cso value of 0.96 UM which is lesser when
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compared to Pemetrexed, a marketed lung cancer drug. It is proposed that the compound 1h with
further modification and by PDK1 enzyme inhibition assay will give us the potent inhibitor of PDK and

it is planned for the future work.
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A549 inhibitor
(1C50=0.96 um)

Highlights

e Induced fit docking showed H-bonding interactions with amino acid residues.
e The quinolines fit in the orthosteric site of PDK1.

e Methyl derivative exhibited ICso value less than Pemetrexed against A549 cell lines.



