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ARTICLE INFO ABSTRACT

Keywords:

The lysophospholipase D autotaxin (ATX) generates lysophosphatidic acid (LPA) that activates six cognate G-

ATX protein coupled receptors (GPCR) in cancerous cells, promoting their motility and invasion. Four novel com-

LPARI1 inhibitor

pounds were generated aided by molecular docking guided design and synthesis techniques to obtain new dual

Sulfonamide inhibitors of ATX and the lysophosphatidic acid receptor subtype 1 (LPAR1). Biological evaluation of these
;eg;:};ﬁ;?yran compounds revealed two compounds, 10 and 11, as new ATX enzyme inhibitors with potencies in the range of
QSAR 218-220 nM and water solubility (> 100 pg/mL), but with no LPAR1 inhibitory activity. A QSAR model was
PCA generated that included four newly designed compounds and twenty-one additional compounds that we have

Molecular docking

reported previously. The QSAR model provided excellent predictability of the pharmacological activity and

potency among structurally related drug candidates. This model will be highly useful in guiding the synthesis of
new ATX inhibitors in the future.

1. Introduction

In recent years there has been extensive research on autotaxin
(ATX), a member of the ectonucleotide pyrophosphatase phosphodies-
terase (ENPP) enzyme family (a.k.a. ENPP2), which is responsible for
catalyzing the hydrolysis of lysophosphatidyl choline (LPC) and similar
lysophospholipids to a growth-factor like bioactive phospholipid, ly-
sophosphatidic acid (LPA) [1-13]. On the cell surface, LPA acts via six
transmembrane G-protein coupled receptors, LPAR; ¢ (LPAR), to pro-
mote a variety of physiological responses, including cell proliferation,
migration, motility, survival, and platelet aggregation [6,7,13-15].
Thus, the ATX-LPA signaling pathway has been considered to be at the
core of a number of diseases, including fibrotic diseases, cardiovascular
diseases, inflammation, and central pain [6,7,10,13,16,17]. In cancer
cell biology, the ATX-LPA axis has been found to regulate malignant
transformation, invasion, metastasis, and therapeutic resistance
[1,4,6,10,13,18-21]. Additionally, ATX has been observed to play a
critical role in proliferation and survival of ovarian as well as breast
cancer stem cells [13,22-24].

The obvious involvement of LPA in the pathobiology of cancer has
led to intensive research to develop drug-like ATX inhibitors. Various

synthetic efforts have provided access to primarily two different kinds
of ATX inhibitors: Lipidlike ATX inhibitors, mimicking LPC or LPA, and
non-lipid ATX inhibitors [6,13,25]. Lipid-like ATX inhibitors have
limited success in preclinical development mainly due to their high
partition coefficient (logP > 5) [6]. Resolution of ATX co-crystal
structure provided insight into the active surface of the enzyme [1,3]. A
number of research groups, including ours, have carried out molecular
modelling-guided rational drug discovery resulting in several new
generations of small molecule non-lipid autotaxin inhibitors with
pharmacological characteristics obeying Lipinski’s rule of five. Most of
the small molecule ATX inhibitors possess an acid or acid-like moiety
that interact with the Zn?" ions at the active site, a core spacer, and a
hydrophobic tail [6,13,25]. However, to the best of our knowledge,
none of these active site inhibitors have advanced to clinical develop-
ment. Thus, recently there have been efforts to develop small molecule
ATX inhibitors without an acid-like moiety that behave as allosteric
modulators of the enzyme [6,13].

Galapagos has generated a small molecule non-lipid ATX inhibitor,
GLPG1690 (Fig. 1), without a carboxylic acid functionality targeting
the hydrophobic pocket of the enzyme [6,13,26,27]. The Galapagos
compound has ATX inhibitory ICso values in the range of 100 nM to
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Fig. 1. Recently developed non-lipid small molecule ATX inhibitors and a lipid dual inhibitor of the ATX/LPAR1 axis.

500 nM [6,13]. GLPG1690 is currently under phase III clinical trial for
the treatment of idiopathic pulmonary fibrosis, but due to its side ef-
fects on the female reproductive system, trials must exclude women of
reproductive age [27]. Recently, we have reported highly potent small
molecule non-lipid ATX inhibitors, 1 (ATX ICs¢: 9 nM, Fig. 1) and 2,
(ATX ICso: 84 nM, Fig. 1) targeting the hydrophobic pocket of the en-
zyme [13]. The inhibitor compound 1 is highly efficient in overcoming
chemotherapeutic resistance of breast cancer stem-like cells and sig-
nificantly inhibits B16F10 melanoma metastasis in vivo [13]. Ad-
ditionally, both 1 and 2 behave as weak yet specific antagonists of
LPAR1 G-protein coupled receptor (1: LPAR1 ICs59 14 uM; 2: LPAR1
ICs0: 6 uM) making them dual inhibitors of ATX and LPAR1. As the
product of ATX is LPA, which activates six LPA GPCR, there is wide-
spread interest in finding non-lipid small molecule antagonists of both
ATX and LPAR [7,19].

One might expect that dual inhibitors of ATX and LPARs would be
more effective in overcoming LPA mediated resistance to chemotherapy
and radiation therapy. Previously, we have reported a lipid-like pan
LPAR antagonist (BrP-LPA, Fig. 1), which is a nanomolar inhibitor of
ATX as well [19]. Since compound 2 has moderate inhibition and 1 has
weak inhibitory activity of LPAR1, we attempted to modify these two
agents to develop a dual inhibitor of ATX/LPAR1 with useful inhibitory
property for the ATX (ICso < 250 nM) and improved efficacy for
LPAR1 inhibition (IC5o < 800 nM) while simultaneously meeting Li-
pinski’s rule of five. We have made use of recently solved ATX [1,3] as
well as LPAR1 [28] (PDB ID: 4Z35) co-crystal structures to perform
computational calculations in guiding the design of potential dual in-
hibitors of ATX and LPAR1 based on the 1 and 2 scaffolds. We have also
prepared a quantitative structure—activity relationship (QSAR) based on
our recently reported non-lipid small molecule ATX inhibitors [13] to
be able to predict the biological activity of the newly designed and
computationally validated compounds against ATX.

One of the challenges of small organic drug molecule synthesis in
the rational design and discovery of new agents is the capability to pre-
screen and predict the potency and/or pharmacological activity of
structurally related drug candidates. Synthesis of all possible combi-
nations of structurally related drug candidates is challenging, time
consuming, and labor intensive. QSAR analysis has been strategically
utilized in rational drug design to address these challenges. QSAR
analysis is particularly relevant for rapid screening of potential drug
candidates in order to prepare lead compounds in rational drug design
[29-37]. QSAR analysis also affords prediction of enzymatic activity
and pharmacological activity of structurally related compounds prior to
actual laboratory syntheses with high accuracy, reducing the cost and
time of organic drug design and synthesis [38-40]. Moreover, the
practical applications of a combined use of QSAR analysis, principal
component analysis (PCA), regression analysis, and computational
modelling in rational drug design has been extensively demonstrated
[41-48]. We, therefore explored the possible combined use of QSAR,
PCA, regression analysis and computational modelling for rational de-
sign of ATX inhibitors with potential LPAR1 inhibitory activity in this
study.

2. Results and discussion

2.1. Docking of compound 1 in LPAR1 and ATX crystal structures to
rationally design new analogues

We prepared the co-crystallized LPAR1 structure (PDB ID: 4Z35)
using Schrédinger Molecule Modeling software. The LPAR1 ligand
binding site has a top polar region consisting of Tyr34 and Lys39
(Fig. 2A). Tyr34 formed a hydrogen bond with the LPAR1 antagonist
ONO0-9910539, and Lys39 formed a hydrogen bond, as well as a salt
bridge with ONO-9910539. The middle portion of the binding site has
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Fig. 2. Molecular modeling studies of compound 1 against the LPAR1 ligand binding site (PDB ID: 4Z35). (A) Detailed 3D structure of LPAR1 antagonist ONO-
9910539 (gold ball-and-stick model) and the LPAR1 receptor. The ribbon color represents the residue charge. Red ribbon indicates hydrogen acceptor region and
blue ribbon represents hydrogen donor region. Hydrogen bond interaction is shown in blue dash line. Salt bridge is shown in pink dash line. (B) Ribbon re-
presentation of the docking pose of compound 1 (gold ball-and-stick model) with the LPAR1 binding site (green ribbon) (glide docking score of —6.25). Pi-cation
interaction is shown in black dash line. Hydrogen bond is shown in blue dash line. Halogen bond is shown in purple dash line. (C) Two dimensional interaction panel
of main residues involved in the molecular docking of compound 1 against LPAR1 receptor. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

a polar binding region on one surface, Argl24 and GIln125, with the
other surface being a polar binding region with Glu293 and Lys294.
Arg124 interacted with ONO-9910539 through a water-mediated hy-
drogen bond, and GIn125 formed a hydrogen bond directly with the
hydroxy functional group of ONO-9910539. The bottom of the ligand
binding site has a polar surface with Asp129 and a further extended
polar surface consisting of Asp281 and Trp210. Trp210 could form a
hydrogen bond with the carbonyl group of the phenyl ring in ONO-
9910539. Further, there was a hydrophobic surface on the other side of
the bottom ligand binding site containing Gly274, Leu275 and Leu277.
In general, the LPAR1 ligand binding surface is spherical with potential
polar interactions at the top and middle, but the bottom region tends
towards hydrophobic interactions. We designated three rings in com-
pound 1 as rings A, B, and C (Fig. 1). To get an insight into the binding
mode of compound 1 with the LPAR1 protein, we docked the it into the
LPAR1 binding site (PDB ID: 4Z35) (Fig. 2B and 2C) and found that the
dichloro-phenyl ring, ring B, was binding to the middle polar region of
the LPAR1 binding site resulting in hydrophilic interactions with the
Argl24 and Met198 via halogen bonds. The trifluoro-phenyl ring, ring
C, was binding to the top polar region of the LPAR1 binding site
through m-cation interaction with Lys39. The sulfonyl group of the
sulfonamide linker and the morpholine, ring A, were close to the
bottom polar region with Trp210 and bottom hydrophobic region with
Gly274, respectively. Trp210 was predicted to form a hydrogen bond
with the oxygen of the sulfonyl group. It is conceivable from Fig. 1A
that there is more space to occupy and improve interactions near the
top polar surface as well as the middle polar surface perpendicular to
the middle phenyl ring, ring B. However, extension past the end of the
aliphatic ring, ring A, may place the polar carboxy group in between
polar and nonpolar receptor surfaces with significant solvent exposure.
Thus, we decided to increase LPAR1 potency by replacing the sulfo-
namide with a larger polar functional group to better reach the bottom
polar receptor surface, consisting of Trp210 and Asp281, while leaving
the aliphatic ring, ring A, intact. Molecular docking of compound 1
against the ATX crystal structure (PDB ID: 3NKM, Figure SI-1) re-
vealed that the substitution of the sulfonamide is limited in size, as ATX
has less empty space around it than LPAR1 has (Fig. S1). In our previous
study [13], we have designed compound 4a (Fig. 3) with 5-morpholi-
noamino-sufonamide attaching to the middle dichloro-phenyl ring, ring
B, to better reach out to the top polar surface. However, we have not
had success in obtaining the desired compound 4a from the inter-
mediate 3, as every attempt to prepare the methane-sulfonamide
moiety has yielded compound 4b. We have reported that neither

intermediate 3 nor 4b has ATX inhibitory activity. Our previous find-
ings have demonstrated that the sulfonamide moiety is very important
for interaction with the ATX binding pocket. Hence, we have now de-
signed two new 4-aminotetrahydropyrano-sulfonamide analogues,
compound 10 and compound 11 (Fig. 3). We have also designed a 4-
cyanomethyl-morpholino analogue, compound 14, as well as a 4-
acetoxy-morpholino analogue, compound 15.

2.2. Chemical synthesis, biological evaluation and molecular docking
analysis of designed compounds

Compounds 10 and 11 were synthesized following the strategy
described in Scheme 1 with 72% and 76% yields, respectively. We
started with commercially available 5-Bromo-2,4-dicholoro-benzoic
acid (5) which had been converted into the methyl ester (6). The 4-
amino-tetrahydropyrano group was then installed using Buchwald
coupling to obtain compound 7. The methyl-sulfonyl moiety was then
added to the amine group using LDA as a base to obtain compound 8.
The ester group of compound 8 was hydrolyzed to obtain benzoic acid
9, a common intermediate of compounds 10 and 11. The compounds 10
and 11 were then synthesized from 9 following standard peptide cou-
pling procedures. The compounds 10 and 11 were tested for ATX in-
hibitory activity (Table 1). Replacement of the 4-amino-morpholino
group in compound 3 (ICso > 1000 nM) with 4-amino-tetra-
hydropyrano-sulfonamide resulted in significant improvement in ATX
inhibitory activity in compound 10 (ICso = 219 nM) and compound 11
(ICsp = 218 nM). However, neither compound 10 nor compound 11
showed any LPARI1 inhibitory activity. Compounds 10 and 11 were
docked into both ATX (3NKM) as well as LPAR1 (4Z35) crystal struc-
tures for potential interactions and activity validations. Consistently,
molecular docking studies have suggested that the oxygen of aliphatic
ring A of compound 10 forms a weak aromatic hydrogen bond with
Trp254, and that trifluoro-phenyl ring C has a st-it stacking interaction
with the residue His251 (Fig. 4A). The glide docking score of compound
10 was —7.38, which was similar to that of compound 1, at —7.34.
Similarly, compound 11 formed a halogen bond with residue Gly256
mediated by a water molecule, as well as a 5-i stacking interaction with
the residue Trp260 with a glide docking score of —6.94 (Fig. 4B). The
sulfonamide group is very important in positioning the location of ali-
phatic ring A into the hydrophobic pocket of the ATX binding site.
However, by replacing the sulfonyl group with a sulfonamide group,
compound 10 lost the hydrogen bond interacting with Trp210 and
halogen bond interactions between dichloro-phenyl ring B and nearby
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i. pTSA, CH30H, reflux; ii. 4-aminomorpholine, Pd,(dba)s, Xantphos, toluene, reflux; iii. CH3SO,Cl, LDA, THF, 0 OC; iv. LiOH, MeOH/H,0 (1:1),
12 hrs; v.a) SOCI,, DMF (cat), CH,Cl, (sol), 1 hr R.T. b) 3,4,5-Trifluoro-aniline, R.T. 12 hrs; vi. a) SOCl,, DMF (cat), CH,Cl, (sol), 1 hr R.T.
b) 4-chloro-3,5-difluoro-aniline, R.T. 12 hrs

Scheme 1. Design and synthesis of 5-tetrahydropyrano-5-methanesulfonamido-aniline analogue.
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Table 1
Enzyme inhibition data for the newly identified ATX inhibitors.
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Compound ICso (nM %= SD) vs FS-3 PNP-TMP inhibition Mechanism log P MW Solubility (ug/mL)
10 219.6 = 14.7 none Competitive 3.2 497.31 > 100

11 2189 = 25.2 none Competitive 3.68 513.76 > 100

14 > 1000 none ND 291 393.34 50

15 > 1000 none ND 2.44 412.34 > 100

ND = not determined.

residues in LPAR1 (Fig. 4C) causing the reduction of its docking score to
—5.98. Although the docking score of compound 11 (—6.23) was
equivalent to that of compound 1, alteration of the sulfonamide group
and a chlorine group in the trifluoro-phenyl ring C forced the horizontal
flip of the aliphatic ring A, which might be the reason that compound
11 lost its inhibitory activity of LPAR1 (Fig. 4D).

To further improve polar-polar interactions with both ATX and
LPAR1 polar surfaces, we synthesized compound 14 and the corre-
sponding carboxylic acid compound 15 following the strategy as de-
scribed in Scheme 2, with 78% and 65% yields respectively. We started
with commercially available 2-fluoro-5-formyl benzoic acid to perform
a Strecker synthesis using morpholine as the secondary amine and
TMSCN as the source of nitrile to obtain the a-amino-nitrile 13. The
carboxylic acid moiety of compound 13 was then coupled with the
3,4,5-trifluoro-nitrile to obtain compound 14 in good yield. Eventually,
compound 14 was hydrolyzed to yield the desired 2-(4-fluoro-3-((3,4,5-
trifluorophenyl)carbamoyl)phenyl)-2-morpholinoacetic acid, 15. Com-
pounds 14 and 15 showed no detectable biological activity against ATX
or LPAR1 (ICsos > 1000 nM, Table 1). To provide further insight into
our findings, compounds 14 and 15 were docked in the ATX (3NKM) as
well as LPAR1 (4Z35) crystal structures. Compared to the reference
compound 1, the docking studies of compounds 14 against the ATX
protein demonstrated that the hydrogen bond interaction disappeared
when the sulfonyl group was replaced by a cyanomethyl group
(Fig. 5A). In comparison to compound 1 docked in ATX crystal structure
(Fig. SI-1), the alteration pushed topside of the structure of compound
14, rotating it approximately 30° clockwise and bending the aliphatic
ring A to the right, and pushing ring A away from the hydrophobic
binding region comprised of Leu213 and Phe210. The rotation resulted
in change of the amide carbonyl group from facing inside to facing
outside, pushing it away from Trp260. All these effects contributed to a
decreased glide docking score of —6.61 and reduced ATX inhibitory
activity. Similarly, replacement of the sulfonyl group with the car-
boxylic acid group caused the structure of compound 15 to slightly
rotate clockwise, and forced the amide carbonyl group away from
Trp260, weakening the hydrogen bond between these moieties
(Fig. 5B). In addition, rotation of the structure also pushed ring A to the

right, leading to loss of the interactions with the hydrophobic residues
of the pocket. The glide docking score of compound 15 was only
—5.78, providing further evidence for the weak activity of compound
15 against ATX. In the co-crystallized LPAR1 protein, the substitution of
the cyanomethyl group of compound 14 disrupted the dichloro-phenyl
ring B from the top polar region consisting of Tyr34 and Lys39, the
middle polar binding region having Argl24 and GIln125, the bottom
polar binding surface with Asp129, as well as the extended polar sur-
face consisting of Trp210 and Asp281 (Fig. 5C). Thus compound 14 lost
all interactions with nearby residues even with a high glide docking
score (—6.41). Relative to compound 14, the docking pose of com-
pound 15 also moved upward (Fig. 5D). However, replacement of the
cyano group with the carboxylic acid group completely turned the ring
B of compound 15 away from the polar region and shifted the aliphatic
ring A inside and off the bottom hydrophobic region. The glide docking
score (—5.47) of compound 15 further indicated that the addition of
the carboxylic acid group was not ideal for activity against LPAR1. The
active compounds, 10 and 11, were then tested for water solubility and
yielded water solubility > 100 pg/ml.

2.3. Development of QSAR model for ATX inhibitory activity prediction

Table SI-1 shows the chemical structure and QSAR parameters in-
cluding the molecular weight, structural formulas, and ICs, values of
compounds that were investigated out of 25 potential ATX inhibitor
candidates. These compounds include the four newly synthesized
compounds from this study and 21 compounds from our previous report
[13]. The summary of the PCA of QSAR showing the score plot of the
first principal component (PC1) versus the second principal component
(PC2) for all of our compounds is presented in Fig. 6. The first PC ac-
counted for 99% of the variability in the QSAR and ATX enzyme in-
hibition of the candidates. The second PC explained 1% of the varia-
bility in the candidate QSAR and ATX enzyme inhibitors. Accordingly,
two PCs were sufficient for QSAR analysis. A detailed inspection of the
score plot showed grouping of the ATX inhibitor candidates into four
main categories. The serial number (SL) of the compounds from Table
SI-1 has been used to represent each compound. The first grouping was

> :

Fig. 4. Molecular modeling studies of compound 10 (A, glide docking score of —7.38) and compound 11 (B, glide docking score of —7.23) against the ATX ligand
binding site (PDB ID: 3NKM), and molecular modeling studies of compound 10 (C, glide docking score of —5.98) and compound 11 (D, glide docking score of —6.23)
against LPAR1 ligand binding site (PDB ID: 4Z35). Compounds 10 and 11 are shown in pink ball-and-stick model, reference compound 1 is shown in gold tube, ATX
binding site is shown in cyan ribbon and LPAR1 binding site is shown in green ribbon. -5t stacking is shown in green dash line, hydrogen bond is shown in blue dash
line and halogen bond is shown in purple dash line. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
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Scheme 2. Strecker method inspired design and synthesis of phenyl-glycine analogues.

observed in the left corner of the third and fourth quadrant of the score
plot. This group (SL5, SL6, SL7, SL8, SL9, and SL11) is made up of
highly potent ATX inhibitors, with an ATX enzyme inhibition ICso
ranging between 9 and 100 nM. The second grouping in the score-plot
contained less potent ATX inhibitors (SL1, SL2, and SL10), with ICsq
values ranging between 190 and 220 nM. Weakly potent ATX inhibitors
(SL, ATX enzyme ICsy 395 nM and SL15, ATX enzyme ICso 864 nM) are
grouped diagonally on the score plot. Interestingly, all inactive candi-
dates (SL3, SL4, SL 16, SL17, SL18, SL21, SL22, SL23, SL25, and
SL24), with IC5o = 1000 nM, were grouped in the far-right hand side of
the first and second quadrant.

The observed ATX enzyme inhibition is highly dependent on the
candidate QSAR. In general, inhibitors containing a sulfonamide group
are highly potent (ICso < 100 nM). However, candidates showed re-
duced ATX enzyme inhibition when the sulfonamide was replaced with
either CN, CO,H, or NH, demonstrating the effect of a sulfonyl group on
ATX enzyme inhibition. Remarkably, candidates with the presence of
two sulfonamides or a reversed sulfonamide functional group were
inactive. Moreover, compounds containing benzonazole, benzimida-
zole, tricholobenzamide, trimethoxy-phenyl, or hydrazine were notably
inactive.

The result of the PCA of QSAR of our compounds is significant and
useful for fast screening and pattern recognition of ATX inhibitors.
However, the overall goal of any aided or rational drug design is to
predict the potency of future drug candidates mainly from their QSAR.
Accordingly, PLS regression was utilized to correlate changes in QSAR
(independent or x-variables) with pICs, (dependent or y-variables) of the
drug molecules using a full cross-validation procedure [49-50]. The
developed PLS regression was validated by independent drug candi-
dates of known ATX enzyme inhibition pICsy values. The performance
and the predictive ability of the developed PLS regression of pICso were
evaluated and assessed by comparing the values of experimentally ob-
tained pICso with the predicted pICsq values of the validated samples by
PLS regression.

The results of the PLS regression showing the predicted ATX enzyme

inhibition pICso and the experimentally obtained ATX enzyme inhibi-
tion pICsy of the validation compounds are shown in Table 2. The
predicted ATX enzyme inhibition pICs, favorably compared with the
experimental pICso values with small residuals. Other studies have
demonstrated the practical applications of a combined use of QSAR
analysis, regression analysis, and computational modelling in small
organic drug molecule synthesis [33,34,36,37,30,31].

3. Conclusions

Using molecular modeling-guided design and synthesis, we have
generated four new compounds based on our previously reported ATX
inhibitors 1 and 2. Our aim was to retain the ATX inhibitory property of
the hits while improving their LPAR1 inhibitory activity. We have
shown in a previous report that a moderate dual inhibitor of ATX/
LPAR1, 2, has outperformed a predominant ATX inhibitor, 1, in a cell
viability assay against a 4 T1 breast cancer cell line with high expres-
sion of both ATX and LPARI1 receptors. Our synthesis campaign was not
successful at making dual inhibitors but led to two new 5-methyl-sul-
fonamido-5-tetrahydropyrano-aniline ATX inhibitors, 10 and 11, with
good ATX inhibition activity, 219 nM and 218 nM respectively. The
combined use of QSAR and chemometric approaches in this study is
highly significant for rational drug design. This set of ATX inhibitors
allowed the QSAR and chemometric modeling that showed a strong
correlation with the experimental findings. It will facilitate fast
screening and accurate prediction of the pharmacological activity of
structurally related drug candidates of substituted fragments on the
scaffold prior to actual laboratory syntheses. The ability to predict the
pharmacological activity and potency of structurally related drug can-
didates is highly desirable and attractive in rational drug design, and
should significantly reduce the cost and time of synthesis of small drug
molecules in drug discovery.

Fig. 5. Molecular modeling studies of compound 14 (A, glide docking score of —6.61) and compound 15 (B, glide docking score of —5.78) against the ATX ligand
binding site (PDB ID: 3NKM), and molecular modeling studies of compound 14 (C, glide docking score of —6.41) and compound 15 (D, glide docking score of —5.47)
against LPAR]1 ligand binding site (PDB ID: 4Z35). Compounds 14 and 15 are shown in pink ball-and-stick model, reference compound 1 is shown in gold tube, ATX
binding site is shown in cyan ribbon and LPAR1 binding site is shown in green ribbon. si-rt stacking is shown in green dash line. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Score plot of PCA of QSAR of drug candidates.

4. Experimental
4.1. Chemistry

General methods. All nonaqueous reactions were performed in
oven-dried glassware under an inert atmosphere of dry nitrogen. All
reagents and solvents were purchased from Aldrich (St. Louis, MO),
Alfa-Aesar (Ward Hill, MA), Combi-Blocks (San Diego, CA), or Ark
Pharm (Libertyville, IL) and used without further purification.
Analytical thin-layer chromatography was performed on Silica Gel
GHLF 10 x 20 cm Analtech TLC Uniplates (Analtech, Newark, DE) and
visualized by fluorescence quenching under UV light. A Biotage SP1
flash chromatography purification system (Charlotte, NC) (Biotage
SNAP cartridge, silica, 50 g and 100 g) was used to purify the com-
pounds. 1H and 13C NMR spectra were recorded on a Varian Inova-500
spectrometer (500 MHz) (Agilent Technologies, Santa Clara, CA) or a
Bruker Ascend 400 (400 MHz) (Billerica, MA) spectrometer. Chemical
shifts are reported in ppm on the 8 scale and referenced to the appro-
priate solvent peak. Mass spectra were collected on a Bruker ESQUIRE
electrospray/ion trap instrument in the positive and negative modes.
High-resolution mass spectrometry (HRMS) data were acquired on a
Waters Xevo G2-S QTOF (Milford, MA) system equipped with an
Acquity I-class UPLC system. The purity of all tested compounds was
determined to be > 95% by 'H NMR and HPLC. The HPLC method
used to determine purity was as follows: Compound purity was ana-
lyzed using an Agilent 1100 HPLC system (Santa Clara, CA) with a
Zorbax SB-C18 column, particle size 3.5 pm, 4.6 X 150 mm, from
Agilent. Mobile phases consisted of water with 0.1% formic acid (A)
and acetonitrile with 0.1% formic acid (B). A flow rate of 1 mL/min was
used. The gradient elution started at 50% B. It reached 100% B from 0
to 9 min, was maintained at this level from 9 to 12 min, and was then
decreased to 50% B from 12 to 15 min and stopped. Compound purity
was monitored with a DAD detector set at 254 nm.

4.1.1. Synthesis of Methyl-5-bromo-2,4-dichloro-benzoic acid (6)

An amount of 1.7 g (6.2 mmol) of commercially available 5-bromo-
2,4-dichloro-benzoic acid (5) was dissolved in 100 mL of Methanol. An
amount of 1.2 g pTSA (6.2 mmol) was added to the solution. The re-
action mixture was refluxed under argon atmosphere overnight, at
which point the reaction was found to be completed as evident by TLC.

The reaction mixture was diluted with 400 mL of DI waster and ex-
tracted with EtOAc (100 mL x 3). The combined EtOAc layer was dried
over MgSO, and the rotary evaporated to dryness to obtain 1.6 g pure
product as off white solid (5.6 mmol, 90%). 'H NMR (400 MHz, CDCl5).
8 8.13 (s, 1H), 7.57 (s, 1H), 3.94 (s, 3H).

4.1.2. Synthesis of methyl 2,4-dichloro-5-((tetrahydro-2H-pyran-4-yl)
amino) bengoate (7)

A mixture of compound 6 (1.4 g, 4.9 mmol), 4-aminotetrahy-
dropyran (0.74 g, 7.3 mmol), cesium carbonate (3.9 g, 12.2 mmol),
Xantphos (28 mg, 0.049 mmol), and tris-(dibenzyliledeneacetone) di-
palladium (0) (45 mg, 0.049 mmol) in 100 mL of anhydrous 1,4-di-
oxane was stirred at 80 °C under argon atmosphere for 18 h. Upon
cooling at room temperature, the reaction mixture was filtered through
a celite bed. The residue was washed with EtOAc (150 mL). The com-
bined filtrate was extracted with water (100 mL X 10), washed with
100 mL 10% HCl, washed with brine, dried over MgSO, and evaporated
to dryness. The Crude was purified in flash chromatography using 30%
EtOAc/ hexanes to give 0.91 g of pure product as light yellowish solid.
(3 mmol, 61%). 'H NMR (400 MHz, CDCl53) 6 7.36 (s, 1H), 7.09 (s, 1H),
4.26 (d, J = 8.0 Hz, 1H), 4.02 (dt, J = 11.7, 3.7 Hz, 2H), 3.93 (s, 3H),
3.64 — 3.49 (m, 3H), 2.04 (d, J = 12.3 Hz, 2H), 1.62 — 1.57 (m, 1H),
1.54 - 1.49 (m, 1H).

4.1.3. Synthesis of methyl 2,4-dichloro-5-(N-(tetrahydro-2H-pyran-4-yD-
methylsulfonamido)-benzoate (8)

An amount of 0.85 g (2.8 mmol) of compound 7 was dissolved in
50 mL of anhydrous THF under argon atmosphere. The solution was
cooled down to —10 °C. A volume of 5.6 mL of 1.0 M LDA in THF
(5.6 mmol) was added to the solution. The solution was stirred for
30 min at which point 310 pL of methanesulfonyl chloride (3.9 mmol)
was added to the solution. The solution was stirred at —10 °C for an
hour and then allowed to stir at room temperature over the night at
which point it was observed to be completed as suggested by TLC. The
reaction mixture was diluted with water and extracted with EtOAc
(100 mL X 3). The combined EtOAc layer was washed with 10% HCI,
brine and dried over MgSO, and evaporated to dryness. The Crude was
purified by flash chromatography (20% EtOAc/ hexanes) to provide
0.76 g (2 mmol, 71%) of product was colorless transparent liquid. The
product was mostly pure with some trace of methane sulfonyl chloride.
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Table 2
Predicted pIC50 and Experimental pIC50 of drug candidates.
SL Comp ID Structure ICso (nM) ATX enzyme Experimental pIC50 PredictedpIC50 Residues
2 11 0l I o 218.95 6.66 6.82 0.16
- o
M X
W v
4 15 . 1000 6.00 5.91 —0.09
CoOH O /@
N N F
shsa
6 5 w b . 17.94 7.75 8.12 0.38
(\N'SIXLN F
oSa A"
J. Med. Chem. 2017, 60, 1309-1324
8 28b R ,{IF 55.51 7.26 7.06 -0.20
Gt
J. Med. Chem. 2017, 60, 1309-1324
10 3h I o 190.08 6.72 7.08 0.36
o0 J: I
J. Med. Chem. 2017, 60, 1309-1324
12 29 7. 100.40 7.00 7.30 0.30
s
0520
(\rsjd(«@[m
/"\)C\ CIN
J. Med. Chem. 2017, 60, 1309-1324
14 1la T 395.89 6.40 6.69 0.29
0,0 [ i
N:S, N F
J. Med. Chem. 2017, 60, 1309-1324
16 3c e . 1,034.16 6.00 7.92 1.92
9552 i j:i
J. Med. Chem. 2017, 60, 1309-1324
18 7 R 1000 6.00 6.58 0.58
N N
0\) Cr Cl
J. Med. Chem. 2017, 60, 1309-1324
20 23 T . 1000 6.00 7.50 1.50
05,20 0. P
s \s\uﬁ I,
O,
J. Med. Chem. 2017, 60, 1309-1324
22 3d $ 1000 6.00 7.56 1.56
(\j’ssfl": MEI Ic‘
© cr cl
J. Med. Chem. 2017, 60, 1309-1324
24 25 1000 6.00 6.51 0.51

F
LY

SHSE RN

L

J. Med. Chem. 2017, 60, 1309-1324

The product was taken for next step without further purification. 'H
NMR (400 MHz, CDCl3) 6 7.36 (s, 1H), 7.09 (s, 1H), 4.26 (d, J = 7.8 Hz,
1H), 4.03 (t, J = 3.6 Hz, 1H), 4.00 (t, J = 3.6 Hz, 1H), 3.93 (s, 3H),
3.77 (p, J = 6.9 Hz, 1H), 3.64 — 3.48 (m, 2H), 2.05 (d, J = 11.7 Hz,
2H), 1.58 (s, 4H).

4.1.4. Synthesis of 2,4-dichloro-5-(N-(tetrahydro-2H-pyran-4-yl)
methylsulfonamido) bengzoic acid (9)

An amount of 0.7 g (1.8 mmol) of compound 8 was dissolved in
50 mL 1:1 THF/H20 mixture. An amount of 86 mg (3.6 mmol) of LiOH
was added to the solution. The reaction was continued for 20 h at room
temperature. Reaction mixture was acidified to pH 6 using 20% HCI
and extracted with EtOAc (3 X 50 mL). The organic layer was washed
with water, brine, dried over MgSO,, and evaporated to dryness to give
0.48 g of compound 9 as colorless sticky substance. The product was
taken for next step without further purification.

4.1.5. 2,4-dichloro-5-(N-(tetrahydro-2H-pyran-4-yl)-methylsulfonamido)-
N-(3,4,5-trifluorophenyl)-benzamide (10)

An amount of 0.2 g (0.5 mmol) of compound 9 was dissolved in
25 mL of anhydrous methylene chloride. A volume of 158 pL of thionyl
chloride (2 mmol) and catalytic amount of DMF (3-4 drops) were added
to the solution. The reaction was allowed to continue under argon

atmosphere for 30 min. An amount of 110 mg 3,4,-trifluro-aniline
(0.75 mmol) and a volume of 274 pL of DIPEA (3 mmol) were added to
the solution. The solution was allowed to react over 12 h. The reaction
mixture was diluted with water, acidified to pH 6 by 10% HCI, ex-
tracted with methylene chloride (3 X 50 mL). The organic layer was
washed with water, brine, dried over MgSO,, and evaporated to dry-
ness. The crude was purified by flash chromatography (1%-2% MeOH/
CH,Cl,) to provide 180 mg of pure product as transparent sticky liquid
(0.36 mmol, 72%). 'H NMR (400 MHz, CDCl5) § 8.46 (s, 1H), 7.66 (d,
J = 5.9 Hz, 2H), 7.40 (dd, J = 8.8, 6.1 Hz, 2H), 4.18 (td, J = 12.0,
5.9 Hz, 1H), 3.97 (td, J = 12.5, 4.9 Hz, 2H), 3.44 (td, J = 11.9, 4.8 Hz,
2H), 3.13 (s, 3H), 2.02 (dd, J = 26.5, 12.5 Hz, 2H), 1.79 (td, J = 12.0,
4.6 Hz, 1H), 1.49 (qd, J = 124, 47 Hz, 1H). HRMS
[C1oH17Cl;F3N,Na0,4S * 1: caled 519.0136, found 519.0142.

4.1.6. 2,4-dichloro-N-(4-chloro-3,5-difluorophenyl)-5-(N-(tetrahydro-2H-
pyran-4-yl)-methylsulfonamido)-benzamide (11)

An amount of 0.2 g (0.5 mmol) of compound 9 was dissolved in
25 mL of anhydrous methylene chloride. A volume of 158 pL of thionyl
chloride (2 mmol) and catalytic amount of DMF (3-4 drops) were added
to the solution. The reaction was allowed to continue under argon at-
mosphere for 30 min. An amount of 123 mg 4-Chloro-2,5,-difluro-ani-
line (0.75 mmol) and a volume of 274 pL of DIPEA (3 mmol) were
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added to the solution. The solution was allowed to react over 12 h. The
reaction mixture was diluted with water, acidified to pH 6 by 10% HCI,
extracted with methylene chloride (3 x 50 mL). The organic layer was
washed with water, brine, dried over MgSO,4, and evaporated to dry-
ness. The Crude was purified by flash chromatography (1%-2% MeOH/
CH,Cl,) to provide 195 mg of pure product as transparent sticky liquid
(0.38 mmol, 76%). "H NMR (400 MHz, CDCL,) § 8.34 (s, 1H), 7.61 (d,
J = 14.9 Hz, 2H), 7.34 (d, J = 8.4 Hz, 2H), 4.13 (tt, J = 12.0, 4.1 Hz,
1H), 3.91 (ddd, J = 16.1, 11.9, 4.5 Hz, 2H), 3.38 (tdd, J = 11.9, 4.9,
2.1 Hz, 2H), 3.06 (s, 3H), 2.02 - 1.89 (m, 2H), 1.70 (qd, J = 12.0,
4.6 Hz, 1H), 142 (qd, J = 124, 4.7 Hz, 1H). HRMS
[C1oH;,Cl3F,NoNaO,S ™ 1: caled 534.9840, found 534.9851.

4.1.7. Synthesis of 5-(cyano(morpholino)methyl)-2-fluorobenzoic acid
(13)

A mixture of compound 12, 2-fluoro-5-formyl-benzoic acid, (0.2 g
1.2 mmol), morpholine (100 pL, 1.2 mmol), Zn(OAc),. 2H,0 (Catalytic
amount), and TMS-CN (0.131 g, 1.3 mmol) in chloroform (50 mL) was
stirred in room temperature over 12 h. The reaction mixture was di-
luted with water and extracted with methylene chloride (3 X 50 mL).
The organic layer was washed with water, brine, dried over MgSO4,
and evaporated to dryness to yield 158 mg (0.6 mmol, 50%) crude. The
Crude was taken for the next step without further purification.

4.1.8. 5-(cyano(morpholino)methyl)-2-fluoro-N-(3,4,5-trifluorophenyl)-
benzamide (14)

An amount of 0.120 g (0.45 mmol) of compound 13 was dissolved
in 25 mL of anhydrous methylene chloride. A volume of 158 uL of
thionyl chloride (2 mmol) and catalytic amount of DMF (3-4 drops)
were added to the solution. The reaction was allowed to continue under
argon atmosphere for 30 min. An amount of 123 mg 4-Chloro-2,5,
-difluro-aniline (0.75 mmol) and a volume of 274 uL of DIPEA (3 mmol)
were added to the solution. The solution was allowed to react over 12 h.
The reaction mixture was diluted with water, acidified to pH 6 by 10%
HC], extracted with methylene chloride (3 x 50 mL). The organic layer
was washed with water, brine, dried over MgSO,, and evaporated to
dryness. The crude was purified by flash chromatography (40%-60%
EtOAc/hexanes) to provide 122 mg of pure product as white solid
(0.31 mmol, 69%). 'H NMR (400 MHz, DMSO-dg) § 10.86 (s, 1H), 7.77
- 7.59 (m, 4H), 7.51 (dd, J = 9.8, 8.6 Hz, 1H), 3.64 (m, 4H), 2.57 (m,
2H), 2.47 — 2.37 (m, 2H). HRMS [C;oH;5F4N3NaO, " ]: caled 416.0998,
found 416.0999

4.1.9. Synthesis of 2-(4-fluoro-3-((3,4,5-trifluorophenyl)-carbamoyl)-
phenyl)-2-morpholinoacetic acid (15)

An amount of 75 mg of compound 14 (0.19 mmol) was dissolved in
10 mL of 1:1 dioxane/H,0 mixture. A volume of 3 mL of conc. HCl was
added in a dropwise manner. The mixture was heated at 80 °C for 12 h.
The reaction was neutralized to pH 6.8. The reaction mixture was ex-
tracted with methylene chloride (3 X 50 mL), washed with water, brine,
dried over MgS0O,, and evaporated to dryness. The crude was purified
by flash chromatography (2% MeOH in CH,Cl,) to yield 45 mg pure
product (0.11 mmol, 57%) as colorless sticky liquid. 'H NMR
(400 MHz, DMSO-dg) 6 9.53 (bs, 2H), 7.94-6.86 (m, 5H), 5.77 (s, 1H),
3.84-3.77 (m, 4H), 3.10-3.03 (m, 4H). HRMS [C19H15F4N2047]: caled
411.0968, found 411.0973.

4.2. Molecular modelling

The crystal structures of ATX (PDB ID: 3NKM) and LPAR1 (PDB ID:
4735) were obtained from Protein Data Bank. The ligand structures
were built and prepared by using the LigPrep tool of modeling software
Schrodinger Molecular Modeling Suite 2019 (Schrodinger LLC, New
York, NY). The proteins were preprocessed by adding hydrogens, filling
the missing chains, optimizing hydrogen bonds, and minimizing energy
using Protein Preparation Wizard workflow with procedures similar to
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those described before [51]. The receptor grid of 3NKM was generated
by centering the binding site enclosing box on the major residues at the
active binding site, including Lys39, Argl24, and Glu293, using the
Receptor Grid Generation. The receptor grid of LPAR1 was generated
with a grid box centered on the active ligand-binding site. Then the
standard precision of flexible molecular docking was performed by
using the Glide Docking module. The binding modes of the ligands and
data analysis were carried out using Maestro. The glide docking score
generated in the docking represents an estimated binding energy when
a ligand binds to the receptor. A lower ligand glide docking score
normally demonstrates a more favorable binding interaction with the
receptor.

4.3. Testing of ATX inhibitors on ATX and LPAR

4.3.1. Generation of recombinant ATX

Human recombinant ATX was expressed as published previously,
using Sf9 Spodoptera frugiperda ovary cells (Invitrogen, Carlsbad, CA).
[8] Suspension cells were grown to a 1 L quantity at a concentration of
1 x 10° cells/mL in Sf-900 III serum-free medium (Invitrogen) sup-
plemented with 50 U/mL penicillin and 50 ng/mL streptomycin at 27 °C
with agitation. Cells were then infected with high-titer baculovirus
generated via the Bac-to-Bac baculovirus expression system (In-
vitrogen) using the pCMV5 mammalian expression vector containing a
C-terminal FLAG-tagged human ATX sequence (a generous gift from Dr.
Junken Aoki, Tohoku University, Sendai, Japan) subcloned into the
pFastBacl transfer vector. Expression was allowed to proceed for 72 h,
and secreted protein was harvested by centrifugation and filtration of
the culture medium followed by affinity chromatography using anti-
FLAG M2 agarose beads (Sigma-Aldrich, St. Louis, MO) and competitive
elution with 50 pg/mL FLAG peptide (Sigma-Aldrich). Resultant ATX
was then concentrated via centrifugation in Amicon Ultra 30 000 mo-
lecular weight cut off filter units (Millipore, Billerica, MA) and sub-
sequent buffer exchange into storage buffer composed of 50 mM Tris,
pH 7.4, with 20% (v/v) ethylene glycol. Protein was held at —80 °C for
long-term storage.

4.3.2. ATX inhibition

ATX activity was assessed via hydrolysis of the synthetic lipid-like
FRET-based substrate FS-3 (Echelon Biosciences, Salt Lake City, UT) or
via hydrolysis of the nucleotide substrate p-nitrophenyl thymidine 5’
monophosphate (pNPTMP) as described previously [9]. Reaction wells
were loaded in 60 pL volumes in triplicate wells of black-wall 96-well
plates in assay buffer consisting of 50 mM Tris, 140 mM NaCl, 5 mM
KCl, 1 mM CaCl,, 1 mM MgCl,, 10 uM BSA, pH 8.0 for ATX. For
dose — response and ICs, generation, final concentrations per reaction
well were composed of 1 uM FS-3 (or 1 mMpNP-TMP), O or 4 nM
human rATX, and test compound concentrations ranging from 0 to
1 uM. To determine the mechanism of action, triplicate wells were
loaded with assay buffer with FS-3 concentrations ranging from 0 to
10 uM, 0 or 4 nM ATX, and inhibitor concentrations of 0, 0.5 X ICs, or
2 X ICsp. Fluorescence was read every 2 min for 1 h at excitation/
emission wavelengths of 485/528 nm for FS-3 hydrolysis or 405 nm
absorbance for pNP-TMP or pNPPC hydrolysis using a FlexStation 3
microplate reader (Molecular Devices, Sunnyvale, CA). Data (relative
fluorescence or absorbance) were then recorded as a mean value of the
triplicates for each sample versus time. Percent ATX activity ( + SD)
were calculated from the 1 h time point data for each inhibitor con-
centration, and GraphPad Prism version 5.0a (GraphPad Software, San
Diego, CA) was then used to fit nonlinear regression curves, fitting the
Hill slope from the data in a variable slope model and interpolating
from the curve to determine the ICs, ( = SD) for each compound. In the
case of mechanism determination, the linear fluorescence data from 10
to 30 min were then transformed using a carboxyfluorescein standard
curve to determine product concentration and plotted separately.
Linear trend lines were inserted using Microsoft Excel, the slope of
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which represents the rates of reaction for each substrate concentration.
This reaction rate data for each inhibitor concentration was then
plotted against substrate (FS-3) concentration and simultaneously fitted
via nonlinear regression in the Michaelis — Menten equations for
competitive, noncompetitive, uncompetitive, and mixed-mode inhibi-
tion using GraphPad Prism, version 5.0a. The mechanism of inhibition
was identified by determining which curve had the best global fit (R
value).

4.3.3. Dose response relationship of LPA1 receptor inhibition by 11 and 12

As published previously, LPAR activation leads to transient calcium
mobilization. In order to assess receptor activation or antagonism,
compounds were tested in stable transfectant cell lines engineered to
overexpress LPA1 [19] LPA1 RH7777 rat hepatoma cells were gener-
ated in-house as described previously [52] and maintained in DMEM
supplemented with 10% FBS and 2 mM t-glutamine with 250 pg/mL
G418. Cells were maintained at 37 °C with 5% CO, in a humidified
atmosphere. Calcium mobilization was assessed via fluorescence in
Fura-2AM-loaded cells treated with a dose range of test compound both
in the absence and presence of the ECs, concentration of LPA 18:1. Cells
were plated in triplicate in poly-i-lysine coated 96-well, black-wall
plates at a density of 5 x 10 cells per well and allowed to adhere
overnight. After adherence, cells were serum-deprived for 4 h in Krebs
buffer consisting of 10 mM HEPES, pH 7.4, with 120 mM NaCl, 5 mM
KCl, 1.8 mM CaCl,, 0.62 mM MgSO,4, and 6 mM bp-glucose. Fura-2AM
was then loaded for 30 min at a concentration of 4.5 pg/mL in Krebs
buffer with 0.45% (v/v) Pluronic F-127, after which cells were switched
to fresh Krebs buffer. Finally, a FlexStation 3 microplate reader was
used to apply a dose range of LPA 18:1 (in a 1:1 molecular complex
with lipid-depleted BSA) or test compounds ranging from 0 to 100 pM
in the presence and absence of the ECs, concentration of LPA 18:1.
Fluorescence corresponding to calcium mobilization was immediately
monitored upon addition every 3.42 s over a span of 70 s at excitation/
emission wavelengths of 340/510 and 380/510 nm. Data (relative
fluorescence) were then recorded as a mean fluorescence ratio value of
the triplicates for each concentration and normalized to percentage of
LPA 18:1 Emax. GraphPad Prism, version 5.0a, was then used to plot
the data and fit nonlinear regression curves in a variable slope model in
order to determine the pharmacodynamics (ECsg or ICsg) of the com-
pounds in Ca®>* mobilization.

4.4. QSAR analysis, principal component analysis (PCA), and partial-least-
square (PLS) regression analysis

Table SI-1 shows the chemical structure and QSAR including the
molecular weight (MW); number of C, H, Cl, O, S, N, F, and Br atoms;
number of double bonds (DB); and experimentally obtained ICs, of the
investigated of potential 25 drug candidates. The ICs, of each drug
candidate was first converted to pICsy (-log ICso) and subsequently
utilized as dependent (y-variables) for partial-least-square (PLS) re-
gression analysis. In the initial stage of the study, QSAR of drug can-
didates was subjected to PCA for pattern recognition. In the second
stage of the study, the data set in Table SI-1 was randomly divided into
two data set. One data set was utilized as the “training set” for PLS re-
gression model development. PLS regression was utilized to correlate
changes in QSAR (independent or x-variables) with pICso (dependent or
y-variables) of the drug candidates using a full cross validation approach
[53-56]. The developed PLS regression was validated by independent
drug candidates. The performance and the predictive ability of the
developed PLS regression was evaluated and assessed by comparing the
experimentally obtained pICs, with the predicted pICsy values of the
validated samples. QSAR, PCA and PLS regression analysis were per-
formed using commercially available chemometric software, The Un-
scrambler Chemometrics software (CAMO Software, 9.8, Oslo,
Norway).
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