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Autotaxin (ATX) is a secreted glycoprotein with lysophospholipase D (LPLD) activity that generates
the bioactive lipid lysophosphatidic acid (LPA) from lysophosphatidylcholine (LPC). Both ATX and
LPA have been linked to the promotion and progression of cancer as well as cardiovascular disease and
obesity. Despite the fact that ATX inhibitors have the potential to be useful chemotherapeutics for
multiple indications, few examples of potent ATX inhibitors are described in the current literature. Here
we describe the development of pharmacophore models for the inhibition of ATX by nonlipids and
apply these tools to the discovery of additional ATX inhibitors using the NCI open chemical repository
database. From this database of >250000 compounds, 168 candidate inhibitors were identified. Of
these candidates, 106 were available for testing and 33 were identified as active (those that inhibited
ATX activity byg50% at a single 10 μM concentration), a 31% hit rate. Five of these compounds had
IC50<1.5 μM and the most potent compound possessed a Ki of 271 nM.

Introduction

Autotaxin (ATXa) is a 125 kDa glycoprotein, originally
identified as an autocrine motility factor derived from media
conditioned by the A2058 melanoma cell line.1 In 2002, the
biological effects of ATX were linked to its ability to hydro-
lyze lysophosphotidylcholine (LPC) to form the bioactive
lipid lysophosphatidic acid (LPA).2,3 LPA elicits a variety of
biological responses including stimulation of cell prolifera-
tion, survival,motility, andwound healing through activation
of specificGprotein-coupled receptors (GPCR), LPA1-8.

4-10

Significant literature exists linking ATX and LPA to the
promotion and progression of various cancers.11-17 In addi-
tion, it is becoming increasingly clear that ATX and LPA also
play critical roles in normal development18-20 and in addi-
tional human pathologies such as Alzheimer’s disease,21

rheumatoid arthritis,22 obesity,23 and neuropathic pain.24

Blocking the effects of LPA has the potential to provide
positive anticancer chemotherapeutic and other health bene-
fits. This strategy can be achieved at the receptor level, with
LPA antagonists and inverse agonists, or through ATX
inhibition to prevent LPA production. In 2005, LPA and
sphingosine 1-phosphate (S1P) were identified as negative
feedback inhibitors of ATX,25 which spurred efforts to
synthesize and evaluate lipid-like product analogues for ATX
inhibition.25-35 However, these analogues must lack agonist
activity at LPA and S1P GPCR to be useful therapeutic

candidates. In addition, LPA and S1P analogues are likely
to have poor oral bioavailability due to their hydrophobicity
and are likely to be rapidly degraded by endogenous hydro-
lytic pathways. Collectively, lipid-based analogues possess
low structural diversity and high numbers of rotatable bonds,
which limits their utility as tools to be used in computational
efforts to identify novel ATX inhibitors.

Only recently have nonlipid ATX inhibitors begun to
emerge in the literature.36-38 Figure 1 shows examples of
three previously identified nonlipid ATX inhibitors. Multiple
inhibitors such as H2L 7905958 (Figure 1) were previously
identified from database screening efforts using a binary
QSAR model.37 ATX inhibitors such as damnacanthal
(Figure 1) were originally identified as protein kinase inhibi-
tors and therefore are not specific ATX inhibitors.38 Addi-
tional novel, nonlipid ATX inhibitors are likely to provide
important insight into the three-dimensional structure of the
ATX active site, for which little data currently exists due to a
lack of biophysical data such as X-ray diffraction or NMR
characterization.

Here we describe the development of ligand-based pharma-
cophore models using previously published nonlipid ATX
inhibitors.37 These models were used to search the National
Cancer Institute (NCI) open chemical repository database
(http://dtp.cancer.gov) to identify novel, nonlipid ATX in-
hibitor leads. These inhibitors have been validated using two
assays, one utilized the synthetic, FRET-based, ATX sub-
strate FS-3, and a second used the endogenousATX substrate
LPC in a choline release assay. Filtering of the database using
nine related pharmacophore models resulted in the identifica-
tion of several potent ATX inhibitors. This strategy identified
active ATX inhibitors (those providing g50% inhibition of
ATX-mediated FS-3 hydrolysis at a single 10 μM dose) at an
overall 31%hit rate. Themost potent of these newly identified
compounds were further characterized via the determination
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of IC50 and Ki values for ATX inhibition and selectivity for
related NPP isoforms.

Results

To develop a pharmacophore for ATX inhibition, the
structures of eight previously identified nonlipid ATX inhi-
bitors37 (Figure 2) were built using theMolecular Operating

Environment (MOE) software39 and ionized as predicted
at pH 7.4. These compounds were then flexibly aligned to
one another to identify functional groups sharing common
volumes. Six pharmacophore points were identified in at
least five of the eight compounds, including one anionic
group (point 1), two hydrogen bond acceptors/metal liga-
tors (points 2 and 4), two aromatic groups (points 3 and 5),
and one hydrogen bond donor (point 6) (Figures 2 and 3).
To determine if this six-point model was overly restrictive

Figure 1. Representative previously identified nonlipid ATX
inhibitors.25-33,35

Figure 2. Previously published ATX inhibitors used to develop the flexible alignment from which subsequent pharmacophore models were
derived.37 The circled and numbered functional groups gave rise to the pharmacophore features (1, anionic group; 2 and 4, H-bond acceptor/
metal ligators; 3 and 5, aromatic groups; 6, H-bond donor).

Figure 3. Flexible alignment of the eight previously identified ATX
inhibitors with the pharmacophore points encompassing overlap-
ping functional groups. Point 1, anionic group; points 2 and 4,
H-bond acceptor/metal ligators; points 3 and 5, aromatic groups;
point 6, H-bond donor.
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and to evaluate the necessity of redundant features, select
pharmacophore points were systematically eliminated to
generate four five-point and then four additional four-point
pharmacophore models. The two aromatic and two hydro-
gen bond acceptor/metal ligator features (points 2, 3, 4, and
5) were hypothesized to chelate the divalentmetals within the
ATXactive site,40 although all four are unlikely to effectively
chelate concurrently. Therefore, one or two of these points
were removed to evaluate their optimal position. Four five-
point pharmacophore models were generated, each lacking
points 2, 3, 4, or 5 (Figure 3). Also, four four-point pharma-
cophores were generated, each lacking one aromatic and one
hydrogen bond acceptor/metal ligator.

These nine pharmacophores were then each used to search
the NCI open chemical repository database to prioritize
screening efforts. Table 1 shows the distancesmeasured among
the pharmacophore points and the distance ranges used in
subsequent database searches.Distance ranges were chosen by
selecting ranges spanning 1 Å above and below the distance
measured between pharmacophore points. If the virtual search

yielded few or no hits then some ranges were expanded to
generate less restrictive distance ranges, allowing for the
identification of more virtual hits. Table 2 shows the number
of compounds identified from searches using each pharmaco-
phore model. Many compounds were identified by screens
using multiple pharmacophore models. In all, 168 unique
compounds were identified (Table 2). Of these 168 candidates,
106 compounds were acquired for subsequent screening (the
remaining 62 compounds were no longer available).

All 106 compounds obtained from NCI were tested for
autofluorescence (false negative), fluorescence quenching of
carboxyfluorescein (false positive), and ATX inhibition using
the FRET-based substrate FS-3. Autofluorescence (candidates
alone) and fluorescence quenching (candidates plus 200 nM
carboxyfluorescein) control screeningswere done at single 10μM
concentrations of candidate inhibitors. One compound, 48
(2-(3-(phenylimino)-6-(4-sulfoanilino)-3H-xanthen-9-yl)benzoic
acid, NSC41 11242, structure in Table S2 in the Supporting
Information), showed autofluorescence equivalent to 15% of
that of the 200 nM carboxyfluorescein control. No other

Table 1. Pharmacophore Point Distances and Ranges Used to Search the NCI Open Chemical Repository

pharmacophore 6 (points 1, 2, 3, 4, 5, and 6)

points distance (Å) range searched (Å)

1-3 15.04 14-16

1-4 14.82 14-16

2-5 3.66 2-5

3-5 5.97 5-7

3-6 9.25 8-10.5

4-6 7.93 7-9

pharmacophore 5a (points 1, 3, 4, 5, and 6) pharmacophore 5b (1, 2, 4, 5, and 6)

points distance (Å) range searched (Å) points distance (Å) range searched (Å)

1-3 15.04 14-16 1-2 11.96 10-14

1-4 14.82 14-16 1-4 14.82 14-16

1-6 8.86 8-10 2-4 4.58 3.5-6.5

3-5 5.97 5-7 2-5 3.66 2-5

3-6 9.25 8-10.5 2-6 5.68 4-7

4-6 7.93 7-9 4-6 7.93 7-9

pharmacophore 5c (points 1, 2, 3, 5, and 6) pharmacophore 5d (points 1, 2, 3, 4, and 6)

points distance (Å) range searched (Å) points distance (Å) range searched (Å)

1-2 11.96 10-14 1-2 11.96 10-14

1-5 11.82 11-13 1-3 15.04 14-16

2-3 3.77 3-5 1-4 14.82 14-16

2-6 5.68 4-7 2-4 4.58 3.5-6.5

3-5 5.97 5-7 3-6 9.25 8-10.5

5-6 4.32 3-5 4-6 7.93 7-9

pharmacophore 4a (points 1, 2, 3, and 6) pharmacophore 4b (points 1, 2, 5, and 6)

points distance (Å) range searched (Å) points distance (Å) range searched (Å)

1-2 11.96 10-14 1-2 11.96 10-14

1-3 15.04 14-16 1-5 11.82 11-13

1-6 8.86 8-10 1-6 8.86 8-10

2-3 3.77 3-5 2-5 3.66 2-5

2-6 5.68 4-7 2-6 5.68 4-7

3-6 9.25 8-10.5 5-6 4.32 3-5

pharmacophore 4c (points 1, 3, 4, and 6) pharmacophore 4d (points 1, 4, 5, and 6)

points distance (Å) range searched (Å) points distance (Å) range searched (Å)

1-3 15.04 14-16 1-4 14.82 14-16

1-4 14.82 14-16 1-5 11.82 11-13

1-6 8.86 8-10 1-6 8.86 8-10

3-4 3.97 3-5 4-5 3.66 2.5-4.5

3-6 9.25 8-10.5 4-6 7.93 7-9

4-6 7.93 7-9 5-6 4.32 3-5
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candidate compounds produced more than 2% autofluor-
escence (Table 3 andTable S1 in the Supporting Information).
Twelve of the 106 compounds showedmodest quenching (15-
30%) of the carboxyfluorescein fluorescent signal (Table 3
and Tables S2 and S3 in the Supporting Information).
Compounds 5 (4-hydroxy-7-(3-(5-hydroxy-7-sulfo-6-((E)-(6-
sulfonaphthalen-2-yl)diazenyl)naphthalen-2-yl)ureido)-3-((E)-

m-tolyldiazenyl)naphthalene-2-sulfonic acid, NSC41 65574,
Table S2), 12 (2-naphthalenesulfonic acid, {4-hydroxy-7-[[[[5-
hydroxy-6-[(2-methylphenyl)azo]-7-sulfo-2-naphth} {alenyl]-
amino]carbonyl]amino]-3-[(6-sulfo-2-naphthalenyl)azo]-} triso-
diumsalt,NSC41 58057, Table S2), 13 (2-naphthalene sulfonic
acid, {3[(4-amino-5-methoxy-2-}{methylphenyl)azo]-30-[(6-sulfo-
2-naphthyl)azo]-7,70-}{(carbonyldiimino)bis[4-hydroxy-}

Table 2. Summary of Pharmacophore Performance

pharmacophore

(points) hits

hits

acquired actives

actives

(%)

actives

IC50< 1.5 μM
unique

hits

unique

actives

unique

active (%)

6 (1, 2, 3, 4, 5, 6) 43 30 8 26.7 0 1 1 100

5a (1, 3, 4, 5, 6) 32 22 8 36.4 0 0 0 N/A

5b (1, 2, 4, 5, 6) 45 37 12 32.4 2 5 3 60.0

5c (1, 2, 3, 5, 6) 88 62 25 40.3 4 17 12 70.6

5d (1, 2, 3, 4, 6) 27 20 8 40.0 0 0 0 N/A

4a (1, 2, 3, 6) 43 30 11 36.7 1 0 0 N/A

4b (1, 2, 5, 6) 102 63 12 19.0 1 19 1 5.3

4c (1, 3, 4, 6) 34 24 9 37.5 0 0 0 N/A

4d (1, 4, 5, 6) 60 48 12 25.0 0 5 2 40.0

Table 3. Summary of the Characterization of Candidate ATX Inhibitorsa

pharmacophore control screening

candidate no. 6 5a 5b 5c 5d 4a 4b 4c 4d

false neg

(%)b
false pos

(%)c
ATX

inhibition (%)d
IC50

(μM)

Ki

(nM)e

1 X X 0( 0 1( 1.4 93( 2.7 0.372 ( 0.051 270

2 X X X X X X X X X 0.7( 0.1 19( 1.3 84( 3.1 11.6

3 X 0( 0 14( 1.3 82( 3.0 1.31 1890

4 X 1.7( 0.2 4( 1.4 80 ( 5.7 1.26 1460

5 X X X X X X X X X 1.1( 0.2 21( 1.3 80( 3.7 12.0

6 X 0( 0 7( 1.4 77( 3.1 1.7

7 X 0( 0 10( 1.3 76( 7.9 7.3

8 X 0( 0 0( 1.4 75( 3.1 2.42 ( 0.588

9 X 0( 0 4( 1.4 74( 3.2 5.4

10 X X 1.5 ( 0.2 3( 1.4 73( 2.8 0.805 1140

11 X 1.5( 0.2 14( 1.3 72( 3.7 8.9

12 X X X X X X X X X 1.3( 0.2 27( 1.2 71( 3.6 11.6

13 X X X X X X X X 1.3 ( 0.1 26( 1.2 70( 4.9 13.8

14 X 1.4( 0.2 13( 1.3 68( 5.5 13.4

15 X 1.9( 0.2 4( 1.4 68( 2.6 5.9

16 X X X X X X X X 0.9 ( 0.1 17( 1.3 67( 3.7 18.6

17 X 2.0( 0.2 7( 1.4 65( 2.9 ND f

18 X X X 1.2( 0.2 20( 1.3 65( 2.9 15.5

19 X 1.7( 0.2 8( 1.4 65( 2.9 28.1

20 X 0( 0 3( 1.4 64( 4.9 0.922 ( 0.212 820

21 X X X X 1.7( 0.2 16( 1.3 61( 3.8 19.1

22 X 0( 0 2( 1.4 61( 2.9 7.8

23 X X X X X X X X X 0( 0 11( 1.3 59( 4.3 18.2

24 X 1.2( 0.2 3( 1.4 57( 3.8 17.4

25 X X X 0( 0 -4( 1.3 55( 2.8 8.7

26 X 0( 0 -1 ( 1.4 53( 7.2 7.4

27 X 1.2( 0.2 6( 1.4 53( 3.7 37.6

28 X 0( 0 7( 1.4 53( 3.7 7.6

29 X 0.1( 0.0 15( 1.3 52 ( 5.6 9.8

30 X X X X 1.5( 0.2 18( 1.3 51( 6.1 12.6

31 X 0( 0 0( 1.4 51( 4.6 9.3

32 X X X X X X X X X 0 ( 0 -3( 1.4 49( 6.5 23.03

33 X X X X X X X 0( 0 -4( 1.4 49( 4.4 NDg

aData for all active compounds (those that inhibited ATX activity by g50% at a single 10 μM concentration) are included. Data for inactive
candidates is included in the Supporting Information. bFalse negative screening: candidate compounds were analyzed alone (excitation 485 nm,
emission 520 nm) in assay buffer at 10 μM. Data are normalized to that of carboxyfluorescein (200 nM) in assay buffer. cFalse positive screening:
candidate compoundswere analyzed (excitation 485 nm, emission 520 nm) in assay buffer at 10 μMin the presence of carboxyfluorescein (200 nM).Data
are presented as% inhibition of the carboxyfluorescein signal (200 nM). dATX inhibition: single doses (10 μM) of candidate compounds tested against
ATX (8.3 nM)with 1 μMFS-3. Data are normalized to vehicle control ATX-mediated FS-3 hydrolysis. eMechanism of inhibition was determined using
varying concentrations of FS-3 in the presence of three concentrations of candidate inhibitor (0, 0.5�, and 2� the IC50). Simultaneous nonlinear
regression of all data points was used to identify mechanism of inhibition and calculate Ki values.

fND: not determined. Because of the chemical
instability of the trityl alcohol present in 17, we have eliminated it from further characterization. gND:not determined. The IC50 value for 33 could not be
determined due to high curve fit errors.
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trisodium salt, NSC41 58058, Table S2), and 41 (6,60-((E)-
ethene-1,2-diyl)bis(3-((E)-(2,4-diamino-5-methyl-3-((E)-(4-sulfo-
phenyl)diazenyl)phenyl)diazenyl)benzenesulfonic acid),NSC41

65866, Table S2) showed false positive effects greater than
20% but were not among the most potent candidates exami-
ned. All compoundswere then assayed at a single dose (10 μM)
in the presence of purified recombinant humanATX (8.3 nM)
and the synthetic ATX substrate FS-3 (1 μM). A 31%hit rate
was achieved (33 out of the 106 compounds showed greater
than 50% ATX inhibition at 10 μM), with 1 (5-amino-3-((40-
((8-amino-1-hydroxy-3,6-disulfo-2-naphthyl)diazenyl)-3,30-
dimethoxy[1,10-biphenyl]-4-yl)diazenyl)-4-hydroxy-2,7-nap-
hthalenedisulfonic acid,NSC41 9616, Figure 4) being themost
efficacious as it inhibited ATX activity by 93( 2.7% (Table 3).
Dose responses were acquired for 32 of 33 candidates showing
greater than 50%ATX inhibition at this single dose (Table 3).
Compound 17 (4-(4-((4-amino-3-methylphenyl)(4-anilinoph-
enyl)hydroxymethyl)anilino)benzenesulfonic acid,NSC415014,
Table S2) was eliminated from further consideration due to its
chemically labile trityl alcohol functional group. Compound 1
was the most potent candidate identified with a determined
IC50 of 372 ( 51 nM. Two other compounds showed nano-
molar potency, 10 (7-((4-((2,5-dichloro-4-(4-(((6,8-disulfo-2-
naphthyl)amino)carbonyl)anilino)-3,6-dioxo-1,4-cyclohexadien-
1-yl)amino)benzoyl)amino)-1,3-naphthalenedisulfonic acid,
NSC41 12859, Figure 4, IC50= 805 nM) and 20 (NSC41 8680,
Figure 4, IC50= 922( 212 nM). Two additional compounds
(3 (4-amino-3-((40-((1-amino-4-sulfo-2-naphthyl)diazenyl)-3,30-
dimethoxy[1,10-biphenyl]-4-yl)diazenyl)-1-naphthalenesulfonic
acid,NSC4175913,Figure4) and4 (5-amino-3-((40-((7-amino-1-
hydroxy-3-sulfo-2-naphthyl)diazenyl)[1,10-biphenyl]-4-yl)-
diazenyl)-4-hydroxy-2,7-naphthalenedisulfonic acid, NSC41

75779, Figure 4)) were also determined to have lowmicromolar
potency with IC50 values of 1.31 and 1.26 μM, respectively.
Structures for all active and inactive candidates evaluated can be

found in Table S2 of the Supporting Information. The raw data
used toplot dose response curves can be found inTable S4 of the
Supporting Information.

The mechanism of ATX inhibition was determined for
the five most potent candidates, those with IC50e 1.5 μM
(Table 4). Compound 3 demonstrated noncompetitive inhibi-
tion,where affinity for free enzyme and the enzyme-substrate
complex are equal. Here Ki and Ki

0 were equal to 1.89 μM
(Table 4). Compounds 1, 4, 10, and 20 showed competitive in-
hibitionwithKi values equal to0.271, 1.46, 1.14, and0.824μM,
respectively. These compounds have a preference for the free
enzyme over the enzyme substrate complex. The FS-3 and
inhibitor concentrations and initial velocities can be found in
Table S5 of the Supporting Information.

In addition to the synthetic substrate, FS-3, we also examined
inhibitionofATXactivity using the endogenous substrate,LPC
(16:0), in a choline release assay. This assay proved proble-
matic as a screening tool forATX inhibitor discovery.Figure 5
shows data for a subset of the candidates also characterized
using ATX-mediated FS-3 hydrolysis. Several compounds,
including 36 (7-((4-((4-aminobenzoyl)amino)benzoyl)amino)-
4-hydroxy-2-naphthalenesulfonic acid,NSC41 1741, Table S2),
60 (2-((1-(4-(2-(4-(((4-(2-(4-(4-((2-carboxyphenyl)diazenyl)-3-
methyl-5-oxo-4,5-dihydro-1H-pyrazol-1-yl)-2-sulfophenyl)-
vinyl)-3-sulfoanilino)carbonyl)amino)-2-sulfophenyl)vinyl)-
3-sulfophenyl)-3-methyl-5-oxo-4,5-dihydro-1H-pyrazol-4-yl)
diazenyl)benzoic acid, NSC41 34937, Table S2), 64 (rhoduline

Figure 4. Structures for the five most potent ATX inhibitors.

Table 4. Experimentally Determined Mechanism of ATX Iinhibition
and Ki and Values for the Six Most Potent Candidates

compd Ki (μM) mechanism

1 0.271 competitive

3 1.89 noncompetitive

4 1.46 competitive

10 1.14 competitive

20 0.824 competitive
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acid,NSC41 1698,Table S2), and 96 (8-((4-(((4-(((3,8-disulfo-1-
naphthyl)amino)carbonyl)anilino)carbonyl)amino)benzoyl)-
amino)-1,6-naphthalenedisulfonic acid,NSC4112188,TableS2),
show significant false positive effects in the presence of choline
and the choline release assay components. These compounds,
therefore, show greater effect on apparent ATX activity in the
presence of the substrate LPC (16:0) due to interference with
either choline release assay component(s) or fluorescence que-
nching. No further efforts were made to screen or characterize
ATX inhibitors using this assay.

To address selectivity, the five most potent candidate ATX
inhibitorswere also tested for their ability to inhibitNPP6and
NPP7, the only other NPP isoforms with currently identified
preferences for lipid substrates.42,43None of these compounds
showed false negative or positive effects as determined by abs-
orbance at 405nm in the absenceorpresence ofp-nitrophenol,
the product of NPP6/7-mediated hydrolysis of the synthetic
substrate, para-nitrophenylphosphocholine (pNPPC), data
shown in Supporting Information, Table S3. In addition, none
of the five candidates had a significant effect onNPP6-mediated
hydrolysis of pNPPC (Supporting Information, Table S3).
Likewise, compounds 1, 3, 4, and 20 failed to inhibit NPP7-
mediated hydrolysis of pNPPC, although compound 10

modestly inhibitedNPP7by∼20% (Supporting Information,
Table S3).

Discussion

Pharmacophore modeling is useful in identifying the types
and relative locations of functional groups required to pro-
duce a desired biological response. Structure-based and
ligand-based approaches are used to generate pharmacophore
models.44 Structure-based pharmacophore modeling utilizes
the complex between a ligand and its biological target as a
starting point, whereas ligand-based pharmacophore model-
ing employs the ligand in a putative active conformation as
template.44 Structure-based pharmacophore models for ATX
are currently problematic, as knowledge of the three-dimen-
sional structure of the enzyme active site is limited due to a
lack of X-ray crystal or NMR data. Thus, a ligand-based
pharmacophore approach was chosen for this work, given
that there is a growing list of published ATX inhibitors,
including both lipid25-33,35 and nonlipid examples.36-38 For

these studies, we elected not to use published lipid-like ATX
inhibitors for our pharmacophore models due to the high
degree of flexibilitywithin these structures, whichwouldmake
selection of a putative bioactive conformation very difficult in
the absence of enzyme-derived constraints. The nonlipid
compounds identified previously by Parrill and colleagues
are substantially less flexible, thus allowing determination of a
conformation for each that places common chemical func-
tionality within overlapping volumes.37

Structure-based pharmacophore models have previously
been generated for a variety of biological targets.Althoughwe
do not have the benefit of a complex between ATX and an
inhibitor, we hypothesized that a subset of four pharmaco-
phore points (2, 3, 4, and 5) could chelate one of two divalent
metal cations within the enzyme active site. We have shown
that inclusion of the aromatic functional group (point 3) has a
profound effect on the ability to identify active ATX inhibi-
tors and might therefore be optimally placed for metal
chelation. Recently, a structure-based pharmacophore was
developed for 11β-hydroxysteroid dehydrogenase.45 In this
study, two pharmacophore models were developed from the
target cocrystallized with a synthetic inhibitor to evaluate the
position of a hydrogen bond acceptor in one of two positions
(interaction between one of two protein residues, S170 and
Y183) using virtual screening.45 This approach allowed the
identification of 11 new 11β-hydroxysteroid dehydrogenase
inhibitors with IC50 values less than 10 μM.45 Seven of the 11
identified inhibitors had a hydrogen bond acceptor that was
able to interact with S170 and Y183. These dual interacting
compounds were more potent than the other four, which
interacted with only S170.45 Despite using a ligand-based
rather than a structure-based approach, we were able to
identify the aromatic pharmacophore point 3 as being opti-
mally placed for interaction with ATX, perhaps by metal
chelation based on previous knowledge of the proposed ATX
catalytic cycle.40 Inclusion of feature 3 contributed to the
identification of four out of the five most potent ATX
inhibitors identified herein.

Ligand-based pharmacophore development using confor-
mational analysis of known ligands has also been used in a
variety of biological systems and is most widely utilized when
the biological target or structure is unknown. Here we devel-
oped pharmacophore models from a flexible alignment of

Figure 5. Compound screening utilizing either the natural ATX substrate LPC 16:0 (open bars) or the product choline (closed bars) and the
choline release assay components. Data are mean ( SD of triplicate samples.
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previously identified nonlipid ATX inhibitors in an effort to
identify common functional group features and to define
distance ranges that describe their three-dimensional relation-
ship. These data were then utilized to search an online
chemical database to identify nonlipid ATX inhibitors. In a
different system, a ligand-based pharmacophore was devel-
oped for the CXCR4 chemokine receptor to identify new
nonpeptide antagonists.46 Previously identified cyclic peptide
antagonists, with the backbone held rigid, were subjected to
conformational analysis.46 Rather than virtual database
mining, distance ranges among the key residues required for
CXCR4 antagonist activity were measured to identify a new
core using rational drug design.46 This study focused on the
development of nonpeptide antagonists that utilized amino
acid side chain functional groups such as aromatic and
guanidine groups.46 Their system required inclusion of spe-
cific functional groups where databasemining was unlikely to
uncover significant numbers of hits, therefore a rational de
novo design was employed to identify a nonpeptide core.46

Because our system had no such limitations of functional
groups, we searched an online database with adaptable func-
tional groups where the core of our hits could vary. These
criteriamade our systemmore tractable for a virtual screening
approach.

The phosphate functional group is commonly modified via
bioisosteric replacement due to the susceptibility of endogen-
ous and exogenous organic phosphates to metabolism by
biologically relevant phosphatases and phosphodiesterases.
Both the natural ATX substrate, LPC, and the endogenous
ATX feedback inhibitor, LPA, contain phosphate groups.25

Themajority of nonlipid ATX inhibitors utilized to define the
pharmacophoremodels contain carboxylic acids, one classical
phosphate bioisostere.47 Additional phosphate bioisosteres
include sulfates, phosphosphonates, R-halogenated phospho-
nates, sulfonic acids, R-halogenated sulfonic acids, and R-
halogenated carboxylic acids.48-50 These features are funct-
ionally interchangeable due to their ability to adopt a negative
charge at biological pH. The most effective ATX inhibitors
identified to date have at least one anionic functional group,
Figure 1.36,37 Sulfonic acids are well represented in the NCI
open chemical repository database. Therefore, we chose this
as the anionic isostere in our initial screens. Sulfonic acid
containing compounds have been shown here to mediate
successful interactions with ATX via the identification of 33
active nonlipid compounds, validating our expectation that a
broad variety of anionic groups can serve in place of phos-
phate or carboxylate features in ATX inhibitors.

Pharmacophore 6 identified active ATX inhibitors at a rate
of 26.7% (Table 2 and Figure 6). These rates increased to
between 32.4 and 40.0%when a single featurewas removed in
the five-point models (5a-d). However, upon removal of a
second feature, hit rateswere either unchangedor significantly
worse (ranging from 19.0 to 37.5%) in the four-point models
(4a-d). These data suggest that the six-point model is too
restrictive but that elimination of two features can be detri-
mental. It is apparent that pharmacophores 5c and 4b gener-
ated the greatest numbers of total hits, 62 and 63, respectively.
However, a significantly greater number of the active inhibi-
tors were identified by model 5c (25 of 33 total active
compounds, 75.8%) than by model 4b (12 of 33 actives,
36.4%). A total of 13 of 33 active candidates (39.4%) were
identified bymodel 5c but notmodel 4b, including three of the
most potent compounds (1, 3, and 20). In contrast, only 2 of
33 active candidates (6.1%) were identified by model 4b but

not model 5c, including one of the most potent compounds
(10). In addition, a smaller portion of inactive compounds
were identified bymodel 5c (37of 73 inactive hits, 50.7%) than
model 4b (51 of 73, 69.9%), see Table S1 in the Supporting
Information. Within the inactive compounds, model 5c in-
correctly labeled only six compounds as active that were not
also identified by model 4b. These data suggest application of
a two-step screening process by which searches are conducted
with pharmacophores 5c and 4b and compounds identified by
5c but not 4b are carried forward for subsequent analysis.

ATX is a metalloenzyme that requires two divalent metal
cations and a single catalytic residue, T210, for enzymatic
activity.51,52 In 2005, it was shown that metal chelators, like
L-histidine, inhibited ATX hydrolytic activity at millimolar
concentrations.53 In our study, we have utilized the strategy of
metal chelation by small molecules in order to inhibit ATX.
Pharmacophore points 2, 3, 4, and 5 are all potential metal
chelators. Pharmacophore points 2 and 4 were modeled as
oxygen for its ability to act as either a hydrogen bond acceptor
or a metal chelator. Pharmacophore points 3 and 5 are
aromatic functional groups that have the ability to engage
in cation-π interactions involving the delocalized electrons in
the aromatic ring and divalent metal cations. Out of the eight
pharmacophores (4a-d and 5a-d) that probe the location of
the metal chelating features, models lacking point 3 have
significantly lower hit rates (Table 2). Pharmacophoremodels
4b and 4d, each lacking point three, have hit rates of 19.0 and
25.0%, compared to 4a and 4c with hit rates of 36.7 and
37.5%.Pharmacophore5b (lackingpoint 3), has the lowesthit
rate among all of the five-point models. This suggests that
pharmacophore point 3 is required for optimal ATX inter-
action, perhaps through metal chelation.

Pharmacophoremodels that include points 1, 3, and 6 span
an increased overall length and had improved hit rates.
Pharmacophore 4b had the lowest hit rate among all the
pharmacophore models (19.0%) and the shortest overall
length (11.96 Å�). The other four-point pharmacophore mod-
els achieved significantly higher hit rates from 25.0 to 37.5%.
Inclusion of pharmacophore point 3 created the longest
pharmacophore (the distance from points 1-3 is 15.04 Å)

Figure 6. Illustrative comparison of the nine pharmacophore mod-
els. Bold numbers represent the number of pharmacophore points
represented in each model. Fractional numbers represent the num-
ber of actives/total number of hits for that model (percent hits). The
number in brackets shows which pharmacophore feature has been
removed to generate the subsequent model.
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and resulted in higher hit rates, suggesting longer overall
compounds are preferred to inhibit ATX. A similar trend
has been noted in the evaluation of LPC structure-activity
relationships with ATX, where short-chained LPC comp-
ounds were less effective whether they were tested as sub-
strates2 or as inhibitors.54These results suggest that very small
molecules may not occupy enough of the ATX active site to
effectively block enzymatic activity.

The candidate ATX inhibitors identified here in our initial
pharmacophore searches have expanded the diversity of
established ATX inhibitors (Figure 4). Here we report the
first sulfonic acid ATX inhibitors. These new nonlipid ATX
inhibitors clearly exhibit ATX activity in vitro, and are strong
candidates for further evaluation in cellular and in vivoassays.

Experimental Section

Pharmacophore Development and Database Screening. Eight
previously identified, small molecule ATX inhibitors37 were
built using MOE39 and ionized as predicted at biological pH.
Flexible alignment to identify the three-dimensional arrange-
ment of structural features common to all eight examples was
also performed inMOEusing default settings with the exception
that the acid/base parameter was enabled and the MMFF9455

force field was used to assign partial charges. From a total of 25
flexible alignments, the optimum was chosen visually by select-
ing that alignment containing maximal molecular overlap
(shared common volume) for all eight inhibitors. The pharma-
cophore points (one anionic group, one hydrogen bond donor,
two hydrogen bond acceptors/metal ligators, and two aromatic
groups) were identified as those structural features within at
least five of eight inhibitors sharing common volumes. The
following functional groups, sulfonic acid (anion, point 1),
phenyl (aromatic, points 3 and 5), oxygen (hydrogen bond
acceptor/metal ligator, points 2 and 4), and N-H (hydrogen
bond donor, point 6) were used for online searches of the NCI
open chemical repository. Unfortunately, the NCI database
interface limits the total number of distance constraints to six,
which is insufficient to completely describe the three-dimen-
sional relationship between all the pharmacophore points in the
five-point and six-point pharmacophore models. The distances
utilized and the ranges used for each search are shown inTable 1.
The default settings were used for all online searches with the
exception of the hit limit, which was extended to 1000. If
searches reached either the hit or time limit, the search was
repeated in discrete molecular weight ranges (up to 4000 g/mol)
to ensure the whole NCI database was searched. A total of 168
compounds that matched one or more of the nine pharmaco-
phore searches were identified and requested. A total of 106
compounds were available and were screened as ATX inhibi-
tors.

ATX (NPP2) Expression and Purification. A mammalian
expression vector, pCMV5, containing the human ATX se-
quence with a C-terminal FLAG affinity tag was a generous
gift from Professor JunkenAoki (TohokuUniversity, Aoba-ku,
Sendai, Japan). This construct was subsequently subcloned into
the pFastBac1 transfer vector betweenBamHI andHindIII sites
using standard molecular biology techniques. Bacmid and viral
stock were prepared using the bac-to-bac Baculovirus Expres-
sion System (Invitrogen, Carlsbad, CA) according to the manu-
facturer’s protocol. ATX protein was expressed in 1 L Sf9
insect cell cultures (2 � 106 cells mL-1) in Sf-900 III serum free
media (Invitrogen, Carlsbad, CA). Cells were infected with 10 mL
of high titer virus stock at 27 �C for 72 h. SolubleATXpresent in
the medium was clarified via centrifugation at 3000g with
subsequent affinity purification of the supernatant using anti-
FLAG M2 agarose (Sigma Aldrich, St. Louis, MO). After
removing nonspecifically bound proteins using TBS buffer
(50 mM Tris HCl and 150 mM NaCl at pH 7.4), ATX was

eluted using TBS buffer containing FLAG peptide (50 μg/mL,
Sigma Aldrich, St. Louis, MO).

NPP6 Expression and Purification. Amammalian expression
vector, pCAGGS-MCS, containing the human NPP6 sequence
was a generous gift fromDr. JunkenAoki (University of Tokyo,
Tokyo, Japan). A C-terminal FLAG affinity tag was incorpo-
rated at position 419 and a stop codon included downstream of
the FLAG-tag. This construct was subcloned into the pFast-
Bac1 transfer vector between EcoRI and XhoI sites using
standard molecular biology techniques. Bacmid and viral stock
were prepared using the bac-to-bac Baculovirus Expression
System (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s protocol. NPP6 was expressed in 1 L Sf9 insect cell
cultures (2� 106 cellsmL-1) in Sf-900 III SFM serum freemedia
(Invitrogen, Carlsbad, CA). Cells were infected with 10 mL of
high titer virus stock and incubated at 27 �C for 48 h. Soluble
NPP6 present in the medium was clarified via centrifugation at
3000g with subsequent affinity purification of the supernatant
using anti-FLAG M2 agarose (Sigma Aldrich, St. Louis, MO).
After removing nonspecifically bound proteins using TBS buf-
fer, NPP6 was eluted using TBS buffer containing FLAG
peptide (50 μg/mL, Sigma Aldrich, St. Louis, MO).

NPP7 Expression and Purification. Amammalian expression
vector, pcDNA4/TO/myc His B, containing the human NPP7
sequence was a generous gift from Dr. Rui Dong-Duan (Lund
University, Lund, Sweden). A C-terminal FLAG affinity tag
was incorporated at position 415 and a stop codon included
downstream of the FLAG-tag. This construct was subcloned
into the pFastBac1 transfer vector between BamHI and NotI
sites using standard molecular biology techniques. Bacmid and
viral stock were prepared using the bac-to-bac Baculovirus
Expression System (Invitrogen, Carlsbad, CA) according to
the manufacturer’s protocol. NPP7 was expressed in 1 L Sf9
insect cell cultures (2� 106 cells mL-1) in Sf-900 III SFM serum
free media (Invitrogen, Carlsbad, CA). Cells were infected with
10 mL of high titer virus stock and incubated at 27 �C for 72 h.
Soluble NPP7 present in the medium was clarified via centrifu-
gation at 3000g with subsequent affinity purification of the
supernatant using anti-FLAG M2 agarose (Sigma Aldrich,
St. Louis, MO). After removing nonspecifically bound proteins
using TBS buffer, NPP7was eluted using TBS buffer containing
FLAG peptide (50 μg/mL, Sigma Aldrich, St. Louis, MO).

Screening Assays. The top five most potent ATX inhibitors
(Table 4) were determined to be g95% pure by reverse-phase
HPLC.

FS-S-Based Screening. Autofluorescence (false negative
screening) was monitored by incubating the ATX inhibitor
candidate (final concentration 10 μM) in assay buffer (1 mM
MgCl2, 1 mMCaCl2, 3 mMKCl, 140 mMNaCl, 50 mMTris,
pH 8) and 30 μMbovine serum albumin (BSA) at 37 �C. Data
were reported as percent of a separate carboxyfluorescein
control (200 nM). All data were reported as a mean (
standard deviation of three wells.

False positive screening to determine fluorescence quenching
was performed by combining ATX inhibitor candidates (final
concentration 10 μM)with carboxyfluorescein (final concentra-
tion 200 nM) in the presence of fatty acid free BSA (final
concentration 30 μM) in assay buffer (1 mM MgCl2, 1 mM
CaCl2, 3mMKCl, 140mMNaCl, 50mMTris, pH8).Datawere
reported as percent reduction relative to a separate carboxy-
fluorescein control (200 nM). All data were reported as a mean(
standard deviation of three wells.

ATX inhibition was monitored using the synthetic fluor-
escent substrate FS-3 (Echelon Biosciences, Inc., Salt Lake City,
UT), purified recombinant human ATX, and inhibitor, each of
which constitutes a third of the total volume. Final concentrat-
ions on the plate were 1 μM for FS-3 and 30 μM for fatty acid
free bovine serum albumin, both of which were dissolved in
assay buffer (1 mM MgCl2, 1 mM CaCl2, 3 mM KCl, 140 mM
NaCl, 50mMTris, pH 8). Single dose final inhibitor concentrations
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were 10 μM. For dose responses, final inhibitor concentrations
were 30, 10, 3, 1, 0.3, 0.1, and 0.03 μM, except for 1, 3, 4, 10, and
20, where two extra concentrations (0.01 and 0.003 μM) were
used in assay buffer. The final concentration of purifiedATXon
the plate was 8.3 nM. All assays were carried out in 96-well, half
area plates (Corning Inc., Corning, NY) at 37 �C in a BioTek
Synergy-2 plate reader (BioTek, Winooski, VT) with excitation
and emissionwavelengths of 485 and 538 nM, respectively.Data
points were collected every 2 min and are reported as percent
ATX activity with respect to vehicle control after subtraction of
fluorescence with noATX, at the 1 h time point. The fluorescent
signal with respect to time was linear out to the 1 h time point.
All data were reported as a mean ( standard deviation of three
wells. All dose response data was validated within 10% except
for 1, 8, and 20, for which standard deviation is reported.

LPC/Amplex Red-Based Screening. False positive screening
was carried out using Amplex Red cocktail consisting of choline
oxidase (0.1 U/mL), horseradish peroxidase (1 U/mL), and the
Amplex Red reagent (10 μM), where concentrations reported
are final concentrations. Final concentrations of the ATX
inhibitor candidate and choline oxidase substrate (choline) were
10 and 1 μM, respectively. All assays were run in the presence of
fatty acid free BSA (final concentration 30 μM) in assay buffer
(50 mM Tris, 5 mM CaCl2, pH 7.4). All data, mean ( standard
deviation of three wells, are reported as percent of choline
control.

ATX inhibition was also monitored using the Amplex Red
reagent (Invitrogen, Carlsbad, CA), purified recombinant hu-
manATX, and inhibitor, each of which constitutes a third of the
total volume. The Amplex Red cocktail consisted of choline
oxidase (0.1 U/mL), horseradish peroxidase (1 U/mL), and the
Amplex Red reagent (10 μM), where concentrations reported
are final concentrations. Final concentrations of the ATX in-
hibitor candidate and substrate (LPC 16:0) were 10 and 100 μM,
respectively. All assays were run in the presence of fatty acid free
BSA (final concentration 30 μM) in assay buffer (50 mM Tris,
5 mM CaCl2, pH 7.4). The final concentration of purified ATX
was 8.3 nM. All assays were carried out in 96-well, half-area
plates (Corning Inc., Corning, NY) at 37 �C in a BioTek
Synergy-2 plate reader (BioTek, Winooski, VT) with excitation
and emissionwavelengths of 560 and 590 nM, respectively.Data
points were collected every 2 min and are reported as percent
ATX activity with respect to vehicle control after subtraction of
fluorescence with noATX, at the 1 h time point. The fluorescent
signal with respect to time was linear past the 1 h time point. All
data was reported as amean( standard deviation of three wells.

Mechanism of Inhibition. Mechanism of ATX inhibition was
identified by incubating three concentrations of the ATX inhi-
bitor candidate with varying concentrations of substrate (FS-3).
The final concentrations of inhibitors used were zero, one-half,
and twice the experimentally determined IC50. The final con-
centrations of FS-3 used ranged from 0.3 to 20 μM. All assays
were run in the presence of fatty acid free BSA (final concentra-
tion 30 μM) in assay buffer (1 mMMgCl2, 1 mM CaCl2, 3 mM
KCl, 140 mMNaCl, 50 mMTris, pH 8). All assays were carried
out in 96-well, half-area plates (Corning Inc., Corning, NY) at
37 �C in a BioTek Synergy-2 plate reader (BioTek, Winooski,
VT) with excitation and emission wavelengths of 485 and
538 nM, respectively. Data were reported as the mean of three
wells and plotted on a logarithmic scale. All data points were
curve fitted with Michealis-Menton equations for competitive,
uncompetitive, mixed-mode, and noncompetitive inhibition
using simultaneous nonlinear regression for each model using
WinNonLin 6.1 (Pharsight, Mountain View, CA). Mechanism
of inhibition was assigned by determining the lowest averaged
percent residuals for each mechanism. Ki and Ki

0 values represent
compound affinity for free enzyme and the enzyme-substrate
complex, respectively. Initial rates for the zero inhibitor con-
centration were plotted against the substrate concentration, and
a rectangular hyperbolic curve was fitted to the data using

KaleidaGraph (version 4.03, Synergy Software, Reading, PA)
to determine Km. The average Km for ATX-mediated FS-3
hydrolysis was determined to be 3.4 ( 1.0 μM (n=6) in our
hands and was used in the following calculations.

For competitive inhibition:

Vo ¼ Vmax½S�
RKm þ ½S� where R ¼ 1þ ½I �

Ki

For uncompetitive inhibition:

Vo ¼ Vmax½S�
Km þR0½S� where R

0 ¼ 1þ ½I �
Ki

0

For mixed-mode inhibition:

Vo ¼ Vmax½S�
RKm þR0½S�

For noncompetitive inhibition (R = R0), therefore:

Vo ¼ Vmax½S�
RðKm þ ½S�Þ

Candidate Specificity, NPP6/7 Inhibition. NPP6/7 inhibition
was monitored using the synthetic absorbance substrate para-
nitrophenylphosphocholine (pNPPC) (Sigma Aldrich, St. Louis,
MO), purified recombinant human NPP6/7, and inhibitor
candidate, each of which constituted one-third of the total
volume. Final concentrations of pNPPC on the plate were 10 μM
for NPP6 and 500 μM for NPP7. Final concentrations of
inhibitor candidate and enzyme (NPP6/7) were 10 μM and
8.3 nM, respectively. Allmaterials were dissolved in assay buffer.
The assay buffer for the NPP6 assays consisted of 500 mMNaCl,
100mMTris-HCl, and 0.05%TritonX-100 at pH9.43 The assay
buffer used for the NPP7 assays consisted of 50 mM Tris HCl,
150 mM NaCl, and 10 mM sodium taurocholate at pH 8.42 All
assays were carried out in 96-well, half-area plates (Corn-
ing Inc., Corning, NY) at 37 �C in a BioTek Synergy-2 plate
reader (BioTek, Winooski, VT) with absorbance monitoring at
405 nM.Data points were collected every 2min and are reported
as percent enzyme activity with respect to vehicle control after
subtraction of absorbance with no enzyme, at the 1 h time point.
The absorbance signal with respect to time was linear past the
1 h time point. All data were reported as a mean ( standard
deviation of three wells.
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