J. Med. Chem. 2008, 51, 625-633 625
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The G-protein-coupled receptor free fatty acid receptor 1 (FFAR1), previously named GPR40, is a possible
novel target for the treatment of type 2 diabetes. In an attempt to identify new ligands for this receptor, we
performed virtual screening (VS) based on two-dimensional (2D) similarity, three-dimensional (3D)
pharmacophore searches, and docking studies by using the structure of known agonists and our model of
the ligand binding site, which was validated by mutagenesis. VS of a database of 2.6 million compounds
followed by extraction of structural neighbors of functionally confirmed hits resulted in identification of 15
compounds active at FFAR1 either as full agonists, partial agonists, or pure antagonists. Site-directed
mutagenesis and docking studies revealed different patterns of ligand-receptor interactions and provided
important information on the role of specific amino acids in binding and activation of FFARI.

Introduction

The free fatty acid receptor 1 (FFAR1“), previously known
as GPR40, is a G-protein-coupled receptor (GPCR) that has been
identified as a possible novel target for the treatment of type 2
diabetes. This receptor is highly expressed in the beta cells of
pancreatic islets, and its activation by long-chain free fatty acids
(FFAs) enhances glucose-stimulated insulin secretion.! Thus,
this receptor is thought to play a role in the regulation of
metabolic processes and glucose homeostasis.” It is assumed
that synthetic agonists of FFAR1 may mimic the effect of FFAs
to enhance glucose-stimulated insulin secretion with the potential
to be developed into antidiabetic drugs.?

Steneberg et al. have shown that FFARI mediates chronic
and acute effects of FFAs on beta cells in mice.? They found
that FFAR1-deficient beta cells secrete less insulin in response
to FFAs, indicating the importance of FFAR1 in mediating
insulin release. However, enhanced expression of FFARI in the
long term leads to hypoinsulinemia and to overt diabetes. In
contrast, FFAR1-deficient mice were protected from obesity-
induced hyperinsulinemia, hepatic steatosis, hypertriglycer-
idemia, increased hepatic glucose output, hyperglycemia, and
glucose intolerance, which are all characteristic of the early
stages of type 2 diabetes. Hence, there is no clear understanding
to date whether agonists or antagonists of FFARI could be
applied to the treatment of type 2 diabetes.

To learn more about the pharmacology of FFAR1 and about
the implications of receptor activation and inhibition, the
development of novel synthetic agonists and antagonists would
be helpful. Full agonists based on the 3-(4-([N-alkyl]amino)phe-
nyl) propanoic acid scaffold have been discovered recently by
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high-throughput screening (HTS).* The structure—activity rela-
tionships of compounds in this series have been explored,
leading to the synthesis of agonists with nanomolar potencies,
such as 1 (GW9508) and 2.* Subsequently, the first selective
antagonist, ethyl 4-[5-{[2-(ethyloxy)-5-pyrimidinyl]Jmethyl }-2-
{[(4-fluorophenyl)methyl]thio }-4-oxo-1(4H)-pyrimidinyl]ben-
zoate (GW1100), was identified using the same techniques and
was shown to completely inhibit the enhancement of glucose-
stimulated insulin secretion mediated by 1,* but only partially
inhibit the enhancement mediated by linoleic acid.” However,
this compound has been reported to act as a noncompetitive
antagonist,5 and therefore, it is likely not to interact at the
orthosteric ligand binding site, thus preventing us from con-
sidering it in our virtual screening (VS). More recently, several
bromophenyl derivatives were identified as FFAR1 agonists by
HTS, and their chemical optimization led to the discovery of
agonists with submicromolar potency.®

VS is a complementary approach to HTS that allows
discovery of novel ligands from large libraries of diverse
compounds by using information about the structure of the
protein binding cavity or known ligands. This technique has
been successfully employed for the search for novel ligands
for several GPCRs.” '

Recently, we published the first structural model of the
binding site of FFAR1 in complex with 1, which was obtained
through an iterative approach that combined molecular modeling
and receptor mutagenesis.'* We showed that R183 (5.39), N244
(6.55), and R258 (7.35) are directly involved in interactions with
1 and linoleate,'*'> and we proposed an NH—z interaction
between H137 (4.56) and 1 as one of the contributing forces
leading to the high potency of 1. Subsequently, we showed that
HS86 (3.32) also is able to interact with 1 in a pH-dependent
manner while L186 (5.42) plays an important role in the
interaction with 1, but not with linoleic acid.'®

Using our structural data for FFAR1,'*'> we have performed
VS by means of a two-dimensional (2D) similarity search
followed by a three-dimensional (3D) pharmacophore search
and docking studies to discover novel compounds that activate
or inhibit the receptor. A set of 2 600 000 compounds from the
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Figure 1. Scheme of the multistep VS protocol for identification of
FFARI ligands. Initially, the database of commercially available
druglike compounds, ZINC,'® was subjected to 2D fingerprint similarity
searches based on the known agonists 1 and 2. The threshold of the
Tanimoto coefficient (Tsc) for each search was chosen to select 10%
of the input database. In the next step, a diverse subset of the resulting
database of compounds was subjected to 3D pharmacophore search
and high-throughput docking in parallel. The database of 1581
compounds obtained from the 3D pharmacophore search and the
database of 3131 compounds obtained from docking had 183 identical
compounds. In the final step, the selection of compounds for the
pharmacological test was done based on their diversity calculated using
BIT_MACCS structural key fingerprints and visual inspection. 32
compounds were selected from the overlapping library, and 10 unique
compounds were selected from each of the two final databases. In total,
52 compounds were tested experimentally, and 6 hits were found: four
hits came from the consensus library of 183 compounds, one hit from
the 3D pharmacophore search alone, and one hit from docking alone.

ZINC'® database of commercially available druglike molecules
served as the screening library. A total of 70 compounds
identified by VS and a subsequent neighbor search were tested
for the ability to modulate the activity of FFARI1, leading to
identification of 15 compounds acting as either agonists or
antagonists.

Results and Discussion

The multistep VS performed in this study is schematically
represented as a flowchart in Figure 1. In summary, using 2D
structural fingerprints we initially analyzed a virtual library for
similarity to the two known high-potency FFAR1 agonists 1
and 2 (Figure 2). Subsequently, a diverse subset of the
compounds selected in this similarity search was subjected to
either 3D pharmacophore search or high-throughput flexible
docking. A diverse subgroup of the compounds that passed the
various VS steps was selected for functional testing.

2D Similarity Search Analysis. In this step, the initial virtual
subset of ~2.6 million commercially available druglike com-
pounds retrieved from the database ZINC'® was reduced by
eliminating compounds distant from the two highly potent
ligands of FFARI 1 and 2 (Figure 2) on the basis of their 2D
structural fingerprints.

To enhance the diversity of the resulting database, we
computed the structural similarities using three different fin-
gerprints. Specifically, we generated one 2-point (TGD) and two
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3-point (TGT and GpiDAPH3) pharmacophore-based finger-
prints using the Molecular Operating Environment (MOE)
software.'” Subsequently, we calculated the Tanimoto similarity
coefficient (Tsc) with compounds 1 and 2. To ensure that each
individual search yielded 10% of the input database, we adjusted
the Tsc to 68% for the TGD, 81% for the TGT, and 29% for
the GpiDAPH3 fingerprint.

We analyzed the percentage of identity between the filtered
databases of compounds obtained with the six parallel searches
(three for compound 1 and three for compound 2). We found
that the TGT-based databases had ~10% of identity to the TGD-
based databases and ~15% of identity to the GpiDAPH3-based
databases, while the GpiDAPH3-based databases had ~15% of
identity to the TGD-based databases. The overall identity
between databases screened by using 1 or 2 was 24%. The six
filtered databases, each composed of ~260 000 compounds,
were merged to yield a library of 704 772 unique compounds.
To reduce the time required for the 3D searches, we decreased
the size of the resulting database to 70 477 compounds (10%)
by generating a diverse subset with the Diverse Solution
software as implemented in Sybyl 7.1."®

3D Pharmacophore Search. In this step, we subjected the
70 477 compounds obtained in the 2D similarity analysis to a
3D pharmacophore search using the Unity module of Sybyl
7.1."8 We have recently built a 3D model of the FFAR1 binding
pocket complexed with 1, which was experimentally supported
by identification of the residues important for interaction with
1.'* After extraction of 1 from this model, we docked 2 to the
obtained binding cavity by means of Glide. Only one orientation
of 2, similar to that obtained for 1, was found and used for
generation of a 3D pharmacophore. Compounds 1 and 2 adopted
a similar V-shape conformation in the binding site (Figure 3)
and established similar contacts with the amino acid residues
experimentally identified as important hot spots for agonist
recognition and activation.'*'5 A detailed picture of the
conformation of 1 and of its interaction with the receptor binding
site is provided elsewhere.'* We defined the 3D pharmacophore
on the basis of these docked conformations using partial match
constraints and grouping the pharmacophoric features into three
regional clusters. In the pharmacophore search, the screened
compounds were required to match at least one feature from
each cluster to be considered hits (Figure 3). The first cluster
included two hydrogen bond acceptor features, which in our
model form interactions with R183 (5.39), N244 (6.55), and
R258 (7.35). The second cluster, which geometrically links the
other two, included two hydrophobic features. Although 1 and
2 feature a secondary amine, our docking experiments did not
yield any pose showing a hydrogen bond between the amino
group and the protein. For this reason, we did not include a
potential hydrogen bond donor in this area in our 3D pharma-
cophore query. The third cluster included one hydrogen bond
acceptor and two hydrophobic features, which in our model form
interactions with Y91 (3.37) and H137 (4.56).

In general, the number of compounds that match a pharma-
cophore query depends on the size of the pharmacophoric
features (spheres). Here, we empirically set the radius (tolerance)
of the spheres to 0.9 A to obtain the hit rate of ~2% (1581
compounds).

High-Throughput Docking. In parallel to the 3D search, we
subjected the same database of 70 477 compounds, obtained
from the 2D similarity search, to high-throughput docking at
the model of the ligand binding pocket of FFAR1 using Glide
with the GlideScore scoring function.'®*® We selected 3131
compounds with GlideScores lower than —8 kcal/mol. This
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Figure 2. Structures of the potent synthetic agonists of FFAR1 1 and 2, which were used for 2D similarity and 3D pharmacophore searches, and
of the novel ligands identified by virtual screening. Among the six hits, 3, 4, 5, and 7 were retrieved by both the 3D pharmacophore search and
docking studies, while 8 was found only by the pharmacophore search, and 6 was identified only by docking.
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Figure 3. 3D pharmacophore query generated based on the common
structural features of 1 and 2 (shown in green and orange correspon-
dently). By using partial match constraints, the pharmacophoric features
were grouped into three regional clusters (Partials 1, 2, and 3). During
the pharmacophore search, the hits were required to match at least one
feature from each cluster.

threshold was chosen in consideration of the fact that the
GlideScores of 1 and 2 are —10 and —9 kcal/mol, respectively.

Choice of Compounds for the Experimental Test. The
database of 1581 compounds obtained from the 3D pharma-
cophore search and the database of 3131 compounds obtained
from docking contained 183 identical compounds. Compounds

to be tested experimentally were selected based on their
structural diversity calculated using BIT_MACCS structural
keys (MOE) and visual inspection. Preference was given to the
subset of the compounds (183) obtained by both the 3D
pharmacophore search and docking through selection of 32 of
these compounds and 10 unique compounds from each of the
two final databases, for a total of 52 compounds (Figure 1 and
Supporting Information).

Experimental Validation

The 52 compounds selected from VS were tested for both
agonistic and antagonistic activities in a functional assay
measuring receptor-mediated calcium flux. Compounds were
screened by using both FFARI1-expressing cells and parental
cells to discriminate between receptor-specific and nonspecific
activity. Experimental testing identified six active compounds
(Figure 2). Five compounds displayed agonistic activity with
ECsp around 10 uM or less in FFARI1-expressing cells but
showed no activation of parental cells. Based on the response
observed with 1, among the five compounds, two were full
agonists (3, 4), and three were partial agonists (5, 6, and 7).
The concentration-response curves and the ECs for the two
most potent agonists (3 and 4) are shown in Figure 4a and Table
1. Further assay of the compounds by using cells expressing
thyrotropin-releasing hormone receptor 1 (TRH-R1), a GPCR
which couples to Gq, as does FFAR1, did not result in any
response. The lack of response in non-FFAR1-expressing cells
indicated that the agonists act on FFARI rather than on
downstream signaling pathways.

To examine antagonistic activity, FFAR1-expressing cells
were preincubated for 30 min with a test compound followed
by addition of a near ECsy concentration of 1 (100 nM). In this
assay, each of the identified full agonists and partial agonists
diminished the stimulated response by 1, probably due to
receptor desensitization or competition for binding. In addition,
8 inhibited the stimulated response by 1 in the absence of
detectable agonistic activity. The concentration—response curve
for the inhibitory effect of 8 against 1 is shown in Figure 4b,
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Figure 4. Effect of new compounds on the activity of FFARI. (a)
Receptor-mediated flux of intracellular calcium upon incubation with
increasing concentrations of agonists 3 (), 4 (¥), 16 (<), and 1 (H).
(b, c¢) Inhibitory effect of antagonists 8 (M) and 21 (O ) on the agonistic
activity of 1 (b) and linoleic acid (c). Compounds were incubated for
30 min prior to stimulation with ECsy concentrations of either 1 (100
nM) or linoleic acid (10 uM).

and the ICs is presented in Table 1. Compound 8 also inhibited
the linoleic acid-stimulated response with a similar ICs, (Figure
4c). Additionally, when we assayed the antagonist using TRH-
R1-expressing cells stimulated with TRH, the antagonist 8 did
not inhibit the TRH-stimulated activity except at 30 M, where
inhibition was about 30%. This suggests that the antagonist did
not act as a downstream inhibitor of the signaling pathway; the
effect at 30 uM could be due to partial nonselectivity or toxicity
at the high concentration.

Analysis of the VS Scheme in Light of the Pharmacologi-
cal Results. Following identification of the active compounds,
we evaluated the effectiveness of the pharmacophore-based
fingerprint searches. TGD, with the chosen Tsc of 68%, was
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most effective in hit isolation, selecting all identified actives
based on similarity to either 1 or 2. TGT, with the chosen Tsc
of 81%, identified all actives with the exception of 4 based on
similarity to 1 and with the exceptions of 4, 6, and 8 based on
similarity to 2. GpiDAPH3, with the chosen Tsc of 29%, did
not select 4 based on similarity to 1, nor did it select 5, 7, and
8 based on similarity to 2. Notably, the Tsc between 1 and 2 is
84% for TGD, 87% for TGT, and 45% for GpiDAPH3.

Among the six hits, compounds 3, 4, 5, and 7 were retrieved
by both the 3D pharmacophore search and docking studies,
while the pure antagonist 8 was found only by the pharma-
cophore search, and the partial agonist 6 was identified only by
docking. Hence, the hit rate for the library of compounds
selected by both the 3D pharmacophore search and docking
was 12.5% (4/32) while the hit rate for the library of compounds
selected only by one approach was 10% (1/10). This suggests
that the hit rate could be slightly improved when the compounds
are selected based on consensus between the 3D pharmacophore
search and docking.

Our FFARI 3D model was built based on the structure of
the ground-state of rhodopsin and subsequently optimized with
the agonist 1. The docking part of our VS procedure yielded
full agonists and partial agonists, but not pure antagonists,
suggesting that in our model the ligand binding site is biased
toward the active state of the receptor.

Neighbor Search. Using BIT_MACCS structural key fin-
gerprint, we scanned the ZINC library'® for close neighbors of
the six experimentally confirmed hits. Eighteen compounds
(Table 1, compounds 10—28) were selected for experimental
testing. The activity of these compounds was measured by
intracellular calcium release experiments. Of the 18 compounds
tested, nine were active with ECsp of 40 uM or lower (Table
1). Eight of these were partial agonists, and one was a pure
antagonist. The neighbor search for full agonists 3 and 4 and
for partial agonists 5 and 7 did not yield additional full agonists
but only partial agonists, the most potent of which was 16 (the
concentration—response curve is shown in Figure 4a). The
neighbor search for the pure antagonist 8 led to the identification
of 20, another pure antagonist that was shown to inhibit the
responses stimulated by 1 and linoleic acid with ICsy values
similar to those of 8 (Figure 4b and c).

Structure-Activity Relationships (SARs) of Novel FFAR1
Ligands. Compounds 3 and 4, which contain an aliphatic
carboxylate, are the only full agonists identified by our VS.
According to our modeling hypothesis, the carboxylate is
coordinated by the positively charged residues R183 (5.39) and
R258 (7.35) and by the hydrophilic residues S247 (6.58) and
N244 (6.55) (Figure 1S of the Supporting Information).
Compounds 5, 6, and 7, which bear an aromatic carboxylate,
are partial agonists. Regiochemistry seems to be an important
factor, since movement of the carboxylate of 5 from the para
to the ortho position led to complete inactivity of 24. The pure
antagonists 8 and 20 are both characterized by the presence of
a nitro group instead of the carboxylate, suggesting that this
substitution might contribute to their antagonistic properties.
This hypothesis is currently under investigation. Docking of
antagonist 8 is discussed as a separate section and is presented
in Figure 1S of the Supporting Information. For the antagonists,
regiochemistry is also important because moving the nitro group
from the para to the meta position resulted in the inactivity of
23. Our docking studies suggest that the derivatives with
functional groups at the ortho or meta position cannot adopt
the orientation in the binding site required to establish contacts
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Table 1. Structures and Activities of the Six Virtual Screening Hits and the Structurally Related Compounds Retrieved with the Neighbor Search®

s ¢ i
S/(N*H, ¢[Fz
a R, O f "
cmpd R: R, Relative ECso 1Cso Type cmpd R; R; R; Ry Relative ECso ICso Type
Maximum Maximum
Response Response
4 n-CsH,-COOH 1-naphthyl 100% 122 full agonist
5 COCH H H jJ)\ 56% 16.1 partial agonist
\E Fn»pYFh
9 n-C;H-COOH 4-pyridyl inactive [+
6 COOH H H \u0> 50% 24.6 partial agonist
d
10 n-C3Hg-COOH 2-furyl 44% 16.8 partial agonist
8 NO, H H o 28 pure antagonist
)Lﬁ/\r-’h—m-o-?h
11 n-CyHy-COOH  5-benzoid]f1,3]dioxole ns” {partial) agonist”
20 NO, H H 9 53 pure antagonist
-O-Ph-m)'\H’Ph
12 n-C3He-COOH p-tluorophenyl 26% 226 partial agonist®
21 NO, H H /'\(n inactive
- p-Ph-OMe
13 n-C3Hg-COOH 2-thiophenyl 43% 19 partial agonist o
22 NO, H H H . inactive
14  nCH,-COOH I-naphthyl inactive Dt et
o
15 nCH-COOH 3-indolyl inactive 2 H No, H I S inactive
~Ph-p-OCH,
H
16  n-C;Hy;-COOH 2-thiopheayi 59% 7.6 partial agonist 24 H H COOH " inactive
“Ph-p._Ph
e
b
S S, d
RS PN
N~ Goon
cmpd R, R, Relative ECs 1Cso Type ©‘w‘“ R,
b
Maximum i
cmpd R, R; Relative ECso ICso Type
Response
Maximum
3 COOH I-naphthyl 100% 3.6 full agonist
Response
17 p-CsHy-COOH p-metoxyphenyl 40% 15.1 partial agonist
7 -O-CH;-p-Ph H 52% 8.2 partial agonist
18 COOMe phenyl 41% 16.7 partial agonist
L)
9 COOMe p-metoxyphenyl ns ¢ 25 H O-CH,-CH=CH, 49% 14.5 partial agonist
26 -0-CH,-CH=CH, H ns® "

“ Compound with partial activity on non-FFAR1-expressing cells, and the maximal response is given as that after subtracting from non-FFAR lexpressing
cells. ” Not saturating even at 30 uM. € ECsp and ICsq values (uM) are shown for agonists and antagonists, respectively. ICsp values were determined using

100 nM of 1. “ Compounds showing only very slight agonistic activity.

with the residues predicted to be involved in ligand recognition
(Figure 2S of the Supporting Information).

Among the 4-thiazolidinone derivatives tested as neighbors
of 4, compounds bearing a long carboxylic aliphatic chain (five
carbon atoms) demonstrated higher potency as compared to
those having short chains. Notably, 4 and 16, which are identical
except for the substituent at the R2 position, exhibited similar
potencies but different efficacies, while compounds 9, 14, and
15 were inactive (Table 1). According to our 3D model, the
4-thiazolidinone derivatives featuring long chain carboxylates
adopt a semifolded conformation and are capable of interacting
with H86 (3.32) or HI37 (4.56) (Figure 5c), while the
derivatives featuring short chain carboxylates cannot establish
interactions with either of the two His residues. As an example,
the docking pose of 12 is presented in Figure 1S of the
Supporting Information. The binding mode of 16 is discussed
in detail in the next section.

The SARs of the 1,3,4-thiadiazole derivatives of 3 suggest
that the potency and efficacy are higher for the free carboxylates
than for the methyl esters 18 and 19. According to our docking

results, the lower potencies of the ester derivatives are due not
only to the loss of the negative charge but also to a steric
hindrance exerted by the methyl group on R183 (5.39) and on
R258 (7.35). The para-methoxyphenyl substituent at the R2
position resulted in the significant decreased potency of 19 with
respect to 18, which bears an unsubstituted phenyl group at this
position. Docking of 18 and 19 revealed unfavorable interactions
between the methoxy group and N241(6.52) (Figure 2S of the
Supporting Information).

The substitution of the meta-benzyloxy group of 7 with a
para-propenoxy group was well tolerated (25). However, the
presence of a meta-propenoxy group resulted in an inactive
compound (26). According to our model, the greatly diminished
activity of 26 is probably due to steric clashes with L90 (3.36)
and with L190 (5.46) (Figure 3S of the Supporting Information).

The analysis of the inactive compounds (structures in the
Supporting Information) is also useful to study the determinants
of ligand recognition. In particular, we noted that the carboxylate
could not be substituted by imidazolidine-2,4-dione, tetrazole,
piperazine-2,3-dione, pyrimidine-2,4-dione, 1,2,4 triazole, or
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c

d

Figure 5. Conformational analysis of the FFAR1 binding pocket complexed with the full agonist 1 (a), the newly identified full agonist 3 (b), the
partial agonist 16 (c), and the pure antagonist 8 (d). Only the ligands (colored in green) and residues R183, N244, L.186, H137, and H86 are shown.

dihydrofuran-2-one. However, because these compounds have
additional structural differences, this conclusion should be tested
further.

Structure-Function Study of FFAR1 Using Novel Ago-
nists. The search for new ligands of FFAR1 was based on the
structure of the known ligands and on the model of the receptor
complexed with 1. Here, we used the newly discovered agonists
to study structure—activity relationships in FFAR1, hypothesizing
that the variety of their structural and functional properties might
provide additional insights on the process of molecular recogni-
tion in FFARI1. Hence, we tested full agonist 3 and partial
agonist 16 for interactions with residues known to be important
for the activity of 1 (R183A, N244A, L186F, H137F, and
HB86F).'*"°

R183 and N244 have been shown to be important as anchor
residues for the carboxylate of 1, and mutation of these residues
to alanine greatly reduced receptor activation by this ligand.'*'
Compounds 3 and 16 also were less effective at these mutants.
In particular, the potency of 3 was reduced by about 100-fold,
while that of 16 was reduced 10-fold or more in the RI183A
and N244A mutants (Figure 6a and c¢). H137 and, to a lesser
extent, H86 also were shown to interact with 1, presumably
through aromatic contacts. In our model, 1 was proposed to
make amino—aromatic interactions with H137.'"* Experimen-
tally, 1 activated H137F with about 10-fold lower potency and
reduced efficacy, whereas only potency was affected in H86F.'*'
Compound 3 appeared to interact both with H86 (3.32) and with
H137 (4.56) because H86F showed minimal response while
H137F showed an efficacy diminished by about 50% without a
significant change in potency (Figure 6b). Compound 16 had
only slightly reduced potency and efficacy at H137F, but the
potency was reduced to a greater extent at HS6F (7-fold) (Figure

6d). Both 3 and 16 therefore appeared to make stronger
interactions with H86 (3.32) than with H137 (4.56), whereas 1
interacted more strongly with H137 (4.56). Interestingly, L.186F,
which significantly reduced both the potency and efficacy of 1,
decreased the efficacy by about 50% with 3 but exhibited little
change with 16 (Figure 6b and d).

In order to study the potential binding orientation of 3 and
16, we docked these compounds to the model of the FFARI
binding pocket and subsequently optimized the complexes by
a Monte Carlo conformational search using MacroModel.?"-*?
The results were compared with our previous conformational
analysis of the complex of FFAR1 with 1'° (Figure 5). A total
of 62, 67, and 70 conformations were obtained with 1, 3, and
16, respectively. The results of the conformational analysis
support the mutagenesis data. Compounds 1, 3, and 16 interact
similarly with R183 (5.39) and N244 (6.55). However, there is
a clear difference in the interactions with the two His residues
located in the binding pocket. All conformers of 1 are
consistently coordinated by H137 (4.56). The full agonist 3 can
interact with either H137 (4.56) or H86 (3.32), with the position
of the naphthyl group showing almost equal distribution between
these two residues. The partial agonist 16 is mostly oriented
toward H86 (3.32). These data suggest that although the agonists
bind within the same binding pocket, different ligands interact
differently with the residues forming the pocket. In particular,
the effect of H86F on the activity of 3 revealed an important
role for H86 (3.32) that was not clearly appreciated in the case
of 1.

Binding Mode of the Novel Antagonist in FFAR1. In order
to explore the binding mode of the pure antagonist 8, we
performed a docking experiment followed by a Monte Carlo
conformational search of the ligand within the binding pocket
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Figure 6. Structure—function study of FFAR1. HEK-EM 293 cells transiently expressing wild-type FFAR1 (M), RI83A (A), N244A (v), H86F
(), H137F (O), or L186F ( x ) were treated with 3 (a and b) or 16 (c and d), and the intracellular calcium flux was measured in the FLIPR assay.
With compound 3, the ECs values were 1.8 uM (wild-type), =100 uM (R183A), =100 uM (N244A), =100 uM (H86F), 4.3 uM (H137F), and
0.97 uM (L186F). With compound 16, the ECs, values were 6.6 uM (wild-type), >30 uM (R183A), >30 uM (N244A), >10 uM (H86F), 7.8 uM

(HI137F), and 3.2 uM (L186F).

of FFAR1. The docking pose of 8 generated by Glide resulted
in a GlideScore of —7.7 kcal/mol, which was higher than the
threshold that we adopted in our VS, explaining why compound
8 was retrieved by the 3D pharmacophore search but not by
docking. The subsequent conformational search generated 68
complexes.

Although the binding mode of 8 remains to be confirmed
experimentally, molecular modeling suggests an overall orienta-
tion similar to that of the agonists. Generally, the nitro group
of compound 8 docked similarly to the carboxylate group of
the agonists (Figure 5d). However, in 16 complexes the nitro
group flipped away from the positively charged residues,
suggesting that its interactions with R183 (5.39) and R258 (7.35)
were weaker than those established by the negatively charged
carboxylate of the agonists. Moreover, the aromatic moiety of
8 did not establish contacts with H137 (4.56) and Y91 (3.37),
which were shown to be important for receptor activation in
our previous studies. With a manner similar to that of the partial
agonist 16, the pure antagonist 8 seemed to lean toward H86
(3.32).

Conclusions. Computer-assisted drug discovery (CADD) is
an attractive alternative to high-throughput screening for the
identification of novel and diverse ligands for biological targets
of pharmaceutical interest. In particular, virtual screenings allow
a quick evaluation of large databases of compounds. Only a
limited number of compounds are purchased and experimentally
evaluated, with a conspicuous saving of time and financial
resources.

Here, we applied VS to the identification of ligands for the
GPCR FFARI, a potential therapeutic target for the regulation
of insulin secretion. We devised a multistep VS protocol which
included 2D similarity searches, 3D pharmacophore searches,
and molecular docking. Parallel fingerprint similarity searches
based on the structure of two potent FFAR1* agonists served
as the first step of our VS protocol. Subsequently, we performed

a 3D pharmacophore search in parallel with high-throughput
docking. Our experimental results suggest that compounds
consensually retrieved by the 3D pharmacophore search and
by docking have more chances to be hits than those retrieved
by only one of the two techniques.

Our molecular docking was based on a 3D model of FFAR1
built on the ground-state structure of rhodopsin and optimized
with the full agonist 1. It yielded only full and partial agonists,
suggesting that the model is biased toward agonist recognition.
However, site-directed mutagenesis and docking studies suggest
that subtle changes in the ligand-receptor interactions are
sufficient to affect the spectrum of efficacy of the ligands.

Given that FFARI is a promising target for the treatment of
type 2 diabetes, the novel ligands and SAR provided here offer
ground for the generation of potential antidiabetic agents.
Additionally, the discovery of agonists and antagonists may
provide the pharmacological tools necessary to understand the
role of FFAR1 activation and/or inhibition in the regulation of
insulin and glucagon secretion.

Experimental Section

2D Similarity Search and Nearest Neighbor Search. The 2D
similarity searches were performed with the software MOE'” using
two-point (TGD) and three-point (TGT and GpiDAPH3) pharma-
cophore-based fingerprints, all calculated from a 2D molecular
graph. Each atom was given a type among donor, acceptor, polar,
anion, cation, or hydrophobe for the calculation of TGD and TGT,
and among donor, acceptor, or st system for the calculation of
GpiDAPH3. Subsequently, pairs (two-point fingerprint) or triplets
(three-point fingerprints) of types were formed by graph distances
and coded as sparse features in a fingerprint. Distance or triangle-
based fingerprints are powerful tools for the identification of similar
compounds endowed with diverse scaffolds. Furthermore, being
graph-based, TGD, TGT, and GpiDAPH3 do not require confor-
mational databases. The Tanimoto coefficient was used as the
similarity metric.
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For the nearest neighbor searches, we used a bit-packed version
of the MACCS fingerprints. In the MACCS fingerprints, each
feature represents one of the 166 public MDL MACCS structural
keys calculated from the molecular graph. Being based on chemical
substructures, MACCS fingerprints are less likely to retrieve diverse
compounds than distance or triangle-based fingerprints, and they
are more suited for neighbor searches.

Diverse Subset. A diverse subset of the 704 772 compounds
retrieved by the 2D similarity searches was selected using the
Diverse Solutions application available with Sybyl 7.1.'"® The
selection of this subset was carried out based on the position of
the compounds in 6D chemical space, defined by BCUT descriptors.
These descriptors consider various physicochemical parameters
related to ligand-receptor binding, including atomic charges, atomic
polarizability, and atomic hydrogen-bond donor and acceptor
abilities, as well as topological properties, including 2D connectivity
and exposed surface area scaling factors.?* The remaining diverse
subset selections were carried out with MOE using a bit-packed
version of the MACCS fingerprints

3D Pharmacophore Search. A 3D pharmacophore query with
partial match constraints was defined on the basis of the common
structural features of the agonists 1 and 2, by using the putative
bound conformation of the ligands derived from the docking. The
3D pharmacophore search was performed by using the Unity
flexible search protocol as implemented in Sybyl 7.1, with all
options set as default.'® In the Unity search, the conformations of
the screening database were generated on the fly by means of the
Directed Tweak method.?* The maximum time per structure, which
affects the thoroughness of the conformational search, was set to
60 s. Given that our database includes only druglike compounds,
Lipinski’s rule of 5 was turned off during the search.

High-Throughput Docking and Scoring. Automated docking
was performed by using Glide (Schrodinger)'®-*® with extraprecision
(XP) settings. The binding site was defined as the residues located
within 6 A from the ligand. To compensate for the rigid representa-
tion of the receptor, the Van der Waals radii of the atoms with
partial charges lower than 0.25 were scaled by the factor 0.6 to
generate the receptor grid. All compounds were preprocessed with
LigPrep at pH 7. Default settings were used for docking. The final
ligand poses were selected based on the Glide empirical docking
score (GlideScore). The OPLS2005 force field was used for all
calculations.

Conformational Search. The complexes of 3 and 16 with
FFARI1 obtained by docking were subsequently subjected to
conformational search using the Monte Carlo Multiple Minimum
(MCMM) protocol as implemented in MacroModel.>'** Ligands
and residues located within 6 A of the ligand were subjected to an
extended torsional sampling and were surrounded by a shell of
frozen atoms of 3 A; 1000 steps of MCMM were performed, and
the resulting structures with a potential energy lower than 2000
kJ/mol were saved. The OPLS2005 force field was used with a
dielectric constant of one and with the GB/SA model for treatment
of solvation.

Cell Culture and cDNA Constructs. Wild-type HEK-EM 293
cells were cultured in DMEM (Mediatech, Herndon, VA) supple-
mented with 10% fetal bovine serum (Hyclone, Logan, UT). HEK-
EM 293 cells stably expressing FFAR1'* or TRH-R1%° were grown
in the same medium further supplemented with 200 ug/mL
hygromycin. cDNA constructs encoding R183A, N244A, H86F,
H137F, and L186F FFARI mutants have been described pre-
viously.'*'> To characterize the effects of mutations on the agonist-
stimulated response, cDNA constructs encoding the mutant recep-
tors or the wild-type receptor were transiently transfected into HEK-
EM 293 cells. Transfections were carried out using lipofectamine
LTX and PLUS reagent (Invitrogen, Carlsbad, CA) according to
the manufacturer’s protocol.

Receptor Assay with a Fluorometric Imaging Plate Reader
(FLIPR). Receptor signaling assays were carried out essentially
as described previously by measuring the calcium flux in response
to addition of compounds.'* Cells were seeded at 60 000 cells/
well in 96-well plates one day prior to experiments. The cells were
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loaded with the calcium fluorescent indicator Calcium4 (Molecular
Devices, Sunnyvale, CA) by replacing the growth medium with
the dye dissolved in HEPES (20 mM)-buffered Hank’s balanced
salt solution (HBSS). Compounds were screened for agonistic and
antagonistic activity in tandem in a single experiment. First,
agonistic activity was measured by monitoring the fluorescence
signals for 5 min upon addition of compounds. Subsequently, the
cells were incubated for 25 min with test compounds. Thereafter,
the antagonistic activity was monitored for the inhibitory effect upon
the addition of an agonist. Compound 1 and linoleic acid were used
as the agonists for FFAR1, whereas thyrotropin-releasing hormone
was used for TRH-R1. Data were analyzed using data sets using
GraphPad Prism 4 (San Diego, CA) as described.'”
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