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ABSTRACT: TGRS is a G-protein-coupled receptor (GPCR)
mediating cellular responses to bile acids (BAs). Although some
efforts have been devoted to generate homology models of TGRS
and draw structure—activity relationships of BAs, none of these
studies has hitherto described how BAs bind to TGRS. Here, we
present an integrated computational, chemical, and biological
approach that has been instrumental to determine the binding
mode of BAs to TGRS. As a result, key residues have been
identified that are involved in mediating the binding of BAs to the
receptor. Collectively, these results provide new hints to design

potent and selective TGRS agonists.
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Lipid receptors are a growing family of druggable targets
that mediate a plethora of signaling pathways involved in
the fine-tuning of important physiological functions such as the
control of metabolism, organ physiology, cell differentiation,
and homeostasis." Independently discovered by two Japanese
research groups,”® TGRS is a membrane lipid receptor G-
protein coupled to the production of cAMP and activated by
BAs (1-4). The activation of TGRS, in particular, bestows on
BAs the ability to modulate nongenomic signaling pathways
that complement their genomic actions, which are mostly
mediated by the interaction with the nuclear receptor FXR.*
Major TGRS-dependent actions of BAs include immunosup-
pressive properties and the regulation of glucose metabolism as
well as energy homeostasis.”~~ While the therapeutic relevance
of the immune properties of TGRS activation is pending further
appraisals, the effect of the receptor on glucose metabolism and
energy homeostasis have thrust TGRS into the limelight as an
attractive therapeutic target in the arena of metabolic disorders,
including type-2 diabetes (T2D) and obesity.'""*

The past decade has witnessed an intense research activity on
part of both academia and pharmaceutical companies toward
the identification, design, and synthesis of potent and selective
modulators of TGRS for drug development.'>™'® These efforts
have combined with attempts to understand how ligands
interact within the binding cleft of the receptor.'” Although no
crystal structure of TGRS is hitherto available, ligand-based

-4 ACS Publications  © 2013 American Chemical Society

1158

approaches and homology modeling studies have been
instrumental to depict features of the receptor binding
site,”*">* which have been used to aid the development of
new ligands™ and the interpretation of TGRS polymorphisms
in patients with primary sclerosing cholangitis.”® In this letter,
we report the results of an integrated computational, biological,
and chemical approach that has been designed to probe the so
far elusive binding mode of BAs to TGRS. The starting point of
the approach was the generation of a 3D-model of human
TGRS (Figure 1), using the inactive state of rhodopsin GPCR
as template structure (pdb code: 1L9H).

Although in one of previous works the structure of the
adenosine A2A receptor was used as template for TGRS
modeling,*® we selected the rhodopsin structure as template on
the basis of the following considerations: (a) the sequence of
rhodopsin GPCR shares a good similarity with human TGRS
sequence (15% identities; 26% similarities); (b) both receptors
have one disulfide bridge and feature a similar length of the
second extracellular loop (EL2), which is thought to play a key
role in GPCR activation. It should be mentioned that the
rhodopsin structure was also used as a template to build a
homology model of TGRS in a more recent work.”* To identify
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Figure 1. (a) Sequence alignment of bovine rhodopsin receptor and
human TGRS; (b) 3D model of TGRS; (c) alignment of 30 binding
site residues according to Surgand and co-workers.””

next the putative BAs binding site in TGRS, we adopted the
strategy developed by Surgand and co-workers.”” In particular,
the authors identified residues occupying 30 discontinuous
positions in TM helices that lined the binding pocket of retinal
in the rhodopsin structure and clustered 369 nonredundant
GPCRs on the basis of similarity to these residues. The
resulting clusters were able to reproduce all known GPCR
subfamilies, with most of the residues known to affect ligand
binding in GPCRs being included in the list of 30 binding site
residues. Accordingly, we identified two positions (3.33 and
5.43) from the inspection of TGRS sequence alignment that
featured residues conserved with as many residues in two
GPCRs, namely, purinergic receptor P2Y9 and chemokine
receptor CXC3, being involved in key ligand interactions
(Figure 1).

Embracing the hypothesis that Asn93 in position 3.33 and
Glul69 in position 5.53 were involved in defining the binding
site of TGRS, a first round of mutagenesis experiments was
designed, engineering TGRSk 3nd TGRSO mytant
receptors. The biological appraisal of LCA (1), CA (2), and
CDCA (3) as well as semisynthetic BAs derivatives 4 and §
showed that the activity of these compounds was abolished in
TGRS and reduced in TGRSSMAR (Table 1),
pinpointing a role for Asn93 and Glulé9 in the activation of
TGRS by BAs. On the basis of this evidence, docking
calculations were carried out on potent TGRS agonists, such

as S-EMCA (INT-777, 4) and 6-ECDCA (obeticholic acid,
OCA, INT-747, §) around Asn93 and Glul69 of the receptor
binding site.

As a result, two distinct groups of docking poses were
obtained for 4 and S5 (Tables S1—S2 of the Supporting
Information), spreading in a window of energy scores (IFD
score) of 5.2 and 4.5 kcal/mol from the top scored pose,
respectively. The best docking pose in terms of binding score
energy (4 IFD = —622.3 kcal/mol; § IFD score = —621.8 kcal/
mol; binding mode 1) and the most diverse pose in terms of
rmsd (4 rmsd = 8.84 A; § rmsd = 8.35 A; binding mode 2)
were both selected for further analysis. These binding poses are
schematically shown in Figure 2, namely, a tail-to-head pose
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Figure 2. Three-dimensional views (a,b) and cartoons (c,d) showing
the two working hypotheses of alternative binding poses obtained
from docking experiments of 4 (yellow sticks in panels a and b) and §
(blue sticks in panels a and b).

(binding mode 1) and head-to-tail pose (binding mode 2).
Both binding poses involved hydrogen-bonding interactions
with Asn93, in agreement with results from the first round of
mutagenesis experiments, and the side chain of Tyr89.
Although no interactions were observed with Glul69, we
envisaged a potential role for this residue in the transduction of
signal rather than in the binding of BAs, given its remote
location (~12 A) from the preliminary docked poses of BAs.

Table 1. Fold change in ECg, compared to TGRS""

CO,H

LCA (1): Ry= R;=Ry=R,= H

CA (2): Ry=R,= H, R,=R3= OH

CDCA (3): R;=R3=R,= H, Ry= OH
S-EMCA (4): Ry= Et, R,=Ry= OH, R,= Me
6-ECDCA (5): Ry= Et, R= OH, Rg=R;= H

NH,

name WT N93A N93D
LCA (1) 0.73 uM >1000
CA (2) 19.83 uM >1000
CDCA (3) 1029 uM >1000
S-EMCA (4) 0.18 uM >1000
ECDCA (5) 0.10 uM >1000 9.4
6 132 M >1000
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E169A N76A Y89A Y89F S270A
39.1 0.6 139 1.10 >1000
29.1 0.8 81.9 0.22 >1000
69.5 1.0 88.4 0.18 >1000
52.4 39 >100 145 >1000
25.5 14 >100 0.82 >1000

>1000 1.70 >1000
dx.doi.org/10.1021/ml400247k | ACS Med. Chem. Lett. 2013, 4, 1158—1162
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An additional polar residue lining the binding pose of S-EMCA
(4) and 6-ECDCA (5) was Asn76, albeit no hydrogen-bonding
interaction was observed involving this residue. Nonpolar
interactions were also observed between the steroid scaffold of
BAs and the side chains of Leu68, Pro72, Pro92, Phe96,
Trp237, and Leu266 (Figures S1—S2 of the Supporting
Information). A second round of mutagenesis experiments
was designed on the basis of initial docking results, engineering
the following two mutant receptors: TGRST™*2 and
TGRSAsn%Ala.

The biological profiling of BAs, including 4 and §, confirmed
the involvement of Ty89 in BAs binding (Table 1), whereas
marginal effects were observed for TGRS*"A" on the activity
of BAs. Interestingly, on the basis of such results, it was still not
possible to endorse one of the two binding pose possibilities.
Indeed, BAs could bind to TGRS with the carboxylic moiety
making a hydrogen bond with Asn93 (binding mode 1, tail-to-
head pose) or Tyr89 (binding mode 2, head-to-tail pose), and
the hydroxyl group in position 3 interacting with Tyr89 or
Asn93 (Figure 2). To address this issue, the novel bile amine 6
was designed, synthetized, and used as tool compound. The
aim of 6 was to probe the head-to-tail pose, combining it with
the engineering of additional mutant receptors: TGRS*"AP,
TGRSV™Pe and TGRS™™A. If the head-to-tail pose was
proven correct, then 6 would have shown an enhancement of
the activity with respect to CDCA (2) in TGRS™™"* but not
in TGRS1y®%Ak given the gaining of a cation—n interaction®®
with Phe89 compensating the loss of the hydrogen-bonding
interaction expected with the removal of the para-hydroxyl
group of Tyr89 (Figure 3). Conversely, if the tail-to-head
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Figure 3. Cartoons showing the gain of function strategy with
compound 6 to endorse a specific binding mode of BAs to TGRS.

binding hypothesis was proven correct, then 6 would have
shown an enhancement of the activity with respect to CDCA
(2) in TGRS*"3A%, provided the engagement of an electro-
static interaction with Asp93.

As a first result, it was found that compound 6 is active at
wild-type TGRS, showing a potency in the micromolar range
(Table 1). Such an interesting result was also previously
observed in the case of FXR, supporting the idea of an
unconventional bioisosteric relationship between the amine
group and the carboxylic moiety in bile acid receptors.””*°
While Asn93Asp mutation reduced the activity of 5, the activity
was fully abolished in the case of compound 6, thereby
disproving the tail-to-head binding pose. Conversely, support-
ing the head-to-tail hypothesis, Tyr89Phe mutation proved to
keep the activity of compound 6 and 6-ECDCA (5), whereas
Tyr89Ala disrupted the activity of both compounds (Table 1).
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However, since phenylalanine lacks the para-hydroxyl group
on the side chain, hydrophobic interactions were envisaged as
occurring between Tyr89 and S as well as other BAs, which
could not be fully explained on the basis of the proposed head-
to-tail binding mode depicting hydrogen-bonding interactions
with such residue (Figure 2).

Immuno-fluorescent (IF) staining experiments on CHO cells
transfected with TGRS mutants confirmed the above results,
showing the expression of all mutant receptors as well as their
localization on the membrane (see Supporting Information,
Figure S3). Thus, on the basis of such results, the interaction
model of BAs to TGRS was further refined performing a cycle
of energy minimization of binding site residues, followed by
additional docking studies with a more extensive induced fit
protocol on S-EMCA (4). Although five additional groups of
binding poses of BAs to TGRS were identified (binding modes
3—7; Table S3, Supporting Information), only one of them was
compliant to mutagenesis data (binding mode 3; Figure S4a,
Supporting Information) which also included the best scored
pose (IFD = —634.1 kcal/mol). Indeed, the remaining binding
modes either showed lack of hydrogen-bonding interaction
with Asn93 (binding modes S—7; Figure S4c, Supporting
Information) or presence of hydrogen-bonding interaction with
Asn76 (binding mode 4; Figure S4b, Supporting Information).

Hence, according to the head-to-tail binding mode 3 (Figure
4), the hydroxyl group in position C3 of 4 was involved in
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Figure 4. Binding mode of S-EMCA (4) to TGRS. Key residues
involved in hydrogen-bonding interactions are color-coded in blue
(Ty89, Asn93, and Ser270); residues lining the hydrophobic pocket
are color-coded in yellow (Phe96, Cys236, and Trp237); residues
defining the accessory pocket are color-coded in pink (Alal7, Leu20,
and Asn76); the residue accounting for the potential hydrogen-
bonding interaction site is color-coded in magenta (Val88).
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hydrogen-bonding interaction with the side chain of Asn93 and
the backbone of Tyr89, while the aromatic side chain of Tyr89
was packing the steroid scaffold with hydrophobic interactions.
The C6 ethyl group was lodged in a narrow hydrophobic
pocket defined by the side chain of residues Phe96 and Trp237.
This latter residue, in particular, is conserved in several GPCRs
(W6.48) and reported to be a toggle switch for receptor
activation.®" This would explain the high potency profile of C6
alkyl derivatives toward TGRS." Noteworthy, conversely from

dx.doi.org/10.1021/ml400247k | ACS Med. Chem. Lett. 2013, 4, 1158—1162
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previous docking results (binding modes 1 and 2), SSEMCA
(4) adopted an extended bioactive conformation rather than a
folded one in the binding cleft of TGRS, with its carboxylic
group making a hydrogen-bonding interaction with the side
chain of Ser270. Of note, such residue is located close to
Ser272 on helix TM7, a residue previously identified as a
constitutive active variant (Ser272Gly) of TGRS in primary
sclerosing cholangitis (PSC) and proposed to be involved in
mediating conformational changes of the receptor.”®

To provide conclusive evidence to the study, a further
TGRS%?7%A% mutant was thus engineered and used to profile
BAs. Biological profiling of BAs to this mutant receptor showed
a complete loss of activity, eventually proving the binding pose
of BAs to TGRS according to a head-to-tail pose (Table 1). Of
note, a fair agreement could be observed between the refined
binding mode of BAs to TGRS and our previous results of
three-dimensional quantitative structure—activity relationship
studies (3D QSAR) that evidenced four different regions
around the BA scaffold as affecting TGRS activity.” In
particular, the proposed large polar site recognizing the acidic
side chain of BAs was identified in a large polar region of the
receptor around Ser270. The hydrophobic pocket hosting the
C6 and C7 positions of the BA steroid nucleus was defined by
hydrophobic residues including Phe96, Cys236, and Trp237.
According to our previous studies,”® this pocket accounts for
potency of 4 and S over 2 and 3, respectively. Residues Alal7,
Leu20, and Asn76 defined the accessory pocket lining the C-
23(S) position of S-EMCA (4), which is responsible for the
selectivity of 4 at TGRS over FXR.'*"> Although a narrow
hydrogen-bonding interaction site bridging the hydroxyl group
in C12 of S-EMCA (4) was not observed, we envisaged the
carbonyl of Val88 lining position C3 of the BA scaffold as
potentially accounting for such a role.

In summary, we have described how BAs bind to TGRS
identifying key residues that mediate such interaction. In doing
so, we have elucidated for the first time an experimentally
validated complex of TGRS with BAs that could be
instrumental to generating new ideas for the development of
novel potent ligands of the receptor.
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Experimental parts and results of docking experiments are
reported in Tables S1—S3 and Figures S1, S2, and S4. Results
of immunofluorescence staining experiments in CHO cells of
TGRS mutants and NMR spectra of 6 are reported in Figures
S3 and SS5, respectively. Figure S6 shows the energy
minimization shells of the receptor. This material is available
free of charge via the Internet at http://pubs.acs.org.
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