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Inverse agonism at neurotensin receptors
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Abstract

Neurotensin (NT) is a peptide expressed in the brain and small intestines. Its central effects include
analgesia, inhibition of food intake, modulation of central dopaminergic systems, and modulation of
pituitary hormones secretion. In the gut, neurotensin is released upon food ingestión to regulate
digestive functions. In addition, the peptide acts as a trophic factor on human colon, pancreatic,
prostate, and lung cancer cell lines. Thus, neurotensin receptors represent interesting targets for the
treatment of pain, obesity, schizophrenia, and cancer. Two neurotensin receptors, NTS1 andNTS2,
that belong to the family of G protein-coupled receptors have been identified. A nonpeptide
antagonist with selectivity for the NTS1, SR 48692, has been characterized. Recent mutagenesis and
modeling studies allowed us to map agonist and antagonist binding sites in the NTS1 and to identify
extracellular and transmembrane (TM) residues involved in receptor activation. In particular, we
identified a transmembrane residue whose mutation confers constitutive activity to the NTS1 and
reveals inverse agonist properties of SR 48692. Quite recently, we demonstrated that the human
NTS2 is constitutively active and we characterized agonist, inverse agonist, and neutral antagonist
ligands at this receptor. These results and their implications are the focus of the present paper.
© 2003 Published by Elsevier Science B.V.
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1. Introduction

G protein-coupled receptors (GPCRs) represent a large family of seven transmembrane
(TM) domain proteins that trigger intracellular signaling cascades by interacting with G

Abbreviations: E, extracellular loop; GPCR, G protein-coupled receptor; I, intracellular loop; NT, neurotensin;
TM, transmembrane domain.
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proteins when stimulated by a variety of extracellular stimuli including light, odorant
molecules, neurotransmitters, neuropeptides, and hormones [1]. Because of the wide range
of biological processes they control, their easy accessibility to drugs, and amenability to
high-throughput screening, these receptors have been the focus of intensive research
efforts to develop drugs of therapeutic interest [2].

hi the past 15 years, evidence has accumulated showing that GPCRs can be active in
the absence of ligands. Such constitutively active receptors, whether naturally occurring or
engineered by mutagenesis, have been described for a great number of GPCRs and have
provided useful tools to understand the conformational changes associated with receptor
activation. They have led to the discovery of ligands that behave as inverse agonists and
neutral antagonists at GPCRs. In view of the fact that a number of pathologies have now
been linked to the constitutive activity of GPCRs, such ligands might prove to be of
therapeutic interest [2].

Neurotensin (NT) is a regulatory peptide (Fig. 1) found in the central nervous system
and in the periphery. In the brain, NT is localized in discrete neuronal populations. Its
central effects include opioid-independent analgesia, inhibition of food intake, modulation
of central dopaminergic systems, and modulation of the secretion of a number of pituitary
hormones. In the periphery, NT is mostly produced by endocrine N cells located in the
intestinal mucosa wherefrom it is released upon food ingestión to regulate digestive
functions. In addition, NT acts as a trophic factor on cell lines derived from human colon,
pancreatic, prostate, and lung cancer. Thus, NT receptors may represent interesting targets
for the treatment of pain, obesity, brain disorders such as schizophrenia, and cancer [3].

Two NT receptors designated NTS1 and NTS2, which belong to the family of GPCRs,
have been identified to date. In all systems studied, activation of the NTS1 leads to Gq
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Fig. 1. Ammo acid sequence of neurotensin and structure of SR 48692. (A) Amino acid sequence of NT.
Structure—activity studies have shown that the 8-13 fragment bears all the biological activities of NT (B)
Chemical structure of SR 48692: (a) adamantane, (b) pyrazole, (c) dimethoxyphenyl, and (d) quinolinyl moieties.
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coupling, resulting in phospholipase C activation, production of inositol phosphates (IPs),
and mobilization of intracellular Ca2+. In systems overexpressing the NTS1, coupling to
Gs leading to cAMP production may also occur. Activation of the NTS2 stimulates IP
production and Ca2 + mobilization, indicating coupling to Gq. Most of the known
biological effects of NT are mediated by the NTS1. The functions associated with the
NTS2 are still largely unknown, apart from evidence that it takes part in the analgesic
response to NT. Sanofi-Synthélabo has developed a nonpeptide NT antagonist, SR 48692
(Fig. 1), that is orally active and has higher affinity for the NTS1 than for the NTS2. This
compound has been quite useful in probing NT functions associated with the NTS 1. The
information summarized above has recently been reviewed [3,4].

Recent mutagenesis and modeling studies have allowed us to map the NT and SR 48692
binding sites in the NTS 1 and to identify extracellular and transmembrane residues involved
in receptor activation [5—8]. In particular, we have identified a transmembrane residue
mutation that confers constitutive activity to the NTS 1 and reveals inverse agonist properties
of SR 48692 [8]. Quite recently, we demonstrated that the human NTS2 is constitutively
active and characterized agonist, inverse agonist, and neutral antagonist ligands at this
receptor [9]. These results and their implications will be the focus of the present paper.

2. NTS1: structure of agonist and antagonist binding sites and molecular properties

2.1. General strategy

In order to identify NTS1 residues susceptible to interact with SR 48692 or NT, about
50 residues of the rat NTS1 were mutated to alanine. The mutated receptors were
expressed in COS cells and their affinity for NT and SR 48692 was characterized in
binding assays and/or in bioassays (IP and cAMP measurements). The chemical groups of
SR 48692 and the NT residues that interact with the NTS1 were determined in structure-
function experiments with SR 48692 and NT analogs on the wild-type and mutated NTS 1.
A three-dimensional model of the rat NTS1 was constructed by homology with the known
structure of rhodopsin. The ligands were then docked in the model, taking into account
mutagenesis and structure-function data, and energy minimization calculations for the
ligand-receptor complexes were performed. This led us to propose three-dimensional
models for the binding sites of SR 48692 [5] and NT [6] in the NTS1.

2.2. SR 48692 binding site

The NTS1 residues that interact with SR 48692 are by decreasing order of binding
energy: Arg327 (TM6)>Tyr351 (TM7)>Phe331, Tyr324 (TM6)>Met208 (TM4)>Thr354,
Phe358, Tyr359 (TM7). In the model, SR 48692 is encased within the first two helical
turns of TM4, TM6, and TM7, near the cell surface. The adamantane moiety interacts with
Phe331 and Met208, the carboxylate with Arg327 through ionic bonding, the pyrazole group
with Tyr351, the chloroquinolinyl moiety with Tyr324, and the dimethoxyphenyl group with
Tyr324, Tyr351, Thr354, Phe358, and Tyr359.
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2.3. NT binding site

The NTS1 residues that interact with NT (8-13) are by decreasing order of binding
energy: Arg327 (TM6)>Tyr347 (E3)>Phe331 (TM6), Met208 (TM4)>Trp339, Phe344 (E3).
Structure-activity relationship studies with NT (8-13) analogs reveal that Arg9 interacts
with Phe331; Tyr11 with Trp339, Phe344, and especially Tyr347; lie12 with Met208; Leu13 with
Met208 and Phe331; and the C-terminal carboxylate with Arg327 through ionic interactions.

2.4. Comparison of the models

It thus appears that Met208 in TM4 and Phe331 and Arg327 in TM6 represent strong
anchoring points for both NT and SR 48692 in the NTS 1, and that these ligands will behave
as agonists or antagonists depending on their ability to make further strong interactions with
either the C-terminal side of E3 (agonist) or the connected N-terminal side of TM7
(antagonist), as schematically depicted in Fig. 2. This suggests that E3 might play an
essential role not only for agonist binding but also for agonist-induced activation of the
receptor, and that TM7 might be involved in the transconformational events that lead to G
protein activation.

2.5. E3 and agonist-induced activation

Four mutations in E3, W339A, F344A, H348A, and Y349A (Fig. 2), resulted in the
same phenotype, that is: (i) decreased proportion of high-affinity over low-affinity agonist
binding; (ii) increased sensitivity of high-affinity agonist binding to GTP-yS; and (iii)
markedly increased NT ECso values for the stimulation of IP and cAMP productions.

E3
339

344

TM6 TM7

Fig. 2. Schematic drawing of the agonist and antagonist binding sites in the rat NTS1. TM6 and TM7 and
connecting E3 of the rNTSl are schematically represented. The receptor residues involved solely in NT binding
are shown in light grey, those involved only in SR 48692 are shown in black, and those involved in both agonist
and antagonist binding are shown in grey. Residues in E3 whose mutation affects transduction are labeled in
italics. The residue Phe358 in TM7 whose mutation constitutively activates the NTS1 is in a rectangle.
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Fig. 3. Schematic representation of the active and inactive conformations of the rNTRl. A similar type of
representation as that shown in Fig. 2 was used. (A) Unliganded receptor in a predominantly inactive state. (B)
NT-receptor complex in the G protein-coupled active state. (C) Constitutively active F358A mutant receptor (the
F358A mutation is represented in an empty rectangle). (D) Inactive SR 48692—receptor complex. (E) F358A
mutant receptor brought back to the inactive state by SR 48692.
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None of these mutations affected antagonist binding [7]. Altogether, the above data
indicate that the four residues whose mutation altered NTR1 coupling are involved in
structuring the high-affinity agonist/receptor complex in such a way that it could
productively couple to G proteins and demonstrate the importance of the C-terminal of
E3 for agonist-induced activation of the NTS 1.

2.6. TM7 and constitutive activity

One mutation in TM7, F358A (Fig. 2), constitutively activated the NTS1 with respect
to IP production but not cAMP production. Although NT binding to F358A NTS1 was
insensitive to GTP-yS, NT remained an agonist at this receptor, further stimulating IP
production above constitutive basal levels and stimulating cAMP production. Interestingly,
SR 48692 was an inverse agonist at the mutant receptor, inhibiting virtually completely
constitutive IP production [8]. These data are consistent with TM7 being involved in the
transconformational changes that lead to NTS1 coupling to Gq and suggest by analogy
with other GPCRs that TM interactions maintain the receptor in an inactive state.

2.7. Model ofNTSl activation

Previous mutagenesis studies have shown that the C-terminal side of the third intra-
cellular loop (13) of the NTS1 is involved in the activation of Gq. The C-terminal part of 13
is connected to TM6. Given the locations of the agonist and antagonist binding sites and of
the Gq-activating F358A mutation in the NTS1, it is tempting to speculate that agonist-
induced receptor activation is initiated, at least in part, through relative movements of TM6
and TM7 (Fig. 3). NT, by anchoring strongly to the TM 6/E3 junction and to the C-
terminal part of E3, would favor these movements (Fig. 3B), whereas SR 48692, by
binding tightly to TM6 and TM7, would prevent them and lock the receptor in an inactive
state (Fig. 3D). The F358A mutation in TM7 would disrupt some of the interactions that
maintain the receptor in the inactive state and partially relax it in an active state (Fig. 3C).
SR 48692 binding to the F358A mutant receptor would bring it back to the inactive state,
thus revealing the inverse agonist properties of the nonpeptide compound (Fig. 3E).
Although the model proposed here for the transconformation of the NTS1 remains
speculative, it is consistent with a number of mutagenesis studies proposing that TM
interactions are important for maintaining GPCRs in an inactive state.

3. Constitutive activity of the human NTS2

The NTS2 is identical to the low-affinity NT binding sites (K¿ in the nanomolar range)
shown to be selectively recognized by levocabastine, a nonpeptide HI histamine
antagonist, in contrast to the NTS1 (K¿ in the 100 pM range) that is totally insensitive
to levocabastine. The NTS2 has been cloned from rats, mice, and humans. It exhibits a
complex species- and expression system-dependent pharmacological behavior. Thus, in
mouse NTS2-expressing Xenopus oocytes, NT, SR 48692, and levocabastine acted as
agonists on chloride currents. In rat NTS2-expressing CHO cells, SR 48692 and
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levocabastine efficiently activated Ca2 + mobilization, whereas NT had little effect. Finally,
in human NTS2-expressing CHO cells, SR 48692 activated Ca2 + mobilization while both
NT and levocabastine antagonized this response.

Recently, we showed that the human NTS2 constitutively activates IP production when
transfected in COS cells. SR 48692 acts as an agonist in this system, further stimulating IP
production above constitutive activity, whereas levocabastine and NT analogs modified on
Tyr11 of the NT sequence behave as partial inverse agonists (i.e., they inhibit IP production
below constitutive basal levels) [9]. Interestingly, NT behaves as a neutral antagonist,
reversing the effects of both agonist and inverse agonists and having no effect by itself.
Also of interest is the observation that all the NT analogs with inverse agonist activity
show binding selectivity for the NTS2 vs. the NTS1. As levocabastine, which also behaves
as an inverse agonist, is selective for the NTS2, it would appear that selectivity is linked to
inverse agonism for this receptor.

The NTS1 and NTS2 amino acid sequences are highly conserved in transmembrane
domains and extracellular loops. In contrast, they are poorly conserved in intracellular loops.
In particular, the third intracellular loops of both receptors show virtually no similarity. This
loop has been shown to be involved in coupling the NTS 1 to Gq. It is therefore possible that
the divergent structure of the third intracellular loop in both receptors might result in
constitutive activation of phospholipase C by the NTS2 and lead to the inverse pharmaco-
logical profiles of the ligands observed in the NTS2 as compared to the NTS1.

4. Conclusions

Much progress has been made in understanding the molecular determinants of agonist
and antagonist binding at the NTS1 and the mode of activation of this receptor. In
particular, the characterization of a constitutively active NTS1 mutant has pointed to the
role played by TM7 in the activation of the NTS1 and has revealed the inverse agonist
activity of SR 48692. The constitutively mutant NTS1 might prove useful for screening in
single high-throughput assay compounds with either agonist or inverse agonist properties.

The finding that the human NTS2 is constitutively active and that ligands can behave as
agonists (SR 48692) or antagonists (levocabastine), whereas NT a is neutral antagonist at
this receptor, suggests that there might exist an endogenous agonist and/or inverse agonist
of the NTS2 yet to be discovered. Complex modulation of the NTS2 would result from the
interplay of agonist, inverse agonist, and neutral antagonist. In such a system, NT might
elicit a biological response by reversing the effect of either an agonist or an inverse
agonist. The constitutive activity of the human NTS2 might serve to screen in a single
bioassay for endogenous ligands of this receptor and for synthetic agonists or inverse
agonists with high selectivity and efficacy at the NTS2.
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Discussion 17

T. Schwartz
In peptide receptors, you see this interesting phenomenon that nobody has paid

attention to for years, that is, differences in Smax values. You have this mutant in
extracellular loop 3 that is displayed—suddenly you see the neurotensin 5max drop
dramatically. There's no change in the affinity and the 5max for the antagonist is totally
normal. So it means you have exactly the same expression of the receptor, but suddenly
most of the receptors cannot be seen by the agonist anymore. And we described these
similar types of mutations, but this was down in TM2 in the NKi receptor, with exactly the
same phenotype and no real change in affinity for the agonist. But suddenly the agonist
cannot compete for binding—that's the question then—what if you use the antagonist as a
tracer, and then look at the affinity of neurotensin?

P. Kitabgi
In fact, that's what we've been doing to be able to say that there is a change in

proportion of high-affinity and low-affinity sites because you can only have access to the
low-affinity binding site for neurotensin by doing competition binding experiments using
the labelled antagonist as a tracer and competing with the agonist. So we did that and, in
fact, we see three components of binding for the agonist: a high-affinity one, a low-affinity
one, and a component in which there is a portion of binding of the antagonist that cannot
be displaced, or competed for, by neurotensin. We think those receptors are just
inaccessible to the agonist. They represent about 15% of total binding. That doesn't
change in the mutant. The only thing that changes in the mutant is the proportion of high-
and low-affinity binding.

T. Schwartz
But we interpret these that they hindered the receptor from going from one con-

formation to another, at that time.
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P. Kitabgi
That's a very complicated issue because I don't think that these two states of the

receptor are in fast equilibrium. Otherwise, you could not saturate the high-affinity state
with the agonist independently from the low-affinity state. That would be impossible. So I
really don't know exactly what it is. In fact, it could be posttranslational modification of
the receptors yielding two different molecules, or there could be a very slow equilibrium
that I cannot have access to in the binding experiment.

T. Schwartz
So in the NTS2 receptor, the neurotensin is just a neutral ligand, not really a

neurotensin receptor. It must have another ligand.
P. Kitabgi
That's what we think, and I know that Sanofi has been looking for endogenous ligands

other than neurotensin for this receptor. So far, they have not come up with anything.
T. Schwartz
Because SR binds to the receptor, what if neurotensin is working? It's not an inverse

agonist, but a neutral antagonist. So it means that if you give a little stimulation, the
neurotensin will take it down to zero?

P. Kitabgi
That's what I showed in my presentation. You stimulate with SR, and then neurotensin

brings it back.
T. Schwartz
Then we have a wonderful new system. That's sort of an endogenous inverse agonist.

It's not really, but it's an endogenous antagonist, so we can count it on the list.
P. Kitabgi
There are problems about the meaning of this because the only function we know so far

for the NTS2 receptor is the ability to promote analgesia in the mouse, but there are species
differences in the behaviour of the NTS2 receptor. It's probably not exactly the same in
rodents. There is indication that in the mouse it's constitutively active. That was shown by
expressing it in Xenopus oocytes, and showing that the chloride current was increased in the
absence of ligands. But for the mouse receptor, neurotensin is behaving as a weak partial
agonist. It's not neutral. In humans, we don't even know if neutral antagonism is related to
the analgesic effect of neurotensin because we don't know if neurotensin has an analgesic
effect in humans. Of course, these experiments are difficult to do. So, functionally, it's
difficult to understand what is going on, and we don't know if this constitutive activity
would be observed in normal systems that express the human NTS2 receptor. It's there in
transfected systems and it's a robust constitutive activity that you can also have at low
receptor expression levels, certainly in the range of expression levels you find in the brain.

P. Strange
For NTS1 receptor, I didn't see the data very clearly. It looked to me like the second

messenger effects were occurring at concentrations where the receptors, even the low-
affinity state, were completely occupied. Is that right?

P. Kitabgi
It is right for cAMP, but not for IP production. The dose—response curve for IP

production gives an EC$o that is around 1 nM. For the cyclase, it is shifted by about one
order of magnitude. That was known before, and probably reflects the fact that Gs
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coupling is less efficient for this receptor. Actually, as I said in the Introduction, we don't
see much of Gs coupling in normal systems that express the NTS1.

P. Strange
But that can't account for the fact that the potency lies lower than the binding affinity. It

can't, even if you've got poor coupling. That doesn't make sense, does it?
P. Kitabgi
Ah, okay, I see your point. It could be that it's the lower-affinity state of the receptor

that's responsible for this effect on cAMP.
P. Strange
Another affinity that you are not seeing in the binding.




