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Abstract

Crystal structures of neurotensin receptor subtype 1 (NTS1) allowed us to visualize the binding mode of the endogenous peptide
hormone neurotensin and its pharmacologically active C-terminal fragment NT(8-13) within the orthosteric binding pocket of
NTS1. Beneath the orthosteric binding pocket, we detected a cavity that exhibits different sequences in the neurotensin receptor
subtypes NTS1 and NTS2. In this study, we explored this allosteric binding pocket using bitopic test peptides of type NT(8-13)-
Xaa, in which the C-terminal part of NT(8-13) is connected to different amino acids that extend into the newly discovered pocket.
Our test compounds showed nanomolar affinities for NTS1, a measurable increase in subtype selectivity compared to the parent
peptide NT(8-13), and the capacity to activate the receptor in an IP accumulation assay. Computational investigation of the
selected test compounds at NTS1 showed a conserved binding mode within the orthosteric binding pocket, whereas the allosteric
cavity was able to adapt to different residues, which suggests a high degree of structural plasticity within that cavity of NTSI.

Keywords Structure-based drug design - Allosteric binding pocket - Neurotensin receptor - GPCR ligands - Peptide - Subtype

selectivity - Molecular dynamics simulations - SPPS

Introduction

The tridecapeptide hormone neurotensin (pGlu-Leu-Tyr-Glu-
Asn-Lys-Pro-Arg-Arg-Pro-Tyr-Ile-Leu-OH [1]) is known to
transmit signals mainly via the G-protein-coupled receptor
(GPCR) subtypes neurotensin receptor 1 (NTS1) and
neurotensin receptor 2 (NTS2). NTS1 is involved in the mod-
ulation of dopaminergic signal transduction [2—4], whereas
the NTS2 subtype is linked to the mediation of antinociceptive
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effects [5, 6]. To influence a specific receptor-mediated effect,
subtype-selective ligands are necessary.

In recent years, several highly potent and subtype-selective
neurotensin receptor ligands have been reported [7-15]. The ma-
jority of these compounds are likely to target the orthosteric bind-
ing pocket, a receptor domain that typically shows a high degree of
sequence conservation between different receptor subtypes.

An attractive strategy for enhancing subtype selectivity is
to address one or multiple topographically distinct receptor
domains, which are known as allosteric or extended binding
sites. These domains usually show less sequence conservation
and are therefore likely to facilitate the development of
subtype-selective compounds [16].

Allosteric receptor domains can be located anywhere on
the GPCR, such as above the orthosteric binding site, as de-
scribed for the muscarinic receptor M, [17], or beneath it, as
observed for the chemokine receptors CCRS [18] and CXCR4
[19]. In agreement with the latter observation, crystal struc-
tures of the NTSI receptor [20, 21] allowed us to detect a
cavity beneath and adjacent to the C-terminal end of NT(8-
13) that leads to the presence of an allosteric binding site at
NTS1 (Fig. 1a). Additionally, we observed a difference in
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Fig. 1 Extended binding pocket of NTS1 and the general structure of
compounds of type NT(8-13)-Xaa that target this pocket. a Close-up of
the crystal structure of the NTS1 receptor coupled to NT(8-13) (PDB-ID:
4GRYV), showing an extended cavity below the orthosteric binding pocket
of NT(8-13) (green surface), which exhibits a difference in sequence

sequence within the binding domain between NTS1 and
NTS2 (Arg149°? and His115°*, respectively, Fig. la/
insert), which may enable the design of subtype-selective
compounds.

To explore this allosteric receptor domain as a potential
new binding pocket, we used a combined approach involving
chemical synthesis, biological evaluation, and molecular
modeling. Encouraged by recent SAR investigations [12],
we herein present the synthesis of bitopic ligands of type
NT(8-13)-Xaa (Fig. 1b), which contain the NT(8-13) frag-
ment that binds in the orthosteric pocket and an extension at
the C-terminus that recognizes the allosteric site.

Starting from NT(8-13)-glycine-OH (1a), amino acids
bearing various side chains and C-termini were synthesized
and tested for their abilities to bind to NTS1 and NTS2, re-
spectively. Selected peptides were also tested in an inositol
phosphate (IP) accumulation assay to investigate their activa-
tion profiles/intrinsic activities at the NTS1 subtype. To learn
more about the possible binding modes of our bitopic ligands
within the allosteric cavity of human NTS1, we investigated
representative test compounds using a combination of homol-
ogy modeling and molecular dynamics simulations.

Methods
Chemical synthesis

The synthesis of C-terminally extended NT(8-13) derivatives
of type NT(8-13)-Xaa involved microwave-assisted solid-
phase supported peptide synthesis (Scheme 1).

In detail, solid-phase-supported peptide synthesis (SPPS)
of the C-terminal D-alanine and L- and D-serine carboxylic acid
derivatives 2b, 3a, and 3b, respectively, was carried out
starting from commercially available Wang resin preloaded
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from NTS2 at position 3.32 (inset). The carboxy-terminal end of NT(8-
13) is stabilized by Arg327%>* and Tyr146>?. b The general chemical
structure of compounds of type NT(8-13)-Xaa, which are designed to
bind to the extended cavity

with Fmoc-protected D-alanine and L- and D-serine, respective-
ly. For the synthesis of the peptide carboxylic acids 7¢, 7f, and
7g, Wang resin was loaded with Fmoc-hTyr-OH (Fmoc-
homotyrosine, leading to 7¢), Fmoc-2,6-dimethyl-Tyr-OH
(leading to 7f), or Fmoc-metaTyr-OH (Fmoc-3-hydroxy-
Phe-OH, leading to 7g) using EDC x HCI in the presence of
DMAP as a catalyst. In order to obtain the peptide carboxylic
acids 1a, 2a, 2b, 4a, 4b, 5a, 5b, 7a, 7b, 7d, 7e, 8a—f, and 9a—c,
2-chlorotrityl chloride resin was loaded with Fmoc-Gly-OH
(1a, 8a—f, 9a—c), Fmoc-Ala-OH (2a), Fmoc-Phe-OH (4a),
Fmoc-D-Phe-OH (4b), N-Fmoc-(S)-3-(pyrazolo[1,5-a-
]pyridin-5-yl)-propionic acid (5a) N-Fmoc-(S)-
3-(pyrazolo[1,5-a]pyridin-6-yl)-propionic acid (5b), Fmoc-
Tyr(O'Bu)-OH (6, 7a, 7b), Fmoc-N-MeTyr(O'Bu)-OH (7d),
or Fmoc-N-hTyr(O'Bu)-OH (the corresponding peptoid of
homotyrosine, leading to 7e) in the presence of DIPEA.
Synthesis of the C-terminal hydroxamic acid derivatives 1c
and 3d was performed starting from 2-chlorotrityl chloride
resin, which was loaded with Fmoc-protected hydroxylamine
in the presence of DIPEA, with HATU/HOAt/DIPEA includ-
ed to couple the next amino acid. Synthesis of the glycinol
derivative 1d was accomplished by attaching N-Fmoc-2-
aminoethanol to 2-chlorotrityl chloride resin at 60 °C, using
pyridine as the base. In all cases, residual 2-chlorotrityl chlo-
ride groups were quenched by methanol/DIPEA treatment
after loading the resin. Fmoc-Rink amide AM resin was
employed to synthesize the C-terminal peptide carboxamides
1b, 2¢, and 3¢. Microwave irradiation was used to accelerate
both Fmoc deprotection with piperidine and the peptide cou-
pling of the amino acids with PyBOP, HOBt, and DIPEA.
Cleavage from the resin with TFA/phenol/water/
triisopropylsilane and preparative HPLC furnished the test
peptides with a purity of > 95%. For further details, see
Supporting Information S1 in the “Electronic supplementary
material” (ESM).
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Scheme 1 Synthesis of the C-terminally extended NT(8-13)-Xaa deriv-
atives. Reagents and conditions: a piperidine/DMF, microwaves; b Fmoc-
AA-OH, PyBOP, DIPEA, HOBt, DMF, and microwaves, except in the
coupling of Fmoc-Leu-OH in peptide 7f (BTC, 2,6-lutidine, dioxane,

Receptor binding experiments

Receptor binding data were determined according to previous-
ly described protocols [8, 22]. In detail, NTSI binding was
measured using homogenates of membranes from CHO cells
that stably expressed human NTS1 at a final concentration of
2 pg/well and the radioligand [*H]neurotensin (specific activ-
ity 116 Ci/mmol; PerkinElmer, Rodgau, Germany) at a con-
centration of 0.50 nM, incubating for 60 min at 37 °C. The
specific binding of the radioligand was determined at a Kp
value of 0.39 + 0.02 nM and a B,,,x value of 3600 + 950
fmol/mg protein. Nonspecific binding was determined in the
presence of 10 uM neurotensin. NTS2 binding was explored
using homogenates of membranes from HEK 293, which
were transiently transfected with the pcDNA3.1 vector con-
taining the human NTS2 gene (Missouri S&T cDNA
Resource Center (UMR), Rolla, MO, USA) by the calcium
phosphate method [23]. The membranes were incubated for
60 min at 37 °C and a final concentration of 10-20 pg/well
together with 0.50 nM [*H]NT(8-13) (specific activity 136 Ci/
mmol; custom synthesis of [leucine-*H]NT(8-13) by GE
Healthcare, Freiburg, Germany) at a Kp value of
1.2 £ 0.092 nM and a Bj,x value of 800 = 160 fmol/mg
protein. Nonspecific binding was determined in the presence
of 10 uM NT(8-13), and the protein concentration was gen-
erally determined by Lowry’s method using bovine serum
albumin as standard [24].

The competition curves from the radioligand binding ex-
periments were subjected to nonlinear regression analysis
using algorithms in PRISM 6.0 (GraphPad Software, San
Diego, CA, USA). ECs, values derived from the resulting
dose-response curves were transformed into the correspond-
ing K; values utilizing the equation of Cheng and Prusoff [25].

IP accumulation

NTS1-mediated IP accumulation by the selected test com-
pounds 1la, 3a, 4a, 6, 7c, and 7g as well as the reference
NT(8-13) was determined using the IP-One HTRF assay
(Cisbio, Codolet, France) as described previously [26]. In

microwaves, then rt for 2 h) and in the coupling of Fmoc Gly-OH (1¢)
and Fmoc-Ser(z-Bu)-OH (3d; Fmoc-AA/HATU/HOAUDIPEA rt, 12 h). ¢
TFA/phenol/H,O/TIS, rt, 3 h

brief, HEK-293 cells were transiently transfected with human
NTS1 (cDNA Rescourse Center, Bloomsberg, PA, USA) by
applying the Mirus TransIT-293 transfection reagent (Peqlab,
Erlangen, Germany). After seeding the cells into black 384-
well plates (10000 cells/well) (Greiner Bio-One,
Frickenhausen, Germany) and maintaining them for 24 h at
37 °C, agonist properties were determined by adding test com-
pounds (at concentrations ranging from 0.001 nM to 10 uM)
in duplicate for 90 min at 37 °C. Incubation was stopped by
adding detection reagents (IP1-d2 conjugate and anti-IP1
cryptate TB conjugate, each dissolved in lysis buffer) for a
further 60 min at room temperature. Time-resolved fluores-
cence resonance energy transfer (HTRF) was determined
using a Clariostar plate reader (BMG, Ortenberg, Germany).
The agonist properties of the elongated NT(8-13)-Ser-OH
derivatives 8a—f were investigated using inositol phosphate
(IP) accumulation assays, as described previously [17, 27].
[*H]inositol monophosphate ([*H]JIP;) was determined with
CHO cells that stably expressed human NTSI1. After adding
myo-[*H]inositol (specific activity = 22.5 Ci mmol ',
PerkinElmer) and incubating for 15 h, the medium was aspi-
rated, and the cells were washed with serum-free medium
supplemented with 10 mM LiCl and incubated with test com-
pounds (at concentrations ranging from 0.1 nM up to 10 uM)
in triplicate for 60 min at 37 °C. After cell lysis, [°H]IP, was
separated using an AG1-X8 resin (Bio-Rad, Munich,
Germany). Radioactivity was determined by scintillation
counting using a Beckman (Krefeld, Germany) LS 6500.
Data analysis of the IP accumulation experiments was per-
formed by nonlinear regression using the algorithms for
log(agonist) vs. response of PRISM 6.0 (GraphPad, San
Diego, CA, USA) and normalizing the raw data to the basal
level (0%) and the maximum effect of NT(8-13) (100%).

Computational chemistry

To obtain initial conformations for the test compounds 1a, 3a,
and 4a to use in MD simulations, we used the crystal structure
of rat NTS1 coupled to NT(8-13) (PDB-ID: 4GRV) [21] as a
template to create a homology model of human NTS1, which
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was coupled to the respective C-terminally extended com-
pound. The program MODELLER 9v4 [28] was used accord-
ing to a procedure that was successfully applied in a previous
work [7], We created 100 models of each ligand—receptor
complex, which mainly showed conformational differences
at the C-terminally extended residues. We manually selected
three representative conformations of the test compound 1a at
NTS1 (models 1-3) that (1) showed a comparable conforma-
tion to the parent peptide NT(8-13) (as indicated by our com-
plementary experimental results) and (2) showed a different
conformation of the C-terminal extension. Subsequently,
models 1-3 were investigated to check the stability of their
initial conformations using MD simulations. According to the
conformation observed within model 1 of 1a, we manually
selected one model each of compounds 3a and 4a at NTSI1.
The ligand-receptor complexes were submitted to energy
minimization using the SANDER module of AMBER10, as
previously described [29]. The all-atom force field ff99SB
[30] was used. Minimization was carried out as reported in
the literature [7]. The AMBER parameter topology and coor-
dinate files for the minimized complexes were converted into
GROMACS [31, 32] input files and applied to a lipidic bilayer
of DOPC residues as previously described [33]. The charges
on the simulation systems were neutralized by adding 12 chlo-
rine atoms each. The simulation systems were submitted to
molecular dynamics simulation runs as previously described,
using the GROMACS simulation package [34]. An overview
of the simulation systems and their simulation times is provid-
ed in the ESM. Trajectory analysis was performed using
PTRAJ of the AMBER package, and figures were prepared
using PyMOL [35] and Chimera [36]. Representative confor-
mations for compound 8d were obtained by the homology
modeling procedure described above.

Results and discussion

Our synthesis of C-terminally extended NT(8-13)-derivatives
of type NT(8-13)-Xaa (Fig. 1b) involved microwave-assisted
solid-phase supported peptide synthesis (SPPS), starting from
chlorotrityl chloride resin, Rink amide resin, or Wang resin
(preloaded with a suitable Fmoc-amino acid in some cases),
which were reacted as described in the “Methods” section. A
more detailed description of the syntheses and analytical data
of the test compounds explored in this study is provided in
Supporting Information S1 of the ESM.

Radioligand binding studies were conducted to evaluate
the NTS1 and NTS2 affinities of all the synthesized com-
pounds (Tables 1-3, Supporting Information S2 of the
ESM). Binding data were determined utilizing the radioligand
[*H]neurotensin and Chinese hamster ovary (CHO) cells that
stably expressed human NTS1. [PH]NT(8-13) was used for
binding assays carried out to investigate human NTS2, which
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was transiently transfected into human embryonic kidney
(HEK 293) cells. To investigate the intrinsic activities of some
of the described elongated peptides in comparison with NT(8-
13), we used an inositol phosphate (IP) accumulation assay in
which the Got-promoted modulation of IP production in cells
expressing NTS1 was recorded (Tables 1 and 2).

The obtained binding data support the existence of the pos-
tulated allosteric binding pocket below the C-terminus of
bound NT(8-13), and point to interesting structure—activity
relationships (SAR) for this cavity (Table 1). The K; values
of the glycine derivatives 1a—c, which bear a carboxylic acid
(1a), an amide (1b), or a hydroxamic acid (1¢) as a C-terminal
functional group, are all comparable for both subtypes, where-
as deletion of the carbonyl group, as implemented in the alco-
hol 1d, leads to a fiftyfold or fivefold loss of affinity at NTS1
or NTS2, respectively, indicating the importance of the pres-
ence of a carbonyl function in combination with a group
which is able to form hydrogen bonds (but not necessarily
an ionic interaction) for receptor recognition. These results
are supported by data obtained for the alanine derivatives 2a
and 2c¢ as well as the serine derivatives 3a, 3¢, and 3d. With
the introduction of more complex amino acids, we were able
to enhance the affinity as well as the selectivity compared to
our starting compound NT(8-13)-glycine 1a. Introducing both
a methyl group (2a) and an aromatic system (4a) at the Cx
atom increased NTS1 affinity (1 nM and 0.9 nM, respective-
ly), whereas the additional insertion of a hydroxyl function
(3a) led to enhanced selectivity (> 18-fold) for NTS1 over
NTS2, in combination with a good single-digit nanomolar
NTS1 affinity (3.3 nM). Modifying the aromatic moiety of
4a by inserting the recently described 5-substituted azaindolyl
alanine (peptide 5) did not result in a significant improvement.
In contrast, introducing a tyrosine at this position (peptide 6)
led us to the very promising NTS1-selective compound 6,
offering NTS1 binding of 1.3 nM and a 26-fold selectivity
for NTS1 over NTS2. Further modifications of the parent
compound 6 that led to compounds 7a—7g did not result in
any further gain in affinity or selectivity (Table 1). The same is
true of the insertion of other functional amino acid side chains,
such as basic or acidic residues, or homologation of the back-
bone via the insertion of (3-amino acids (see Supporting
Information S2 in the ESM).

Interestingly, the addition of L-amino acids increased NTS1
selectivity compared to the parent peptide NT(8-13), whereas
the addition of the corresponding D-amino acids yielded a
decrease in NTS1 selectivity or even a preference for NTS2
binding (Table 1, Supporting Information S2 in the ESM).

Remarkably, all of the investigated peptides showed ago-
nist behavior and were able to activate NTS1 at levels of 92—
100% compared to NT(8-13); see Table 1.

To learn more about the possible binding modes of our
bitopic ligands, we investigated representative test com-
pounds exhibiting glycine (1a), serine (3a), or phenylalanine
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Table 1
for selected compounds

Receptor-binding data for bitopic ligands 1a~7g" in comparison to the reference agent NT(8-13), and functional IP accumulation assay results

Compound  Peptide K; value® (nM) Selectivity IP accumulation assay®
NTS1¢ [*H]neurotensin ~ NTS2° [PHINT(8-13)  K;(NTS2)/ K;(NTS1) ECs, value' Efficacy®

NT(8-13) 0.24 +0.048 12+025M 5.0 0.74+020 100%

1a NT(8-13)-Gly-OH 6.8+45 53£21 7.8 18+4 98 +£2%

1b NT(8-13)-Gly-NH, 50+23 36+ 16 72 - -

1c NT(8-13)-Gly-NHOH 48+24 57+52 12 - -

1d NT(8-13)-Glycinol 270 + 230 240 + 170 0.9 - -

2a NT(8-13)-Ala-OH 1.0+0.11 13+£46 13 - -

2b NT(8-13)-p-Ala-OH 20423 8.1+57 0.4 - -

2¢ NT(8-13)-Ala-NH, 1.9+0.49 23+£7.7 12 - -

3a NT(8-13)-Ser-OH 33+17 58 +28 18 37+16 98 + 5%

3b NT(8-13)-D-Ser-OH 23+ 15 44 +7.1 1.9 - -

3¢ NT(8-13)-Ser-NH, 29+£12 25+ 16 8.6 - -

3d NT(8-13)-Ser-NHOH 40429 27+£23 6.8 - -

4a NT(8-13)-Phe-OH 0.91 +0.49 12+£4.0 13 150 + 22 100 + 5%

4b NT(8-13)-D-Phe-OH 210 + 89 360 + 250 1.7 - -

5a NT(8-13)-5-PP-OH 2.6+0.20 25+19 9.6 - -

5b NT(8-13)-6-PP-OH 6.9+4.1 32421 46 - -

6 NT(8-13)-Tyr-OH 1.3+0.38 34+94 26 110 £ 26 95+ 10%

7a [N-MeArg®]-NT(8-13)-Tyr-OH 1.2+ 0.68 16 £3.1 13 - -

7b [D-Arg®]-NT(8-13)-Tyr-OH 3.7+2.6 73 + 48 20 - -

7c NT(8-13)-hTyr-OH 1.5 +0.65 37+9.1 25 24+5 92 + 8%

7d NT(8-13)-N-MeTyr-OH 150 + 110 3400 + 2400 23 - -

7e NT(8-13)-N-hTyr-OH 700 + 160 11000 + 4600 16 - -

7t NT(8-13)-Dmt-Tyr-OH 12+3.7 120 7.1 10 - -

o NT(8-13)-meta-Tyr-OH 2.1+04 44 £23 21 34+7 94 + 4%

# HPLC and LCMS studies were performed for representative compounds, verifying that they were stable with respect to degradation within the buffer
used for the binding experiments (see Supporting Information S10 in the ESM). ® K; values in nM + SD are the means of 3-9 individual experiments,
each done in triplicate. © IP accumulation was measured using the IP-One assay (Cisbio) with HEK cells that transiently expressed human NTSI. ¢

Membranes from CHO cells that stably expressed human NTS1. ¢ Homogenates from HEK 293 cells transiently transfected with human NTS2. f ECs,
values in nM + SD are the means of 3—4 individual experiments, each done in duplicate. ¢ Maximum effect in % + SD relative to the full response of

NT(8-13). " Kp, value

(4a) as a C-terminal extension, using a combination of homol-
ogy modeling and molecular dynamics (MD) simulations. We
used the conformation of NT(8-13) observed within the crys-
tal structure of rat NTS1 as a structural scaffold to which the
C-terminal residue was attached in order to facilitate the gen-
eration of feasible initial conformations of 1a, 3a, and 4a for
subsequent MD simulation runs (see Supporting Information
S3 and S4 in the ESM).

Upon comparing the final conformations of the investigat-
ed test compounds at human NTS1 (see Supporting
Information S5 in the ESM), we observed, in general, well-
conserved hydrogen-bond interactions that stabilized the
orthosteric parts of our test compounds, most of which were
localized within the aforementioned crystal structure (see
Supporting Information S6 in the ESM). Thus, the C-
terminal extensions of our test compounds are capable of

engaging an allosteric cavity, which consists of residues from
TM2, TM3, TM6, and TM7 (Fig. 2a, Supporting Information
S6 in the ESM) and is located directly below the orthosteric
binding pocket, when the specific additional interactions be-
tween the elongated compounds and residues of NTS1 depend
on the nature of the attached residue.

Focusing on the C-terminal glycine of compound 1a, we
observed that its carboxyl moiety adopts a conformation in
which it is not only able to form a stable interaction with
residue Argl149°-? in the allosteric cavity of NTSI (as
intended) but is also able to form interactions with residues
Arg322%>* and Arg323°>° (Fig. 2b, c). The three arginine
residues are part of a structurally distinct hydrogen bond/
ionic interaction network that is structurally bridged by the
specific spatial arrangement of the carboxyl group of com-
pound 1a (see Supporting Information S7 in the ESM).

@ Springer
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Table2 Receptor binding data for the C-terminally extended NT(8-13)-derivatives 8a—8f" in comparison to the reference agent NT(8-13), and results
of the functional IP accumulation assay

Compound  Peptide K; value® (nM) Selectivity IP accumulation assay®
NTS1¢ PH]neurotensin ~ NTS2° [PHINT(8-13)  Ki(NTS2)/ K{NTS1)  ECsovalue’  Efficacy®

NT(8-13) 0.24 + 0.048 1.2 +0.25M 5.0 034+0.14  100%

8a NT(8-13)-Ser-Gly-OH ~ 3.1+1.9 15485 438 13+£12 102+ 11%

8b NT(8-13)-Ser-Gly,-OH 2.0 + 1.4 79+34 4.0 13+2 99 + 8%

8¢ NT(8-13)-Ser-Gly;-OH 8.8 +3.4 28 +£8.7 32 - -

8d NT(8-13)-Ser-Gly,-OH 11 +6.2 33+ 14 3.0 125 +78 108 + 7%

8e NT(8-13)-Ser-Gly,-OH 24+ 14 50 + 14 2.1 180 + 39 87 + 14%

8f NT(8-13)-Ser-Glyo,-OH 23+ 7.4 200 + 39 8.7 1100 £420 106+ 1%

# HPLC and LCMS studies were performed for representative compounds, verifying that they were stable with respect to degradation within the buffer
used for the binding experiments (see Supporting Information S9 in the ESM). ® K; values in nM % SD are the means of 3-4 individual experiments, each
done in triplicate. © IP accumulation was measured using a [ H]inositol-based IP; assay with CHO cells that stably expressed human NTS1. ¢

Membranes from CHO cells that stably expressed human NTS1. ¢ Homogenates from HEK 293 cells transiently transfected with human NTS2. ©
ECs values in nM = SD are the means of 3-4 individual experiments, each done in triplicate. * Maximum effect in % + SD relative to the full response of

NT(8-13). " Kp, value.

The insertion of certain side chains to give test compounds 3a
and 4a resulted in slightly altered binding modes compared to 1a,
enabling the formation of specific interactions of 3a and 4a with
residues of NTS1 (Fig. 2a). This suggests a (limited) capacity of
the allosteric cavity to adapt to more sterically demanding amino
acids than glycine. For the serine residue of compound 3a, we
observed a stabilization of its side chain via hydrogen bonds
between its hydroxyl moiety and either its own carboxyl termi-
nus or Tyr3467'35 of NTS1 (Fig. 2d). In contrast, the conforma-
tion of the side chain of phenylalanine (4a) was found to be
embedded within a hydrophobic cavity involving van der
Waals interactions with Glu123%°', 7 interactions with
Phel272'65, Tyr1453'28, and Tyr1463 '29, and cation—7t interactions
with Arg149°3, whereas its carboxyl terminus formed a hydro-
gen bond with Tyr346">° (Fig. 2e, Supporting Information S8 in
the ESM). These extensive interactions appear to contrast with
the rather similar affinity of the test compound 4a to those of, for

example, 1a or 3a. Interestingly, we detected a near-perfectly
stable hydrogen-bond interaction between the side chain of
Tyr11 in 4a and the backbone carbonyl of His®™'. This contrasts
with the homologous side chains of 1a and 3a, which are alter-
nately hydrogen bonded to the backbone carbonyl atoms of
His131%! and the N-terminal residue Leu56 (see Supporting
Information S6 in the ESM). Since a hydrogen bond between
Tyrl1 and Leu56 is missing from 4a, Tyr11 adopts a more deeply
buried conformation compared to 1a and 3a (Fig. 2a), thereby
losing stabilizing van der Waals interactions to the N-terminal
domain of NTS1, which was previously suggested to be linked to
a reduced binding affinity of NT(8-13) derivatives for NTSI [7]
and may therefore compensate for the gain in binding affinity via
the C-terminal interactions described above.

Although the explicit conformations of 3a and 4a were
found to differ with respect to the elongated amino acids ser-
ine and phenylalanine, respectively, the side-chain

Table 3 Human NTS1 and NTS2
receptor binding data for the
NT(8-13)-Ser-Gly,-OH-

Compound  Peptide

K; value® (nM) Selectivity

derivatives 9a—c" NTSI° NTS2¢ K{(NTS2)/
[Hlneurotensin  [PHINT(8-13) K{(NTS1)
[Ala'']NT(8-13)-OH!®! 1300 + 470 83+ 10 0.06
[Ala'?]NT(8-13)-OH®! 100 = 11 63+12 0.63
9a [Ala""INT(8-13)-Ser-Gly,-OH 36000 =+ 25000 8000 = 2600 0.22
9b [Ala'*INT(8-13)-Ser-Gly,-OH 9500 + 3100 4900 + 1100 0.52
9c H-Arg-Arg-Pro-lle-Leu-Ser-Gly,-OH ~ >100000° >100000° nd

# HPLC and LCMS studies were performed for representative compounds, verifying that they were stable with
respect to degradation within the buffer used for the binding experiments (see Supporting Information S9 in the
ESM). ® K; values in nM =+ SD are the means of 3-4 individual experiments each done in triplicate. © Membranes
from CHO cells that stably expressed human NTS1. ¢ Membranes from CHO cells that stably expressed human
NTS2. ¢ K; values in nM + SD derived from two individual experiments, each done in triplicate. nd could not be

determined
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Fig. 2 Ligand-receptor interactions within the individual simulation
systems. Close-ups of representative snapshots of ligand—receptor inter-
actions within the extended binding pocket of NTS1 are shown for the
individual simulation systems 1a (b), 3a (d), and 4a (e). An overlay of
representative conformations of the test compounds is provided that

conformations of 3a and 4a enabled similar spatial arrange-
ments of their carboxyl groups, resulting in the simultaneous
formation of interactions with Arg149°32, Arg322%°*, and
Arg323%°° as already observed for compound 1a (Fig. 2c).
We thus attribute a key role to the carboxyl group in 1a, 3a,
and 4a in stabilizing the conformations of these bitopic com-
pounds, implying that the presence of this group is a major
determinant of the excellent binding affinities of these com-
pounds for NTS1. As the homologous residue of Arg149*? is
a smaller histidine at NTS2 (His1152, Fig. 1 and Supporting
Information S9 in the ESM), it is tempting to assume the
presence of a less well-stabilized interaction network between
the allosteric cavity of NTS2 and the carboxyl group of the
bitopic compounds, which may increase the entropic cost of
forming C-terminal interactions, thus providing an explana-
tion for the reduced affinities of these compounds for NTS2.
Encouraged by our results which suggested that the extend-
ed binding pocket had high structural plasticity, we aimed to
investigate whether the neurotensin receptor is able to accom-
modate even more elongated test compounds. Thus, starting

Tyr145328

focuses on C-terminal residues of NT(8-13)-Xaa (a, ¢). The test com-
pounds 1a, 3a, and 4a are shown as green, blue, and orange sticks,
respectively, whereas the main chain of NTS1 is shown in gray.
Residues of NTS1 that are interacting with 1a, 3a, and 4a are shown as
light green, light blue, and yellow sticks, respectively

from compound 3a, we attached up to nine glycine residues as
C-terminal extensions (compounds 8a—8f).

Surprisingly, the resulting molecular probes showed re-
markable receptor binding, with K; values in the nanomolar
range (Table 2). Starting from 3a, the addition of one (8a) and
two (8b) glycine residues increased affinity to 2 nM but re-
duced selectivity, whereas the addition of further glycines re-
duced the affinity up to tenfold while slightly increasing the
NTS1 selectivity. Consistent with our results, the NTS1 recep-
tor seems to be more tolerant of such C-terminal extensions
than NTS2. Again, all these compounds were able to activate
NTS1 in an IP accumulation assay, although the efficacy of
compound 8f dropped disproportionately compared to its loss
of affinity. Our results make it tempting to assume the pres-
ence of an even larger allosteric pocket beneath the binding
pocket of NT(8-13) without altering the signaling capacity of
NTSI1. In our model, the Cox atom of the terminal glycine of
compound 8d would be more than 20 A away from the extra-
cellular surface of NTS1 and only about 15 A away from the
canonical residue Arg165°° (Fig. 3). Interestingly, our model

@ Springer
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Fig. 3 Representative conformations of compound 8d (NT(8-13)-Ser-
Gly4-OH) superimposed on the crystal structure of NTS1. a Side view
of the crystal structure of the NTS1 receptor coupled to NT(8-13) (PDB-
ID: 4GRV), showing eight representative conformations of 8d (blue
sticks) obtained by homology modeling. NT(8-13) and selected residues
of NTS1 are visualized as orange and red sticks, respectively. b

suggests that the highly conserved residue Trp316°*® is in-
volved in stabilizing the conformation of our test compound.

In this study, we assumed that our test compounds are
bitopic such that their orthosteric part, i.e., NT(8-13), uses
the same binding pocket as and adopts a similar confor-
mation to unaltered NT(8-13) but the C-terminal exten-
sion makes its way into the allosteric cavity of the
neurotensin receptor. This assumption is fully consistent
with our computational experiments. Nevertheless, we
tested this assumption by performing further experiments
in which we replaced Tyrl1 and Ile12 with alanine. These
two residues of NT(8-13) had previously been shown to
be essential to the binding of NT(8-13) [8], and were
therefore changed in the NT(8-13) pharmacophore of 8d,
resulting in the test compounds 9a and 9b, respectively. In
addition, we synthesized compound 9¢, in which Tyrl1 is
completely removed. If the orthosteric part of each bitopic
test compound had a comparable binding mode to NT(8-
13), one would expect a significant loss of affinity at the
neurotensin receptor. Consistent with this hypothesis, our
results show the expected loss of affinity for the test com-
pounds 9a and 9b in a way that is comparable to the
respective NT(8-13) derivatives (Table 3). The ATyrll
mutant 9¢ completely loses the capacity to bind to NTS1
and NTS2.

@ Springer

Superposition of the conformations of 8d from a on the interior surface
representation of NTS1. The C-terminal extension of 8d forms a tube
extending from the allosteric cavity (highlighted in green) beneath the
orthosteric binding pocket of NTS1. ¢ Distances between the Cox atom of
the C-terminal glycine residue of 8d and the residues Asp112>°° and
Arg165°° as well as the top of the extracellular surface of NTS1

Conclusion

Analyzing the crystal structures of the NTS1 receptor [20, 21],
we detected an allosteric binding site at NTS1 beneath the C-
terminus of NT(8-13). A sequence analysis revealed a differ-
ence between NTS1 and NTS2 (Arg1493'32 and His115>%?,
respectively) within this receptor domain, which may enable
the design of subtype-selective compounds. Taking advantage
of these observations, we synthesized a set of new bitopic
neurotensin receptor ligands of type NT(8-13)-Xaa.
Subsequent binding studies of these compounds indicated that
they show an encouraging tendency to bind selectively to
NTS1. Upon introducing a tyrosine residue as a C-terminal
extension (peptide 6), we were able to identify a very prom-
ising NTS1-selective peptide offering NTS1 binding of 1 nM
and a 26-fold selectivity for NTS1 rather than NTS2. This
peptide represents a new class of neurotensin receptor ligands
that simultaneously address both the orthosteric binding pock-
et and a newly detected allosteric binding pocket. The inves-
tigated test compounds even maintained the capacity to acti-
vate the NTS1 receptor, albeit with reduced potency compared
to NT(8-13). Upon adding up to ten additional residues to the
C-terminus of NT(8-13), we found that the allosteric cavity
seemed to extend even further into the transmembrane region
of the receptor.
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To learn more about the possible binding mode of the
bitopic ligands within the extended cavity in human NTSI,
we investigated representative test compounds with one addi-
tional residue as a C-terminal extension using a combination
of homology modeling and MD simulations (compounds 1a,
3a, and 4a). We found that the test compounds investigated
adopted a bitopic binding mode at human NTS1, with the
NT(8-13) fragment occupying the orthosteric pocket and the
amino acid extension addressing the allosteric cavity. All of
the compounds investigated presented similar carboxyl group
conformations and thus a set of similar interactions with res-
idues of NTS1, whereas other interactions between the elon-
gated compounds and residues of NTS1 (i.e., specific hydro-
gen bonds for 3a or binding in a hydrophobic subpocket for
4a) were dependent on the nature of the attached residue.

Taken together, these MD simulations were able to provide
a molecular description of possible bitopic binding modes for
our C-terminally extended peptides at human NTS1, which
helped to characterize a newly discovered allosteric binding
pocket at neurotensin receptors that exhibited remarkable
structural plasticity. Although there seems to be an upper limit
on the degree of subtype selectivity that can be achieved
through the use of C-terminally extended peptides, the results
of our study represent a promising starting point for virtual
screening campaigns aimed at identifying highly NTSI1-
selective agonists and allosteric modulators.
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