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ABSTRACT: Neurotensin exerts potent analgesic effects
following activation of its cognate GPCRs. In this study, we
describe a systematic exploration, using structure-based design,
of conformationally constraining neurotensin (8—13) with the
help of macrocyclization and the resulting impacts on binding
affinity, signaling, and proteolytic stability. This exploratory
study led to a macrocyclic scaffold with submicromolar binding
affinity, agonist activity, and greatly improved plasma stability.
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Neurotensin (NT) is a 13-residue peptide N-terminally
pyroglutamylated (pGlu-Leu-Tyr-Glu-Asn-Lys-Pro-Arg-
Arg-Pro-Tyr-Ile-Leu), which was discovered in 1973 by
Carraway et al.' NT acts as a neurotransmitter and neuro-
modulator in the central nervous system via two G-protein
coupled receptors (GPCRs), NTS1 and NTS2. NTSI is
coupled to several G protein pathways including the G
pathway” and acts as a hormone receptor in the gastrointestinal
tract and endothelial cells.”* Both receptors, when activated by
NT, induce a potent analgesic effect”® similar to opioids, yet
independently of the opioid receptors.”®

The neurotensinergic system has been studied to a large
extent for its potential in the treatment of pain, and as a result,
numerous analogues have been produced to better understand
and improve upon the properties of NT.

Structure/activity relationship studies on NT revealed that its
C-terminal hexapeptide, NT (8—13), retains all the binding and
agonist activity of the full-length peptide.”’® This shorter
peptide has therefore been the scaffold of choice for most
studies targeting neurotensin receptors.4

However, NT (8—13) displays the characteristics that often
limit the use of peptides as drugs, namely, short in vivo half-life
and poor oral bioavailability. Modifications to NT in the form
of linear analogues with improved stability and excellent
binding affinities have been reported. More specifically,
replacement of L-residues by their p-isomers,"’ reduction of
amide bonds," N-methylation, or the use of unnatural amino
acids'>"* proved to be beneficial when introduced at specific
positions in the peptide.

Macrocyclization is a field-tested approach to protect
peptides against proteolytic degradation'>™"® and has been
exploited to successfully improve the pharmacological proper-
ties of several peptides.'” In addition to increased proteolytic
stability, macrocyclization allows control over peptide con-
formations™ and fine-tuning of their structural properties, in
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addition to providing insights on the receptor’s tolerance to
ligand conformational changes. To date, only a handful of
studies have been reported on the implementation of
macrocyclization on NT.*"** Interestingly, head-to-tail cycliza-
tion of NT (8—13) resulted in analogues that display central
physiological effects when injected intravenously.”**

At the outset of this study aimed at identifying suitable sites
for macrocyclization on NT, there was evidence that several
peptidergic GPCRs recognized turn structures.”*° In addition,
several structural studies based on solution NMR and solid-
state. NMR, molecular modeling, and mutagenesis suggested
that N'T was no exception.””* At that time, the X-ray structure
of NTS1 was not published.

We chose to constrain NT (8—13) via macrocyclization
using ring-closing metathesis (RCM). RCM has been widely
used to induce turn structure on peptides™ and is particularly
suited because of its high tolerance to diversified functional
groups.””*" The required allyl groups are easily integrated into
peptides on solid phase (using Fmoc strategy on 2-chlorotrityl
chloride resin), usually with the help of commercially available
unnatural amino acids such as allylglycine. The macro-
cyclyzation reaction can be carried out directly on solid support
(Scheme 1). Benzoquinone is added along with the catalyst to
prevent alkene isomerization,”> and the RCM reaction often
benefits from microwave irradiation.”> After simultaneous
cleavage of the peptide from the resin and deprotection of
the lateral chains under acidic conditions, purification on
preparative LC—MS allowed isolation of the desired macro-
cycle.

Since NT (8—13) is a short peptide, folding it into a turn
implies linking the lateral chains of residues situated on both
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Scheme 1. Macrocyclization Reaction”
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“Reagents and conditions: (a) Hoveyda—Grubbs second generation
catalyst, benzoquinone, DCE, 50 °C, microwave, 1 h; (b) TFA/DCM/
TIS, 1 h.

extremities (C- and N- termlm) Re%ardless of the impact on
conformation, replacing Ile'” or Leu'” by allylglycine is only a
minor structural change from a steric standpoint, and removing
one of the side chains of Arg® or Arg® has been regorted to have
a relatively low impact on NTS1-binding affinity.” Additionally,
replacement of Arg by Lys at positions 8 and 9 has only very
limited impact on binding and signaling.**

These considerations led to the design and synthesis of
macrocycles 1 and 2 (Figure 1). They both form 17-membered
rings; however, 1 is cyclized between positions 8 and 12,
whereas 2 is cyclized between positions 9 and 13. As a result, 1
bears a C-terminal exocyclic Leu, whereas 2 bears an N-terminal
exocyclic Lys residue.

The ability of these compounds to bind the NTS1 receptor
was determined using a competitive ligand binding assay.
Briefly, increasing concentrations of the compounds were
incubated with a constant amount of '*I-[Tyr’]NT and NTS1-
expressing cell membranes. After filtration, NTS1-bound
radioactivity was quantified using a y-counter, and ICj, values
determined are reported in Table 1.

Table 1. Binding affinities”

code sequence ICyy (uM) + SEM
NT (8-13) RRPYIL 0.0008 + 0.0003
1 [AI-KPY-AllL 17 + 4
1-L° All-KPY-AIl-L 1.7 £ 05
2 K[AI-PYI-AlL] >100
3 [p-All-KPY-AllL 10 + 1.6
4 [AL-KPY-p-All]-L 143 + 10.0
5 [p-All-KPY-p-All]-L 19.8 + 4.9
6 [S(AI)PYS(AI)]L >100
7 KP[Y(AI)S(AII)L] 29.8 + 4.0
8 K[AI-PY-AIJIL 7.6 + 2.9
9 K[S(AI)PY(AI)]IL 103 + 26
10 [NonKPY(All)]IL 04 + 02
10-LY NonKPY (AIl)IL 14 + 0.6

“ICyo values were determined as described in the Supporting
Information. Measurements were performed in triplicate and represent
the means + standard error of the mean (SEM) of at least three
independent experiments. “Linear precursors of compounds 1 and 10.
All: allylGlycine; Non: nonenoyl.

First, although both compounds have low affinity, compound
1 seems to be preferred (ICs, 17 vs >100 uM). However, its
linear precursor possesses 10-fold higher affinity than its
macrocyclic counterpart (Table 1, entry 1-L, ICsy 1.7 uM).
This clearly shows that the conformational changes induced by
this macrocyclization position alter receptor recognition. This
also indicates that simultaneous replacement of Arg® and Ile'
by allylglycine impairs binding.

Macrocycles 3—S5 were then produced using p-allylglycine in
N-terminal (3), C-terminal (4), or at both positions (5) as an
attempt to elucidate whether these changes in stereochemistry
would impact binding.

Although macrocycle 3 shows minor improvement over
macrocycle 1 (ICs, 10 vs 17 uM, respectively), it remains
marginal compared to the reference peptide NT (8—13) (ICs,
0.8 nM). Since these macrocycles seemed to be deleterious for
binding affinity, we decided to increase the length of the side-
chain linker, which was expected theoretically to make the
resulting macrocycles more flexible to adapt to the binding
pocket.

2

NH
111,
%%
HO

NT (8-13)

X= CH,
CH,-O-CH,

NH, HN ~_~

Figure 1. Structures of neurotensin (8—13) and macrocyclic analogues explored in this study.
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To accomplish this, we synthesized linker A (Figure 2) by
alkylating the lateral chain of Boc-Ser-OH with allyl bromide™

o
FmocHNL'(OH

o
A

FmocHN

Figure 2. Custom linkers A and B.

followed by Boc deprotection and subsequent Fmoc protection
of the a-amine. This linker was then used during solid phase
peptide synthesis to produce the 21-membered macrocycle 6,
which possesses lower affinity for NTS1 than its smaller, more
constrained congeners.

In 2012, White and co-workers reported the X-ray structure
of the rat NTSI receptor (PDB ID 4grv).36 Remarkably, this
was the first time that the structure of a GPCR was obtained by
cocrystallizing with a peptidergic agonist, in this case, the
unmodified ligand NT (8—13). This allowed us to assess the
previous results in a new context. Essentially, the newly
reported structure demonstrated that the peptide NT (8—13)
actually adopts a linear conformation inside the binding pocket,
which was con§ruent with several structural studies on
neurotensin.””’ "

This perspective granted us with the opportunity to get an
in-depth understanding of the first-generation of macrocycles
and support the design of new improved analogues using the
Molecular Operating Environment (MOE) package,”’ which
was instrumental to superimpose macrocycles 1, 2, and 6 to the
receptor-bound conformation of NT (8—13) (Figure 3A,B,C,

Figure 3. Top row: Macrocycles 1, 2, and 6 (A, B, and C, respectively)
aligned with the conformation of NT (8—13) within the crystal
structure of NTS1 (green). Bottom row: Macrocycles 7, 8, and 9 (D,
E, and F, respectively) docked into NTS1. NT (8—13) (green) is
shown for comparison. Molecular graphics were performed with the
UCSF Chimera package.*’

respectively). Toward this end, the macrocycle underwent a
flexible alignment onto the fixed NT (8—13) structure to get
the best possible fit of the features of both structures. It
showed, as expected, that 1 and 2 adopted a turn structure that
is too compact in comparison with the bound linear peptide,
and although 6 displayed improved structural overlap, the
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added linkers are likely too bulky and would not fit into the
receptor’s pocket, possibly because of unfavorable interactions
with Asn'?” or His'*.

In light of the above, it became apparent that the design of a
linear-shaped, low steric bulk macrocycle implied that the
extremities could not be bound together, be it by a short or a
long linker. On such a short peptide, new options appeared in
the form of side-chain-to-C-terminal or side-chain-to-N-
terminal macrocyclization. Knowing that existing SAR on NT
(8—13) had demonstrated that an aromatic residue is vital in
position 11 in order to bind to NTSI, the replacement of Tyr
by a linker such as allylglycine or serine(O-allyl) was therefore
not a viable avenue.”””**%*

To overcome this, ortho-allylated tyrosine linker B (Figure 2)
was synthesized via a Claisen rearrangement of the
commercially available Fmoc-Tyr(O-allyl)-OH in the presence
of diethylaluminum chloride as a Lewis acid.** To prevent an
unfavorable interaction of the free phenol group with the
ruthenium catalyst during the RCM step, which would decrease
macrocyclization yield,” phenol was acetylated immediately
prior to the RCM. The acetyl group was removed before the
final deprotection step by treatment with piperidine similar to
Fmoc deprotection.

Using this strategy, macrocycle 7, 8, and 9 were produced,
featuring side-chain-to-C-terminal link between Tyr'" and linker
A in position 12 and side-chain-to-N-terminal link between
Tyr11 and allylGly or linker A in position 9, respectively. In
addition to affinity measurements, we used molecular modeling
to dock these compounds into a homology model of human
NTS1 based on the crystal structure of rat NTS1.

Although docking results (Figure 3, bottom row) indicate a
good overlap with the reference peptide, the measured affinities
of these compounds are still very low (7.6—29.8 uM). Taken
together, these results show that the receptor is rather
intolerant to minor changes in the ligand’s conformation in
the core of the binding pocket.

Closer examination of the structure of NT (8—13) in the
binding pocket of NTSI revealed a certain proximity between
residues Tyr'' and Arg® (7.4 A) as well as the same orientation
with an apparently empty space between them (Figure 4A). In
order to exploit this feature, macrocycle 10 was designed, where
Arg® was replaced with nonenoic acid, which possesses the
appropriate length to reach the Tyr''. This compound gave
very promising docking results (Figure 4B,C) and turned out to
be the best binding macrocycle of this series with an ICs, of 0.4
UM. Interestingly, 10 possesses a three-fold improved affinity
compared to its linear precursor (10-L, ICs, 1.4 uM), which
suggests that the conformational constraint imposed by
cyclization favorably impacts interaction with the receptor.
Supplementary Figure S1 shows that 10 is involved in fewer
interactions with the receptor than NT (8—13) is.

The ability of 10 to activate the receptor was confirmed using
BRET-based biosensors assay to measure activation of the G,
pathway and the recruitment of f-arrestin 2 (see Supple-
mentary Figure S2). Indeed, compound 10 was able to induce
full G, activation (ECsy 166.3 nM) and to stimulate S-arrestin
2 recruitment at NTS1 (ECy, 1370 nM).

Furthermore, the sensitivity of 10 to proteolytic degradation
was assessed by incubation with rat plasma followed by UPLC—
MS quantification (see Supporting Information for full
experimental procedures). Under these conditions, 10
possessed a half-life of 12 h, which is far superior to NT (8—
13), which possesses a half-life around 3 min (Figure 5). Such
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Figure 4. Comparison of the crystallized NT (8—13) conformation with 10. (A) NTSI crystal. Blue arrow indicates available space between Tyr''
and Arg®. (B) Superimposition of NT (8—13) from the crystal and macrocycle 10 (docked). (C) Macrocycle 10 docked into a homology model of
human NTS1 based on the crystal. Molecular graphics were performed with the UCSE Chimera package.*
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Figure S. Plasma stability of 10 compared to NT (8—13).

extended stability is a significant advantage of these compounds
as pharmacological tools. Further work is under way to
decipher the SAR of this new lead series and use it to better
understand the pharmacology of the neurotensinergic system.

In conclusion, we identified a novel macrocyclic scaffold that
possesses good binding affinity for the NTSI receptor, behaves
as a full agonist, and displays excellent in vitro stability. We
believe macrocycle 10 is a promising starting point for the
development of new neurotensin macrocyclic analogues.
Subsequent analogues in this series will be reported in due
course.
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