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ABSTRACT

Oxytocin (OT) is a neurohypophyseal peptide hormone containing a disulphide-bridged pseudocyclic con-
formation. The biomedical use of OT peptides is limited amongst others by disadvantageous pharmacoki-
netic parameters. To increase the stability of OT by replacing the disulphide bridge with the stable and
more rigid [1,2,3]triazol-1-yl moiety, we employed the Cu?*"-catalysed side chain-to-side chain azide-alkyne
1,3-cycloaddition. Here we report the design, synthesis, conformational analysis, and in vitro pharmaco-
logical activity of a homologous series of Ca'-to-Ca® side chain-to-side chain [1,2,3]triazol-1-yl-containing
OT analogues differing in the length of the bridge, location, and orientation of the linking moiety.
Exploiting this macrocyclisation approach, it was possible to generate a systematic series of compounds
providing interesting insight into the structure-conformation-function relationship of OT. Most analogues
were able to adopt similar conformation to endogenous OT in water, namely, a type | f-turn. This
approach may in the future generate stabilised pharmacological peptide tools to advance understanding
of OT physiology.

KEYWORDS
Oxytocin; B-turn
conformation; disulphide

macrocyclisation; CUAAC
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Introduction

Oxytocin (OT)' is a neurohypophyseal heterodetic cyclic nonapep-
tide centrally expressed in the hypothalamus and secreted by the
posterior pituitary gland. It has important biological functions medi-
ated by interaction with its cognate oxytocin receptor (OTR) - a
member of the G protein-coupled receptors (GPCRs). In the central
nervous system (CNS) OT regulates complex social behaviours such
as social bonding, pair attachment, maternal care, stress and

anxiety?. In the periphery, OT is produced in several organs such as
the reproductive system®*, Gl tract’, heart® and bone’ and is
involved in uterine smooth muscle contractility during parturition
and milk ejection during lactation®®, and has also analgesic/anti-

inflammatory activity'®'".
Targeting peripheral OTR has been implemented in the clinic

as drug for induction of labour, prevention of postpartum haem-
orrhage and lactation enhancer'?. Latest research suggests that
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OTR is an attractive target for drug development in many thera-
peutic areas for instance in cancer'>'®. OT is not selective for the
OTR; it also interacts with the related vasopressin (VP) receptors
(VP receptors, i.e. V45, Vip and V,R. The two endogenous neuro-
peptides OT and VP have a conserved Cys(1)-to-Cys(6) disulphide-
bridge and differ only in 2 amino acid residues lle* and Leu’ (in
OT) and Phe® and Arg’ (in VP)'®. The four OT/VP receptors are
widely distributed, highly conserved and are partially co-localised
in central and peripheral neurons and in many peripheral organs'.
As a result, this non-selective and integrated system, which is
comprised of OT/VP and their cognate receptors, activates a pleth-
ora of central and peripheral activities that are difficult to discern
physiologically and target pharmacologically'®.

The development of OTR selective and functionally biased
ligands and the correspondence of their cell-based pharmacology
to in vivo animal pharmacology and eventually clinical trials are a
major challenge due to species and tissue specific signalling prop-
erties of the OT/OTR system. Moreover, overcoming the limited
stability in aqueous solution, the high susceptibility to metabolic
degradation and the inherent chemical reactivity of the disulphide
bond without compromising the putative bioactive conformation
are formidable tasks. Evidently, the heterodetic cyclic structure of
OT is indispensable and is essential for binding to OTR and func-
tional activity'”. Oxytocin preferentially adopts a type | -turn con-
formation in water, centred on lle(3)-GIn(4) residues, while the
predominant conformations presented both in the crystal struc-
ture and in DMSO solution are type Il f-turns stabilised by a
hydrogen bond between the C=0 of Tyr(2) and the N-H of
Asn(5) and a type Ill S-turn stabilised by a hydrogen bond
between C=0 of Cys(6) and N-H of Gly(9). In addition, another
hydrogen bond between the C=0 of Asn(5) side chain and the
N-H of Leu(8) is observed in DMSO'® %2 Linearised analogues
[Ala(1,6)]- and [Ser(1,6)]0T for instance are devoid of any contract-
ile activity on rat mammary gland and isolated uterus'’. The puta-
tive deficiencies of the disulphide-containing peptide
pharmaceuticals are their transitory nature resulting from poor
in vivo stability due to the inherent reactivity of the disulphide
function. Disulphide-containing peptides may be subjected to

reduction by enzymes such as glutathione reductase and thiore-
doxin reductase, or attack by nucleophilic and basic agents lead-
ing to f-elimination, homolytic cleavage, sequestration to other
thio-containing molecules and polymerisation?>.

Several approaches to mitigate the aforementioned draw-
back?**° involved substitution of the disulphide containing
bridge connecting Co(1)-to-Ca(6) in OT by more stable tethers
such as amides®’, thioethers*’, diselenides®, ditellurides****, and
mono- or di-carbon-based bridges®>?® and were sometimes
accompanied by contracting or expanding the endogenous disul-
phide containing 20-membered ring. In general, these modifica-
tions led to a variable loss of biological activity but resulted in
improvement of metabolic plasma stability*°.

The emergence of the disubstituted 1H-[1,2,3]triazol-1-yl moi-
ety, generated by the copper-catalysed azide-alkyne cycloaddition
(CuAAQ) also known as the copper-catalysed Huisgen cycloadd-
ition, is an attractive isosteric and bioequivalent surrogate of the
amide bond and a mimetic of the disulphide function®*—2. Hence
we explored this technology as a replacement of the disulphide
for side chain-to-side chain macrocyclisation of OT>3. Synthetically,
the employment of z-amino acid building blocks presenting side
chains modified by either w-azido or w-ethynyl functions, which
are orthogonal to the commonly employed protecting groups
used in peptide synthesis, and the selective and mild orthogonal
CuAAC that is compatible with a wide range of peptide synthetic
methodologies both in solution and solid state are very appeal-
ing®>>™*. Moreover, the numerous, versatile and subtle structural
permutations accessible in a single given pairwise bridgehead
location of the side chain-to-side chain 1H-[1,2,3]triazol-1-yl-
bridged modification are very attractive. These include the size of
the bridge, the location within, and the orientation, either 1,4- or
4,1-1H-[1,2,3]triazol-1-yl moiety, in the bridge (Figure 1). As such, it
allows access to careful fine tuning of molecular flexibility, side
chain-to-side chain, side chain-to-backbone and intermolecular
interactions. In addition, the chemical and metabolic stability of
the 1H-[1,2,3]triazol-1-yl moiety surpasses the inherent susceptibil-
ity of the disulphide bond and even the amide function®'. Our
leading examples of side chain-to-side chain (1H-[1,2,3]triazol-1-yl)-
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Figure 1. All permutations replacing the disulphide bridge in OT by the side chain-to-side chain 1H-[1,2,3]triazol-1-yl-bridged modification. (A) Partial schematic struc-
ture of the 1,4- and 4,1-(1H-[1,2,3]triazol-1-yl) containing permutations included in this study, where m+n=2-5 and m=1-4 and n=1-4 and (B) OT schematic

structure.



bridged cyclopeptides*’>**>™7 together with numerous reports

from other laboratories attest to the great potential of this side
chain-to-side chain bridging modality. For example, introduction of
Coi)-to-Cali +4) 1,4-(1H-[1,2,3]triazol-1-yl)-containing bridge into
hPTHrP-derived sequence stabilised preferentially turn-helix struc-
tures>>. Bridging positions 5 and 10 in N*Ac[Nle(4),D-Phe(7)]laMSH
(4-10)NH, by either 1,4- or 4,1-(1H-[1,2,3]triazol-1-yl])-containing
bridges of the same size but different in the location of the triazolyl
moiety demonstrated how subtle changes differentially affect the
critical type | f-turn and the biological activity on 4 human melano-
cortin receptor subtypes®®. Application of a similar approach to
octreotide, a potent agonist of the somatostatin receptor, yielded
1H-[1,2,3]triazol-1-yl containing analogues that reproduced closely
only the f-turn conformation and were lacking the dynamic 3,,-
helix - f-turn conformational equilibrium observed in the parent
octreotide™”.

Here, we evaluated the replacement of the disulphide-containing
bridge in OT by 1H-[1,2,3]triazol-1-yl-containing bridge to serve an
unmet need for metabolically stable OT-derived drug candidates
and chemical probes with desired pharmacological activities such as
improved subtype selectivity. Based on our accumulated expertise
in employing the CuAAC methodology introducing intramolecular
side chain-to-side chain macrocyclisation we carried out a system-
atic replacement of the side chain-to-side chain disulphide bridge in
OT by extensive series of homologous permutations (Figure 1). We
report the design, synthesis, conformational and in vitro biological
characterisation of a series of Cu(1)-to- Ca(6)side chain-to-side chain
disubstituted-1,4-/4,1-(1H-[1,2,3]triazol-1-yl)-bridged OT analogues
presenting a systematic permutation of ring size, location and orien-
tation of the triazolyl moiety. Our study offers insight on the impact
of these structural modifications on the in vitro activity and solution
conformation of the novel 1H-[1,2,3]triazol-1-yl)-bridged series of OT
analogues.

Results and discussion
Synthesis strategy

We designed a series of 1,4-/4,1-disubstituted-(1H-[1,2,3]triazol-1-
yl)-bridged i-to-i+ 5 side chain-to-side chain OT homologues that
vary in the size of the heterodetic ring-forming linker connecting
Co(1)-to-Ca(6), the location of the [1,2,3]triazole-1-yl moiety in the
linker Co(1)-(CHz)m-1,4-/4,1-disubstituted-(1H-[1,2,3]triazol-1-yl)-
(CH,),-Cae(6) where m+n=5 (mand n=1, 2,3 and 4, m+n=3
(mand n=1or 2) or m+n=2 (m and n=1) and its orientation
in the linker (Schemes 1 and 2). The synthesis was carried out by
microwave-assisted solid-phase peptide synthesis (MW-SPPS) fol-
lowing our Fmoc/tBu published methodology as previously
reported®?*®, We used N*-Fmoc-w-azido- and N*Fmoc-w-ynoic-
o-amino acids as building blocks to generate two set of precursors
that will differ in the order of incorporating these two comple-
menting blocks. Placing the N*-Fmoc-w-azido- and N*-Fmoc-
w-ynoic-z-amino acids in position 1 and 6, respectively, will gener-
ate the set of 1,4-disubstituted-(1H-[1,2,3]triazol-1-yl)-bridged ana-
logues (Scheme 1, precursors I-VII). Placing the same
complementing building blocks in the reversed order, namely
positions 6 and 1, respectively, will generate the set of 4,1-disub-
stituted-(1H-[1,2,3]triazol-1-yl)-bridged analogues (Scheme 2, pre-
cursors IR’-VIIR’).

Deprotection and cleavage from resin generated the linear pre-
cursors I’-VII' and IR’-VIIR’ that were then submitted to CuAAC-
mediated solution phase intramolecular macrocyclisation procedure
as previously reported®®°. Following this procedure we converted
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successfully the linear precursors I'-VI' and IR’-VIR' to the respect-
ive cyclic OT homologous series I-VI and IR-VIR with yields rang-
ing from 15 to 45% (Scheme 3). However, the same procedure
when applied to the linear precursors VII' and VIIR’ failed to gener-
ate the anticipated respective VII and VIIR. In this series the cyclic
analogues VII and VIIR present the shortest bridge (-CH,-1,4-/4,1-
1H-([1,2,3]triazol-1-yl)-CH,-), which could lead to a slow and ineffi-
cient solution phase intramolecular cyclisation. On the other hand,
performing the intramolecular on-resin MW-assisted CuAAC-medi-
ated macrocyclisation following the method reported by D’Ercole
et al.>?, yielded the anticipated macrocyclic products VII and VIIR
in 15% and 40%, respectively (Scheme 3). The critical on-resin
"infinite" dilution of the resin-bound linear precursor enabled the
effective CuAAC-mediated intramolecular cyclisation and yielded
the anticipated products. The OT used in this study as a reference
peptide in the biological assays was synthesised by Fmoc/tBu SPPS
strategy. The purity of each peptide in the entire series of 1,4- and
4,1-(disubstituted (1H-[1,2,3]-triazol-1-yl)-containing OT analogues I-
VIl and IR-VIIR was established by RP-HPLC-MS analysis and was
>95% (Table 1). The structural identity and integrity of OT and ana-
logues was confirmed by LC— MS (see Figure S1 A-Q) as well as
"H-, 13C-, and ">N-NMR (see Tables S1-S15).

Pharmacodynamic properties of OT analogues

For pharmacological characterisation of the 1H-[1,2,3]triazol-1-yl-
containing oxytocin analogues (I-VII and IR-VIIR) we analysed
their affinity via radioligand binding assays in cell membranes sta-
bly expressing the human oxytocin receptor. Functional receptor
G, activation was measured utilising the homogeneous time
resolved fluorescence (HTRF) inositol-1-phosphate (IP-1) protocol
with human OTR in a stable HEK293 cell line®®®",

All peptides were screened in a one-point radioligand displace-
ment assay to identify lead compounds for in-depth pharmaco-
logical characterisation. Compounds I, IR, lll, R, VI, VIR and
VIIR (each at 10uM) did not displace the radioligand from the
receptor with >30% efficacy and were hence considered as
“inactive.” On the other hand, compounds IV, IVR, V and VII dis-
placed tritiated OT from the OTR with an efficacy of >50% (Figure
2(A)). The most promising compounds from the pre-screen, i.e. IV
and IVR (as our lead pair), as well as I, VI, VR, VII and VIIR (for
comparison) were measured in competitive radioligand binding
experiments to determine their affinity (Table 2). Compound IV
and IVR displaced tritiated OT with a K; of ~2.80 uM and 0.68 uM,
respectively (Figure 2(B), Table 2). The two lead analogues were
further analysed in second messenger functional assays for
potency and efficacy to activate the OTR. OTR-dependent activa-
tion of the G4-pathway was measured by detecting the accumula-
tion of IP-1, a downstream metabolite of D-myo-inositol 1,4,5-
trisphosphate (IP-3). Compound IV activated the OTR with an ECsg
of 0.65 uM and E,,, of 32.6% suggesting partial agonism, whereas
very low level of receptor activation by IVR was observed for con-
centrations up to 10uM (Figure 2(C)), suggesting that it may be
an inhibitor. To investigate the mechanism of antagonism (com-
petitive vs. non-competitive), we performed Schild regression ana-
lysis of IVR on the oxytocin receptor. Here, we measured
concentration-dependent activation of the receptor by its
endogenous ligand OT alone or in presence of several concentra-
tions of IVR (100nM, 300 nM, 1uM and 3 uM). As expected for a
competitive antagonist, we observed a dextral shift of the oxyto-
cin potency without affecting the efficacy (Figure 2(D), Table 3)
resulting in a linear regression slope of 1.0+0.12 and a pA2 value
of 7.1 (~79nM functional inhibitory affinity) (Figure 2(E)).


https://doi.org/10.1080/14756366.2023.2254019
https://doi.org/10.1080/14756366.2023.2254019

4 (&) F.NUTIETAL

Linear Precursor

[1,2,3]triazolyl containing cyclo-peptides

r H-Nle(&-Ns)- Tyr Ile-Gln-Asn-Pra-Pro- 1
Leu-Gly-NH;

1’ H-Nva(5-N3)-Tyr-Ile-Gln-Asn-Hex(5- 1
ynoic)-Pro-Leu-Gly-NH;

e H-hAla(y-N3)-Tyr-Ile-Gln-Asn-Hept(6- I
ynoic)-Pro-Leu-Gly-NH;
v’ H-Ala(f-N3)-Tyr-le-Gln-Asn-Oct(7- v

ynoic)-Pro-Leu-Gly-NH:

v*  H-hAla(p-N3)-Tyr-Ile-Gln-Asn-Pra-Pro- \Y
Leu-Gly-NH:

vr H-Ala(p-N3)-Tyr-Ile-Gln-Asn-Hex(5- VI
ynoic)-Pro-Leu-Gly-NH:
vie  H-Ala(p-N3)-Tyr-Ile-GIn-Asn-Pra-Pro- v/

Leu-Gly-NH:

/N:N
N
/ )1
H-NHCHCO-Tyr-lle-GIn-Asn-NHCHCO-Pro-Leu-Gly-NH,
N—=N

(PTN/\)_W)z

H-NHCHCO-Tyr-lle-GIn-Asn-NHCHCO-Pro-Leu-Gly-NH,

( 4

/N_‘—__N
(P*N\ /H)
2 3
H-NHCHCO-Tyr-lle-GIn-Asn-NHCHCO-Pro-Leu-Gly-NH,
N:N

( WN/\)—W )4

H-NHCHCO-Tyr-lle-GIn-Asn-NHCHCO-Pro-Leu-Gly-NH,

N—=N

WTN/Q—%

H-NHCHCO-Tyr-lle-GIn-Asn-NHCHCO-Pro-Leu-Gly-NH»

N—

(‘)1 N/ /\ (‘)2

H-NHCHCO-Tyr-lle-GIn-Asn-NHCHCO-Pro-Leu-Gly-NH
N—N

At

H-NHCHCO-Tyr-lle-Gln-Asn-NHCHCO-Pro-Leu-Gly-NH»

All amino acids are of the L configuration

Scheme 1. Sequences of the linear precursors H-Xaa'-Tyr-lle®-GIn*-Asn>-Yaa®-Pro’-Leu®-Gly>-NH, (I-VII) and of the 1,4-(1H-[1,2,3]triazol-1-yl) containing cyclopeptides
(I-VID), {[H-Ala(&")-Tyr*-lle*-GIn*-Asn*>-Ala(&)-Pro’-Leu®-Gly®-NH,]} {[1-[&"(CH,)p]-1H-1,2,3-triazol-4-yl]-(CH,),&'1} **> with m+n=5, 3 or 2 and m and n=1-4, 1-2, or

1. All amino acids are of the L configuration.

Stability of triazolyl constrained analogues IV and IVR in serum
of pregnant woman

To confirm the increased enzymatic stability of the triazolyl con-
strained analogues of OT, we tested the serum stability of the par-
tial agonist and competitive antagonist IV and IVR, respectively.
We selected serum of woman at 40th week of pregnancy, contain-
ing high concentration of oxytocinase, a specific aminopeptidase
reported to be the main player of OT plasma degradation®*™%°,
Peptides IV, IVR, and OT (as control) were incubated at 37°C in
phosphate buffer at pH 7.2 and in the selected serum. Their stabil-
ity was evaluated at different points (1, 3, 5, 20, 24, and 48h) by
RP-HPLC-MS (Figure 3).

In phosphate buffer the native OT exhibited a half-time (t'/,) of
24 h and after 72 h no traces of OT were observed in RP-HPLC. In
woman serum at 40th week of pregnancy, native OT showed a
shorter half-life of 16h and after 48h it was not detectable by
analytical RP-HPLC. On the other hand, both IV and IVR analogues
exhibited a stronger stability as compared to native OT. After
incubation at 37 °C in the selected serum, the half-life time of ana-
logues IV and IVR was greater than 48 h demonstrating greater
stability than the native OT (t;, = 16h). Only after 10days of
incubation in serum both [1,2,3]triazol-1-yl-containing analogues
were not detectable by analytical RP-HPLC (not shown).
As previously reported by Muttenthaler et al.>°, no traces of linear
reduced analogues were observed.
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Linear Precursor

[1,2,3]triazolyl containing cyclo-peptides

IR
, H-Oct(7-ynoic)-Tyr-lle-Gln-Asn-
IR Ala(B-N3)-Pro-Leu-Gly-NH:
IR
H-Hept(6-ynoic)-Tyr-Ile-Gin-
IIR’ Asn-hAla(y-N3)-Pro-Leu-Gly-
NH;
IR
H-Hex(5-ynoic)-Tyr-Ile-Gln-
IR’ Asn-Nva(5-N3)-Pro-Leu-Gly-
NH:
H-Pra-Tyr-Ile-GIn-Asn-Nle(&- IVR
IVR® N3)-Pro-Leu-Gly-NH:
, H-Hex(5-ynoic)-Tyr-Ile-Gin-
VR Asn-Ala(p-N3)-Pro-Leu-Gly-NH: YR
, H-Pra-Tyr-1le-Gln-Asn-hAla(y-
VIR N3)-Pro-Leu-Gly-NH: VIR
H-Pra-Tyr-1le-Gin-Asn-Ala(f-
VIIR’ VIIR

N3)-Pro-Leu-Gly-NH:

N—=N

g

H-NHCHCO-Tyr-lle-GIn-Asn-NHCHCO-Pro-Leu-Gly-NH,

Ly,

H-NHCHCO-Tyr-lle-GIn-Asn-NHCHCO-Pro-Leu-Gly-NH,

—N

g

H-NHCHCO-Tyr-lle-GIn-Asn-NHCHCO-Pro-Leu-Gly-NH,

N—=N

i,

H-NHCHCO-Tyr-lle-GIn-Asn-NHCHCO-Pro-Leu-Gly-NH,

N—N

<W\ﬂ>1

H-NHCHCO-Tyr-lle-GIn-Asn-NHCHCO-Pro-Leu-Gly-NH

N——=N

<W\Nﬂ)2

H-NHCHCO-Tyr-lle-GIn-Asn-NHCHCO-Pro-Leu-Gly-NH»

H-NHCHCO-Tyr-lle-GIn-Asn-NHCHCO-Pro-Leu-Gly-NH,,

All amino acids are of the L configuration

Scheme 2. Sequences of the linear precursors H-Yaa'-Tyr-lle*-GIn®-Asn®-Xaa®-Pro’-Leu®-Gly>-NH, (IR™-VIIR") and of the 4,1-(1H-[1,2,3]triazolyl containing cyclopeptides
(IR-VIIR), {[H-Ala(&")-Tyr*-lle>-GIn*-Asn>-Ala(8%)-Pro”-Leu®-Gly®-NH,]} {[1-[&"(CH,)m]-1H-1,2,3-triazol-4-yl-(CH,),&'1} >* with m+n=35, 3, or 2 and m and n=1-4, 1-2,

or 1. All amino acids are of the L configuration.

Conformational analysis in aqueous solution

The conformational space of OT and of the 14 analogues was ana-
lysed by CD and NMR spectroscopy in water. NMR structures were
generated by molecular dynamics calculation under distance and
dihedral angle restraints derived from 'H-'H rotating-frame
Overhauser effects (ROEs) and 3Junu, coupling constants, respect-
ively. Figure 4 presents the conformational ensembles obtained

for all peptides of this study. A superimposition of each analogue
conformer displaying the lowest root-mean-square deviation with
OT structure is also provided in Supplementary Information
(Figure S5 and Table S18), to show the degree of structural simi-
larity (or difference) to OT. RMS deviations are indicated in
Table S18.
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Scheme 3. General procedure CuAAC intramolecular macrocyclisation of either 1,4- or 4,1-disubstituted-(1H-[1,2,3]triazol-1-yl) containing OT analogues (A and B
respectively) carried out in solution (I-VI and IR-VIR) (a)¥°¢ (R=NH,) or by on-resin microwave-assisted strategy (VII-VIIR) (b)*? (X= tBu; Y=Trt; R=Tentagel® S

RAM resin).

Table 1. Analytical characterisation data for peptide I-VII and IR-VIIR.

Peptides permutations ESI-MS (m/z) Quantity
Orientations (m+m=) HPLC (Rt, min)? found® (calcd) HPLC purity % (mg)
Native Oxytocin 3.53 1007.63 (1008.15) 96 5
1,4-(1H-[1,2,3]triazol-1-yl) 1 (4+1=5) 3.58 1052.85 (1052.56) 95 7
Il 3+2=5) 3.37 1052.86 (1052.56) 96 6
I 2+3=5) 3.42 1052.87 (1052.56) 95 2
IV(1+4=5) 3.62 1052.86 (1052.56) 96 6
VQR2+1=3) 3.65 1024.83 (1024.62) 98 6
VI(1+2=3) 3.37 1024.95 (1024.62) 95 4
VIE(14+1=2) 3.48 1010.78 (1010.5) 98 5
4.1-(1H-[1,2,3]triazol-1-yl) IR(4+1=5) 3.58 1052.82 (1052.56) 97 5
IR (3+2=5) 3.25 1052.75 (1052.56) 96 7
IR 2+3=5) 3.48 1052.88 (1052.5) 95 2
IVR (1+4=5) 3.68 1052.74 (1052.56) 98 25
VR(2+1=3) 3.65 1024.82 (1024.62) 96 20
VIR (14+2=3) 3.45 1024.83(1024.62) 97 22
VIR(1+1=2) 3.55 1010.79 (1010.5) 98 15

Notes: Characterisation of the oxytocin peptides I-VIl and IR-VIIR. (CuAAC-macrocyclised oxytocin analogues) was performed by analytical HPLC using a Waters
ACQUITY HPLC coupled to a single quadrupole ESI-MS (Waters® ZQ Detector, Waters Milford, MA, USA) supplied with a BEH C18 (1.7 um 2.1 x 50 mm) column at
35°C, at 0.6 mL/min with solvent system A (0.1% TFA in H,0) and B (0.1% TFA in CHsCN), Gradient elution was performed with a flow of 0.6 mL/min and started at

10% B, with a linear increase to 90% B in 5 min.

*Analytical HPLC gradients at 1 mL min~"' 10-60% B in 5 min, solvent system A: 0.1% TFA in H,0, B: 0.1% TFA in CH5CN; bDetected as [M+H]I.

First of all, OT conformation was studied at 5°C in water as a
reference to validate our molecular mechanics calculation proto-
col. As in the previously published NMR PDB solution structure of
OT (2MGO), we confirmed that oxytocin preferentially adopts a
type | f-turn conformation in water centred on lle(3)-GIn(4) resi-
dues. This is supported by the observation of characteristic ROEs
(lle(3) HN/GIn(4) HN, GIn(4) HN/Asn(5) HN, and Tyr(2) H6/GIn(4) HN
ROEs (Table S16). A typical hydrogen bond between the carbonyl
group of Tyr(2) and the HN group of Asn(5) is observed in the
NMR structures (Figure 4). The analysis of amide proton tempera-
ture coefficients indicates that HN protons in Asn(5) and Cys(6)
are more sequestered from solvent than in other residues (AGHN/
AT of —5.5 and —5.1 ppb/°C, respectively, in comparison with an
average value of —7.5ppb/°C) (Table S17). This is in agreement
with the orientation of both HN groups towards the interior of
the peptide macrocycle in the NMR structures. The CD spectrum
of OT shows a negative band around 195nm and a positive band
around 225 nm, which reflects the presence of folded conforma-
tions (Figure S2). However it differs from the signature observed
for short model peptides adopting a canonical type | f-turn struc-
ture®®®’, indicating that the type | -turn contribution of residues
2-5 may be masked by contributions of other residues of OT to
the CD spectrum.

The NMR analysis of 1H-[1,2,3]triazol-1-yl-containing OT ana-
logues reveals some similarities with OT in Hx and Coa chemical
shifts (Figure S4), together with the presence of sequential HN/HN
ROEs and some medium-range ROEs (Table S16) indicative of the
presence of folded conformations. Interestingly, all peptides show
a deshielding of Tyr(2) Ha, a shielding of lle(3) and GIn(4) Ho pro-
tons, and a deshielding of lle(3) and GIn(4) Co carbons (Tables
S15-S16 and Figure S4). However, differences can be observed in
the set of ROE correlations and the amide proton temperature
coefficients, reflecting different turn propensities and stabilities. As
in OT peptide, a type | fS-turn conformation centred on lle(3)-
GIn(4) is observed in the NMR structures of 10 out of the 14 ana-
logues studied (Figure 4 and Tables S1-517). Some analogues also
populate inverse y-turn conformations on Asn(5) (lll, IR, VIR) or a
type | p-turn shifted on GIn(4)-Asn(5) (VII). The analogue IR has a
310 helical folding with a double turn conformation, in agreement
with the helical CD signature, which departs from that of other
analogues (Figures S2 and S3). In all structures, the exocyclic C-ter-
minal Pro(7)-Leu(8)-Gly(9)-NH, extension is highly flexible, as sup-
ported by near random coil values of the Ha and Ca chemical
shifts (Figure S4) and very negative temperature coefficients of
amide protons (Table S17). OT analogues IV and IVR have the
most interesting pharmacological properties. In both analogues
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Figure 2. Pharmacology of oxytocin analogues. (A) One-point radioligand displacement experiments. Percentage specific displacement of [*H]-OT from the OTR (n=2)
by compounds I-VII and IR-VIIR (10 pM) normalised to control (10 uM OT). Specific displacement is displayed as a heatmap in greyscale ranging from white (0% spe-
cific displacement) to black (100% specific displacement); radioligand bound, i.e. H-OT at 0% displacement corresponds to an average of 3775 fmoles/mg protein,
respectively. (B) Concentration-dependent displacement of [BH]-OT from the OTR by compounds | (n=2), IV (n=2), IVR (n=3), V (n=4), VR (h=2), VIl (h=4) and
VR (n=2). Eleven semi-logarithmic spaced concentrations were measured in the range from 1nM to 100 pM. Specific binding was calculated by subtracting the non-
specific binding (determined with 10uM OT) from the total binding. The data were normalised to 100% specific binding of [*H]-OT, which refers to an average of
1000-1500 fmoles/mg protein for oxytocin receptor and fitted by nonlinear regression (slope = 1). (C) Ligand induced activation of the Gq-pathway. Concentration-
dependent formation of inositol-1-phosphate (IP-1) by compound IV (n=3) and IVR (n=3). The ligand induced formation of IP-1 was measured in HEK293 cells (10*
cells/well) stable expressing the oxytocin receptor after stimulation for 1h at 37 °C with ligands. Data are mean = SD of three independent experiments with three tech-
nical replicates. (D) Accumulation of IP-1 by stimulation of OTR with OT (30 pM-1 M) in the absence or presence of 100 nM, 300 nM, 1 uM or 3 uM of IVR. Data are
normalised to percentage of maximal receptor activation, measured at the highest OT concentration, and are shown as mean +SEM (n=4). (E) Schild regression ana-
lysis of IVR at the OTR: A =ECs, of OT alone; A’ =ECs, of OT in presence of IVR; B=logarithm of IVR concentration; Schild slope = 1.0+0.2 (SEM), R? =0.96.

the disulphide bridge is replaced by a longer 1H-[1,2,3]triazol-1-yl-
containing bridge, where m=1, n=4 and m+n=>5, as compared
with the —~CH,-5-5-CH,- in OT and the location of the 1H-[1,2,3]tria- Table 2. Pharmacological properties of clicked OT analogues at OTR.
zol-1-yl moiety in the bridge is shifted by only one methylene

Potency/efficacy IP-1

from the N-proximal bridgehead. The only difference between IV  Ligand Affinity binding
and IVR is the 1H-[1,2,3]triazol-1-yl orientation 1,4- vs 4,1-, respect- Ki £ SEM (M) ECso + SEM (M) Emax + SEM (%)
ively. They share a common CD signature with oxytocin, with a ?T ;;J—"OJ x 187:) 3-211-7dX 107° 97-4§0-3
L o, N S 8+1.1%x 10" n.d. n.d.
similar po§|t|ve cgntrlbutlon around 230nm |nd|§at|ve of fF)Ided v 28416 x10-° 65422510~ 326421
conformations (Figure S2). Nevertheless, a different picture |yg 68+05x 107 17407 %105 19.8+53
emerges from the NMR analysis. While peptide IVR shows all diag- v 40+07x10°° n.d. n.d.
nostic ROEs of a type | f-turn centred on lle(3)-GIn(4), similar to xﬁ 1.2+0.1 x 107: nd. nd.

. e 2514 x10™ 25+03 x 10" 80.4+2.0
OT, peptide IV on the other hand lacks characteristic lle(3) HN/ VIR 31407%x10°° nd. nd.

GIn(4) HN and Tyr(2) Ho/GIn(4) HN ROE correlations (Table S16),

- . Note: Dat from two to three independent iments (n > 2).
thus appearing to be more flexible, as compared to IVR. ote: Data are from two to three independent experiments (n = 2)
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Comparison with the active conformation of oxytocin in the
OTR binding site

Recent publication of the structure of the oxytocin receptor (OTR)-
OT-G-protein complex (PDB: 7QVM) allows the comparison of the
receptor-bound conformation of OT to the NMR structure in

Table 3. Antagonist properties of oxytocin analogues IVR at OTR.

Potency/efficacy IP1

Ligand ECso + SEM (M) Emox = SEM (%)
oT 21404 %1078 99.5+7.7
+IVR 100 nM 29407 %1078 96.8+9.0
300nM 42+0.1x1078 1145+29
Y 16+03x 1077 103.7+7.9
3uM 26+09%x 1077 106.6 +£8.2
Note: Data are from four independent experiments (n =4).
100 )

—— native OT

- |V
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Figure 3. Serum stability. Stability of OT native, IV and IVR analogues in woman
serum at 40th week of pregnancy (n = 2).

m+n=5

aqueous solution. Even if a f-turn conformation is observed in
both structures, it is important to note that the turn position is
shifted from lle(3)-GIn(4) in water to Tyr(2)-lle(3) in the stabilised
mutant [D153Y]JOTR-OT bound conformation. In it, lle(3) is buried
in a hydrophobic pocket formed by side-chain residues of trans-
membrane helices (TMs) 1I-VI and VII and the Tyr(2) penetrates
deeply into a pocket lined up by TMs II, lll, VI and VII*®, In add-
ition, the cryo-electron microscopy (cryo-EM) structure of wild-
type OTR in complex with OT and G protein (PDB: 7RYC) also
reveals that Tyr(2) of OT sits deep within the receptor core along-
side TM VII and TM |II, and lle(3) occupies a hydrophobic pocket
formed on TM V. Activation of the OTR leads to a perturbation
of TM VII that results in partial unfolding and formation of a kink
in proximity to the extracellular receptor side®®. This indicates that
the predominant conformation of OT in water may not be the
bioactive conformation and that binding to OTR implies conform-
ational selection of otherwise a weakly populated conformer in
solution and/or an induced fit conformational transition.
Therefore, the divergent pharmacological properties of pepti-
des IV and IVR cannot be directly inferred from the differences in
the conformational space in solution. To get insight on the steric
impact of the 1H-([1,2,3]triazol-1-yl)-containing cyclization on the
putative bound conformation, we decided to model peptides IV
and IVR conformations to fit to the receptor-bound OT conform-
ation. We also applied the same superimposition protocol on pep-
tide IIR that is inactive (Table 3) and in which the triazolyl ring is
shifted by —(CH,)s— from the N-proximal bridgehead that corre-
sponds to Cys(1) in OT. The superimposition of peptide IIR adopt-
ing the receptor-bound conformation of OT indicates that the 1H-
[1,2,3]triazol-1-yl ring would be centred at the Co atom of Cys(6)
in OT, but it will impose a steric clash between Pro(7) in OT and
W(188) located in the extracellular loop 2 (ECL2) connecting TMs

m+n=3

IVR

Figure 4. Superimposition of the 20 lowest energy structures of OT and analogues in water. Backbone atoms are shown with the following colours: carbon in cyan,
nitrogen in blue, oxygen in red, amide hydrogen in white. The side-chain atoms of the bridging residues (1,6) are also displayed (carbon in green, sulphur in yellow).
When present, hydrogen bonds are highlighted in black. As in OT, analogues IR, Il and IIR, IVR, V and VR, VI and VIR, and VII and VIIR adopt the type | -turn con-
formation centred on lle(3)-GIn(4) (the H-bond between Tyr(2) CO and Asn(5) HN groups is highlighted in black). Peptide | exhibits a H-bond between residue 6 amide
proton and one nitrogen of the triazole ring. Peptides IlI, IR and VIR present an inverse y-turn on Asn(5). Peptide IV has a flexible skeleton.
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Figure 5. Superimposition of peptides IIR (yellow), IV (orange), IVR (pink) onto OT (cyan) in the OTR receptor (PDB 7QVM). Residues of OTR in close contact with OT
ligand (distance < 5A) are coloured in green. Only the side chains of W188, M315 and L316 are shown. Analogues II, IV, IVR were modelled by constraining dihedral
angles to adopt the bioactive conformation of OT. The 1H-[1,2,3]triazol-1-yl ring in peptides II, IV, IVR is indicated by an arrow.

IV-V (Figure 5). Conversely, in the active analogues IV and IVR,
the triazole moiety like the disulphide bridge is shifted only by
one —CH,- from the N-proximal bridgehead and occupies the pos-
ition of Sy atom in Cys(1) of OT, and like OT it is facing the apolar
OTR residues M(315) and L(316) in TM VII. Comparing the orienta-
tions of the exocyclic C-terminal tripeptide extension in the
inactive lIR with the orientation of the same tripeptides in the
active analogues IV and IVR reveals the latter are closer aligned
with that of OT and unlike the one in IIR does not experience the
steric hindrance imposed by the proximity to W(188). Apparently,
the exocyclic C-terminal amidated extension of OT is facing ECL2
and ECL3 of the cognate receptor and is critical for its activation.
Nevertheless, lack of perfect overlap of the C-terminal extension
of OT with those of the weakly active analogues IV and IVR may
account for their weak affinity to the OTR.

The stronger binding affinity and the negligible efficacy of ana-
logue IVR relative to analogue IV (Figure 2(B,C) and Table 2)
raised the interest to characterise the antagonistic properties of
analogue IVR. Indeed, analogue IVR did behave as a competitive
weak antagonist able to shift dose dependently the binding curve
to the right (Table 3 and Figure 2(D)) and generated a Schild
regression plot with a slop of 1 that is characteristic for a competi-
tive antagonist (Figure 2(E)). Examination of the superimposition
of analogues IV and IVR onto the OT bound conformation when
bound to the active conformation of OTR®® (Figure 5) does not
provide any insight that can explain the antagonistic properties of
IVR. Since the main conformational characteristics of analogue
IVR (but not analogue IV) are similar to those of OT (Tables S16
and S17) and formally, the only structural difference between ana-
logues IV and IVR is the reversed orientation of the 1H-

[1,2,3]triazol-1-yl moiety in the bridge (1,4- and 4,1-, respectively),
it is plausible to attribute the weak antagonism in the latter to
this structural discrepancy.

Conclusions

Our systematic replacement of the disulphide-containing bridge in
OT with 1H-[1,2,3]triazol-1-yl containing bridges generated a het-
erodetic series of 2 sets of 7 analogues. The first set is comprised
of analogues presenting the 1,4-1H-[1,2,3]triazol-1-yl (I-VIl) while
the second set is comprised of analogues presenting the reversed
orientation 4,1-1H-[1,2,3]triazol-1-yl (IR-VIIR). Each set duplicates
the same permutations in terms of size of the bridge and the
location of the of 1H-[1,2,3]triazol-1-yl moiety within the bridge.
The aim of the present study is to understand how the replace-
ment of the native —CH,-S-S-CH,— bridge by -(CH,),-1,4-/4,1-1H-
([1,2,3]triazol-1-yl)-(CH,),— will affect binding affinity, receptor
selectivity, potency of signalling, conformation and metabolic sta-
bility. Interestingly, the design of this study that included an
extensive and systematic scope of structural permutations pro-
vides an appreciation to how minor structural modifications have
such major impacts on potency, conformation, and serum stability.
Specifically, the most interesting analogues emerging from our
study are IV and IVR, a weak partial agonist and a competitive
weak antagonist, respectively. In both analogues the disulphide
bridge is replaced by a longer 1H-[1,2,3]triazol-1-yl-containing bridge,
where m=1, n=4 and m+n=5, as compared with the —CH,-S-S-
CH,- in OT and the location of the 1H-[1,2,3]triazol-1-yl moiety in the
bridge is shifted by only one methylene from the N-proximal
bridgehead. The only structural difference between analogues IV


https://doi.org/10.1080/14756366.2023.2254019
https://doi.org/10.1080/14756366.2023.2254019

10 (&) F.NUTIET AL

and IVR is the reversed orientation of the 1H-[1,2,3]triazol-1-yl
moiety in the bridge (1,4- and 4,1-, respectively). The conform-
ational ensembles obtained for all peptides of this study by a
detailed NMR analysis in solution reveal some similarities with
OT in Ha and Ca chemical shifts together with the presence of
sequential HN/HN ROEs and some medium-range ROEs indicative
of the presence of folded conformations. Differences were
observed in the set of ROE correlations and the amide proton
temperature coefficients, reflecting different turn propensities
and stabilities. In particular while peptide IVR shows all diagnos-
tic ROEs of a type | f-turn centred on lle(3)-GIn(4), similar to OT,
peptide IV lacks characteristic lle(3) HN/GIn(4) HN and Tyr(2)
Ho/GIn(4) HN ROE correlations. However, the divergent pharma-
cological properties of peptides IV and IVR cannot be directly
inferred from the differences in the conformational space in solu-
tion, as previously demonstrated by the structure of the receptor
(OTR)-OT-G-protein complex (PDB: 7QVM) and the cryo-EM struc-
ture (PDB: 7RYC). Modelling of peptides IV and IVR conforma-
tions to fit to the receptor-bound OT conformation, compared to
inactive peptide IIR, demonstrated that in the active analogues
the triazole moiety like the S-S bridge is shifted only by one
—CH,- from the N-proximal bridgehead and occupies the position
of Sy atom in Cys(1) of OT, and like OT it is facing the apolar
OTR residues M(315) and L(316) in TM VII. Moreover, orientations
of the exocyclic C-terminal tripeptide extension (common to
both active and inactive analogues) in the active analogues
reveal that are closer aligned with that of OT and unlike the one
in IR do not experience the steric hindrance imposed by the
proximity to W(188). Nevertheless, lack of perfect overlap of the
C-terminal extension of OT with those of IV and IVR may
account for their weak affinity to the OTR. Anyway, competitive
weak antagonistic activity of IVR compared to IV can be
explained with its main conformational characteristics similar
to OT.

In conclusion it is plausible to attribute the weak antagonism
in IVR to this structural discrepancy. However, it is relevant to
point out that both analogues exhibit significant increase in meta-
bolic stability relative to OT, when incubated in serum taken from
pregnant women at week 40. Therefore, we are very encouraged
by the insight gained in this study and are planning to launch a
second round that will add local conformational constraints to the
1H-[1,2,3]triazol-1-yl-containg bridges reported herein. Better
understanding of the structural features contributed by the 1H-
[1,2,3]triazol-1-yl moiety relative to those of the disulphide func-
tion will allow to improve the design of cyclic peptides endowed
with tailored biological and pharmacological profiles.

Experimental section
Materials

Fmoc-L-Pra-OH, (2S)-2-(Fmoc-amino)-5-hexynoic acid (Fmoc-L.-Hex(5-
ynoic)-OH),  Fmoc-L-f-azido-Ala-OH, = Fmoc-L-4-azido-homoalanine
(Fmoc-L-hAla(y-N3)-OH), Fmoc-L-Nva(d-N3)-OH and Fmoc-L-Nle(6-N3)-
OH were purchased by MERCK KGaA (Darmstadt Germany);
(25-2-Fmoc-amino)-7-octynoic  acid (Fmoc-L-Oct(7-ynoic)-OH) was
purchased by Acrotein ChemBio™ (Hoover, USA); (25)-2-(Fmoc-
amino)-6-hexynoic acid (Fmoc-L-Hept(6-ynoic)-OH) was purchased
by Ambeed (Arlington, USA). Fmoc-protected amino acids and
Rink-amide Wang resin, N,N'-Diisopropylcarbodiimide (DIC),
oxyma (Ethyl cyanohydroxyiminoacetate), 2-(1H-benzotriazol-1-
yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) were
purchased from Iris Biotech GmbH (Marktredwitz, Germany);

Tentagel® S RAM resin was purchased from Rapp Polymere
(Tuebingen, Germany); Peptide-synthesis grade N,N-dimethylfor-
mamide (DMF), acetonitrile (ACN), trifluoroacetic acid (TFA) were
purchased from Carlo Erba (Milan, Italy). Piperidine, diisopropyl
ether (iPr,0) and triisopropyl silane (TIS) were purchased from
Sigma-Aldrich (Milan, Italy).

Sample collection

One serum sample from a 40th week pregnant woman was used
as control, and obtained within the study protocol 2020_0119314
approved by the AVEN ethics committee in Reggio Emilia (Italy)
on 15th October 2020. The study was performed according to the
Declaration of Helsinki, and written informed consent was
obtained as appropriate.

Synthesis of all linear precursors H-Xxx'-Tyr’-lle*-GIn*-Asn’-
Yyy®-Pro’-Leu®-Gly°-NH, (I-VII’ and IR’-VIIR’)

The OT linear precursor peptides I'-VI' and IR’-VIR’ were per-
formed on Rink-amide Wang resin (0.64 mmol/g, 250 mg) and in
case of linear peptides VI' and VIIR’ on Tentagel® S RAM
(0.23 mmol/g, 435mg) by microwave-assisted solid-phase peptide
synthesis (MW-SPPS) following the Fmoc/tBu strategy, using the
Liberty Blue™ automated microwave peptide synthesiser (CEM
Corporation, Matthews, NC, U.S.A.). Fmoc-deprotections were per-
formed with a solution of 20% piperidine in DMF (2 M). Peptide
assembly was performed by repeating the MW-SPPS standard cou-
pling cycle for each amino acid, using Fmoc-protected amino
acids (2.5 equiv, 0.4M in DMF), oxyma pure (2.5 equiv, 1M in
DMF) and DIC (2.5 equiv, 3M in DMF). The coupling of unnatural
amino acids N*-Fmoc-Xxx(w-N3)-OH was performed using the
protocol described by D'Ercole et al.>? Both deprotection and cou-
pling reactions were performed in a Teflon vessel with microwave
energy and nitrogen bubbling. Cleavage of OT linear peptides (I'-
VI’ and IR’-VIR’) from the resin and simultaneous deprotection of
the amino-acid side chains were carried out with a mixture of
TFA/TIS/H,0O (95:2.5:2.5, v/v/v, TmL/100mg of resin-bound pep-
tide) for 3h with vigorous shaking at room temperature. Resin
was filtered and washed with TFA. The filtrate was concentrated
under N,, addition of cold iPr,0O resulted in a precipitate that was
separated by centrifugation, dissolved in H,O, and lyophilised.
Lyophilised crude linear peptides (I’-VI' and IR’-VIR’) were puri-
fied by Biotage® Isolera™ Systems instrument (Uppsala, Sweden)
on SNAP Ultra C18 (259g) column at 20 mL/min using a gradient
0-60% of B. The used solvent systems: A (0.1% TFA in H,0O) and B
(0.1% TFA in ACN).

Synthesis of {[H-Xxx(&')-Tyr-lle-GIn-Asn-Yyy(&?)-Pro-Leu-Gly-
NHy] [1-[&' (CH>)]-1H-1,2,3-triazol-4-yl]-(CH,) &1} with
m+n=5 or 3 and m or n=1-4 (I-VI) and {[H-Xxx(&')-Tyr-Ile-
GIn-Asn-Yyy(&°)-Pro-Leu-Gly-NH,] [1-[&" (CH,),,]-1H-1,2,3-triazol-
4-yl]-(CH,),&%]} with m+n=5 or 3 and m or n = 1-4 (IR-VIR)

The nomenclature used herein was formulated by Spengler et al
and was referenced and used by us previously>>. Purified linear
peptide precursors I'-VI’ and IR’-VIR’ (>95% purity) were sub-
jected to CuAAC cycloaddition using the same conditions to those
reported previously by us®®. The intermolecular macrocyclisation
was monitored by RP-HPLC ESI-MS. Complete conversion of all lin-
ear precursors into the desired (1H-[1,2,3]triazol-4-yl)-containing
cyclopeptides I-VI (Scheme 1) and (1H-[1,2,3]triazol-1-yl)-



containing cyclopeptides IR-VIR (Scheme 2) was achieved after
18h. The crude (1H-[1,2,3]triazolyl-containing cyclopeptides I-VI
and IR-VIR were purified by Biotage® Isolera™ Systems instru-
ment (Uppsala, Sweden) on SNAP Ultra C18 (259g) column at
20 mL/min using a gradient 0-60% of B. The used solvent systems:
A (0.1% TFA in H,0) and B (0.1% TFA in ACN). The copper salts
were removed by elution with H,O before the initiation of the
gradient. Characterisation of the OT cyclopeptides was performed
by analytical HPLC using a Waters ACQUITY HPLC coupled to a
single quadrupole ESI-MS (Waters® ZQ Detector, Waters Milford,
MA, U.S.A) supplied with a BEH C18 (1.7 um 2.1 x 50 mm) column
at 35°C, at 0.6 mL/min with solvent system A (0.1% TFA in H,0)
and B (0.1% TFA in ACN). Gradient elution was performed with a
flow of 0.6 mL/min and started at 10% B, with a linear increasing
to 90% B in 5min. Data were acquired and processed using
MassLynx software (Waters, Milford, MA, U.S.A). The analytical
data are reported as detail in Table 1, Figure S1 B-G and S1 I-N.

Synthesis of {[H-Ala(&')-Tyr-lle-GIn-Asn-Ala(&*)-Pro-Leu-Gly-
NH,] [1-[& CH,]-1H-1,2,3-triazol-4-yl]-CH,&]} with (VII) and
{[H-Ala(&")-Tyr-lle-GIn-Asn-Ala(&*)-Pro-Leu-Gly-NH,] [1-[& CH,]-
1H-1,2,3-triazol-1-yl-CH,&]} with (VIIR)

On-resin orthogonally protected peptide VII’ and on-resin orthog-

onally protected peptide VIIR" (0.1 mmol) were subjected to
microwave-assisted CuAAC cycloaddition as reported by D’Ercole
et al>®> The monitoring of the intermolecular macrocyclisations
was performed by a minicleavage. Each peptide was cleaved fol-
lowing the general cleavage protocol, purified and analysed as
described for linear peptide precursors I'-VI’ and IR’-VIR'. The
analytical data are reported as detail in Table 1, Figures S1-H and
S1-0.

NMR conformational analysis

Lyophilised peptides were dissolved at a concentration of 2 to
3mM in 550 uL of H,O/D,0 (90:10 v/v) containing 50 mM deuter-
ated sodium succinate, pH 5. Sodium 4,4-dimethyl-4-silapentane-
1-sulfonate-ds (DSS) was added at a final concentration of
0.11mM for chemical shift calibration. NMR experiments were
recorded on Bruker Avance Il 500 MHz spectrometer equipped
with a TCI "H/"™C/"®N cryoprobe with Z-axis gradient. NMR spectra
were processed with Topspin 3.2 software (Bruker) and analysed
with NMRFAM-SPARKY program’. 'H, *C and '°N resonances
were assigned using 1D "H WATERGATE, 2D 'H-'H TOCSY (DIPSI-2
isotropic scheme of 72ms duration), 2D "H-'H ROESY (300 ms mix-
ing time), 2D 'H-"3C HSQC, 2D 'H-"3C HSQC-TOCSY and 2D 'H-"°N
HSQC spectra recorded at 5 to 25°C. 'H chemical shift was refer-
enced against DSS. "H signal and '3C and "N chemical shifts were
referenced indirectly. The chemical shift deviations were calculated
as the differences between observed chemical shifts and random
coil values reported in water’®”". The temperature gradients of
the amide proton chemical shifts were derived from 1D 'H
WATERGATE experiments recorded from 5 to 25°C. 3Jyn., Were
measured on 1D 'H WATERGATE experiments.

NMR assignment and conformational analysis

'H, 3C and >N resonances of selected peptides were assigned
using scalar coupling and dipolar coupling correlation experi-
ments. The turn propensities of the different peptides were inves-
tigated by analysing >Junnx coupling constants, characteristic
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sequential and medium-range ROEs, and the temperature depend-
ence of amide protons. Structures of major forms were calculated
on the basis of ROE-based distance restraints and 3J coupling-
based dihedral angle restraints.

NMR structure calculation

Inter-proton distance restraints were derived from ROESY cross-
peak volumes integrated using NMRFAM-SPARKY”®. Upper bounds
for proton pairs were calculated using the most intense inter-
residual HN-Ho correlation as a reference (distance set to 2.2 A).
ROE cross-peak volumes involving chemically equivalent protons
were divided by the multiplicity of protons, and distance restraints
were calculated using r® average. An additional tolerance of 10%
was applied to upper bounds for backbone protons and of 20%
for side chain protons. The lower bounds were set to the sum of
van der Waals radii of protons. ® angle restraints were derived
from 3Jun.ny, coupling constants using a Karplus relationship”.
The force constants for distance and dihedral angle restraints
were set to 20 kcal mol™'A™2 and 50kcal mol~'.rad 2, respect-
ively. Structures were calculated using Amber 14 program’>.
Noncanonical amino acid residues were parametrised using gen-
eral Amber force field (gaff) atom types, and partial charges
were computed via the AM1-BCC method”* implemented within
Antechamber program. Peptides were built using the ff14SB
force field””. A set of 100 structures was calculated by simulated
annealing using GBSA implicit solvation model and NMR-derived
experimental restraints, as previously described’®. The best 20
structures exhibiting the lowest potential energy and minimal
restraint violations (< 0.2A and < 5° for distances and dihedral
angles restraints, respectively) were selected to represent the
final NMR ensemble.

Circular dichroism (CD)

CD spectra were recorded on JASCO J-815. The CD measurements
were carried out in H,O. The spectra were registered with the fol-
lowing parameters: 0.2 nm resolution, 1.0 nm bandwidth, 20 mdeg
sensitivity, 0.25s response, 100 nm/min scanning speed, 5 scans,
and 0.02 or 0.01 cm cuvette path length. The CD spectra of sol-
vents were recorded and subtracted from the raw data. The spec-
tra were corrected by a baseline that was measured with the
identical solvent in the same cell. The CD intensity is given as
mean residue molar ellipticity (6) [deg-cm?.dmol ']

Stability assay

Stock solutions (1 mg/mL) of native OT, IV and IVR triazolyl con-
strained analogues were prepared in H,0 and stored at 4°C until
use. Three peptide solutions (0.1 mg/mL) were prepared by dilu-
tion of the respective stock solutions in phosphate buffer at pH
7.2. Each peptide (50uL) was added to the 40th-week pregnant
serum (300 uL) and incubated at 37°C. A reference peptide was
used as internal standard. At selected times (1, 3, 5, 20, 24, 48h),
an aliquot (30 uL) of each peptide was taken and quenched with a
solution of H,O/CH3CN (1:1) with 0.1% TFA (70 uL). The vial con-
taining the solution was cooled at 0°C for 5min. After centrifuga-
tion (11 000rpm, 10min), the supernatants were analysed
(2 x 10 uL, injection) by RP-HPLC-MS at 215nm. Data analysis
(n=2) was performed using Prism Version 6 a nonlinear fit one-
phase decay model.
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Membrane preparation

HEK293 cells stably expressing the OTR®' were seeded in 10-cm
dishes. At about 80% confluency the cell monolayer was rinsed
with ice-cold PBS and mechanically detached with a cell scraper,
resuspended in 5mL ice-cold PBS and harvested by centrifugation
at 300 x g and 4°C. The pellet was resuspended in 1L ice-cold
hypotonic buffer (50 mM TRIS, 5mM MgCl,, 0.1% BSA) supple-
mented with complete protease inhibitor cocktail. Cells were sub-
sequently disrupted by four 10s ultrasonication cycles using a
benchtop ultrasonic cleaner filled with ice-cold water. Membranes
were pelleted by centrifugation at 38 000 x g and 4°C for 30 min,
and resuspended in ice-cold hypotonic buffer, aliquoted and
stored at —80°C. The protein concentration was determined with
the BCA assay.

Radioligand binding experiments

For radioligand binding experiments ligands were incubated with
HEK293 cell membranes stably expressing oxytocin GFP-tagged
receptors for 1h at 37°C. Unbound ligand was removed by rapid
filtration over glass fibre filters using a cell harvester (Skatron).
Non-specific binding was determined in the presence of 10 uM of
unlabelled oxytocin. Data were expressed as % specific displace-
ment of [>H]-OT was normalised between non-specific binding
and total binding. One-point displacement experiments were
measured in technical duplicates and heatmaps were created in
Python 3 using the seaborn module’’. For concentration response
experiments samples were measured in technical duplicates and
fitted with a three parameter model (hill slope = 1) in GraphPad
Prism.

Second messenger formation

The formation of second messanger IP-3 was measured with an
IP; Tb kit (Cisbio, Codolet, France) according to the manufacturer’s
protocol with minor changes, as published previously®. HEK293
cells stable expressing the GFP-tagged oxytocin receptor were
seeded in white 348-well plates (Greiner bio-one) at a cell density
of 10* cells per well. After 48h the cell culture medium was
removed and 5 puL of stimulation buffer were added followed by
incubation for 30min. Then the peptide solutions at indicated
concentrations prepared in stimulation buffer were added, and
the plate was incubated for 1h at 37°C and measured as outlined
below. Antagonism of IVR at the oxytocin receptor was character-
ised by Schild regression analysis as previously described®®78,
Briefly, concentration-response curves of oxytocin were measured
in the presence and absence of IVR. The cells were pre-treated
with IVR (100 nM, 300 nM, 1 uM and 3 uM) for 30 min at 37 °C fol-
lowed by co-incubation of oxytocin for an additional 30 min at
37°C. The reaction was terminated by the addition of 5 uL of IP-1-
d; and 5 uL of Ab-cryptate. After 1h of incubation at 37 °C fluores-
cence was measured on a Flexstation 3 (Molecular Devices, San
Jose, CA, USA) and quantified using the 665/620 nm ratio. Samples
were measured in technical triplicates. The data was normalised
between the response of the positive control (10 uM oxytocin)
and the negative control (stimulation buffer) and fitted by nonlin-
ear regression using GraphPad Prism. The logarithm of the con-
centration-ratio (A’/A-1) was plotted against the logarithm of the
respective concentration of inhibitor IVR (B) to generate the pA2
value (functional inhibitory affinity).
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