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Abstract The N-terminal 1-34 segment of parathyroid
hormone (PTH) is fully active in vitro and in vivo and it elicits
all the biological responses characteristic of the native intact
PTH. Recent studies reported potent helical analogues of the
PTH (1-11) with helicity-enhancing substitutions. This work
describes the synthesis, biological activity, and conforma-
tional studies of analogues obtained from the most active
non-natural PTH (1-11) peptide H-Aib-Val-Aib-Glu-Ile-
GIn-Leu-Nle-His-GIn-Har-NH,; specifically, the replace-
ment of Val in position 2 with p-Val, L-(«Me)-Val and
N-isopropyl-Gly was studied. The synthesized analogues
were characterized functionally by in-cell assays and their
structures were determined by CD and NMR spectroscopy.
To clarify the relationship between the structure and activity,
the structural data were used to generate a pharmacophoric
model, obtained overlapping all the analogues. This model
underlines the fundamental functional role of the side chain
of Val? and, at the same time, reveals that the introduction of
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Abbreviations

Aib o-Aminoisobutyric acid

CD Circular dichroism

DIPEA  N,N-Diisopropylethylamine

DMF N,N-Dimethylformamide

EDT Ethanedithiol

Har Homoarginine

HATU  1-[Bis(dimethylamino)methylene]-1H-7-

azabenzotriazolium hexafluorophosphate 3-oxide

HBTU  1-[Bis(dimethylamino)methylene]-1H-
benzotriazolium hexafluorophosphate 3-oxide

HOAt  1-Hydroxy-7-azabenzotriazole

HOBt 1-Hydroxybenzotriazole

Nle Norleucine

NMP N-Methyl-2-pyrrolidone

Nval N-Isopropylglycine

PTH Parathyroid hormone

TFA Trifluoroacetic acid

TFE 2,2, 2-trifluoroethanol

TIS Triisopropylsilane

TMS Trimethylsilane

Introduction

Parathyroid hormone (PTH), an 84-amino acid peptide
hormone, plays a vital role in regulating calcium and
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phosphate homeostasis in mammalian blood. PTH-related
protein (PTHrP) also plays a critical role in the develop-
ment of the fetal skeleton (Kronenberg et al. 1997). The
biological actions of both these peptides are mediated by
the same G-protein-coupled receptor (GPCR) (Kolakowski
1994), the PTH/PTHrP receptor (PTHIR) (Jiippner et al.
1991). It has been shown that the first 34-amino acids of
PTH are sufficient for in vivo bioactivity and to reproduce
the biological responses characteristic of the native intact
PTH (Kronenberg et al. 1997). Clinical studies have
demonstrated that PTH (1-34) is a powerful bone anabolic
agent, able to restore bone mineral density (Shimizu et al.
2001b; Barazza et al. 2005). NMR analysis of PTH (1-34)
analogues has led to the conclusion that a short a-helical
segment at the N terminus is necessary for the receptor
activation. In addition, a more stable C-terminal «-helical
segment is present. These two helices are separated by two
hinge motifs located around positions 12 and 19 (Scian
et al. 2006). According to the description, the interaction of
PTH (1-34) with the receptor has been postulated to follow
a “two-domain” model: the C-terminal portion interacts
with the N-terminal extracellular domain of the receptor
and then the N-terminal portion interacts with the PTHIR
domain embedded in the membrane and elicits the cellular
response (Hoare et al. 2001; Gardella and Jiippner 2001;
Shimizu et al. 2002, 2005; Castro et al. 2005; Gensure et al.
2005; Wittelsberger et al. 2006; Dean et al. 2008; Pioszak
et al. 2009; Vilardaga et al. 2011).

Studies to reduce the length of the active peptide have
demonstrated that enhancement of o-helicity in the PTH
(1-11) sequence results in potent PTH (1-11) NH, ana-
logues (Tsomaia et al. 2004; Barazza et al. 2005; Potts and
Gardella 2008). Mutagenesis investigations and molecular
dynamics analysis suggested the co-localization of residue
8 (Met or Nle), Ile> and Val? on the same face of the helical
N-terminal portion. This pattern is thought to be a funda-
mental requirement for the activation of the PTHIR
receptor (Shimizu et al. 2000; Monticelli et al. 2002).

Introduction of conformational constraints, such as
o-aminoisobutyric acid (Aib), into peptides, improves their
activity and receptor binding selectivity (Hirschmann 1991;
Gante 1994; Kessler et al. 1995; Caporale et al. 2010a).
While alanine is easily accommodated in both folded and
extended structures, theoretical and experimental studies
performed on Aib (Kaul and Balaram 1999; Toniolo et al.
2001; Torras et al. 2008; Maity and Konig 2008) have
highlighted its strong tendency to induce folded structures
in the 3¢-/a-helical region (¢, Yy ~ £60°, £30°). On the
contrary, semi-extended or fully-extended conformations
are extremely rare for this residue. For N-terminal ana-
logues of PTH containing Aib, such as H-[Aib1’3, Glnm,
Har'', Ala'?, Trp'*]-PTH (1-14)-NH, and H-[Aib'*, GIn'°,
Har'!]-PTH (1-11)-NHo,, the helical contents determined by

@ Springer

circular dichroism spectroscopy were shown to correlate
with potencies, the ECsy values being 1.1 and 4.0 nM,
respectively (Shimizu et al. 2001a).

Some modifications recently introduced in position 2,
such as a p-Val residue (Caporale et al. 2009a), reduce or
annihilate the activity of the most active PTH (1-11)
analogue, H-Aib-Val-Aib-Glu-Ile-Gln-Leu-Nle-His-Gln-
Har-NH, (I). We interpreted this behaviour as the conse-
quence of an unsuitable orientation of the Val side chain,
rather than of an overall 3-D structural alteration caused by
the presence of non-proteinogenic amino acids. To inves-
tigate the role of Val?, which is predicted to interact with
Met**® at the extracellular end of the receptor (Gensure
et al. 2005), we synthesized a series of analogues of
I containing sterically hindered, helix-promoting C*-tetra-
substituted amino acids (Shimizu et al. 2001b; Crisma et al.
2002) (Table 1) and characterized them both conforma-
tionally and biologically.

Our research approach (Scian et al. 2006; Caporale et al.
2009a) is aimed at the definition of the pharmacophoric
moieties and tries to define the critical residues in the
N-terminal PTH (1-11) segment. For this purpose, we
decided to use both active and completely inactive ana-
logues containing residues mimicking Val in position 2.
The sensitive role of Val® has been demonstrated by the
potency decrease due to the simple modification of the side
chain orientation (Caporale et al. 2009a). In this work, a
CD and 2-D NMR conformational analysis was performed
on the most relevant analogues synthesized. The solution
structures were determined using a distance-restrained
molecular dynamics approach, based on nuclear Overha-
user enhancement data. The conformations were compared
with the known solution structure of the reference peptide
I (Caporale et al. 2009a). Finally, all peptides were tested
in vitro to determine their potency.

Materials and methods
Synthesis
General

Starting materials were obtained from commercial suppliers
and used without further purification. Rink Amide MHBA
Resin (0.73 mmol/g loading) as a solid support was
obtained from Inalco-Novabiochem (Milano, Italy). HOBT,
HBTU, and Fmoc-protected natural amino acids were
obtained from GL Biochem (Shangai, China). Cyanuric
fluoride was purchased from Lancaster (Morecambe, Eng-
land). Fmoc-Aib-OH was purchased from NeoMPs (Stras-
bourg, France). Only p-Har was synthesised as previously
reported (Caporale et al. 2009b). DMF dried over molecular
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Table 1 Analogues of PTH (1-11) containing sterically hindered, helix-promoting, C*-tetrasubstituted amino acids

Entry  Peptide Chemical formula MW2,.  [M + H]* R, (min)°

found

I H-Aib-Val-Aib-Glu-Ile-Gln-Leu-Nle-His-Gln-Har-NH, CsoH 03N 9015 1,317.74  1,318.25 16.98

1I H-Aib-DVal-Aib-Glu-Ile-Gln-Leu-Nle-His-GIn-Har-NH, CsoH ;03N 9015 1,317.74  1,318.24 16.90

I H-Ala-Nval-Aib-Glu-Ile-GIn-Leu-Nle-His-Gln-Har-NH, CsgH;01N;0O55 1,303.74  1,304.46 16.34

v H-p-Har-p-Gln-p-His-p-Nle-p-Leu-p-Gln-p-Ile-D-Glu-Aib-p-Val-Aib-NH,  CsoH ;3N ;9O 1,317.74  1,318.47 17.82

A\ H-Aib-(zMe)Val-Ser-Glu-Ile-Gln-Leu-Nle-His-Asn-Arg-NH, Cs57H9oN 19014 1,306.54  1,307.43 16.40

VI H-Ala-(«Me)Val-Ser-Aib-Ile-Gln-Leu-Nle-His-Asn-Arg-NH, Cs5Ho7N 19014 1,247.71  1,248.59 16.72
VII H-Ala-(aMe)Val-Aib-Glu-Ile-Gln-Leu-Nle-His-Asn-Arg-NH, Cs57HooN 9015 1,289.73  1,290.57 16.81
VIII H-Aib-(zMe)Val-Aib-Glu-Ile-Gln-Leu-Nle-His-Asn-Arg-NH, CsgH91N 19015 1,303.74  1,304.46 17.23

X H-Aib-(zMe)Val-Aib-Glu-Ile-Gln-Leu-Nle-His-Gln-Har-NH, CeoH105N 19015 1,331.74  1,332.65 17.36

X H-Acsc-(xMe)Val-Aib-Glu-Ile-Gln-Leu-Nle-His-Gln-Har-NH, Ce2H 07N 19015 1,357.74  1,359.69 18.16

XI H-Acsc-Val-Aib-Glu-Ile-Gln-Leu-Met-His-Gln-Arg-NH, CsoH 91N 190;5S°¢ 1347.70  1,348.49 16.76

# Monoisotopic molecular weight calculated from the chemical formula

® R, was determined with a linear gradient of 10-90% (v/v) B over 30 min (A: water + 0.1% TFA; B: 90% acetonitrile + 0.1% TFA) using a

Vydac C18 column (218TP510)
¢ (Caporale et al. 2009a)

4 (Caporale et al. 2010b)

¢ (Barazza et al. 2005)

sieves (H,O < 0.01%) and DIPEA was purchased from
Fluka (Buchs, Switzerland). Dry dichloromethane was
distilled from P,Os and kept over 4 A molecular sieves.
Water for reversed-phase high performance liquid chro-
matography (HPLC) was filtered through a 0.22 pm Milli-
pak40 membrane filter (Millipore, Billerica, MA, USA).
Reversed-phase purification was routinely performed on a
Shimadzu LC-8A equipped with a Shimadzu SPD-6A UV
detector on a Deltapak Waters C]g‘lOOA silica HPLC col-
umn. The operative flow rate was 17 ml/min with a linear
gradient of 20-45% (v/v) B over 20 min (A: water + 0.1%
TFA; B: 90% acetonitrile + 0.1% TFA). Homogeneity of
the products was assessed by analytical reversed-phase
HPLC using a Vydac C18 column (218TP510), with a
linear gradient of 10-90% (v/v) B in 30 min, a flow rate of
1 ml/min and UV detection at 214 nm. Molecular masses of
the final peptides were determined with a Perseptive Bio-
systems MARINER "~ API-TOF spectrometer (Framing-
ham, MA, USA).

Solid-phase peptide synthesis

Fmoc-protected Rink Amide MHBA Resin (100 mg,
0.072 mmol) was swelled twice in DMF for 30 min each
time and then it was treated with 20% piperidine in DMF
(5 and then 25 min), and washed with DMF (Carpino et al.
1994). The first amino acid was anchored to the resin using
the HBTU/HOBt/DIPEA protocol (Carpino and El-Faham
1994). Deprotection of Fmoc from the ¢-amino groups was
achieved under standard conditions, with a 20% piperidine

solution in DMF. The following amino acids were intro-
duced similarly. The coupling of Aib and Val was accom-
plished with the more potent condensation reagent HATU
(Carpino et al. 1995). To improve the incorporation yield of
hindered amino acids, a longer reaction time and double
couplings were used. The (xMe)Val residue was prepared as
Fmoc-(xMe)Val-F; an excess of three eq. and one eq. of
DIEA were used (Carpino et al. 1991) for 2 h and the pro-
cedure was repeated twice. The amino acid following
(«Me)Val or other C*-tetrasubstituted amino acids was
introduced on the resin using the same protocol. The resin-
bound peptides were treated with a deprotection and
cleavage solution of TFA/TIS/water (95:2.5:2.5 v/v/v) at
room temperature for 2 h, except for the peptide containing
Met, for which the mixture TFA/EDT/TIS/water
(94:2.5:1:2.5 v/v/vlv) was used. After filtration, the filtrate
was concentrated under nitrogen and precipitated with
methyl terz-butyl ether. Peptide purification was performed
by reverse-phase HPLC. Molecular masses were determined
by electrospray ionization mass spectrometry (ESI-MS).

Preparation of Fmoc-(aMe)Val-OH (Obrecht et al.
1995) Hundred milligrams of H-(«Me)Val-OH (0.76 mmol)
was suspended in 4 ml of dry DCM under nitrogen atmo-
sphere. One hundred and ninety microliters of TMS-CI
(1.52 mmol, 2 eq.) was added and the mixture was refluxed
for 2 h. Then, a third eq. of TMS-CI was added and reflux
continued for 1 h. The mixture was then cooled to 0°C and
260 pl of DIEA (2.27 mmol, 3 eq.) and 196.6 mg of
Fmoc-Cl (0.76 mmol, 1 eq.) were added. The reaction was
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followed by TLC (chloroform:methanol 9:1 and light
petroleum ether:ethyl acetate 7:3). The solvent was evap-
orated and the crude material was dissolved in 20 ml of
water containing 10% NaHCO; and extracted with diethyl
ether (3 times). The organic layers were retro-extracted
with a solution of NaHCOj; (10%). The water layers were
acidified to pH 2 using conc. HCI, and extracted with ethyl
acetate (5 times). Then, the organic layers were dried over
Na,SO,4. The solvent was evaporated to obtain yellowish
oil which solidified slowly. The yield amounted to 88%.
The MW was determined by mass spectrometry; the cal-
culated and experimental masses were 354.4 and 354.2
[M + H™], respectively. "H NMR (200 MHz) in CDCl;:
7.9-7.5 ppm (8H Fmoc), 6.4 ppm [bm, 1H NH(amide)],
4.5 ppm [d, 2H CH,(Fmoc)], 4.25-4.20 ppm [bm, 1H
CH(Fmoc)], 2.10-2.00 ppm (t, 6H, 2 CHj3), 1.50 ppm
(s, 3H), 1.1-0.9 [m, H, CH(CHj3),)].

Preparation of Fmoc-(aMe)Val-F  Thiry-four microliters
of pyridine (0.42 mmol, 1 eq.) and 72 pl of cyanuric
fluoride (0.85 mmol, 2 eq.) were added to 150 mg of
Fmoc-(zMe)Val-OH (0.42 mmol, 1 eq.) in 2 ml of DCM,
at 0°C. The mixture was allowed to reach at room tem-
perature and 3 h later it was extracted with water and ice
(3 times). The organic layer was then washed with cold water
and dried over Na,SOy4. Then, the solvent was evaporated
under vacuum. The purity of the product was confirmed by
IR analysis (1,835 cm ™! (s C=0)) (Caporale et al. 2006).

Circular dichroism

Far UV-CD spectra were collected on a Jasco J-715
spectropolarimeter (Tokyo, Japan) controlled by a PC. The
J-700 software was used to acquire and process the
spectra. All experiments were performed at room tem-
perature using Hellma quartz cells and optical path-lengths
of 0.01 and 0.1 cm. Spectra were recorded using a band-
width of 2 nm and a time constant of 8 s at a scan speed
of 20 nm/min, in a wavelength range of 190-250 nm; the
concentration of the peptides was in the range of
0.07-1.07 mM. The peptides were dissolved in aqueous
solution containing 20% (v/v) TFE. The signal-to-noise
ratio was improved by accumulating 8 scans. The helical
content for each peptide was estimated according to the
literature (Yang et al. 1986).

NMR measurements

NMR spectra were recorded at 298 K on a Bruker
AVANCE DMX-600 spectrometer. The experiments were
carried out in HyO/TFE-d; (4:1) v/v. The sample concen-
tration was ~ 1 mM in 600 pl of solution. The water signal
was suppressed by pre-saturation during the relaxation
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delay. The spin systems of all amino acid residues were
identified using standard DQF or magnitude-COSY (Rance
et al. 1983) and CLEAN-TOCSY (Bax and Davis 1985a;
Griesinger et al. 1988) spectra. In the latter case, the spin-
lock pulse sequence was 70 ms long. The sequence-
specific assignment was accomplished using the rotating-frame
Overhauser enhancement spectroscopy (ROESY) (Bax and
Davis 1985b), with a mixing time of 150 ms. All spectra were
acquired by collecting 400-512 experiments, each one con-
sisting of 32-256 scans and 4,096 data points. Spectral pro-
cessing was carried out using XWINNMR. Spectra were
calibrated against the TMS signal.

Molecular modelling

Simulated annealing (SA) calculations were carried out
using the XPLOR-NIH 2.22 software. For distances
involving equivalent or non-stereo-assigned protons, r°
averaging was used. The molecular dynamics calculations
involved a minimization stage of 100 cycles, followed by
SA and a refinement stage. The SA consisted of 10,000
steps of dynamics at 1,500 K and of 15,000 steps of
cooling from 1,500 to 100 K in 50 K decrements. The SA
procedure was followed by 200 cycles of energy minimi-
zation. In the SA refinement stage, the system was cooled
in 20,000 steps from 1,000 to 100 K in 50 K decrements.
Finally, the calculations were completed with 200 cycles of
energy minimization using a ROE force constant of 50
cal/(moleu&). One hundred and fifty structures were generated
for each analogue, and the ten minimum-energy structures
containing no distance restraint violation were chosen for the
conformational study. The secondary structure was deter-
mined using H-bond analysis (Baker and Hubbard 1984;
Kabsch and Sander 1983) and the dihedral angle calculations
using the MOE2008.10 and VMD 1.86 programs with a linux
quadcore workstation.

The pharmacophoric model was developed with the
MOE2008.10 software. It was built using the pharmaco-
phore consensus utility and manually modified by the
pharmacophore query editor. The ten minimum-energy
structures of the reference analogue I, obtained from SA
calculations, were included in the training set to build a
primary model. The test set was composed of the ensemble
of the other analogues. A set of ten features composes the
final pharmacophoric model.

Activity assays

Human embryonic kidney (HEK 293) cells stably trans-
fected with recombinant PTHIR receptor (HEK293/C20
cell line) were used (Pines et al. 1994). In HEK 293 cells,
the cAMP response element (CRE) of luciferase was
transfected using CRE-Luc plasmid. This response element
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(CRE), which is a recognition site of certain transcription
factors, interacts with CREB (CRE-binding protein), which
is regulated by cAMP. Thus, the activity of PTHIR, which
couples strongly to the adenylyl cyclase (AC)-protein
kinase A (PKA) signalling pathway, is monitored by using
CRE-positioned upstream of the luciferase gene. Activa-
tion of the receptor causes an increase in intracellular
cAMP, which is able to activate protein kinase A to
phosphorylate CREB. The luciferase concentration within
cells is increased when phosphorylated CREB is bound to
the CRE consensus sequence, causing an increase in tran-
scription rate of the luciferase gene (Fan and Wood 2007).

Cell culture and CRE-Luc transfection

HEK?293/C20 cell lines were cultured at 37°C in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum in a humidified atmosphere
of 95% air and 5% CO,. The cells were subcultured by
treatment with Versene every week and the medium was
changed every 3—4 days. Twenty-four hours before trans-
fection, the cells were seeded at 10° cells/well in 24-well,
collagen-coated plates. On the following day, the cells were
treated with FUGENE 6 transfection reagent (1 pl/well),
CRE-Luc plasmid (0.2 pg/well) in 0.5 ml/well Opti-Mem 1,
serum free medium, according with the manufacturer’s rec-
ommended procedure.

D-MEM, fetal bovine serum, Opti-Mem I, and PBS were
purchased from Life Technologies, Inc. (Gaithersburg,
MD, USA); FuGENE 6 transfection reagent was purchased
from Roche Diagnostic (Indianapolis, IN, USA); passive
lysis buffer, 5x, from Promega Corporation (Madison, W1,
USA); Biocoat collagen I 24-well plates from Becton—
Dickinson (Bedford, MA, USA), while the other tissue
culture disposable and plastic ware were obtained from
Corning (Corning, NY, USA). p-Luciferin potassium salt
was obtained from Molecular Probes (Eugene, OR, USA).

Luciferase assay

About 18 h after CRE-Luc plasmid transfection, the cells
were rinsed with PBS buffer and the transfection medium
was replaced by 225 ul/well of DMEM. 25 pl/well of
solutions of the various peptides at different concentrations
(from 1077 to 107°M, to obtain final concentrations
between 10™® and 10~ M) in PBS, supplemented with
0.1% bovine serum albumin were then added to the wells
and incubated at 37°C for 4.5 h, yielding maximal response
to luciferase. After this time, the medium was aspirated and
the cells were lysed by gentle shaking with 200 pl/well of
passive lysis buffer. The cells were transferred to labelled
low-binding Eppendorf tubes, centrifuged for 2 min, and
80 pl/tube of supernatant was transferred to individual

sample glass tubes. Luciferase activity was measured using
a Lumat LB 9507 luminometer (EG&G Berthold, Bad
Wildbad, Germany). This instrument automatically injects
defined volumes of two solutions, A and B, with the
compositions described below. Initially, a solution O,
containing 25 mM glycylglycine, 15 mM MgSO, and
4 mM ethyleneglycol-bis (f-aminoethyl ether)-N,N,N',N'-
tetraacetic acid (EGTA) in deionized water, is prepared.
Solution A has the same composition as Solution 0, with
the addition of 0.2 mM b-luciferin. Solution B has the
composition as same as Solution 0, with the addition of
0.02 M K;3POy, 2.5 mM ATP and 1 mM dithiothreitol. The
instrument adds 100 pl of solution A and 300 pl of solution
B to a sample tube, and performs the measurement for 20 s.
All CRE-Luc experiments were carried out in triplicates.

Data calculations

Calculations and data analyses were performed using
Microsoft Excel 2000 and GraphPad Prism, Version 3.0.

Results

All PTH (1-11) analogues were synthesized by SPPS
employing the Fmoc amino acid protocol. During the
synthesis, a combination of classical solid phase coupling
reagents for proteinogenic amino acids and acyl fluoride
derivatives for C*-tetrasubstituted amino acids was used. In
analogue III, Ala is present in position 1 instead of Aib to
avoid steric hindrance with Nval in position 2. p-Har was
synthesised with good purity and yield.

The activity was measured by the luciferase assay (Cali
et al. 2008). The instrument response is correlated to the
chemical concentrations of components of luciferase
pathway reactions, so the light intensity can be used to
associate an observable parameter with a molecular pro-
cess. A general decrease of activity, except for analogue
XI, was observed (Table 2). Analogues I (ECso = 1.1 nM)
and II (ECsy = 7-10° nM) differ only for the chirality of
Val?, but their behaviour in terms of biological activity is
very different, demonstrating the importance of the side
chain orientation in y space (Hruby et al. 1997) for bio-
logical activity.

The CD spectra were recorded under the same condi-
tions used in the previous works for other PTH analogues
(TFE/water 20:80 at 25°C) (Barazza et al. 2005; Caporale
et al. 2009a, 2010a, b). No concentration dependence of the
CD profiles was observed for any of these analogues (data
not shown). Figure 1 shows the spectra of all analogues
together with the spectrum of the reference peptide 1.

To compare the CD spectra of retro-inverse analogue I'V
with those of the other peptides, its sign was changed. Even
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Table 2 Biological activity of analogues of PTH (1-11)

Entry ECs (nM)
I 1.1

I 7,000

I Not active
v Not active
A\ Not active
VI Not active
VI Not active
VIII 700,000
IX 11,000

X 6,000

XI 14.3

ECs is the result of the average of at least three experiments. ECsy is
defined as the half-maximal effective concentration and is referred to
the concentration of peptide which induces a response halfway
between the baseline and the maximum

if analogue IV is apparently not related to the others, it
partially helped to understand the role of the residue at
position 2; it was particularly useful to evaluate the overall
arrangement of the side chains and to further validate our
pharmacophoric model. The spectrum of analogue
I exhibits the typical shape of an o-helical conformation,
with two negative bands of comparable magnitude near
222 and 208 nm, and a stronger positive band near 190 nm.
Analogues II and III reveal an ordered structure, with a
probable contribution of 3;y-helix or f-turn (Toniolo et al.
1996). For analogue IV, the ordered structure is very low
or absent (Fig. 1a).

The introduction of the conformationally constrained
C’-tetrasubstituted amino acids (Toniolo et al. 2001; Maity
and Konig 2008) in the sequence stabilizes the ordered
structure of analogues from V to X (Fig. 1b); however,
their spectrum is less intense than that of analogue I. The
shape of these curves suggests a contribution of 3, helix,
in agreement with literature results (Moretto et al. 2008;
Crisma et al. 2007), for CD of C*-tetrasubstituted homo-
peptides (Fig. 1b).

1-Aminocyclopentane-1-carboxylic acid (Acsc) (Toni-
olo 1989; Crisma et al. 1988; Santini et al. 1988; Perczel
et al. 1991; Willisch et al. 1991; Barazza et al. 2005) was
introduced in analogue X. Acsc has a greater propensity to
induce a helical conformation than Aib in the N-terminal
position and this was confirmed by studies on the TOAC
residue (Bui et al. 2000). As previously observed (Barazza
et al. 2005), analogue X has a high o-helix content
(Fig. 1b). Analogue X is more ordered and the two orders
of magnitude are more potent than analogue VIIL

Complete proton resonance assignment was carried out
using the standard procedure (Wiithrich 1986) (see
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Fig. 1 CD spectra of all PTH (1-11) analogues described in this
work. Spectra are reported in terms of mean residue molar ellipticity
(deg cm? dmol™"). Analogue I is reported in both spectra as internal
reference

Supplementary Information). The secondary chemical
shifts can provide some important information on the
structure of these analogues (Fig. 2).

The chemical shift differences of the «CH protons with
respect to the corresponding random coil values identified a
helical segment (A < —0.1 ppm), spanning the sequence
from the first residue to the C-terminal zone. Such differ-
ences are bigger for the reference peptide, I, and for the
analogues containing C*-tetrasubstituted amino acids in
position 1, 2 or 3. For most of the structured analogues, the
ROESY spectra revealed the presence of «H(®i)-HN(@ + 3),
oH@)-fHG + 3) and oH®{)-HN(i + 4) contacts, typical of
the o-helix. The single substitution of the amino acid in
position 3 or 4 with an Aib residue seemed to be more
effective to promote helicity than the single substitution in
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Fig. 2 The chemical shift 14 ° resid
differences between the oCH 0,00 — I Teame
proton resonances (Ad < i
—0.1 ppm) and the
corresponding random coil -0.05 1
values identify a helical i
segment spanning the sequence -0,10
from the first residue to the ]
C-terminal zone (only the most 015
potent analogues are reported '
here, see Figure S3 for a i I
complete analysis) < -0,20 +
-0.25
i . |
-0,30 7222 11
e 1 IX
= . X
- XI

position 1. For analogues V, VI and VII also the first
residue appears comprised in the helical segment.

The structures were calculated using a simulated
annealing (SA) protocol performed with Xplor-NIH 2.22.
The ten lowest energy structures (out of 150) were selected
for each analogue (Fig.3). To analyze the secondary
structure, Ramachandran plots were created with the
MOE2008.10 package (See Figure S8 in the Supplemen-
tary Information). Each plot displays the ¢, Y pair of
dihedral angles for each structure selected. The Rama-
chandran plot underlines the good agreement of the derived
¢ and ¥ angles with a helical conformation for all ana-
logues especially for the C-terminal segment from Glu* to
GIn'®. Only for analogue III, several dihedral angles fall
in less-favoured areas, because of the presence of the
N-substituted glycine (see Figure S8 in the Supplementary
Information).

To clarify the relationship between the structure and
activity of the different analogues, the ensemble of struc-
tures of the reference peptide was used to generate a
pharmacophoric model (Fig. 4). In principle, a high num-
ber of features can be considered, due to the number of
atoms, roughly 200. The complexity of the model was
reduced focusing on the nature and conformation of the
side chains, and removing features related to Arg/Harll.
Arginine or homoarginine was present in all analogues as
the C-terminal residue, and the ROESY data suggested a
wide conformational flexibility for this residue in every
structure ensemble. On the contrary, the side chain con-
formations of the other residues were well defined, allow-
ing a good description through a pharmacophoric model.
The pattern of features included 10 sites: 6 hydrophobic,
2 donor/acceptor of hydrogen bonds, 1 anionic/acceptor,
1 aromatic/hydrophobic/acceptor/donor describing the

imidazole ring. The analogues were well distinguished by
the model: analogue XI shared the same pattern of ana-
logue I; the analogues with moderate activity, i.e., II, VIII,
IX, and X, showed a pattern similar to that of I, but with a
higher RMDS (Table S5, Supplementary Information). The
inactive analogues, such as IV, did not fit the pharmaco-
phoric model.

Discussion

The replacement of natural amino acids with non-protein-
ogenic analogues, which are able to induce a defined sec-
ondary structure also in short peptides, is a way to obtain a
more stable structure in solution. The introduction of
conformational constraints might lock the peptide in its
bioactive or catalytically active conformation. An addi-
tional advantage might be an increase of the peptide met-
abolic stability, and therefore its bio-availability. The
introduction of C*-tetrasubstituted o-amino acids (Grauer
et al. 2009) is a successful way to rigidify the peptide
backbone. In particular, («Me)Val is one of the strongest
known helicogenic a-amino acids (Moretto et al. 2008),
although its non-methylated counterpart, Val, is a poor
helix forming residue. We also analyzed the retro-inverso
analogue of I. This comparison is theoretically useful
because the side chains of the retro-inverso peptide should
occupy the same position as the parent peptide, although
the backbones are reversed. In this way, it would be pos-
sible to study specifically the effect of the side chains
orientation. Unfortunately, the retro-inverso analogue of
I failed to adopt the expected ordered structure in our
experimental conditions and it was devoid of any in vivo
activity, possibly for this very reason [for more
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Fig. 3 The overlap of the ten
lowest energy structures of all
the PTH (1-11) analogues
described in this work.
Ramachandran plots are
reported in the Supporting
Information

information, see (Caporale et al. 2009a)]. Nevertheless, we
used it as a validation of our model.

The synthesis of analogues containing sterically hindered
and helix-promoting C*-tetrasubstituted o-amino acids,
such as Aib or (xMe)Val, was carried out by SPPS, using a
combination of common solid phase coupling reagents
(HBTU/HOBt/DIPEA) and acyl fluoride derivatives,

@ Springer

employing Fmoc-protected amino acids. The acyl fluoride
coupling method (Wenschuh et al. 1994) was used for its
ability to couple sterically hindered «,x-dialkylamino acids,
such as Aib, to similarly hindered amino acids. The Fmoc
amino acyl fluorides were prepared using cyanuric fluoride,
which easily converts amino acids into the corresponding
acyl fluorides. They show a better stability toward moisture
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Don/Acc Don/Acc

Fig. 4 Analogues I and V fitting with respect to the pharmacophoric
model. The number in the ribbon refers to the position in the
sequence. The different labels indicate the different features of each
pharmacophoric site represented by the spheres. Hyd hydrophobic
features; Don/Acc hydrogen bond donor or acceptor; Ani/Acc anionic
or hydrogen bond acceptor; Aro/Hyd/Acc/Don aromatic/hydrophobic/
acceptor/donor. a Analogue I is aligned into the pharmacophoric
model. All the features are fitted in positively by this analogue. b The
best alignment of V (inactive) onto the pharmacophoric model does
not result in the fitting of residue Val® in the hydrophobic feature, in
contrast with analogue I in (a)

and acid-labile functional groups than acyl chlorides (Car-
pino et al. 1998; Han and Kim 2004).

With this procedure, a good crude sample was obtained,
which was directly observed by mass spectrometry analysis
and by analytical HPLC before purification. On the con-
trary, no correct crude was detectable in mass spectrometry
analysis when HATU and HOAt were used as coupling
reagents for the same difficult coupling with («Me)Val. On
the other hand, the steric difficulty in the coupling of the
first amino acids to the solid support in the synthesis of
retro-inverse analogue was resolved using a double cou-
pling method with the HATU/HOAt protocol (Carpino
et al. 1995; Caporale et al. 2009a). The replacement of
Met® with Nle® is known to be well tolerated, producing no
loss of binding affinity (Rosenblatt et al. 1976), and pre-
vents methionine oxidation, which would result in a

decrease of the biological response (Frelinger and Zull
1984).

Only for analogues IX, X and XI, the CD analysis
showed an enhanced or equal ordered structure compared
with the reference peptide I. The CD shape for analogue IV
is indicative of a random coil, very near to the zero line; the
analogues from V to VIII show a spectrum shape different
from that of a canonical a-helix, with an ellipticity ratio
(R) between 222 (the n — n* amide transition) and
208 nm (the parallel component of the amide n — n*
transition) lower than 1.0 or very close to 0.6 (see Table S4
in Supporting Information) I.

This behaviour has been attributed to the presence of a
right-handed 3;y-helix conformation (Polese et al. 1996;
Toniolo et al. 2004). Homooligopeptides formed by
C*-tetrasubstituted o-amino acids («MeVal) are the most
prone to adopt such conformation, in poor H-bonding
donor solvents (Crisma et al. 2007; Hong et al. 1999;
Kubasik and Blom 2005; Moretto et al. 2008). Also pep-
tides containing both proteinogenic and C*-tetrasubstituted
o-amino acids can display similar effects (e.g., the pep-
taibol trichogin (Locardi et al. 1998)). In the present case, a
single C*-tetrasubstituted a-amino acid is sufficient to elicit
such a clear effect in the CD spectrum.

The notable differences among various analogues in
terms of biological potency are an indication of the stra-
tegic role of Val® for the interaction with the PTHIR
receptor. Specifically, analogues I and II differ only for the
chirality of Val?, but the potency of analogue (II) is more
than three orders of magnitude lower than that of analogue
I (ECso = 1.1 nM (I); EC5o = 7-10° nM (II)). Also, the
simple shift of the side chain from Co (I) to N (III)
transforms the peptide in an inactive one. The introduction
of an «Me group in position 2 preserves the helical struc-
ture, but does not prevent the loss of activity in analogues
V-VIIIL. Differently, the introduction of Acsc in position 1
stabilizes the helix, similarly to Aib, and at the same time
keeps Val®> more correctly oriented (X-XI) to activate
PTHIR. CD and chemical shift differences indicate the
Acsc residue as the most effective stabilizer and enhancer
of the a-helical structure. The CD spectrum of analogue XI
has the typical shape of a canonical a-helix, with R close to
1. Also, the ROESY-derived structures of both analogues
are similar and mostly o-helical. The only difference
between the two analogues is the substitution of Val* with
(«Me)Val, which causes a dramatic drop in biological
potency. All these observations suggest a strict relationship
between the activity and side chain orientation of the first
residues in the N-terminal portion with respect to the
receptor.

Here, we propose a new approach to understand the
complex relationship between the structure of PTH (1-11)
fragment and its biological role in the activation of PTHIR.
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A pharmacophoric model was used to determine the
pattern of chemical-physical features that are necessary to
promote the receptor activation by active analogues. The
goal was to obtain a deeper insight on the structure—activity
relationship comparing the ability of the analogues to fit the
pharmacophoric model. We have observed that the helix
conformation is a requisite for the activity, as it guarantees
the correct orientation of the relevant side chains to interact
with the receptor. The proposed model identifies a well-
defined topology in the N terminus that seems to be fun-
damental to allow an effective distinction between active
analogues and inactive ones (III-VII). Several hydropho-
bic sites were detected along the entire helix, underlining
the importance of the hydrophobic component in the
interaction between PTH (1-11) and PTHIR. The most
active compounds show low-RMSD values between the
best conformation and the ideal conformation described by
the pharmacophoric model (0.8 A for I, 1.38 A for XI),
while the less-active compounds have higher RMSD values
(1.51 A for VIII; Table S5). All peptides present a good
alignment on the features associated with Nle® and His®; on
the contrary, the features associated with Glu* and with the
hydrophobic pattern formed by the first three residues are
well described only by the active analogues. The confor-
mational freedom of the N-terminal hydrophobic region is
very low, as indicated by the volume of the spheres which
describe four of the hydrophobic sites. This observation is
in good agreement with the activity variability due to
modifications of the first residues. The role of Val® is more
complex, and a specific orientation of the side chain in the
complex between ligand and receptor is required to ensure
the activity; the introduction of the methyl substituent on
the Co causes a decrease in the activity, although the
peptide maintains a helical conformation (V-X). The
superposition of these analogues on the model clearly
indicates a deviation from optimal orientation of Val® that
might compromise a hydrophobic contact or produce steric
clashes. The possibility that the substantial loss of activity
shown by all analogues carrying («Me)Val in position 2
could be merely determined by the impossibility of
accommodating its -CHj substituent within the receptor
seems unlikely. Rather, the special disposition of the iso-
propyl group is significantly altered by the presence of the
methyl on the Ca, as can be seen overlapping the structures
obtained for the various peptides.

The anionic or hydrogen-bond acceptor feature repre-
senting Glu* lies on same face of the fundamental residue
Nle®, while the two hydrogen-bond donor/acceptor features
of GIn® and GIn'® are on the opposite side. The orientation
of the imidazole ring is well-conserved in all analogues,
confirming that the C*-tetrasubtitution on Val® does not
affect the C-terminal region; the ring extends perpendicu-
larly with respect to Glu4, Gln6, Glnm, and Nie®,
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Conclusions

CD, NMR, and MM analyses suggest that the role of Val
is critical in the activation of the receptor as it allows the
N-terminal segment to adopt a well-defined hydrophobic
pattern. The change of chirality of Val® (analogue II)
reduces the potency by three orders of magnitude and the
side chain shift from Co to N (analogue IIT) transforms the
peptide in an inactive one. We observed that the 3-D
structural order of the canonical helix is not an absolute
requirement to produce an enhancement of potency (Bar-
azza et al. 2005). Although the conformational constraints
induced by the introduction of C*-tetrasubstituted amino
acids, such as Aib or diethylglycine, produce effects on the
whole N-terminal segment enhancing its o-helix structure
and often the potency (Shimizu et al. 2001a, 2004), the
same introduction might result in a conformation with a
lower ability to match the appropriate pattern for a pro-
ductive peptide-receptor interaction. The results are in line
with the previous observations on the relationship between
the potency and the structure of modified N-terminal ana-
logues of PTH (Monticelli et al. 2002; Dean et al. 2008;
Potts and Gardella 2008). According to our present find-
ings, we conclude that the introduction of conformational
constraints such as C*-tetrasubstituted amino acids could
theoretically represent a useful approach to stabilize a
defined helical structure and to reproduce the appropriate
pattern for a productive peptide-receptor interaction.
However, the real new clue is the recognition of the
necessity to obtain a strictly correct spatial orientation of
the side chains of the N terminus of the PTH analogues
when binding to the receptor. As a result, the activity of the
N-terminal segment of PTH is not merely a consequence of
helical stabilization, but it also depends on the fitting of
specific chemical features. A pharmacophoric description
of the side chains can explain how the slight structural
modifications lead to notable activity variation. The pos-
sibility to obtain structure—activity relationships with
atomic resolution has revealed the fundamental role of Val®
conformation and the consequence of its modification. In
addition, this rational approach opens new scenarios in the
development of new lead compounds with an improved
bioavailability taking advantage of pharmacophoric-based
virtual screening.
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