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Abstract

Our recent finding that paclitaxel behaves as daigemimetic of the endogenous protein Nur77
inspired the design of two peptides (PEP1 and PER®2bducing the effects of paclitaxel on Bcl-2 and
tubulin, proving the peptidomimetic nature of ptotel. Starting from these peptide-hits, we herein

describe the synthesis and the biological inveBtigaof linear and cyclic peptides structurallyateld
2



to PEP2. While linear peptide®a(b, 3a,b, 4, 6a-f) were found inactive in cell-based assays, biaalgi
analysis revealed a pro-apoptotic effect for mdshe cyclic peptidessa-g). Cellular permeability of
5a (and also of2a,b) on HL60 cells was assessed through confocal stomy analysis. Further
cellular studies on a panel of leukemic cell lirfed.60, Jurkat, MEC, EBVB) and solid tumor cell
lines (breast cancer MCF-7 cells, human melanom@5Aéhd 501Mel cells, and murine melanoma
B16F1 cells) confirmed the pro-apoptotic effecttd cyclic peptides. Cell cycle analysis revealet t
treatment withba, 5c, 5d or 5f resulted in an increase in the number of cellthensub-G/G; peak.
Direct interaction with tubulin (turbidimetric asga and with microtubules (immunostaining

experiments) was assesseditro for the most promising compounds.

1. Introduction

Microtubules play a key role in mitosis and as stegresent an ideal target for anticancer drugs.[1]
Compounds able to affect microtubule dynamics a&ferred to as microtubule targeting agents
(MTAS). MTAs, which may bind to different domain®th ona- and-tubulin, are classified as: i)
microtubule-depolymerizing agents (e.g. colchicimacodazole, vinca alkaloids,[2] and PBOX-
compoundg-6]) and ii) microtubule-polymerizing agents (e.g.aa&s and epothilones).[7] While the
mechanism of action of these drugs is well desdrivégh respect to their anti-mitotic function, the
emerging effects of these compounds on cellulacge® other than mitosis (apoptosis, chemotaxis,
intracellular transport and intracellular signaijjnare still under intense investigation.[8] Among
MTASs, taxanes are the most important class of amiir agents and paclitaxel (PTX,Fig. 1) inhibits
microtubule dynamics by interacting wifltubulin leading to tubulin stabilization,®1 cell cycle
arrest, and apoptotic cell death.[9] However itiso well known that PTX-induced apoptosis may

occur independently from M arrest.[10] Horwitz and coworkers have indeecthdastrated that at
3



concentrations lower than that able to induce@iGrrest induces the formation of an aneuploid G
cell population.[11] Further, Jordan demonstrateat &t low concentrationk can block the mitotic

process by stabilizing microtubules and not byradtethe mass of polymerized microtubules.[12]

Taxanes, besides targetifigubulin, also bind to Bcl-2 and behave as Bcl-2@auolar switchers,
thus inducing apoptosis.[13] Interestingly, the @yehous orphan nuclear receptor Nur77 (NGFI-B,
TR3, NR4A1) also interacts witprtubulin and Bcl-2 and shares withthe same binding site on both
proteins.[13] Starting from this evidence, we desimated that taxanes mimpstubulin and Bcl-2
binding domains of Nur77.[13] To prove the concepb undecapeptides were built, reproducing
Nur77 sequences 405-406 and 580-587 linked by ergy(PEP1) or a proline (PEP2a, Fig. 1).
Biological analysis revealed that PEFZh)(was slightly more active than PEP1 in mimickirge t
biological activities ofl such as tubulin polymerization and opening ofgeemeability transition pore
channel in mitochondria (measured by transmembrg@ential evaluated in isolated

mitochondria).[13]

Starting from the undecapeptide molecular templd®&$1 and PEP224), we have recently
embarked in the development of peptidomimetics hking the Nur77 binding domain in order to
develop novel pro-apoptotic agents (Table 1). Wity acquired the conformational information on
linear undecapeptides in solution by Nuclear MaignBesonance (NMR) usingb (Fig. 1) as the
water soluble counterpart 8a. Next, a small series of shorter linear peptidash( 4, and6a,e, Fig. 1
and Table 1) and cyclic peptidesa{g, Fig. 2 and Table 1) were obtained by combininthlsmlid
phase and in solution synthesis. Here we have sskellehe ability of the newly developed compounds

and the referenc2a to promote apoptosis in different cell lines.

Starting the from the molecular modeling analysid @and2a,b with respect of the Nur77 binding

domain we investigated the minimum required segeiéoicactivity with the synthesis of shorter linear
4



peptides3a,b (featuring the PTX-superimposable region) dnfFig. 1). The lack of efficacy in cell
based assays of these latter analogues promptedetlredopment of cyclic peptide®atg), with

compoundbf characterized by a relevant reduction of the peptature (Fig. 2 and Table 1).

Cyclic peptidesa, 5c, 5d or 5f), but not the linear peptides or the referencemmmd2a, are able
to induce apoptosis in different leukemic cell sndurkat, MEC, and EBV-B) and in solid tumor cell
lines (MCF-7, A375, 501Mel, and B16F1). Interactiovith tubulin was assessed in vitro by
turbidimetric assay and also by immunostaining @fratubules for the most promising compounds.
Since confocal microscopy experiments confirmed meimeability for both the cyclic peptida and
the linear peptid@a, we performed mass analysis of cellular lysategkamining the apoptotic effect

of 5a (pro-apoptotic) an@a (neither pro-apoptotic, nor cytotoxic).
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Table 1. Chemical structure of the developed pepti2keb, 3a,b, 4, 5a-g, 6a-f and type of synthesis.

Cmpd Structure Typeo_f
synthesis
2a Ac-L-V-P-P-P-P-1-V-P-Y-F-CONH -
2b Ac-L-V-P-P-P-P-1-V-P-Y-F-COOH Solid phase
Solid phase &
3a Ac-P-P-1-V-P-Y-F-CON(Me) in solution
chemistry
3b Ac-P-P-I-V-P-Y-F-COOH Solid phase
Solid phase &
4 Ac-V-P-P-P-P-I-CONH in solution
chemistry
HQ OH
OWNﬁN#é Q Solid phase &
5a 1 e in solution
0} 0}
CN\n’H 0 \/(,(NE chemistry
W N, N
I
HQ OH
0 N §
NW p”\{/g Solid phase & in
5b <\$¢o N solution
N chemistry
( \fr))\\/('(
[0} "y H 0
I
HQ OH
Q AN
N>_// (Z’/?'N{Q Solid phase & in
5c <\$¢O N solution
N chemistry
Ce b
\ w A
|
Q.
Q SN Q
N>\/ jg/ﬁwg Solid phase &
5d CS‘ HN in solution
N © chemistry




Solid phase &
5e (\ (\/ ° ° \Q in solution
( rd\\/q( chemistry
}—NH o—/_NH | i
\.... n solution
o g/-— j/”/”@/ chemistry
<% v
>—NH 0—/_ | Ut
\ n solution
> %- j’”/”@/ chemistry
_\ /’
6a NH>(CH,)3CO-P-P-I-V-P-Y-F-COOH Solid phase
6b NH2(CH,);CO-P-P-1-V-G-Y-F-COOH Solid phase
6C NH2(CH,),CO-P-P-I-V-G-Y-F-COOH Solid phase
6d NH,-G-P-P-1-V-G-Y-F-COOH Solid phase
Solid phase &
6e NH2(CH,)3CO-P-P-1-V-(DH)P-Y-F-COOH in solution
chemistry
In solution
6f NH3(CH,),O(CH,),NHCO-I-V-(DH)P-Y(Bn)-F-COOH chemistry

2. Results and discussion

2.1. Chemistry
The linear and the cyclic peptides object of thiglg were synthesized by combining solid phase and
in solution synthesis. Table 1 summarizes all thear and cyclic peptides herein described and the
type of synthesis employed for their developmenom@ounds?2ab, 3ab, 4, and 6a-e were
synthesized by solid phase synthesis under micrewaadiation (Schemes 1-3) by applying a

classical Fmoc chemistry whikf was synthesized as described in Scheme 4, enbiyelg solution



chemistry. The cyclic peptidésm-g were obtained from their linear precursors bysitzd in solution

chemistry using the appropriate condensing agette(@es 3 and 4).

Ly O
o M o P
R~
Bu-0 0
IQN o )
o . o™y o o , "o \\//Q
Q. N\Fmocho Nmﬂu)gdk/ﬁqkﬂ)
—=~ o o

l (a)

2b
* Jo
Scheme 1. Synthesis of the linear undecapepti@sand 2b. Reagents and conditions: (a) THA/(
PrsSiH/H,O 95:2.5:2.5, 25 °C, 3 h; (b) EEDQ, NHCO;, MeCN, 25 °C, 12 h.

=y £
e e

= (@)
0 F e O N
@y ™ == 9 Y A »Im




Scheme 2. Synthesis of the “disconnected” derivativésb and 4. Reagents and conditions: (a)
TFA/(i-Pr)SiH/H,O 95:2.5:2.5, 25 °C, 3 h; (b) EDCI, HOBt, DIPEA, KWE),- HCI, dry DCM, 0 °C
to 25 °C, 12 h; (c) EEDQ, NdHCOs, MeCN, 25 °C, 12 h.
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Scheme 3. Synthesis of the cyclic peptidéa-e, their linear precursor8a-e, and the dehydroproline
14. Reagents and conditions: (a) THARrsSIH/H,O 95:2.5:2.5, 25 °C, 3 h; (b) HATU, HOBt,
DIPEA, dry DCM, 25 °C, 12 h; (c) Mel, PRhDIAD, dry THF, 0 °C to 25 °C, 12 h; (d) DBU, dry
toluene, 85 °C, 3 h then 25 °C, 12 h; (e) AcCl, Mg@0 °C, 15 min; (f) Fmoc-ClI, TEA, dry DCM, 0
°Cto 25 °C, 12 h; (g) LiOH, THF, MeOH,B, 25 °C, 3 h; (h) TFA, dry DCM, 25 °C, 2 h; (i) Bor
Cl, N&COQ;, 1,4-dioxane, 25 °C, 12 h.
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The synthesis of the linear peptides outlined iheBees 1, 2, and 3 was performed following a solid
phase approach, starting from a Wang resin funalimed withN-Fmoc-()-Phe, and using a standard
Fmoc methodology in a CEM Liberty Automated MicroxgaPeptide Synthesizer. The peptides were
released from the solid support by treatment withigure of TFA/{-Pr)SiH/H,O (95:2.5:2.5). The
free carboxylic acid moiety of peptidd was then converted into the corresponding prinzamyde
(2a) by using EEDQ in presence of WHCO; (Scheme 1)The same protocol was followed for the
synthesis of peptidé while peptide3a was converted into the corresponding dimethylardetévative

3b, by classical coupling reaction with the hydroctile salt of dimethylamine (Scheme 2). Scheme 3
describes the synthesis 6&-e and their cyclic counterpafia-e. The peptidesa-e, obtained as
described folb, were dissolved in dry dichloromethane (DCM) abacentration of 10 M and were
cyclized by using HATU and HOBt as coupling agefise N-Fmoc protecteds-dehydroprolinel4
needed for the synthesis of compouiedvas prepared following the procedure reporteddanege 3.
Starting from the commercially available 4-hydropyoline 7, Mitsunobu reaction allowed its
transformation into the corresponding iodinatedwdive 8 which underwent an elimination reaction
in the presence of DBU, to give tid:Boc protectedS-dehydroproline9. After Boc removal 10,
needed for the synthesis %ff) theN protection as 9-fluorenylmethyl carbamate wassuwetessful and
only afforded traces of the estEt. Thus, compound4 was obtained by and alternative route where
the hydrolysis of ested, with an agqueous solution of LiOHZ), followed by Boc removall@) andN-

Fmoc protection led to the desired intermediatgaod yield.

11
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Scheme 4. Synthesis of the cyclic peptid&sand5g. Reagents and conditions: (a), #°d/C, MeOH, 2
h; (b) Ditert-butyl dicarbonate, TEA, dry DCM, rt, 12 h; (d)){lle-OBn, COC} 20% in toluene,
NaHCQ; ss, DCM, 0 °C to rt, 15 min then TEA, dry DCM, #2 h; (d)N-Boc-(L)-Valine for 20,

EDCI, HOBt, DIEA, dry DCM, 0 °C to rt, 12 h; (e) @H, THF, MeOH, HO, rt, 3 h; (f) AcCl, MeOH,
40 °C, 15 min; (g) TFA, DCM, rt, 2 h; (h) HATU, H@BDIEA, dry DCM, 0 °C to rt, 12 h; (i) BG|

dry DCM, -78 °Ctort, 12 h.

The synthesis of compoun8t and5g was performed as outlined in Scheme 4. The diatigtether
15, synthesized according to a reported procedures® subjected to a catalytic hydrogenation,
followed by protection of the amine functionalityitiv di-tert-butyl dicarbonate, and the obtained

mono-protected intermediai® underwent a second reduction to afford the fremandv. This latter

12



was used as the nucleophile in the reaction wighisbcyanate synthesized fromNHL-1le-OBn with
phosgene, for obtaining the intermediate W&avhich was debenzylated by catalytic hydrogenation.
The unnatural aminoaciddehydroprolin€lO, obtained as reported in Scheme 3,[15] was emglaye

a classical in-solution coupling reaction wititBoc-(L)-Val to afford dipeptide20, which was
converted into the corresponding free acd) (by hydrolysis with aqueous LiOH. In parallel the
hydrochloride salt of the dipeptid®? was obtained after coupling of the appropriatethagonally
protected amino acids (BacTyr(OBn)-OH and NH-L-Phe-OMe) and deprotection of the amine
functionality, by a methanolic solution of HCI. Thigeptides21 and22 were classically coupled, in
the presence of EDCI and HOBt as condensing agants,deprotection of the obtained compound
afforded amine€3 to be used in the last coupling reaction withgheviously synthesized intermediate
19. The obtained linear compourd, after deprotection at both the C and N terminadse(with
agueous LiOH, and with TFA respectively) yeld&fdthat was submitted to the cyclization reaction
with HATU and HOBt as coupling agents. The obtaingdic peptidesf was then treated with B&lio

afford the debenzylated compousgl

2.2. Conformational flexibility of linear peptid2a versus the cyclic peptidéa: NMR and

computational studies

In order to define the key structural features timatld be relevant for the activity of our le2a we
performed a detailed NMR structural analysis aimatgclarifying its structure in solution and we
compared the data with the mimicked portion of Nurvo perform NMR studies, we synthesiZid
as a water soluble counterpart2af Preliminarily a primary 3D peptide structure2af from sequence
information was generated by submitting its aminm &equence t€EP-FOLD[16, 17]and PEPstr

[18] servers. The sequence analysis performed bgnmefPEP-FOLD resulted in six clusters of

13



structures all characterized by similar energiésstindicating the convergence towards affordable

conformations (Fig. S1 of the Supplementary Infdrama(Sl)).

As expected for an undecapeptide lacking secorstangture elements, we got divergent results by
applying PEPstr analysis.PEPstr predicts a peptide secondary structure by applyiegPSIPRED
algorithm, [19, 20] and it generates a startingfaonation with ¢ and y dihedral angle values
corresponding to the previously predicted secondstrycture. USingAMBER 14[21], energy
minimization and molecular dynamics simulationstiod initial conformation were performed. This
analysis revealed a more “extended” conformatioBaoéompared to the corresponding Nur77 region.
Our data revealed th&a conformation also embeds a type fMurn in the poly-prolyl region (Fig.

S2).

This conformational analysis was essentially coméid by NMR studies. As reported in the
Experimental Sectior?b spectra were acquired in,® and HO/D,O as solvent. All the proton
resonances were assigned using a combination oflaton spectroscopy (COSY), total correlation
spectroscopy (TOCSY) and nuclear Overhauser enhardespectroscopy (NOESY) experiments.
Residue-specific assignment was achieved from TOGB#&ctra, by recognizing the unique spin
system for each residue. For most of the residstasting from the amidic proton, it was possible to
reconstruct the connectivity pathway, by comparihg TOCSY and the COSY spectra (Fig. S3).

Complete assignment is given in Table S1.

The main feature of NMR conformational analysishis accurate estimation of structural restraints.
In fact, NOE intensities and coupling constaniy dccount for distance and torsional restraints

respectively.

14



Overall our NMR analysis revealed f2ib a random coil structure, indicating the need alagues
with reduced conformational flexibility to addre¢se binding mode. Consequently, the cyclic

conformationally constrained peptides typified3aywere synthesized.

A total of 82 and 99 peak volumes were integrateximfthe NOESY spectra d?b and 5a
respectively. In the spectrum @b a region with opposite-phased peaks (compared! tinea other
peaks) was observed (Fig. S4). The related resesdreiong to the Phell residue; this accounteal for

distinct flexibility of this residue with respeda the overall tumbling rate of the peptide.

The *Jun, for both2b and5a were directly measured from the splitting obsereadhe amide proton
resonances. All the NH groups 21 showed similar coupling constants in the rangé-af Hz (Table
2), indicating a random coil structure. In fact,adinlinear peptides usually present averadég,
values of 7.4 Hz, indicating that the peptide laaksingle stable conformation. On the contraryhwit
5a the observed®Jwy, values (Table 2) strongly suggested that the mé@eadopts a preferred

conformation.

Table 2. Measured®Ju, for 2b and 5a amide hydrogen atoms. All the values are charatierof
random coil dihedral angles, suggesting the absehaesingle favored conformation.

2b 3J 5a
Residue | "™ | Residue
Leul 6.58 | Spacer 1-a 1.53
Val2 7.67 | Spacer 1-b 9.43

3
JNHa

lle7 7.45 lle3 5.70
Val8 7.67 Val3 overlapped
Tyrl0 7.23 Tyr6 6.58
Phell 7.89 Phe7 9.57

To further confirm the low structural flexibilityfdba compared td®?a,b, we performed temperature
dependence experiments. This analysis demonsttagdthe *Jy, coupling constants were not

affected by temperature variation, thus indicatihgt 5a adopts a particularly stable conformation.
15



Notably, at 323 K and 328 K, the spacer amide pédda did not overlap to aromatic resonances, an

event that allowed us to identify the two well-ahefil *Jnn, constants (between the NH and the two

diasterotopicy methylenes hydrogen atoms of the spacer).

H-bond is one of the major interactions contribgtio the stabilization of secondary structures in
proteins, and delineation of H-bonds is relevantafgsessing peptide conformations. Accordingly, H-
bond network involving amide protons has been @efiby temperature dependence experiments.
From NH chemical shift analysis, we could identifie exposed or shielded (H-bonded) NH in our
peptide sequences. In fact, amide shielded prostiesv a lower temperature dependence of their
chemical shifts (usually defined agppm)/T(K) ratio or Temperature coefficient,c) compared to
exposed protons.[22] ATc| < 3 ppb/K is indicative of intra-molecular H-boridrmation of the

shielded protons, wherea$Ta| > 5 ppb/K likely represents exposed amide prof@@s23]

8.4 8

T £ _
o / 8

g% olle7 ||| 2
= ovas || |€7 *Tyr6
= Aleul ; 7.4 —Phe7
g78 ova2 |[|£ .,
k- g /- Alle3
S mTyrl0 2 .
&) oPhellll |© O i@ O

7.4 6.8

275 295 290 310 330
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Fig. 3. Temperature dependence of the chemical shiftseoainide protons @b (left) and5a (right).

The quantitative plot of the analysis of these d&tg. 3) further underlines the different behavadr
2b and5a amide H atoms.
The Tc were calculated for each residue and defined asskhpe of the best-fit line (Table S2).

Concerningba, amide NH protons of the spacer, Val5 and Phe@8ues, are likely intra-molecular H-
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bonded in the majority of conformers. On the camtralc values from2b amides were all
characteristic of solvent exposed hydrog@ic|(> 5ppb/K), with the only exception of Phell NH((

= 4 ppb/K). In the latter case, this intermediftasalue did not unambiguously indicate the presarice
a H-bond. For random coil peptides in aqueous nmedias 2b) the Tc parameter is often
unreliable.[22, 24] However, since Phell amide pEa® was also the only NH peak which did not
undergo line broadening at high temperatures, yipethesis of a H-bond involving this residue could
not be completely ruled out; alternatively we cgpdthesize a solvent protection of Phell amidefor
minor population of conformers @b. Moreover, the narrow resonances recorded on MR Bpectra,

at variable concentrations, suggest that the lipeatide did not undergo aggregation.

2.3. Molecular Modelling Studies.

In order to understand the potential ability of ¢emd cyclic peptide5a) to mimic the region of
Nur77 which can bind Bcl-2 anfi-tubulin[13] (see Fig. 4A), we initially performean extensive
conformational search analysis by means of Macra[itb] to evaluate the possibility of lower
energy conformers da to form an intramolecular H-bond as highlightedMMR studies and which

reproduces the same H-bond as evidenced in Nuri@ structure (PDB ID 1YJE) (Fig. 4A,B).

Fig. 4. (A) Crystal structure of Nur77 (PDB ID 1YJE) higifiting thep-tubulin and Bcl-2 interacting
portion represented as cyan sticks; (B) Low eneagyformer (-542.454 kcal/mol) &k represented by
magenta sticks. Intramolecular H-bonds are repteddyy dotted lines. The pictures were generated by
means of PyMOL.[26]
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Our studies highlighted a high degree of 3D arramge similarity between the lower energy
conformer ofba (Fig. 4B) and the Nur77 binding region. In fatig tegion of Nur77 where the H-bond
is detected (PDB ID 1YJE) (between V587 and P584iseaonumbering) is superimposable to the
corresponding area of the low energy conformeseoivhere the intramolecular H-bond between Pro7
and Val4 was proved by NMR analysis. This featutews 5a to reproduce the relevant motif of

Nur77 for binding its targets.[13]

Since we already demonstrated thamimics the Nur77 binding region,[13] we hypothesizhat the
cyclic peptideba might share (although partially) withthe same binding site @tubulin. To confirm
this hypothesis we have performed a blind dockiatgwation considering botl- and 3-tubulin
subunits by using Autodock.[27-32] Autodock softevas able to accomplish the blind docking of
compounds and to select the correct complexes baseednergy without prior knowledge of the
binding site. The output of this approach (Figckarly shows that the preferred binding site foe t
lower energy poses @&a overlaps to that of. On thep-tubulin subunit, no poses were found in the
colchicine binding site, while a very limited numnbef solutions was found matching with the
vinblastine binding site, the analysis of which ealed much less favourable docking scores when
compared to those found féa into the PTX-binding site. Accordingly, the vinbtae binding site
appeared not suitable f8a/p-tubulin interaction. Notably, a very limited nunmie#f docked solutions
were found omu-tubulin. These poses did not cover the binding sit known drugs (pironetin, and
griseofulvin) and, being devoid of relevant docksupres, allowed us to exclude txéubulin subunit
as a putative target fda. Overall, these findings indicate the PTX-bindsite onp-tubulin as the

most reliable binding site fdia.
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Pironetin

Vinblastine

Fig. 5. Blind docking output foi5a (coloured sticks) against/f-tubulin (orange and white surfaces,
respectively). In the picture the known tubulin dimy sites have been reported. The picture was
generated by Autodock.[32]

Additional computational studies were performedifmestigating the influence of the cycle size on
the binding mode of a set of cyclic peptides wheadgally shortening the butyric chain &d (as in
compoundsc, and5d, Fig.1 and Table 1). The potential binding modesampoundsa, 5c¢, and5d
on B-tubulin were then analysed by means of GOLD safvthat employs genetic algorithm[33-35]
on the binding site of. These studies were coupled to the estimationmes binding energy (Prime
MM/GBSA[36] implemented in Maestro suite[37]) asepiously reported by us[38-42] also for
evaluating the binding modes of peptide-like comm=u[43, 44] The output of this calculation is

reported in Fig. 6A-D foba, 5¢, 5d, and5f. Analysis of the data revealed tia interacts within its
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putative binding site through a series of polar hgdrophobic contacts. In particular, we observed a
series of H-bonds with R278 and T276, while a caticgtacking could be established between the Tyr
residue ofba and R369 while the closer Pro was easily accomteddato a hydrophobic sub-pocket
formed by residues F272, P360 and L371. The Pheéue®f5a was involved in ar-r stacking with
H229. These major contacts might support a godidditof 5a in the PTX-binding site. Notably, as a
further validation of this data, the same pose fwaad as the top-ranked pose during the blind dagki
calculation. The superposition of the posebaffrom the blind docking (Autodock) and the docking
calculation (GOLD) is provided in Fig. S5. The ugmdtocol was able to reproduce the crystallized

pose ofl (PDB ID 1JFF) further supporting our computatioagproach.

For compoundbc, the obtained docking output (Fig. 6B) was sligtdifferent from that found for
5a. Particularly,5c was found to be more deeply accommodated intditinding pocket. This may be
due to a strong H-bond network found between R3®Bthe Tyr residue dsc which in turn allowed
an increase of contacts especially in terms of dpldobic interactions. In fact, in addition to the H
bonds and the hydrophobic contacts above mentidoeda, 5¢c was also able to establishmar
stacking with F272 by its Tyr residue. Moreover Bre closer to the Tyr residue is involved in deser
of hydrophobic contacts with P360 and V23. The tatber Pro residues were found to form

hydrophobic contacts with P274, L286, and L371.
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Fig. 6. (A) 5a (magenta sticks) (Bjc (light pink sticks) (Chbd (gold sticks) and (D%f (green sticks)
into the B-tubulin PTX-binding site (cyan cartoon). The remd located in the binding site are
represented by lines. H-bonds are represented thgddines. Nonpolar hydrogens were omitted for the
sake of clarity. The pictures were generated by ©1M

A progressive restriction of the ring dimension led compound5d (Fig. 6C) for which our
computational studies revealed a different oriémtabf the docked poses belonging to the most
populated cluster. In fact the aromatic moietiessdfwere accommodated at the boundary of the
binding site, strongly interacting by H-bonds wRR78, G279, and Q281 by its Tyr portion. The Phe
portion established a cationstacking with R278. Moreover H-bond with H229 amgtrophobic

interactions of lle moiety5() stabilized the docked pose. In fact, lle moietynvolved in a series of
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hydrophobic contacts with P360, F272, and V23, atihe Pro residues closer to Phe portion
established hydrophobic contacts with L217, L218 BR75. CompoundSf and5g were conceived to
further reduce the peptide character of our cycimpounds. Two further proline residues and the
spacer oba were replaced by an ethereal chain linked by aeidierbond to the Ile5, while maintaining
the DHPro into the structure. Notably, as showFRim 6D, 5f spans the entire binding site on tubulin,
interacting with the backbone of G370 by H-bondjlevits benzylated Tyr residue enables a double
cationst stacking with R278. Furthermore, the central regi 5f produced a series of hydrophobic
interactions principally by its Phe moiety whichdiseply located in a hydrophobic sub-pocket formed
by P274, A285 and L286. Moreover, the Phe latenairc of 5f may form another cation-stacking
with R284. In compounég the lack of the benzyl group did not allow to éfith a binding mode as
that found for5f. In fact, the interactions around R278 were cotepjdost by5g and these contacts
were not replaced by other interactions. Theseaufeatdid not allowbg to occupy the entire binding
cleft thus resulting in a relevant solvent expopedion of the compound and in a large number of
clustered docking solutions. This event producetheonsistent binding mode which is nonetheless in
agreement with the poor pro-apoptotic potentiathef compound (see Table S4). In general all the
computational studies are in agreement with thielleeldata reported in Table S4 Table 3 and Figures

7 and 8.

2.4. Cellular studies

2.4.1. Cyclic peptideSa-d,f promote apoptosis in cancer cell lines

Preliminary flow cytometric sub-485; analysis EBV-B (Epstein-Barr Virus (EBV)-immortadid B
cells), Jurkat (human T lymphocyte), and HL60 (hanpeomyelocytic leukemia) cell lines treated
under identical conditions with eithBa and2a (25 uM) evidenced that the cyclic peptide but not the

linear peptide was able to induce apoptosis afeh 2f incubation (Table S3). Following this initia
22



screening, and in order to understand if the nowempounds might promote apoptosis,
intranucleosomal DNA fragmentation, a major hallknaf apoptotic cell death, was determined by
flow cytometry [45] on HL60 cells treated with botlyclic (5a-g) or linear @a,b and6a-f) peptides
(Fig. 7 and Table S4). The results show that cypéiptidesba,c,d,f, but not5b, 5e and5g or linear
peptides, induced a significant enhancement impdreentage of apoptotic cells (with hypodiploid or
“sub-G¢/G,;” DNA content) compared with vehicle (Fig. 7A). Ifiact, compoundb5e, which
incorporates the unnatural amino acid 3,4-dehyt)ep(oline (DHPro) into its structure in place of
Pro3 of5a, almost completely lost its pro-apoptotic potenfi@able S4). Moreover, in agreement with
our computational studie$f improved the pro-apoptotic effect of our leBa while no appreciable

activity was observed withg (Table S4).

Interestingly, differently froni, treatment with compounds, 5c, 5d and5f resulted in a higher and
dose dependent percentage of cells in spllJohase which was paralleled by a significant redact
in the percentage of cells in/&; and G/M phases confirming that these novel compoundsdactell
death by apoptosis (Fig. 7A). The efficacy of thesmpounds, when tested at | for 24 h, ranged
from 33.1% induction of apoptotic cells for compdust to the 77% for compounsf (Table S4 and
Fig. 7A) when compared to untreated cells.

Interestingly our prototypical compourié, which behaved as one of the best performing cycli
peptides, was found to induce apoptosis in vartoosor cell lines (Table 3) thus indicating a broad-
spectrum activity.

Consistent with the pro-apoptotic effect Bd, 5c, 5d, and5f on HL60 cells, externalization of
phosphatidylserine, which normally resides in theer plasma membrane of healthy cells, was
significantly enhanced as compared to cells treatét vehicle, as assessed by flow cytometric

analysis of Annexin-V (Fig. 7A).
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Mitochondria are at the crossroads of the two magioptotic signaling pathway, namely the intrinsic
and extrinsic pathways, and their integrity is nowex tightly controlled by the Bcl-2 family of
proteins.[46-48] To understand %8, 5c, 5d and 5f induce apoptosis by targeting mitochondria we
measured the dissipation of mitochondrial innendraembrane potentiaA @ m) by flow cytometry
in tetramethylrhodamine methyl ester perchlorateliRM) loaded cells. A significant increase in the
percentage of cells with loss of mitochondrial int@nsmembrane potential was found following
treatment with cyclic peptidesa, 5c, 5d and5f compared with vehicle (Fig. 7B) indicating thatske

novel compounds induced apoptosis by targetingrtit@chondria.

Collectively, the results provide evidence thatlicypeptidesba, 5¢, 5d and5f are able to induce cell
death by apoptosis through a mitochondrial depernpiihway with5a and5f being the most active of

the series.

To further asses the efficacy profile of this newdlentified class of pro-apoptotic agents our
prototypical compoun&a, and some analogues, were also tested on smaif setid tumor cell lines
(Fig. 8). Flow cytometry analysis of the MCF-7 kstaancer cell lines treated wia (50 uM) for 24
h, showed a modest pro-apoptotic effect (11.8% tmstp compared to 8.5% in vehicle-treated cells).
This was slightly lower than the level of apoptasisserved when the same cell line was treated with
compoundsbe and5d (18.9% and 17.3% apoptosis, respectively). Comgdanwas inactive when

tested on the MCF-7 cell line.

The effect of5a and 2a was also evaluated in murine and human melanoalimes. Flow
cytometric analysis of both B16F1 (less metastatio) B16F10 (more metastatic) mouse melanoma
cells incubated wittha (50 uM) for 24 h revealed a small percentage obéggic cells (as sub-4B5;

%) when compared to the respective controls (T8plé-urthermore, flow cytometric analysis of two

human melanoma cell lines (the less metastatic A8¥%b more metastatic 501Mel cell line) treated
24



with 2a and 5a, showed thafa was inactive in both cell lines, when tested ab u®, while 5a
displayed significant pro-apoptotic effects in thes metastatic A237 cell line eliciting 48% apajdo

when tested at 50M with an incubation time of 72 h (Table 3).
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Fig. 7. Cyclic peptidomimetics induce apoptosis in HL60Ise{A) Cells were treated with 50M
2a,b, 5a-d,f for 24 h and DNA content was measured by flow mgtry. Control samples were treated
with vehicle (0.1% DMSO). Alternatively cells wetreated with 1, 10, 25, 50 and 1@® 5a-d,f. The
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bar graphs show the percentage of cells in theGB: phase. Data are meanSD (n > 3), ****p<
0.00015a vs vehicle, ***p= 0.000%c vs vehicle, **p= 0.00015d vs vehicle, ****p< 0.00015f vs
vehicle. Representative histograms are shown. (Bnfation by flow cytometry of mitochondrial
integrity in TMRM-loaded cells treated with %0/ 5a-d,f or with vehicle (0.1% DMSO) for 24 h. The
bar graphs show the percentage of cells with degelh mitochondria (TMRM low) cells. Data are
meant SD (n > 3). **p = 0.007%a vs vehicle, *p = 0.016c vs vehicle, ***p = 0.0004d vs vehicle,
***p = 0.0008 5f vs vehicle. Quantitation by flow cytometry of Amie V/PI staining of cells treated
with 50 uM 5a-d,f or with vehicle (0.1% DMSO) for 24 h. The bar dnapshow the percentage of
Annexin V' cells. Data are mean SD (n > 3). ****p < 0.00015a vs vehicle, **p = 0.0115c vs
vehicle, ***p = 0.00025d vs vehicle, ***p < 0.00015f vs vehicle. Representative dot plots are
shown.
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Fig. 8. Effect of cyclic peptide5a,c,d on apoptosis in breast carcinoma cells. MCF-&agéire treated
with vehicle (0.1% DMSO) or 50M 5a, 5c, or 5d for 48 h. The linear peptidga was found inactive
when tested under the same experimental conditidbhsir DNA content was then analysed as
described in the Experimental Section. Cells wasslthan 2N DNA content were deemed apoptotic.
Values represent the mean + SEM for three indeperedgeriments.

Table 3. Efficacy of compound&a and5a (at 50uM concentration) on different melanoma cell lines
as % of apoptosis (subg(&,).

Apoptosis %
Cmpd— Vehicle 2a 5a
Cell line|
B16F1 1.9+1.6 NA 13.945.4
B16F10 3.743 NA 13.6+1.8
A375 7+1 NAP 48+0.5
501Mel 9+1.8 NAP 17+1.F

4vehicle (0.1% DMSO)',’NA: not active;“tested at 5@M with 72 h of incubation time. All the
values are the mean of at least three independpstiments.

2.4.2. Both the cyclic peptidsa and the linear peptid@a enter into the cells and do not undergo

metabolic inactivation
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The differing efficacy of the cycliwersusthe linear peptides was further investigated, Bans of
confocal microscopy and mass analysis of cell 8sain order to understand whether the observed
difference in cellular efficacy might be dependepon cell permeability and/or on different metaboli

stability of the (internalized) compounds.

Confocal microscopy analysis capitalized on thet fdat these novel compounds behaved as
fluorescent probes (with two emission maxima aro8d and 500 nm, not shown) thus allowing us to
follow their cell permeability in confocal microgey studies on HL60 cells without any derivatization
These experiments clearly showed that the cyclptipe5a and the linear analogu@a and2b were
all cell permeable (Fig. 9). We hypothesized thatlack of cellular effects of the linear peptidesild
be due to metabolic susceptibility. In fact, the 0$ peptides in the cellular environment is plagbg
unwanted and rapid proteolysis exerted by exo- endo-peptidases.[49] These enzymes are an
integral part of the protein recycling machinery agflls and ensure that most peptides are rapidly
hydrolyzed to their amino acid constituents. Toradd this issue we incubat&d and2b in HL60
cells at different concentrations and incubatiomes (6 h, 24 h and 48 h). Mass spectra analygtseof
cellular lysates evidenced that both compounds wersent inside the cells (Fig. S6), thus confignin
cell permeability of these analogues, and also skavat both compounds were found within the cells
up to 48 h of incubation. Although not quantitatithis methodology allow us to exclude that
inefficacy of the linear undecapeptida could be ascribable to its more rapid metabolisra@anpared

to 5a.
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peptide
(green)

Fig. 9. Confocal microscopy analysis of HL60 cells incublateth linear peptide2a,b and the cyclic
peptide5a. Scale bar, 1Qm.

2.4.3. Cyclic peptides affect microtubule dynamics
The effects of a representative analogue on thenddy of tubulin (porcine tubulin from
Cytoskeleton) were evaluated. Compouiegd which demonstrated encouraging pro-apoptoticcedfe

was analyzed in an in vitro tubulin assay.

The turbidity assay is a convenient method for ssieg the effects of drugs on tubulin
polymerization or depolymerization, and is basedaospectrophotometric measurement of the light
which is reflected by microtubules. WheafB-tubulin dimers polymerize into microtubules anrgase
in turbidity is detected. The equilibrium betweeff8-tubulin dimers and microtubules is favored at 37
°C (physiological temperature) and depolymerizatiorinduced at 2 °C. All microtubule stabilizer
compounds accelerate this phenomenon, while th@lmkzsers induce depolymerization below the

levels of the vehicle.
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In our tests, the ability of to effectively induce tubulin assembly was used gsositive control,
while ethanol (1% v/v) was used as a vehicle céonffabulin polymerization was determined by
measuring the increase in absorbance over timéGahB). Since the }ax value is a sensitive indicator
of tubulin/ligand interactions, the \¥x values were calculated for the tested compourdldiion of
tubulin polymerization fobc is illustrated in Fig. S7. We observed that a i8concentration of the
tested compound was able to induce a tubulin palgakton level comparable to that inducedlbfd0

puM) although over longer incubation times. Theseadaticate that this compound behaves as a

tubulin stabilizer (10@uM) and is in line with the pro-apoptotic efficacgtdcted at 50 and 1Q0M.

To further test the capability of the cyclic pegsdof interfering with tubulin polymerization, we
performedp-tubulin staining studies on the rat basophilickkmmia (RBL) cell line (RBL-2H3) which
are relatively large cells such that their micratig@ls can be easily visualized. The cells, treatal the
cyclic peptidesba and 5d in comparison with vehicle and, were stained with anfi-tubulin
monoclonal antibody followed by FITC-conjugatedianbuse IgG. The results (Fig. 10) showed that
5a and5d altered the microtubule network.

Collectively, these data allowed us to conclude tha pro-apoptotic effect @a and5d may result

from an alteration of microtubule dynamics.
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vehicle 1,0.5uM

Fig. 10. Effects of5a and5d on microtubules. Representative confocal microgsagf the distribution
of microtubules taken at equatorial planes of RBi3Zells treated with the tested compourtetsdr
5d, 50 uM), vehicle (0.1% DMSO) dk (0.5 uM) for 24 h and stained with afttubulin antibody.

Scale bars, 20 pm (n = 3).

3. Conclusions

We have herein reported the development of pro{apiopcyclic peptideda-g, linear peptide?b, 3,
4a,b and6a-f, the synthesis of which was inspired by the unpeptde2a which was developed as a
mimetic of Nur77 andl. We have demonstrated that cyclic peptides, buthmeo linear peptides, are
characterized by a pro-apoptotic effect on diffei@ancer cell lines. The lack of cellular activifythe
linear peptides may be suggestive of their diffiguio reach the correct spatial arrangement for
eliciting a pro-apoptotic effect. This interpretatiwas supported by NMR studies on bathand5a,

and by computational studies. Additional studiesdestrating cell permeability (confocal microcopy)
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and excluding metabolic inactivation of the lingemptide2a when compared to our cyclic le&a
(mass analysis of cell lysates) were also in ageswith our proposed hypothesis. Moreover, as a
further advancement we have developed analoguss with a substantially lowered peptide character
such as the potent pro-apoptotic cyclic compobinarhich will pave the way to the design of further

optimized pro-apoptotic agents.

4. Experimental Procedures
4.1. Chemistry

Starting materials and solvents were purchased mmmercial suppliers and used without further
purification. Reaction progress was monitored byCTusing silica gel 60 F254 (0.040-0.06®) with
detection by UV. Silica gel 60 (0.040-0.0661) was used for column chromatography. Yields reder
purified materials and are not optimizéti NMR and**C NMR spectra were recorded on a Varian
300 MHz or a Bruker 400 MHz spectrometer using riesidual signal of the deuterated solvent as
internal standard. Splitting patterns are descrixedginglet (s), doublet (d), triplet (t), quartg), and
broad (br); chemical shift) are given in ppm and coupling constanis i hertz (Hz). ESI-MS
spectra were performed by an Agilent 1100 SeriegMSD spectrometer. All moisture-sensitive

reactions were performed under argon atmospheng usien-dried glassware and anhydrous solvents.

4.1.1. General procedure for the synthesis of itieal oligopeptides

The synthesis of linear oligopeptides was performedording to the solid phase approach using
standard Fmoc methodology in a CEM Liberty AutordaWicrowave Peptide Synthesizeraffmoc-

protected amino acids, Wang-resin supported ammdsaHBTU, and trifluoroacetic acid were
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purchased from Chem-Impex International (lllindisSA). HOBt, DIEA, piperidine, acetic anhydride
and solvents for peptide synthesis and HPLC wesagemrt grade and were acquired from Sigma
Aldrich. The Fmoc-protected amino acids were adstegwise, according to the desired sequence.
Each coupling reaction was accomplished using @dbédxcess of amino acid at 0.1 mmol scales with
HBTU and HOBt in the presence of DIEA. TheNmoc protecting groups was removed by treating
the protected peptide resin with a 20% solutionpigferidine in DMF (v/v) and the deprotection
protocol was repeated after each coupling step.NFtegminal Fmoc group was removed as described
above, and the acetylation of the free amine fonetity, when required, was obtained by treatinthwi

a 20% solution of acetic anhydride in DMF (v/v).€Tpeptide was released from the resin with
TFA/iPrsSiH/H,O (95:2.5:2.5) for 3 h. The resin was removed hyafion, and the crude peptide was

recovered by precipitation with cold anhydrouslaytther to give a white powder.

4.1.2. General procedure for the cyclization of tigs

The appropriate linear sequence was dissolvedeintimimum amount of dry DMF and then diluted
with dry DCM. This solution was added dropwise tonature of HBTU (4 eq), HOBt (4 eq) and
DIPEA (10 eq) in dry DCM, in order to have a sabatiwith a final concentration of POM. The
reaction was stirred at 25 °C undes Atmosphere for 12 h. Solvent was removed undeuceszt
pressure and the crude was purified by means afnwdwiography on aluminum oxide (from 100%
CHCI; to MeOH/CHC} 1:30). The cyclic peptides were obtained withdselanging from 17 to 25%.
4.1.3. Ac-L-V-P-P-P-P-1-V-P-Y-F-COOK)

The title compound was obtained following the gaherocedure for the synthesis of linear peptides.
'H NMR (300 MHz, CROD) § 7.32-7.16 (m, 5H), 7.03 (d,= 8.4 Hz, 2H), 6.67 (d] = 8.3 Hz, 2H),
4.75-4.57 (m, 4H), 4.57-4.30 (m, 6H), 4.22 Jd 7.5 Hz, 1H), 4.00-3.70 (m, 5H), 3.68-3.47 (m,)5H
3.15 (dd,J = 14.0, 5.5 Hz, 1H), 3.09-2.75 (m, 3H), 2.41-2(f6 4H), 2.16-1.74 (m, 22H), 1.72-1.47

(m, 4H), 1.24-1.08 (m, 1H), 1.08-0.74 (m, 24HSI-M S m/z1303 M+Na[’, 663 M+2Naf*/2.
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4.1.4. Ac-L-V-P-P-P-P-I-V-P-Y-F-CONH2a)

Compound2b (20 mg, 0.016 mmol) was suspended in dry MeCN (@l% then 2-ethoxy-1-
ethoxycarbonyl-1,2-dihydroquinoline (EEDQ, 4 m@IB mmol) and NEFHCO; (4 mg, 0.048 mmol)
were added. The reaction was stirred at 25 °C uAdaatmosphere for 12 h. Solvent was removed
under reduced pressure. The residue was taken thp avsaturated solution of NaHG@nd the
aqueous phase was extracted with DCM (3 x 10 mhe dombined organic layers were dried over
NaSQO,, filtered and evaporated. The crude was purifigdrieans of chromatography on silica gel
(MeOH/CHCE 1:10) to afford purea (35% yield) as a withe solidH NMR (300 MHz, CXOD) &
7.33-7.08 (m, 5H), 7.02 (d, = 8.5 Hz, 2H), 6.66 (dJ = 11.6 Hz, 2H), 4.75-4.57 (m, 4H), 4.57-4.29
(m, 6H), 4.26-4.10 (m, 2H), 4.01-3.71 (m, 5H), 3346 (m, 5H), 3.18-2.71 (m, 4H), 2.45-2.17 (m,
4H), 2.17-1.71 (m, 21H), 1.70-1.39 (m, 4H), 1.22@L(m, 1H), 1.10-0.72 (m, 24HESI-M S m/z1302

[M+Na]’, 662 M+2Naf*/2.
4.1.5. Ac-P-P-I-V-P-Y-F-COOHBb)

The title compound was obtained following the gaherocedure for the synthesis of linear peptides.
'H NMR (300 MHz, CROD) § 7.30-7.12 (m, 5H), 7.03 (d,= 8.5 Hz, 2H), 6.67 (d] = 8.5 Hz, 2H),
4.68-4.56 (m, 2H), 4.55-4.40 (m, 3H), 4.38-4.26 {iH), 4.22 (d,J = 7.8 Hz, 1H), 3.94-3.69 (m, 2H),
3.68-3.43 (m, 4H), 3.15 (dd,= 13.9, 5.5 Hz, 1H), 3.09-2.83 (m, 3H), 2.25-1(# 17H), 1.64-1.46

(m, 1H), 1.24-1.10 (m, 1H), 1.02-0.79 (m, 12H8I-M S m/z897 M+Na]".

4.1.5. Ac-P-P-1-V-P-Y-F-CON(Mgj3a)

To a solution of3b (20 mg, 0.022 mmol) in dry DCM (5 mL) cooled to°G, EDCI (5 mg, 0.024
mmol), HOBt (4 mg, 0.024 mmol) and DIPEA (10 pLO® mmol) were added and the mixture was
stirred under Ar atmosphere for 1 h. Then, a satutf dimethylamine hydrochloride in dry DCM (2.5

mL) and DIPEA (5 puL, 0.022 mmol) was added andréeetion was stirred at 25 °C for 12 h. Then a
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saturated solution of NaHG@vas added and the aqueous phase was extracteD@Mh(3 x 10 mL).
The combined organic layers were dried oves3(a, filtered and evaporated. The crude was purified
by means of chromatography on aluminum oxide (5%0Men CHCE) to afford pure3a (53% vyield)

as a white solidtH NMR (300 MHz, CROD) § 7.35-7.12 (m, 5H), 7.01 (d,= 8.4 Hz, 2H), 6.66 (]

= 8.3 Hz, 2H), 4.69-4.57 (m, 1H), 4.57-4.27 (m, 4#P0 (d,J = 7.8 Hz, 1H), 4.01-3.71 (m, 4H), 3.69-
3.47 (m, 4H), 3.13-2.72 (m, 8H), 2.34-1.68 (m, 18Hp7 (dd,J = 13.5, 7.3 Hz, 1H), 1.24-1.08 (m,
1H), 1.07-0.75 (m, 12HESI-MSm/z902 M+H]", 924 M+Na]".

4.1.6. Ac-V-P-P-P-P--CONH(4)

The title compound was obtained following the gaherocedure for the synthesis of linear peptides.
Then, the free carboxylic terminus was converted the corresponding primary amide following the
same procedure reported f2a. The crude was purified by means of chromatogramhyaluminum
oxide (5% MeOH in CHG) to afford pure4 (26% vyield) as a withe solidH NMR (300 MHz, CDC})

§ 7.44 (d,J = 9.0 Hz, 1H), 6.78 (br s, 1H), 6.22-6.02 (M, 28B1-4.52 (m, 4H), 4.39-4.07 (m, 4H),
3.92-3.38 (m, 8H), 2.65-2.39 (m, 1H), 2.33-1.80 (BH), 1.59-1.36 (m, 2H), 1.06-0.76 (m, 12H);
ESI-MSm/z683 M+Nal'.

4.1.7. NH(CH,)3CO-P-P-I-V-P-Y-F-COOH&Qa)

The title compound was obtained following the gaherocedure for the synthesis of linear peptides.
'H NMR (400 MHz, CROD) § 7.25-7.18 (m, 5H), 7.02 (d,= 8.2 Hz, 2H), 6.67 (d] = 8.2 Hz, 2H),
4.64-4.40 (m, 5H), 4.34 (m, 1H), 4.18 Jt= 7.8 Hz, 1H), 3.84-3.70 (m, 2H), 3.66-3.45 (m,)48113

(m, 1H), 3.02-2.86 (m, 5H), 2.60-2.40 (m, 2H), 2230 (m, 16H), 1.60-1.45 (m, 1H), 1.14 (m, 1H),
0.95-0.85 (M, 12H)ESI-M Sm/z939 M+Na]", 481 M+2Naf*/2, 470 M+H+NaF"/2.

4.1.8. NH(CH,)3CO-P-P-I-V-G-Y-F-COOH®b)

The title compound was obtained following the gaherocedure for the synthesis of linear peptides.
'H NMR (400 MHz, CROD) § 7.20 (m, 5H), 6.98 (d] = 8.4 Hz, 2H), 6.64 (d] = 8.4 Hz, 2H), 4.60-
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4.45 (m, 4H), 4.20 (d] = 8.0 Hz, 1H), 4.11 (d] = 7.2 Hz, 1H), 3.90-3.70 (m, 2H), 3.65-3.50 (m,))4H
3.17 (m, 1H), 2.97 (m, 4H), 2.74 (m, 1H), 2.55-2(4% 2H), 2.25-1.78 (m, 12H), 1.55-1.45 (m, 1H),
1.25-1.10 (m, 1H), 0.93-0.82 (m, 12HDSI-M S m/z878 M+H]*, 900 M+NaJ".

4.1.9. NH(CH,),CO-P-P-I-V-G-Y-F-COOH€C)

The title compound was obtained following the gaherocedure for the synthesis of linear peptides.
'H NMR (400 MHz, BO) § 7.18 (m, 3H), 7.06 (d] = 7.0 Hz, 2H), 6.92 (d] = 8.2 Hz, 2H), 6.66 (d]

= 8.2 Hz, 2H), 4.56 (m, 1H), 4.41 @z= 7.1 Hz, 1H), 4.30 (m, 3H), 4.15 (t= 6.4 Hz, 1H), 3.99 (d]

= 8.5 Hz, 1H), 3.68 (m, 2H), 3.48 (m, 4H), 3.10 @h]), 2.95-2.85 (m, 1H), 2.83-2.66 (M, 5H), 2.22-
1.56 (m, 14H), 1.35 (m, 1H), 1.05 (m, 1H), 0.7890.6n, 12H);ESI-MS m/z 904 M+H]", 464
[M+Na+HF*/2, 453 M+2H]*/2.

4.1.10. NH-G-P-P-1-V-G-Y-F-COOH &d)

The title compound was obtained following the gaherocedure for the synthesis of linear peptides.
'H NMR (400 MHz, BO) § 7.19 (m, 3H), 7.14 (dl = 6.9 Hz, 2H), 7.06 (d] = 6.9 Hz, 2H), 6.93 (d]
= 8.5 Hz, 2H), 6.67 (d] = 8.3 Hz, 2H), 4.33 (m, 3H), 4.17 &= 8.3 Hz, 1H), 3.99 (J = 7.8 Hz, 1H),
3.84 (s, 2H), 3.65 (m, 2H), 3.55-3.42 (m, 4H), 2088 (m, 4H), 1.91-1.62 (m, 14H), 1.41-1.29 (m,

1H), 1.15-1.01 (m, 1H), 0,75 (m, 12H5SI-M S m/z911 M+Na]’, 889 M+H]".
4.1.11. NH(CH,)sCO-P-P-I-V-3,4-dehydro—(L)-proline-Y-F-COOd)

The title compound was obtained following the gaherocedure for the synthesis of linear peptides.
'H NMR (300 MHz, CROD) § 7.41-7.06 (m, 5H), 7.02 (d,= 8.1 Hz, 2H), 6.66 (d] = 6.8 Hz, 2H),
6.08-5.88 (m, 1H), 5.80-5.65 (M, 1H), 5.11-4.99 {H), 4.75-4.33 (m, 6H), 4.33-3.99 (m, 2H), 3.86-
3.46 (m, 6H), 3.09 -2.79 (m, 5H), 2.62-2.41 (m, 2BP9-1.63 (m, 12H), 1.63-1.39 (m, 1H), 1.04-0.72
(m, 12H);ESI-M Sm/z916 M+H]*, 938 M+Na]', 470 M+H+NaF"/2.

4.1.12. Compoundb8)
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The title compound was obtained following the gahprocedure for the cyclization of linear peptides
'H NMR (400 MHz, CROD) & 7.32-7.10 (m, 5H), 6.88-6.77 (m, 2H), 6.65 (m, 2&4)70-4.30 (m,
4H), 4.21 (m, 1H), 4,13 (m, 1H), 3.95 (m, 1H), 3825 (M, 6H), 3.12-2.80 (m, 5H), 2.73 (M, 1H),
2.45-1.50 (m, 18H), 1.40-1.20 (m, 2H), 1.05-0.85 (& H);ESI-MSm/z921 M+Na]*, 899 M+H]".
4.1.13. Compoundbb)

The title compound was obtained following the gahprocedure for the cyclization of linear peptides
'H NMR (400 MHz, CROD) § 7.37 (m, 1H), 7.26-7.16 (m, 6H), 6.94 (= 8.3 Hz, 2H), 6.63 (m,
1H), 4.52-4.08 (m, 4H), 4.07-3.96 (m, 3H), 3.9643(f, 1H), 3.61-3.40 (m, 4H), 3.18 (m, 2H), 2.86
(m, 4H), 2.27-1.78 (m, 14H), 1.35-1.15 (m, 2H), 0.@n, 12H);ESI-MS m/z 883 M+Na]’, 860
[M+H]".

4.1.14. Compoundb()

The title compound was obtained following the gahprocedure for the cyclization of linear peptides
'H NMR (400 MHz, CROD) & 7.26-7.14 (m, 6H), 6.69 (m, 2H), 6.63-6.56 (M, 24)p7-4.10 (m,
7H), 3.74-3.43 (m, 8H), 2.90-2.53 (m, 4H), 2.26 @Hhi), 2.08-1.50 (m, 15H), 1.35 (m, 1H), 1.10-0.99
(m, 1H), 0.98-0.82 (M, 12HESI-M S m/z907 M+NaJ".

4.1.15. Compoundb()

The title compound was obtained following the gahprocedure for the cyclization of linear peptides
'H NMR (400 MHz, CROD) § 7.30-7.18 (m, 6H), 6.60 (d,= 8.4 Hz, 2H), 6,54 (d] = 8.6 Hz, 2H),
4.64-4.55 (m, 2H), 4.37 (m, 2H), 4.03 (m, 1H), 3(86 1H), 3.90-3.79 (m, 2H), 3.66 (m, 1H), 3.46 (m,
6H), 2.90 (m, 2H), 2.55-2.45 (m, 2H), 2.19-1.78 (MH), 1.55-1.45 (m, 2H), 1.25-1.15 (m, 1H), 0.96-
0.80 (m, 12H)ESI-M S m/z893 M+Na]".

4.1.16. Compouncbé)

The title compound was obtained following the gahprocedure for the cyclization of linear peptides
'H NMR (300 MHz, CROD) § 7.45-7.09 (m, 5H), 7.09-6.81 (m, 3H), 6.67 Jc& 8.5 Hz, 2H), 6.04
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(d,J = 6.7 Hz, 1H), 5.47 (d] = 6.4 Hz, 1H), 5.24-5.07 (m, 1H), 4.65-4.33 (m,)4#33-4.02 (m, 2H),
3.77-3.42 (m, 6H), 3.12-2.63 (m, 6H), 2.47-1.42 (t6H), 1.08-0.66 (M, 12H)ESI-M S m/z 898
[M+H]*, 920 M+Na]".

4.1.17. (4S)-1-tert-Butoxycarbonyl-4-iodo-(L)-praimethyl estei8]

To a solution of7 (5.5 g, 22.7 mmol) in dry THF (50 mL), PP®.0 g, 34.0 mmol) and Mel (1.7 mL,
27.1 mmol) were added and the mixture was coolél*@ before adding DIAD (5.4 mL, 27.4 mmol)
dropwise. The reaction was stirred at 25 °C undeat#nosphere for 4 h. The off-white solid was
filtered off and solvent was removed under redymegsure. The crude was purified by means of flash
chromatography (ethyl acetate/petroleum ether floB® to 1:6) to afford pure compourdd(55%
yield) as slightly yellow oil*H NMR (CDCk, 300 MHz) 4.26 (dt) = 24.1, 7.8 Hz, 1H), 4.15-3.95 (m,
2H), 3.74 (s, 3H), 3.70-3.57 (m, 1H), 2.87 (m, 1R}2-2.21 (m, 1H), 1.42 (d,= 15.6 Hz, 9H)ESI-
MSm/z356 M+H]".

4.1.18. 3,4-Dehydro-1-tert-butoxycarbonyl-(L)-pradimethyl estei9f

To a solution o8B (5.0 g, 14.9 mmol) in dry toluene (30 mL), DBUTZ3, 17.9 mmol) was added and
the mixture was stirred at 85 °C for 3 h and thénhlat 25 °C under At atmosphere. The slightly
yellow precipitate was filtered off and toluene wasnoved under reduced pressure. The crude was
purified by means of flash chromatography (ethyktate/petroleum ether 1:10) to afford pure
compound9 (78% vyield) as a transparent otH NMR (CDCk, 300 MHz)*H NMR (300 MHz,
CDCl) 5 6.05-5.89 (m, 1H), 5.79-5.65 (m, 1H), 5.09-4.91 (H), 4.35-4.12 (m, 2H), 3.73 (s, 3H),
1.46 (m, 9H)ESI-MSm/z250 M+NaJ".

4.1.19. 3,4-Dehydro-(L)-proline methyl ester hydrocide salt (0)

To a solution o® (100 mg, 0.4 mmol) in MeOH (5 mL), a solution of@ (710 pL) in MeOH (10
mL) was added and volatiles were removed undercestipressure. The procedure was repeated until
complete consumption of the starting material. Nidhier purification was needed (quantitative yield)
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'H NMR (CD50D, 300 MHz)3 6.16-6.06 (m, 1H), 6.06-5.98 (m, 1H), 5.26-5.18 (H), 4.28-4.09
(m, 2H), 3.86 (s, 3H)ESI-M Sm/z128 M+H]".

4.1.20. 3,4-Dehydro-1-tert-butoxycarbonyl-(L)-pradi 12)

To a solution 0B (1.0 g, 4.4 mmol) in a 1:1 mixture of MeOH (10 ndr)d THF (10 mL), a solution of
LiOH (210 mg, 8.8 mmol) in water (10 mL) was addetl the reaction was stirred at 25 °C under Ar
atmosphere for 2 h. Volatilities were removed unceduced pressure and water was added. The
aqueous phase was washed with ethyl acetate,iadidifitii pH = 2 with 1 N HCI, and extracted with
ethyl acetate (3 x 10 mL). The combined organicetaywere dried over N8O, filtered and
evaporated. Pure title compound was used in tHewilg step without any further purificationt
NMR (300 MHz, DMSOek), & 6.02-5.97 (m, 1H), 5.80-5.76 (m, 1H), 4.80-4.7Q (tH), 4.04-3.97

(m, 2H), 1.35 (s, 9HESI-M Sm/z212 M-H].
4.1.21. 3,4-Dehydro-(L)-proline trifluoroacetateltsl3)

To a solution ofl2 (850 mg, 4.0 mmol) in dry DCM (20 mL), TFA (2 miyas added and the reaction
was stirred at 25 °C under Ar atmosphere for 2 dlaies were removed under reduced pressure to
afford pure title compound (quantitative yield)awhite solid*H NMR (300 MHz, BO), § 5.95-5.90

(m, 1H), 5.85-5.80 (m, 1H), 5.10-4.95 (m, 1H), 4398 (m, 2H)ESI-M Sm/z113 M-H]".
4.1.22. 3,4-Dehydro-1-(9-fluorenylmethoxycarborfi)proline (14)

To a stirred solution of compourd@ (450 mg, 2.0 mmol) in N&€O; 10 % solution (10 mL), a solution

of 9-fluorenylmethyl chloroformate (520 mg, 2.0 mina 1,4-dioxane (10 mL) was added the reaction
was stirred at 25 °C for 4 h. Volatiles were rentuader reduced pressure and the aqueous pahse was
washed with BO (2 x 10 mL), acidified till pH = 2 with 1 N HCBnd extracted with EtOAc (3 x 10

mL). The combined organic layers were dried overS{, filtered and evaporated. No further
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purification was needed (76% yieldd NMR (300 MHz, CDC}), 5 9.65 (br s, 1H), 7.74 (d, = 7,4
Hz, 1H), 7.69 (dJ = 7,2 Hz, 1H), 7.60-7.52 (m, 2H), 7.40-7.24 (m,)46100-5.90 (m, 1H), 5.85-5.79
(m, 1H) 5.15-4.90 (m, 1H), 4.58-4.49 (m, 1H), 4439 (m, 1H), 4.369-4.24 (m, 2H), 4.15-4.04 (m,

1H); ESI-M S m/z334 M-H] .

4.1.23. (2-(2-Azidoethoxy)ethyl) tert-butoxycardamjine (6)

Compoundl15 (1.4 g, 9.0 mmol) was dissolved in MeOH (25 mLYahe solution was degassed
several times with Ar before adding a catalytic amtoof Pd/C 10%. The atmosphere was filled with
H, and the reaction was stirred 8 h at 25 °C. The uméxtvas filtered and the solvent was removed
under reduced pressure. The crude (1.1 g, 8.5 mmad)dissolved in dry DCM (30 mL), then teir-
butyl dicarbonate (2.2 g, 10.2 mmol) and TEA (3.0,81.3 mmol) were added. The reaction was
stirred at 25 °C under Ar atmosphere for 12 h. Salwas removed under reduced pressure. The crude
was purified by means of chromatography on siliea(gthyl acetate /petroleum ether 1:10) to afford
title compound as a transparent oil (85% yield ®steps)*H NMR (300 MHz, CDC})  4.90 (br s,
1H), 3.64 (t,J = 4.9 Hz, 2H), 3.54 (t) = 5.1 Hz, 2H), 3.45-3.22 (m, 4H), 1.44 (s, 9S8 -M S m/z
243 M+NaJ'.

4.1.24. (2-(2-Aminoethoxy)ethyl)-tert-butoxycarddanyine (7)

Compound16 (1.7 g, 7.7 mmol) was dissolved in MeOH (25 mLYahe solution was degassed
several times with Ar before adding a catalytic antoof Pd/C 10%. The atmosphere was filled with
H, and the reaction was stirred 8 h at 25 °C. The umixtvas filtered and the solvent was removed
under reduced pressure. No further purification masded (quantitative yieldH NMR (300 MHz,
CDCl) & 5.08 (br s, 1H), 3.66-3.47 (m, 4H), 3.37-3.22 @H), 3.22-3.10 (M, 2H), 3.02-2.84 (m, 2H),
1.43 (s, 9H)ESI-M Sm/z205 M+H]*, 227 M+Na]'.

4.1.25. (2-(2-(tert-Butoxycarbonyl)aminoethoxy)yddiminocarbonyl)-(L)-isoleucine benzyl est#8)
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(2S,3S)-Benzyl-2-isocyanato-3-methylpentancitea stirred solution ofL{-lle-OBn (205 mg, 0.93
mmol) in DCM (10 mL) cooled to 0 °C, a saturatetlon of NaHCQ (10 mL) was added and the
suspension was vigorously stirred for 5 min. Ther20% solution of phosgene in toluene (1.0 mL,
1.86 mmol) was added and the reaction was stiwedufther 15 min at 25 °C. The two layers were
separated and the aqueous phase was extracte®@@h(3 x 10 mL). The combined organic layers
were dried over NSO, filtered and evaporatedd NMR (300 MHz, CDCY) § 7.41-7.32 (m, 5H),
5.22 (q,J = 12.1 Hz, 2H), 4.15-3.94 (m, 1H), 2.01-1.87 (1H),11.53-1.09 (m, 2H), 1.03-0.72 (m, 6H);
ESI-MSm/z248 M+H]".

To a stirred solution of the previously synthesimsatyanate (225 mg, 0.93 mmol) ahd (190 mg,
0.93 mmol) in dry THF (10 mL), TEA (150 uL, 1.02 rmthwas added and the mixture was stirred at
25 °C under Ar atmosphere for 12 h. Solvent wasorad under reduced pressure. The crude was
purified by means of flash chromatography on siljeh (ethylacetate/petroleum ether 1:1) to afford
title compound (62 % yield) as an off-white sofith. NMR (300 MHz, CDC}) § 5.35 (br s, 1H), 5.16
(qd, J = 12.3, 2.2 Hz, 2H), 5.05 (br s, 1H), 4.55 (dd& 38.2, 9.0, 4.4 Hz, 1H), 3.66-3.42 (m, 4H),
3.42-3.17 (m, 4H), 2.00-1.78 (m, 1H), 1.45 (s, 9H23-1.04 (m, 1H), 0.98-0.72 (M, 6HHSI-M S m/z
452 M+H]".

4.1.26. (2-(2-(tert-Butoxycarbonyl)aminoethoxy)yddiminocarbonyl)-(L)-isoleucinel9)

Starting from18 (250 mg, 0.55 mmol), the title compound was olgdifollowing the same procedure
reported forl7 (quantitative yield). The compound was used in ftiilowing steps without further
purification.'H NMR (300 MHz, CDC}) 6 8.57 (br s, 1H), 5.97 (br s, 2H), 5.38 (br s, 14#§5-4.27
(m, 1H), 3.61-3.36 (m, 4H), 3.36-2.98 (m, 4H), 2088 (m, 1H), 1.42 (s, 9H), 1.24-1.03 (m, 1H),
1.01-0.75 (m, 6H)ESI-M Sm/z360 M-H]".

4.1.27. N-(tert-Butoxycarbonyl)-(L)-valine-(3,4-gelno)-(L)-proline methyl esteQ)
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Starting from amind0 (1.0 g, 4.6 mmol) andl-BocL-Valine (480 mg, 3.8 mmol), titte compound
was obtained following the same procedure repdde@a. The crude was purified by means of flash
chromatography on silica gel (ethyl acetate/petnolesther 1:10) to afford pure compou2@d (62%
yield) as a white solidESI-MS m/z327 M+H]", 350 M+Na]"; *"H NMR (300 MHz, CDC}) § 5.98
(d, J = 6.4 Hz, 1H), 5.82 (d] = 4.0 Hz, 1H), 5.25 (br s, 1H), 5.15 (= 9.8 Hz, 1H), 4.68-4.37 (m,
2H), 4.23 (gJ = 7.5 Hz, 1H), 3.72 (s, 3H), 2.15-1.94 (m, 1H¥2L(s, 9H), 1.05 (d] = 6.8 Hz, 3H),

1.01-0.83 (m, 4H).

4.1.28. N-(tert-Butoxycarbonyl)-(L)-valine-(3,4-gelno)-(L)-proline @1)

To a solution 020 (700 mg, 2.2 mmol) in a 1:1 mixture of MeOH (5 ndr)d THF (5 mL), a solution

of LIOH (100 mg, 4.4 mmol) in water (5 mL) was addend the reaction was stirred at 25 °C under Ar
atmosphere for 2 h. Volatiles were removed undduced pressure and water was added. The aqueous
phase was washed with ethyl acetate, acidified pkti= 2 with 1N HCI, and extracted with ethyl
acetate (3 x 15 mL). The combined organic layersevegied over N80, filtered and evaporated.
Pure title compound was used in the following stéhout any further purificationESI-M S m/z 311
[M-H] .

4.1.29. (L)-Valine-(3,4-dehydro)-(L)-proline-(O-km)-(L)-tyrosine-(L)-phenylalanine methyl ester

hydrochloride saltZ3)

Starting from acid21 (500 mg, 1.6 mmol) and amirg (560 mg, 1.3 mmol), title compound was
obtained following the same procedure reported3&r The crude was purified by means of flash
chromatography on silica gel (ethyl acetate/petnoleether 1:2) to afford pure Boc-protected
intermediate (53% yield) as a white sofil. NMR (300 MHz, CDC}) § 7.30-7.13 (m, 4H), 7.13-7.00

(m, 4H), 6.97-6.78 (m, 4H), 6.69 (d= 8.3 Hz, 2H), 6.58 (d] = 7.4 Hz, 1H), 6.08 (d] = 7.5 Hz, 1H),

5.77 (d,J = 5.9 Hz, 1H), 5.65 (d] = 5.8 Hz, 1H), 5.03-4.96 (m, 1H), 4.85 (s, 2HE7(q,J = 6.7 Hz,
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1H), 4.47-4.29 (m, 2H), 4.23-3.98 (m, 2H), 3.4938), 2.99-2.68 (m, 4H), 1.73 (d,= 6.6 Hz, 1H),

1.27 (s, 9H), 0.83-0.63 (M, 7THESI-MSm/z727 [M+H]', 749 [M+Na].

Pure amine23 was obtained following the same procedure repoftedl0 and was used in the
following step without any further purification (gutitative yield).ESI-MS m/z 627 M+H]", 649

[M+NaJ".

4.1.30. (2-(2-(tert-Butoxycarbonyl)aminoethoxy)yiminocarbonyl)-(L)-isoleucine-(L)-valine-(3,4-
dehydro)-(L)-proline-(O-benzyl)-(L)-tyrosine-(L)-@hylalanine methyl este?4)

Starting from acid9 (200 mg, 0.55 mmol) and ami@8 (345 mg, 0.55 mmol), the title compound was
obtained following the same procedure reported3gr The crude was purified by means of flash
chromatography on silica gel (ethyl acetate/ petrol ether 1:1) to afford pure compou2dl (43%
yield) as a white solidtH NMR (300 MHz, CROD) § 7.47-7.16 (m, 7H), 7.15-7.06 (m, 4H), 6.86 (d,
J=8.7 Hz, 2H), 5.97 (dd] = 6.3, 1.8 Hz, 1H), 5.67 (dd,= 6.0, 2.4 Hz, 1H), 5.16-5.05 (m, 1H), 5.01
(s, 2H), 4.73-4.28 (m, 6H), 4.16 (d,= 6.9 Hz, 1H), 3.58 (s, 3H), 3.51-3.39 (m, 4HB&3.13 (M,
4H), 3.10-2.86 (m, 4H), 2.17-2.01 (m, 1H), 1.953L(&, 1H), 1.83-1.70 (m, 1H), 1.42 (s, 9H), 1.04-
0.80 (m, 12H)ESI-M Sm/z497 M+H+Naf*/2, 508 M+2Naf*/2, 971 M+H]*, 993 M+NaJ".

4.1.31. (2-(2-Aminoethoxy)-ethylaminocarbonyl)-idgleucine-(L)-valine-(3,4-dehydro)-(L)-proline-

(O-benzyl)-(L)-tyrosine-(L)-phenylalaninéfy

(2-(2-(tert-Butoxycarbonyl)aminoethoxy)-ethylamiadionyl)-(L)-isoleucine-(L)-valine-(3,4-
dehydro)-(L)-proline-(O-benzyl)-(L)-tyrosine-(L)-@hylalanine Starting from compoun@4, the ester
functionality was converted into the correspondiag acid following the same procedure reported for
21. No further purification was needed (quantitaty¥eld). ‘"H NMR (300 MHz, CQOD) & 7.48-7.06
(m, 12H), 6.85 (dy) = 8.4 Hz, 2H), 5.97 (d] = 4.9 Hz, 1H), 5.68 (d] = 2.6 Hz, 1H), 5.14-5.04 (m,

1H), 5.01 (s, 2H), 4.75-4.28 (m, 6H), 4.13 Jd= 6.9 Hz, 1H), 3.53-3.36 (M, 4H), 3.36-3.08 (m,)6H
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3.08-2.80 (m, 2H), 2.19-2.00 (m, 1H), 1.97-1.88 (tH), 1.80-1.66 (m, 1H), 1.42 (s, 9H), 1.06-0.74

(m, 12H):ESI-M Sm/z490 M+H+NaF*/2, 501 M+2Naf*/2, 957 M+H]*, 979 M+NaJ".

The intermediate free acid was dissolved in dry DaM TFA was added. The reaction was stirred at
25 °C under Ar atmosphere for 2 h. Volatiles wenmoved under reduced pressure to afford pure title
compound (quantitative yield) as a white sofid. NMR (300 MHz, CROD) § 7.47-7.02 (m, 12H),
6.86 (d,J = 8.3 Hz, 2H), 6.00 (d] = 5.1 Hz, 1H), 5.70 (d] = 3.9 Hz, 1H), 5.12-5.06 (m, 1H), 5.02 (s,
2H), 4.76-4.25 (m, 6H), 4.13 (d,= 6.8 Hz, 1H), 3.73-3.62 (m, 2H), 3.59-3.45 (m,)2Bl45-3.22 (m,
2H), 3.21-2.82 (m, 6H), 2.25-2.01 (m, 1H), 1.9758L(h, 1H), 1.62-1.33 (m, 1H), 1.05-0.76 (m, 12H);

ESI-MSm/z451 M+2Naf*/2, 857 M+H]*, 879 M+Na]'.

4.1.32. Compoun8f

Starting from compoundf, the tile compound was obtained following the gaherocedure for the
cyclization of linear peptides. The crude was pedifby means of chromatography on silica gel
(methanol/ethyl acetate 1:10) to afford pure titmpound as a white solidH NMR (300 MHz,
CD;OD) § 7.47-7.17 (m, 12H), 6.79 (d,= 4.7 Hz, 2H), 6.07 (d] = 6.3 Hz, 1H), 5.62 (d] = 6.5 Hz,
1H), 5.03 (s, 2H), 4.97 (d, = 2.4 Hz, 1H), 4.70-4.41 (m, 4H), 4.09-3.89 (m,)2B174-3.33 (M, 6H),
3.15-2.60 (m, 6H), 2.25-1.77 (m, 2H), 1.65-1.43 {id), 1.37-1.19 (m, 1H), 1.06-0.74 (m, 121! -
MSm/z839 M+H]", 861 M+NaJ;

4.1.33. Compounflg

Compoundsf (5.0 mg, 0.0 mmol) was dissolved in dry DCM (2 nalnd the solution was cooled to -
78 °C. Then, a 1 M solution of BE€In DCM (30 pL, 0.0 mmol) was added and the mixtweas
warmed to 25 °C and stirred for 12 h under Ar afphese. Volatiles were removed under reduced
pressure. The crude was purified by means of chimgraphy on silica gel (methanol/ethyl acetate

1:10) to afford pure title compound as a whiteds®i5% yield)."H NMR (300 MHz, CROD) § 7.43-
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7.11 (m, 7H), 6.73-6.54 (m, 2H), 6.10 (= 6.3 Hz, 1H), 5.69 (d] = 6.3 Hz, 1H), 5.04-4.93 (m, 1H),
4.72-4.41 (m, 4H), 4.11-3.91 (m, 2H), 3.73-3.37 @H), 3.05-2.59 (m, 6H), 2.38-1.79 (m, 3H), 1.67-

1.46 (m, 1H), 1.11-0.72 (m, 12HFSI-M Sm/z748 M+H]", 770 M+Na]’, 786 M+K]".

4.2. NMR Studies

4.2.1. NMR Samples preparation

Samples were prepared by dissolving 20 mg of pepticb00 pL of RO (99,96% D, Merck) and d6-
DMSO (99,90% D, Aldrich) fo2b and5a, respectively. The same amount2iif were dissolved in
H,0 (10% v/v BO) to observe labile protons. All NMR samples weticged at 277 K.

4.2.2. NMR data acquisition and processing

Two-dimensional NMR spectra were recorded at 2798 2nd 308 K on a Bruker DRX 600
spectrometer equipped with ayzgradient unit and using a probe SEI (Selected actinverse).
One-dimensional (1D) NMR spectra were used forahalysis of temperature dependence of labile
protons chemical shift by recording spectra at K7298 K, 300 K, 308 K, 313 K and 323 K and at
293 K, 298 K, 303 K, 313 K and 323 K f@b and5a, respectively.

2D 'H NMR NOESY (relaxation delay 3 s, mixing time 46%), DQF-COSY and TOCSY (mixing
time 200 ms) experiments were recorded in phassitsenmode. Spectral width was 7184 Hz, with
F1=4096 and F2=256 complex points.

All spectra were processed with BrukeXSVINNMRO software and analysed usir@parky 3.115
(Goddard T. D., Kneller D. G., SPARKY 3, UniversdfCalifornia, San Francisco).

4.2.3. Generation of restraints

Distance restraints and dihedral angle restrainbsstance restraints were derived from NOE peaks
volumes. Initially, a set of simplified restraimtgas generated by qualitatively dividing the NOEs
intensities insmall mediumand large (rated with the range of 4.0-5.0 A, 2.5-4.0 A an@d-2.5 A

respectively).
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Subsequently, the NOEs volumes were first intedrate intensities usindsparky and then the
relaxation matrix was analysed usi@®RMA/MARDIGRAS0] algorithms for discerning proton-
proton distances. In this way it was possible toegate a more precise distance restraint list.
The33in.na coupling constant values were directly measuretDiH-spectra and used as restraints in
molecular dynamics simulations, giving informatimmthee dihedral angle (H, N, & Ha).

4.2.4. Minimizations and Molecular Dynamics

All molecular dynamics simulations were performesing the Amber 14[21] suite of programs

specifying theéf99SBforce field[51].

The starting structures generated by usini§aP module ofAmber 14 were submitted to minimization
and equilibration using a short molecular dynamigss with no restraints applied. Minimizations and
molecular dynamics were run using tBander(Simulated Annealing with NMR-Derived Energy
Restraints) module dimber 14

The MD run was performed in two parts. In the fipart (2000 ps§Jin.na restraints and a simplified
set of distance restraints were applied, in ordegradually obtain roughly NMR-refined structures;
implicit solvent and simulated annealing were usedhe second part (3000 ps) all the NMR distance
restraints were applied. Implicit solvent and siatetl annealing were applied in the first 1000ps,
followed by a constant temperature run. The t@agth of the run was 5000 ps with steps of 1.0 fs.
4.3. Molecular Modelling

4.3.1. Computational Details

All calculations performed in this work were cadieut on two Cooler Master Centurion 5 (Intel Core-
iI5 Quad CPU Q6600 @ 2.40 GHz) with Ubuntu 10.04 L{I&hg-term support) operating system

running Maestro 9.2 (Schrodinger, LLC, New York, NY011l), GOLD 5.2 (Cambridge
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Crystallographic Data Center, CCDC, UK), and Autdda@.2.6 via AutodockTools 4 (MGL tools

1.5.6)(http://autodock.scripps.edu/).[32]

4.3.2. Molecular Docking Studies

a) Ligand preparation.Three-dimensional structures of all compoundshis study were built by

means of Maestro.[37] Molecular energy minimizasiovere performed by means of MacroModel[25]
using the Optimized Potentials for Liquid Simulaseall atom (OPLS-AA) force field 2005.[52] The
solvent effects are simulated using the analytiaheralized-Born/Surface-Area (GB/SA) model,[53]
and no cutoff for nonbonded interactions was setecPolak-Ribiere conjugate gradient (PRCG)[54]
method with 1000 maximum iterations and 0.001 gnaidconvergence threshold was employed. The
conformational searches were carried out by apmhicaof the MCMM (Monte Carlo Multiple
Minimum) torsional sampling method, performing augdic setup with 21 kJ/mol (5.02 kcal/mol) in
the energy window for saving structure and a 0.5ufoff distance for redundant conformers. All
compounds reported in this paper were treated fPrep application,[55] implemented in Maestro
suite 2011, generating the most probable ionizadtate of any possible enantiomers and tautomers at

cellular pH value (7 £ 0.5).

b) Protein preparation.The three-dimensional structure of tg-tubulin (PDB ID: 1JFF[56]) was

taken from PDB and imported into ScHnoger Maestro molecular modeling environment.[3Tip
structure was submitted to protein preparation mlizenplemented in Maestro suite 2011 (Protein

Preparation Wizard workflow 2011; http://www.schirmger.com/supportdocs/18/16). This protocol

through a series of computational steps, allowedousbtain a reasonable starting structure of the
proteins for molecular docking calculations by aiese of computational steps. In particular, we
performed three steps to (1) add hydrogens, (dinig# the orientation of hydroxyl groups, Asn, and

GIn, and the protonation state of His, and (3) qrenfa constrained refinement with the impref wtilit
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setting the max RMSD of 0.30. The impref utilitynststs of a cycles of energy minimization based on

the impact molecular mechanics engine and on tHeSOP005 force field.[52]

c) Blind DockingBlind Docking study was performed by means of Agiddby using Graphical User

Interface program AutoDock Tools (ADT).[32] The feim and the ligand5g) prepared as above
specified were submitted to ADT in order to genetae structure files for Autodock in .pdbqgt format
ADT assigned polar hydrogens, united atom Kollmharges, solvation parameters and fragmental
volumes to the protein. AutoGrid was used for theppration of the grid map using a grid box. The
grid size was set to 105 x 75 x 65 xyz points vgtid spacing of 1 A and the grid center was
designated at dimensions (x, y, and z): 18.30338.and 3.426. By using these parameters all the
protein was considered for our blind docking cadtioh. During the docking procedure the protein was
considered as rigid. Docking simulations Bk were carried out using the Lamarckian genetic
algorithm and through a protocol with an initialpptation of 150 randomly placed individuals, a
maximum number of 2,5 million energy evaluation®r Ehe local search a maximum of 300
interactions was applied. The docked solutions cmeg between -9.341 and -6.505 kcal/mol

corresponding to an estimated affinity of 20-10@, were visualized as reported in Fig. 5.

c) Molecular DockingMolecular Docking was carried out using GOLD 5.2n6&c Optimization for

Ligand Docking) software from Cambridge Crystallyghic Data Center, UK, that uses the Genetic
algorithm (GA)[33] running under Ubuntu 10.04 LTSS OThis method allows a partial flexibility of
protein and full flexibility of ligand. For each tfie 100 independent GA runs, a maximum number of
125000 GA operations were performed. The searchieity values were set on 200% in order to
increase the flexibility of the ligands docked. Asported in the gold user manual this setting ef th
parameter is recommended for large highly flexilgands. The active site radius of 10A was chosen

from the center of the crystallized molecule. Défautoff values of 2.5 A (dH-X) for hydrogen bonds
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and 4.0 A for van der Waals distance were employéden the top three solutions attained RMSD
values within 1.5 A, GA docking was terminated. Tfitmess functions ChemScore coupled to
GoldScore for rescoring the docked solutions wet@uated. The interactions of the docked poses
with the identified binding site were evaluatedligand interaction diagram tool coupled to a cotgtac

assessment performed by means of measuremenitipli@imented in Maestro suite.

d) Estimated free-binding energighe Prime/MM-GBSA method implemented in Prime wafte[57]

consists in computing the change between the fnéletlle complex state of both the ligand and the
protein after energy minimization. The techniqueswaed on the docking complexes presented in Fig.
6A-C. The software was used to calculate the fiadibg energy AGping) as previously reported by

us.[38-40, 43]

4.4. Biological Studies
4.4.1. Cell lines

Human promyelocytic leukaemia cells HL60 (ECACQ)man T lymphocyte Jurkat cells and Epstein-
Barr Virus (EBV)-immortalized B cells (EBV-B) wermaintained at a density between 200,000-
1,000,000 cell/mL at 37C with 5% CQ in RPMI-1640 media with GlutaMAX™ supplemented hwit
10% foetal bovine serum, 50 U/mL penicillin and g mL streptomycin (Invitrogen, Carlsbad, CA,

USA). The cells were treated at a density of 200 €€lls/mL.

The rat basophilic leukemia (RBL) cell line (RBL-32H kindly provided by M. De Bernard
(Department of Biology, University of Padua, Paditaly) were maintained in Dulbecco's Modified
Eagle’'s medium (DMEM) medium containing 10% FBS, 1%lutamine and 1% penicillin-

streptomycin at 37C with 5% CQ. Upon reaching 70-80% confluency, the cells were-cultured
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using trypsin/EDTA. Prior to treating, the cells reeseeded at a density of 50,000 cells/mL and

cultured for 24 h.

Human breast carcinoma MCF-7 cells (ECACC) werentaaed at 37C with 5% CQ in Minimum

Essential Medium (MEM) with GlutaMAX™ supplementedth 1% non-essential amino acids, 10%
foetal bovine serum, 50 U/mL penicillin and p§/mL streptomycin (Invitrogen, Carlsbad, CA, USA).
Upon reaching 70-80% confluency, the cells wereautured using trypsin/EDTA. Prior to treating,

the cells were seeded at a density of 50,000 odllsihd cultured for 24 h.

A375 human malignant melanoma cell lines obtaimethfAmerican Type Culture Collection (ATCC)
and the 501Mel cell lines obtained from surgicaltynoved metastases in melanoma patients at the
National Cancer Institute, Milan, Italy were maintd in DMEM medium containing 10% FBS, 1%
L-glutamine and 1% penicillin-streptomycin at 37 with 5% CQ. The cells were treated at a density

of 150,000 cells/mL and culture for up to 72 h.
4.4.2. Cell treatments with the tested compounad,aamalysis of apopotosis.

Cells (16/sample) were treated with M cyclic (5a-g) or linear @a,b and6a-f) peptides for 24 h.
Control samples were treated with vehicle (0.1% ONLSAlternatively cells were treated with 1, 10,
25, 50 and 10QuM b5a,c,d,f and for different time points up to 72 h. Apoptogias assessed by
measuring “sub-@G;” DNA content, dissipation of the mitochondrial mberane potential and

phosphatidylserine exposure to the cell surfaceguébw cytometry.

Flow cytometry was carried out using a FACScan flogometer (Becton-Dickinson, San Jose, CA,
USA) equipped with a 15-mW 488 nm argon ion la3ére green (FL1) and red (FL2) fluorescence
data were collected through a 530/30 and a 585448 Ipass filter, respectively. Data acquisition was
performed using CellQuest software. Data were aealyand plotted using Flowjo.
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Cell cycle distribution was quantified by flow cytetric analysis of propidium iodide (Pl Invitrogen
UK) stained cells. Briefly, cells treated as ddsedi in “Cells treatments” were fixed and permeabdi

with 70% ethanol overnight at 4 °C and incubateth\w0D0 g RNAse and 20 pg/mL PI (Sigma) for 30
min. Samples were analyzed in a FACScan flow cytem@ecton Dickinson, San Jose, CA) using

CellQuest software. Doublets were excluded and@D&¥ents were acquired for each sample.

Mitochondrial membrane potential was measured usig fluorescent probe, TMRM (Molecular
Probes Europe BV). Cells (¥8ample) were suspended in 200 mL RPMI 1640 w/onph&ed
(Invitrogen srl) added with 25 mM Hepes pH 7.4 @@ nM TMRM and incubated for 20 min at 37
°C. Cells were then diluted to 1 mL with RPMI 164 phenol Red added with 25 mM Hepes pH 7.4

and subjected to flow cytometric analysis.

Phosphatidylserine exposure to the cell surface quastitated by flow cytometric analysis of cells
stained with FITC-conjugated Annexin V and 50 pg/RlLusing Annexin V apoptosis Detection kit

FITC (eBioscience, San Diego, CA).

4.4.3. Cellular lysates.
HL60 cells (5.0 x 10 sample) were treated with vehicle or waith and5a for 6, 12, 24 and 48 h at 37

°C in a humidified atmosphere containing 5% @8lls were centrifuged at 1000 rcf for 5 min aamd

the culture medium was carefully removed. The pellas washed with cold PBS, and cells were
collected by centrifugation. Then the supernatards wcarefully removed. 1 mL of cold
radioimmunoprecipitation assay (RIPA) buffer (SigAldrich, Germany) with freshly added protease
inhibitor mixture and 1 mM sodium orthovanadate wedded and cells were suspended in RIPA buffer
and incubated on ice for 30 min. Cells were aftedsacentrifuged at 10.000 rcf for 10 min at 4 °C.
The pellets were then discarded and the supersatearisferred to new microcentrifuge tubes and
analysed. The sample was tested in triplicatedohencubation time (6, 12, 24 and 48 h).
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4.4.4. Confocal microscopy

HL-60 cells were seeded on pdlytysine-coated slides, treated with M of the tested compounds

or vehicle (0.1% DMSO) for 15 min at rt and fixeat 20 min in 4% PFA.

RBL-2H3 cells were seeded on uncoated slides aadel with 5QuM of the tested compounds, 0.5
UM of 1 or vehicle (0.1% DMSO) for 16 h. Cells were fixaad permeabilized for 10 min at -20 °C in

methanol and stained overnight at 4 °C with artiutin antibody, followed by Alexa-Fluor 488 goat

anti-mouse secondary antibody.

Confocal laser-scanning microscopy analyses waredaout on a Zeiss LSM700 (Zeiss, Oberkochen,

Germany).
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Highlights

¢ Development of pro-apoptotic cyclic peptides and peptidomimetics

¢ Flow cytometry analysis on different tumor cell lines

¢ Confocal microscopy and cell lysates analyses to assess cell permeability

e Peptides and peptidomimetics conformational analysis by NMR

¢ [3-tubulin staining to analyze the effect of the cyclic peptides on microtubules



