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INTRODUCTION

1. INTRODUCTION

1.1. Integrin receptors

Integrins are a major class of cell-surface adhesion receptors in all metazoans and are
involved in fundamental adhesive events including cell-cell, cell-ECM and cell-pathogens
interactions. The name “integrin” was given to denote their key role in maintaining the integrity
of the cytoskeleton-ECM linkage.l! Integrins are type-l1 heterodimeric transmembrane
glycoproteins composed by a non-covalent association of two different subunits, a- and p-.1% !
In mammals 18 a- and 8 B-subunits are combined to form 24 different dimers (Figure 1), each
of which exhibits different tissue-expression and binding affinity towards specific ligands
(Table 1). Integrins are widely expressed and every nucleated cell is characterized by specific
integrin cell-surface exposure. According to the a-subunits ligand-binding specificity they can
be divided into four different main groups: laminin-binding integrins (a3, os and a7), collagen-
binding integrins (a1, a2, a0, and a11), leukocyte integrins (o, oL, om, ax, and ap), and RGD

recognizing integrins (av, os,as and oyp).!

Laminin RGD
Receptors Receptors
L7 og
oy

2, o

s

Figure 1. Integrin classification according to a- and B-subunit combinations, and their specific ligands: RGD,
laminin, collagen, and leucocytes. Asterisks (*) indicate a-subunits containing 1-domain.

By dynamic adhesive interactions with the surrounding cells and extracellular matrix,
integrins communicate information about the chemical identity and physical state of their
ligands or environment inside the cells. The activation of these intracellular signalling pathways
is responsible for the control of cell shape, migration, growth, survival, and cell-type-specific

gene expression.l?! Therefore, integrin-mediated adhesion and signaling events are important in
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normal physiological processes including immune response, tissue morphogenesis, wound
healing, hemostasis, cell survival and cell differentiation. On the other hand, dysregulation of
these processes results in pathological diseases from autoimmune and inflammatory diseases to
thrombotic vascular disorder to angiogenesis of cancer and its metastasis.[®! In line with this

evidence, integrin receptors have generated widespread interest as targets in the field of drug

discovery for therapy, diagnosis and drug delivery approaches.

Integrin Synonym Ligands B;l;::] ﬂ:];sg Distribution in Cells Physiolagy Pathology Inhibitors
Abciximab,
Gpllb/Ma, FN, VN, FG, vWF, CD40L., prq
olIbp3 CD41/CD61 prothrombin, TSP RGD Platelets Thrombosis epl_:lfabmde,
tirofiban
S Endothelial cells, some tumor cells _— .
FN. VN, LM. EG, Fibrin, (e.g.. glioblastomas, melancmas, Angiogenesis (fumor, vi X abegrin,
avf3 VNR, CD51/CD61 TSP, TN-C, vWF. CO, OP., RGD ovarian, breast and prostate cancers). ischemic tissues), bone etitumumab,
MMP-2, Del-1, BSP, FGF- Tatelet: ) reoclasts, di : cilengitide,
2. Thrombin, CCN1 platelets, monocytes, osteoclasts, iseases LO00845704
fibroblasts
o5 CD51/CD19 VN, Del-1, CCNL RGD Endothelial cells, some tumor cells, Angiogenesis Etitumumsb
fibroblast
Natalizumab.
VLA-4, LDV, LDT Allergy, inflammation, -
adfl CD494/CD29 VCAM-1,FN, OP DS Leukocytes autoi e diseases firategrast,
valategrast
LPAM.1 Inflammation,
adpd ; VCAM-1, FN, MadCAM-1 LDV Lymphocytes autoimmune diseases, Natalizumab
CD49dTTGB7 IBD
FNR, VLA-5, GPlIc- . Angiogenesis (tumor, .
Bl Ta, ECMRVL, FN, fibrin p];.gIR)N Eudoﬂl{:hal;;]ls, zsl.alelels, retinal), age-related Volociximab, ATN-
CD49e/CD29 ymphocyt macular degeneration
Auto-immune
aDp2 CD114/CD18 ICAM-3, VCAM VCAM-1 leucocytes nil tion
TInunune reaction,
LFA-1, Glu-34 of Efalizumab,
ol p2 CD11a/CDIg ICAM-1, ICAM-2 ICAM-3 ICAM-1 Leucocytes m_ﬂam.t_aal_lm, BIRT2584
psoriasis
oMp2 Mac-1, CR3, ICAM.1. VCAM. EG. iC3b Aadd. resl.d.u; Leucocytes, monocytes, Tnmmune reaction,
-1, LFG, 1 in domain 5 .
CD11b/CD18 of ICAML1 macrophages mflammation
aXp2 | P150,CD11c/CD1S FG,iC3b Leu Innune reaction,
) i cocytes infl ation

Table 1. Integrins tissue distribution, endogenous ligands and minimal binding motifs, related pathologies (image
source: Arosio et. al.).[f

1.2. Integrin structure

The a and B subunits are composed by several domains interconnected via flexible linkers.
Each subunit is formed by a relatively large extracellular domain of ~ 1000 and ~ 700 residues
respectively, a single transmembrane domain, and a short cytoplasmic tail (except Bs).B! The
extracellular domains are responsible for the ligand binding and therefore determine ligand
specificity of the respective heterodimers.[” & Electron microscopy (EM) and X-ray crystal
structure studies of several integrins (e.g., cunPs, avps, axfBz) have demonstrated that the overall
shape of integrin ectodomain consists of a large “head” onto two long “legs” with flexible
“knees” (Figure 2).-14]
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Figure 2. Integrin structure (image source: Shattil et. al.)(*

1.2.1. The a subunit

The o subunit is composed by four distinct extracellular domains: a seven-bladed f-
propeller, a thigh, calf-1 and calf-2 domains (Figure 3a) which form together the “leg” structure
that supports the integrin “head” (B-propeller).l” 24 The last three or four blades of the B-
propeller contain domains that bind Ca?* on the lower side of the blades facing away from the
ligand-binding surface. Ca?*-binding to these sites has been shown to affect the ligand
binding.[*%1 Nine of the 18 integrin o chains include an additional domain of ~200 amino acids
termed al-domain, inserted between the blades 2 and 3 of the B-propeller.'7] Therefore,
integrins are grouped into two classes: al-containing and al-lacking domain (Figure 3).

The ol domain has six-stranded B-sheets surrounded by seven a-helices generating a
Rossman-like fold and, it has been found in the B2 integrin subgroup, in the collagen-binding
integrins belonging to the B1 subfamily (oa, oz, oo, 011), and in the a7 heterodimer.! In al-
containing integrins the o head is composed of B-propeller domain and al-domain, while in al-
less integrins a single B-propeller forms a head (Figure 3c and 2d). al-domain is the ligand
binding domain in al-containing integrins, whereas the gl-domain forms a major ligand binding
pocket in al-less integrins (Figure 3c and 2d).1*8-20

Ligand binding occurs in the so-called metal-ion-dependent adhesion site (MIDAS) motif

through coordination of Mg?*ion by Asp, Glu sidechains or carboxylic acid of the ligands in
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extrinsic or intrinsic way (Figure 3¢ and 2d)./?*! The thigh and calf domains have similar Ig-like
B-strand folds made by 140~160 residues.*!]

a
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. , g catcarz
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Figure 3. Integrin structure and conformational rearrangements. (a) Organization of domains within the primary
structures. Dashed lines denote o subunits containing | domain. Cysteines and disulfides are shown as lines below
the stick figures. (b) Schematic o and B subunit domains from the N- to C- terminus. (c-d) Conformational
rearrangement of domains during activation of al-less integrins (c) or al-containing integrins (d). The B subunit
lower legs are flexible and are therefore shown in what may be the predominant (solid representation) and less
predominant (dashed lines) orientations (image source: Luo et. al.).[??

Moreover, two connecting regions are important for the integrin flexibility: the first is the
linker between the B-propeller and the thigh; the second is the “genu” or “knee” at the bend

between the thigh and the calf-1 domain. The “genu” in the a-subunit is located close to the
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similar bend in the B subunit, thereby allowing extension by a hinging at the knees (Figure 3).

The ol domain is connected to the B-propeller domain by a flexible linker while the other four

o-leg domains have relatively rigid structures.t’]

1.2.2. The B subunit

The B subunit of integrins contains eight extracellular domains with flexible and complex
interconnections: a Bl-domain, a hybrid, a plexin-semaphorin-integrin (PSI), four cysteine-rich
epidermal growth factor (EGF) repeats and a B-tail domain (Figure 3a,b).” I pl-domain is
structurally homologous to the al-domain sharing the same overall fold and, it is inserted into
the hybrid domain to forms the  head of all integrin  subunits.

Three sites are present on the top face of Bl-domain: 1) the first site, known as MIDAS, is
directly involved in the ligand binding in al-less integrins and indirectly in the al-containing
integrin via coordination of Mg?* ion by the Asp/Glu residue or carboxylic acid of the ligands;
2) the second site is adjacent to MIDAS, therefore, termed AMIDAS (Adjacent-to-MIDAS),
is a negative regulatory site responsible for integrin inhibition (high concentration of Ca*) or
activation (high concentration of Mn?*).[2%1 3) The third is a Ca?*-binding site termed SyMBS
(synergistic metal ion-binding site) which has a positive synergic effect on ligand binding.[**
23,241 The PSI domain of s integrin subgroup is divided into two portions connected by a long-
range disulfide bond between Cys13-435.['® 21 Even the four EGF domains are linked by
several Cys disulfide bond (Figure 3a).*> 21 In general, the B-leg seems to be more flexible
than the a-leg, especially between EGF-1 and EGF-2 domain and, at the PSI/hybrid and hybrid/

I-EGF1 junctions (Figure 3c and 3d) as evidenced by crystal structures studies.[’ 1l

1.3. Role of divalent cations in integrin function

Several structural studies (crystallography, EM and NMR) have demonstrated that integrins
exist in three conformational states: 1) bent conformation with closed headpiece, 2) extended
conformation with closed headpiece and, 3) extended conformation with open headpiece
corresponding to a low- (inactive), intermediate- (active), and high-affinity states (active with
ligand bound), respectively (Figure 3c and 3d).1!%12 261 The balance between these states is
regulated by both local and global conformational rearrangements.?” It is assumed that integrin
activation occurs by a switchblade-like opening of the headpiece-tailpiece interface which

moves the integrin ligand-binding headpiece away from the cell membrane.[?? ]
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Normally, integrins are in the equilibrium among these conformational states that can be

shifted by internal or external stimuli, such as talin and kindlin proteins or extracellular metal
ions.?" 2°l However, the concept that the extended-open integrin conformation corresponds to
the conformation with high affinity remains controversial since it has been demonstrated that
RGD ligand can bind the bent conformation of integrin a3 and activate “inside-out” signalling
without promoting integrin extension and headpiece opening.0: 31

Divalent cations are essential for integrin functions since they stabilize the structure in an
active state modulating the ligand binding, in a positive or a negative way.[** 32331 Removal of
divalent cations using, for example, EDTA completely inhibits integrin-ligand binding.
Physiologically, most integrins in the presence of a millimolar concentration of Ca?* and Mg?*
appear to be in the resting state. Ca?* ion has generally an inhibitory effect on integrin ligand
binding, but its removal and the contemporary presence of Mg?* have shown to promote the
ligand binding. However, other studies have revealed a synergistic activation of the integrins in
the presence of a micromolar concentration of Ca?* with a suboptimal concentration of Mg?".
Differently, Mn?* ion can shift integrins into the active state with high affinity conformations

even in the presence of a millimolar concentration of Ca?*.[34

1.3.1. The al-domain

The MIDAS site on the top face of the al-domain physiologically binds Mg?* which in turn
is coordinated by five side chains from three different loops. The first, p1-al loop contains three
coordinating residues in sequence, Asp-Xaa-Ser-Xaa-Ser (DXSXS), characteristic of the
cation-binding site (Figure 4B and C). The second, a3-04 loop and, the third B4-a5 loop, donate
the other two coordinating residues by Thr and Asp, respectively (Figure 4B and C).[?%
Structural studies of al-domains in the presence/absence of ligand and with mutations that
stabilize distinct affinity states, have provided a mechanistic understanding of conformational
regulation during both priming and ligand binding.

The al-domain has been crystallized in three conformations: closed, intermediate, and
open.l21- %1 These conformations demonstrate distinct positioning of the a7-helix of f6-a7 loop
along al-domain of MIDAS metal ion coordination. In both, closed and open aml domain, the
MIDAS metal ion shares the primary coordinating residues with Serl42, Serl44 and, the
secondary coordinating residue with Asp140 of the p1-al loop (Figure 4B and C). In the closed
conformation, Thr209 of the a3-04 loop and Asp242 of the p4-a5 loop form indirect and direct
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bonds to MIDAS metal ion, respectively; while three water molecules complete the

coordination sphere (Figure 4B).?l In the open structure, the metal ion moves of ~2.3 A
resulting in a slight change in its coordination: Thr209 now coordinates the MIDAS metal ion
directly, whereas Asp242 is in the secondary coordination sphere (Figure 4A-C). Moreover, a
Glu residue, contributed by the ligand, replaces one water molecule at the sixth metal ion
coordination site (Figure 4C).1*4

Local changes in coordination at the MIDAS are associated with backbone movements of
B1-al and B4-a5 loops which induces downward displacement of B6-a7 loop resulting in 7A
rearrangement of C-terminal a7-helix (Figure 4A). The axial displacement of the a7-helix
represents a critical connection for the diffusion of conformational signals from the MIDAS of
al-domain to other integrin domains and vice versa.['? 14 This is sufficient to priming the al-

domain into higher-affinity open states.['? 22321

a4

/n.
helix

Figure 4. Structural rearrangements of aml-domain within MIDAS. (A) Superposition of integrin aml-domains in
low-affinity (pdb1JLM, cyan) and high-affinity (pdb11DO, green) conformations. Blue and red spheres denote the
MIDAS metal ions in low- and high-affinity conformations, respectively. (B) aml-domains MIDAS from closed
(pdb1JLM) to (C) open (pdb1IDO). Metal ion coordination is shown in red dashed lines. Glu314 coordinates the
Mg?*into MIDAS and is shown in yellow. Blue and red spheres are Mn?* and Mg?*, respectively, and small red
spheres are coordinating water-molecule oxygens (image adapted from Zhang et. al.).*4!

1.3.2.  The pgl-domain
As al-domain, the Bl-domain ligand binding site assumes a similar Rossmann-like fold with
a central six-stranded B-sheet surrounded by eight helices. Unlike al-domain has only one
MIDAS site, the Bl-domain contains three metal ion-binding sites linearly interconnected that
are the heart of the ligand binding site in the B-subunits. The MIDAS site is located at the centre
and it is flanked by the synergistic metal ion-binding site (SyMBS) and adjacent to MIDAS site
(AAMIDAS) (Figure 5D-G).[*14 231 Electron density measurement revealed the presence of
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Mg?* ion at the MIDAS site and Ca?* ion within the two flanking sites. In the transition from

low- to high-affinity state, the C-terminal a7-helix of the Bl-domain undergoes a similar
downward movement of al-domain which allosterically increases the ligand binding affinity.
In addition, it is also coupled with the swing-out movement of the hybrid domain correlated to

Bl-domain. 27361

» pl-domain MIDAS

Similarly to al, the MIDAS Bl-domain displays the conservative motif, Asp-Xaa-Ser-Xaa-
Ser (DXSXS), crucial for coordinating the metal ion and consequently for ligand binding.[*Y
Geometrically, the Bz MIDAS consists of the side chains of Asp119, Ser121, Ser123, Glu220
and Asp251 (Figure 5E-F). Mutations on this site completely remove ligand binding confirming
their key role in the coordination of the metal ion which in turn is crucial for ligand binding in
ol-containing and al-less integrins.[*? 81 Crystal structures of Bs integrins have revealed that
during ligand binding the Asp carboxyl side chain of the RGD sequence, coordinates the Mg?*
within MIDAS in 3 subunit. The transition of fl-domain from low- to high-affinity state shows
the movement of the B1-al loop with the consequent displacement of Asp251 to coordinate
Ca?* at the ADMIDAS that makes the MIDAS more electrophilic toward the acidic ligand
residue (Figure 5E-F).[*2 13l

» pl-domain AMIDAS

Located adjacent to MIDAS, the ADMIDAS represent a regulatory site responsible of
integrin inhibition or activation, depending on which types of the divalent cation are bound:
Ca?* ion inhibits integrin activation while Mn?* ion promotes activation. These two metal ions
compete for the binding at this site. In the bent conformation, the not optimal orientation of the
binding site prevents the binding of endo- or exogenous ligands. However, integrins in the bent
conformation can bind ligands, as previously shown by soaking an RGD ligand-mimetic
peptide into preformed crystals.??l In the unliganded low-affinity conformation of Bs integrin,
the AMIDAS Ca?* coordinates the carbonyl oxygen of Met335 in p6-a7 loop (Figure 5E).1*
Consequently, the downward movement of fl-domain a7-helix is blocked and the integrins are
stabilized in the low-affinity-closed conformation. By contrast, in the high-affinity liganded-
open Bz I-domain, the Met335 coordination breakage is followed by the downward
displacement of a7-helix of Bl-al loop with formation of a new coordination between the
AdMIDAS ion and the carboxy! side-chain of the Asp251 (Figure 5F).1*2 Loss of the Met335
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carbonyl coordination and enhancement of affinity for ligand is favoured by substitution of Ca?*

with Mn?* ion.B”l However, mutagenesis studies on asf7 and a2 integrins that mediate both
rolling and firm cell-adhesion, revealed that removal of metal ion occupancy at the AAMIDAS
site induced integrin activation.[?* % 3% Whereas for osB1, 021 and auibPs integrins that mediate
only firm cell adhesion upon activation, AAMIDAS mutations decreased ligand binding.[20 4°]
This can be explained by the presence in B2 and 37 of an Asp residue close to Asp242 residue
instead of an Ala residue in 1 and B3 integrins. The additional Asp (Asp243) in B2 coordinates
the neighbouring MIDAS in the low-affinity state making it more negative than that of 3 and
B1 (Figure 5G).°! During integrin activation, the movement of Asp243 in B, to the AAMIDAS
along with the frontal Asp242, will reduce the negativity of MIDAS and lead to higher affinity
for ligands. AdMIDAS mutations suppress the allosteric conformational changes and the
outside-in signalling of integrins.* Thus, AJMIDAS plays a key role in the transmission of
the integrin conformational changes from Bl-domain to the hybrid domain through the
interaction of Met335 (in Bs) of the B6-a7 loop.[*4!

» pl-domain SyMBS

SyMBS is a Ca?*-binding site with a positive regulatory effect for integrin-ligand binding.
Mutations at this site cancel ligand binding in o2P1, asPi, anpPs, aLP2 integrins and, promotes
the shifting from high- to low-affinity state of osf7 integrin, thus, demonstrate that integrin
activation is dependent on the occupancy of metal ion at SyMBS.* 411 In addition, further
cation-n interaction with a conserved aromatic residue (Tyr or Phe) at the specificity-
determining loop (SDL) (Figure 5E-G) contributes to stabilize the SyMBS metal ion
coordination and, maintain a suitable SDL conformation. Removal of this interaction involves
a dramatic reduction of asB7-MAJCAM-1 affinity binding.*?l As mentioned above, low
concentration of Ca?* together with a suboptimal concentration of Mg?* have a synergistic effect
in helping ligand binding since, Ca®* at SyMBS may facilitate the specific orientation of the
shared Glu carboxylic side chain in B3 subunit, which in turn stabilizes MIDAS Mg?*

occupancy (Figure 5F).[*
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Y164
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af
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Figure 5. (D) Superposition of pl-domain of integrin aupPs in low-affinity (pdb3FCS, cyan) and high-affinity
(pdb3FCU, green) conformations. Blue and red spheres denote Mg?* in low- and high-affinity MIDAS,
respectively. Orange and yellow spheres denote Ca?* in low- and high-affinity pl-domains, respectively. (E)
Structure of low affinity (pdb3FCS) and (F) high-affinity (pdb3FCU) B3 metal ion-binding sites. (G) Structure of
metal ion-binding sites in low-affinity 2 (pdb3K6S) (image adapted from Zhang et. al.).[*4l

1.4. Integrin signalling

Most integrins are present on the cell surface in an inactive conformation with low affinity
for their endogenous ligands. However, they undergo rapid activation upon various stimuli.[*>
2% Integrins are unique bidirectional signalling receptors that connect extra- with intracellular
environment. In “outside-in” signalling, ligand binding activates intracellular signalling
pathways. 43441 On the other hand, in “inside-out” signalling, signals received from the inside
activate intracellular signalling pathways that affect the integrin cytoplasmatic domains and
make the ectodomain capable of ligand binding.?”) Upon “outside-in” or “inside-out” signalling
activation, integrins regulate important functions including cell adhesion, migration, growth,
and differentiation.?> %51 The ability of integrins to bind and associate with various components
of the ECM or soluble ligands largely depends on the structural conformations of the two
subunits and, distinct conformations are crucial for regulating both “inside-out™ and “outside-

in” cell signalling.3%- 4]
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As already mentioned, many structural studies suggested the presence at least of two major

1.4.1. “Inside-out” signalling

conformational states of the a- and B-extracellular domain corresponding to a bent (closed) and
an extended (open) form.[!I Integrins are inactive when the extracellular domain is folded as
V-shape with the ligand-binding headpiece facing the membrane and the cytoplasmic tails are
closely juxtaposed by charge-charge interaction (Figure 6); while they become active and
highly adhesive toward its ligand when the extracellular domain is extended and the tails are
separate.’> 2. 471 The bent conformation is stabilized by interactions between the
transmembrane domains (TMD) of the a- and the B-subunit. TMDs have usually about 20
hydrophobic amino acids and it is proceeded by a positively charged residue, Arg or Lys. The
membrane-proximal region of most integrin o subunits contains a Gly-Phe-Phe-Lys-Arg
(GFFKR) motif that is highly conserved among the species, while the integrin  subunits
contain more hydrophobic residues than the o subunits.

Ligand @&

Activation
e—

-
Inactivation

Talin head domain

o/B-tail salt-bridge / ‘

Talin-B tail salt-bridge

Figure 6. “Inside-out” integrin signalling. Talin binding to the B cytoplasmic tail is followed by talin-membrane
lipid interaction, through the basic residues (yellow spheres), leading to changes of the tilt angle. F1, F2, and F3
(green) are subdomains of the FERM (band 4.1, ezrin, radixin, and moesin) domain contained in the talin head
domain (image source: lwamoto et. al.).[*8!

The connection between the TMDs is mediated by two clasp-like binding interfaces: the
outer membrane clasp (OMC) made by glycine packing interactions between both a- and -
TMDs and, the inner membrane clasp (IMC) which results from stacking of hydrophobic

residues at the cytoplasmic end induced by GFFKR motif, enabling the formation of an
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“Inside-out” signalling

anb(D723)/Bs(R995) salt bridge (Figure 6).18 481 Both OMC and IMC permits an interaction
that stabilizes the low-affinity state of the integrin and, breakage of these clasps is crucial for

integrin activation. The breakup can be mediated either by intracellular signals (“inside-out”
activation) or extracellular ligand binding (“outside-in” activation) that stabilizes the active

conformation (Figure 6).1°"

» Talin: an essential mediator of integrin activation

Talin is a 270 kDa cytoplasmic protein, composed by 50 kDa N-terminal head domain and
220 kDa C-terminal rod domain. The talin head domain contains a FERM domain, (band
4.1, Ezrin, Radixin, and Moesin homology domain) further divided into F1, F2, F3 and non-
homologous FO subdomains (Figure 7).521 The F3 subdomain contains a PTB (phospho-
tyrosine binding) domain that binds to the conserved membrane-proximal NPxY motif of the 8
cytoplasmic tail.®® 54 It has been proposed that the binding of talin is controlled by
phosphorylation of the NPxY tyrosine residue and thereby acts as a regulatory switch.[®
Indeed, binding of talin F3 domain to B-tails promotes breaking of the inhibitory salt bridge
between the a- and p-tail of TMDs and, consequently a new salt bridge between F3 and a Lys
residue of the p-tail is formed (Figure 6 and 7).1%6. 571

This reorients the TMD p-subunits and disengages the inhibitory clasps leading to
conformational changes in the integrin extracellular domains with increases of ligand binding
affinity (Figure 7).% 501 Therefore, when talin is bound to B integrins it works mainly as a
structural adaptor that interacts with the actin cytoskeleton. The talin rod domain contains
multiple binding sites for actin, vinculin and an autoinhibitory binding site. Indeed, talin
generally exists in an autoinhibited head-tail conformation that can be rapidly released by
calpain-mediated proteolysis or by binding of phosphatidylinositol (4,5)-bisphosphate to
initiate signalling integrin activation (Figure 7).55l

» Kindlins: critical regulators of integrin activation

Kindlin is another FERM domain-containing protein important for integrin activation. In
mammals there are three types of kindlin proteins: kindlin-1, kindlin-2, and kindlin-3.554
Kindlins are highly conserved in animals and, defects or mutations on these family members

can cause serious diseases. Unlike talin strongly binds to the membrane proximal region of the
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B-tail, kindlin F3 domain interacts with the membrane distal NxxY motif.®°! Although the

detailed mechanisms of integrin activation remain uncertain, it is clear that kindlins cooperate

with talin during integrin activation and, a direct interaction of kindlin with the p-integrin tail

is required, but apparently not sufficient, for integrin activation. They are mainly responsible

for integrin clustering rather than directly promoting conformational integrin activation (Figure

7 and 8).150. 57,0
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Figure 7. Integrin activator talin and co-activator kindlin. (a) The auto-inhibition of talin is release either by
phosphorylation or partial proteolysis. (b) Recruitment of talin to integrin is mediated by binding Rap1-RIAM
complex. (c) Binding of talin to the integrin triggers the dissociation of the o/f integrin cytoplasmic domains,
thereby inducing active extended conformation. (d) Kindlin acts as a co-activator to stabilize integrin-mediated
cell adhesion that involves multivalent ligand binding (image source: Park et. al.).[64

» Inhibitors of talin-integrin interactions

In addition to integrin activators, there are also inhibitory proteins such as filamin, integrin

cytoplasmic-domain-associated protein 1 (ICAP-1) etc., that compete with talin for integrin 3

cytoplasmic tail binding, therefore, they presumably inhibit integrin activation in this way.[®?

Filamin is one of the best characterized which shares an overlapping binding region with talin

for the integrin B-tail, thus, the competition for the same binding site can promote inactivation

by displacement of the talin. Moreover, filamin competes also with kindlin for the same integrin
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“Outside-in” signalling

B-tail binding.[®® Another well-characterized integrin inhibitor is ICAP-1 which binds kindlin-

binding NPxY motif in the membrane-distal of 1 integrins through its PTB-domain but inhibits
also the binding of talin to the integrin tail.[4 Integrin-talin interactions may also be inhibited
by overexpression of other proteins like SHARPIN (SHANK-associated RH domain-

interacting protein) although the detailed mechanism is still unknown. 65 ¢l

A

Phosphoinositide | | B-integrin

membranes tails
Ca Direct potentiation of talin-mediated activation Cb Displacement of inhibitor

Active integrin
—
Inactive integrin
—t |
B

I Activator or
adaptor

Nature Reviews | Molecular Cell Biology

Figure 8. Kindlin integrin coactivator. (A) Schematic representation of kindlin domain organization and
interaction binding partners. (B) Kindlin orientation structure based on X-ray and NMR studies. (C) Hypothetical
models for cooperation between talin and kindlin during integrin activation. Kindlin directly potentiates talin-
mediated integrin activation (Ca) by binding both the B-integrin tail and the membrane optimizing the exposure of
the talin-binding site. Kindlin binding displaces inhibitors, facilitating talin binding and activation (Cb).
Recruitment of other activating or adaptor proteins that cooperate with talin to activate integrins (Cc). Direct or
indirect (via another kindlin-binding protein; indicated by the question mark) clustering induced by kindlin results
in enhancement of talin-mediated integrin avidity (Cd) (image source: Calderwood et. al.).>!

1.4.2. “Qutside-in” signalling

Physiologically, integrins are in bent conformation and only a fraction adopts an extended
conformation with high affinity for their ligands. The stabilization of the high-affinity state

occurs after inside-out activation and increases the ligand-binding valency or avidity
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(clustering) to the ECM. Through tight attachment to the cytoskeleton, the integrin clusters not

only provide stable connections between cells and ECM but also transfer extracellular
information within the cytoplasm that culminate in the recruitment of effectors to the
cytoplasmatic tails. Extracellular ligand-bound integrins induce dramatic changes in the
organization of the cytoskeleton which activate a variety of complexes intracellular pathways,
termed focal adhesions, that regulate the cell fate.[** 671 Both, lateral association (clustering) of
integrin heterodimers and conformational changes of the receptors are required for conveying
outside-in signals.l® 22 &1 Although many elements of the outside-in signalling network have
been identified, it is still unclear how the clustering of integrins and the binding of ECM
proteins triggers the signalling activation.

Cell adhesion,
Cell migration
ECM assembly

1
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Figure 9. “Inside-out” and “outside-in” integrin signalling (image source: Hamidi et. al.).l]

The discovery that cell adhesion and integrin clustering activate the tyrosine phosphorylation
via focal adhesion kinase (FAK) activation was a key step for understanding the function of
integrins.[”®! Indeed, the FAK recruitment to the integrin cytoplasmic tail constitutes the early
event in outside-in signalling.l"”Y FAK is a tyrosine-kinase protein important for adhesion, Rho-
family GTPase activation, cell migration and cross-talk between growth-factor signalling and
integrins.[*4 721 1t is composed by an N-terminal FERM domain, a central catalytic domain, a

proline-rich domain and a C-terminal focal-adhesion-targeting domain (FAT) that binds to
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paxillin[®! and talin.[’"4 At resting state, FAK is inhibited by self-interaction of the FERM

domain with its catalytic domain that blocks the accessibility of the substrate.[’> Schaller et. al.
have demonstrated that the interaction between FAK-FERM-domain and integrin p-tail causes
the shift of the FERM domain from its catalytic domain allowing the suppression of its
autoinhibition.[”®! This prompts FAK activation by autophosphorylation of Try397 residue and
concomitant Src activation, which in turn, further phosphorylates FAK by promoting its kinase
activity and interaction with other proteins. The Src tyrosine-kinase proteins (SFKs) control
cell spreading.l’”I They can bind directly to the p-integrin tails contributing to the reinforcement
of the initial integrin-mediated adhesions by activating downstream kinases and adaptors.[: 78]
SFKs also bind to phosphorylate FAK and FAK-binding proteins. Integrin adhesion also
activates, among other pathways, the RAS-MAPK and PI3K-AKT signalling nodes. In
addition, responds to “inside-out” signals, whereby stimulation of small GTPase RAP1A
activity on the plasma membrane triggers recruitment of RAP1-GTP-interacting adaptor
molecule (RIAM) to activate talin. The latter binds to the integrin p-tail triggering an extended
open receptor conformation and recruitment of additional integrin-activating proteins such as
kindlins, paxillin and vinculin and thereby spreading the activation signals (Figure 9).[%]
Meanwhile, integrin activation is counterbalanced by inactivating proteins such as ICAP-1,
filamin and SHARPIN which, directly or indirectly, limit the ability of talin to bind and activate

“inside-out” signal.[6 €]

1.5. Role of integrins in cancer progression

As previously mentioned, integrins are bidirectional signalling receptors that respond to
external signals (“outside-in” signalling) and in parallel, transduce internal signals to the matrix
(“inside-out” signalling), thus playing a crucial role in cell-cell and ECM communication.!?!
The involvement in both, physiological (e.g. cell migration, proliferation, survival, and
apoptosis) and pathological processes (e.g. tumor invasion, metastasis), identified this family
of adhesion receptors as validated drug targets, thereby opening the way for the development
of specific integrin sub-type antagonists.

During the past decades has been widely demonstrated that integrins are involved in every
stage of tumorigenesis and cancer progression including cancer initiation and proliferation,
local invasion and intravasation into vasculature, survival of circulating tumour cells,

extravasation into the secondary site and metastatic colonization of the new tissue, ECM
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remodelling, angiogenesis, tumor growth and apoptosis resistance (Figure 10).51 Among these,

the avpB3 avPs and asP1 integrin subtypes represent a well-established tumor-associated receptors
intensively studied in oncology field. To date, most efforts have been devoted to the
development of small molecules targeting the avfs, avfs, asf1 integrins implicated in cancer,

albeit no integrin-based anticancer drugs have been approved yet.

Integrin

B —__Tumour cell
i SR
%5(‘\‘7 ‘

\ ‘ Migration and invasion
- Proliferation

Figure 10. Integrins and their different functions in cancer cells (image source: Desgrosellier et. al.)["!

Integrin awB3 interacts with several tyrosine kinase receptors (RTKSs), including the receptors
for epidermal growth factor (EGF), platelet-derived growth factor (PDGF), insulin and vascular
endothelial growth factor (VEGF) establishing a complex “cross-talk’ networks that control the
behaviour of the endothelial cells, thus, making oavps integrin a principal marker of
angiogenesis.[’® 8 Angiogenesis is the process of formation of new blood vessels from pre-
existing ones for the transport of vital nutrients and oxygen which are fundamental not only for
physiological processes (e.g., fetal development, ovulation, wound healing, growth, tissue
remodelling) but also for survival and growth of tumor masses.[8!

Moreover, ovf3 is capable to recruit and activate specific extracellular proteases (i.e., MMP2
and plasmin) that promote the ECM degradation and remodelling, key processes for tumor
invasion and metastasis.®? As a matter of fact, ovfs integrin has been found widely
overexpressed on the blood vessel of a variety of solid tumors and in the majority of cancer
cells (e.g., melanoma, breast cancer, glioblastoma, pancreatic tumor, cervical and prostate
carcinoma) but not on healthy tissues. For this reason, avps has long been considered and

investigated as a pharmacological target for antitumor applications.t® &I
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1.5.1. RGD integrin ligands

In 1984 Ruoslahti and coworkers discovered the tripeptide sequence Arg-Gly-Asp (RGD,
Figure 11) as minimal recognition motif of many natural ligands (fibrinogen, fibronectin,
vitronectin, plasminogen, laminin, MMP-2, etc.) that bind the avfs integrin receptor, essential

in cell adhesion.[?4
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Figure 11: RGD sequence and molecular structure of the potent Cilengitide, c[RGDf-N(Me)V]. Crystal structure
of integrin oyfs in complex with Cilengitide (PDB 1D: 1L5G).*? Image adapted from[®5,

However, the comprehension of the interactions between the RGD and avf33 was possible
only in 2002, when Xiong and coworkers 1?1 reported the crystal structure of the extracellular
segment of the avfs integrin receptor cocrystallized with the integrin binder Cilengitide (Figure
11). This cyclic RGD pentapeptide was developed by Kessler et al. 1 and represents an
important milestone in this field. Cilengitide showed a highly potent antagonistic activity and
selectivity towards integrins avp3 and avfs (Figure 11), therefore, it was clinically tested for the
treatment of glioblastoma and other tumor forms. Unfortunately, its use as anticancer agent was
discontinued in Phase Il clinical trials due to atypical “pro-angiogenic” behaviour at low
concentrations (acts as an agonist), while at high concentration suppresses the angiogenesis
(acts as an antagonist).®”] The crystal structure provided the structural rationale of its high
affinity, in particular, it showed an extended conformation of the RGD sequence in the binding
pocket with a 9A distance between the Cp atoms of the Arg and Asp residues: this folding
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allows the Arg side chain to interact with two anionic aspartic acid residues (Asp218 and

Asp150) in the a-subunit, whereas the Asp binds to Asn and Ser residues and to a divalent metal
cation in MIDAS region of the B-subunit.’®l The Gly residue at the interface between both
subunits presents weak hydrophobic interactions with the carbonyl group of Arg216, same than
the aromatic group of the ligand with Tyr122 (Figure 11).'2 81 All these integrin-ligand
interactions suggested the structural requirements that were considered as a starting point for
the development of synthetic avf3 integrin ligands with high affinity.

Over the last decades, following these key structural requirements, the research has been
focused on the development of RGD-bearing peptide/peptidomimetic and semi-peptidic ligands
of awPBs integrin.®® Many synthetic strategies have been applied to improve the biological and
pharmacokinetic properties (e.g., affinity, selectivity, metabolic stability, optimal
biodistribution) of the RGD native sequence, including the introduction of unnatural amino
acids flanking the RGD sequence, cyclization,® variation of stereochemical configuration of
the constituent amino acids X and N-methylation 2 that allowed to identify a large number
of linear and cyclic RGD-bearing compounds.

In this context cyclic compound, in which the RGD motif is properly constrained by
macrocyclization, are viewed as useful templates for the discovery of lead compounds. The
introduction of rigid turn-inducing motif, usually mimetic of natural amino acids or constrained
scaffolds (heterocycles), generate appropriate folding in the templates that favour the matching
within the integrin pocket, thereby increases the receptor affinity. To date, several RGD-based
cyclic peptides with high affinity and selectivity have been reported in the literature over the
years and some examples are shown in Figure 12.

Despite the expectations, the avfa/avBs integrin binders originally designed as antiangiogenic
agents to be directly used for cancer treatment have generally had unsuccessful results in
clinical trials and most of them are still under clinical evaluation. However, the ability of these
compounds to selectively recognize tumor-overexpressed integrins has attracted great interest
in tumor therapy. In this regard, RGD-based integrin ligands have been widely investigated for
the development of drug delivery systems to selectively target the tumor cells®®l overexpressing
the avf3 receptor and release the cytotoxic agents specifically within the cell after internalization
via receptor-mediated endocytosis,®*%! put also to selectively deliver liposomes,®’]
nanoparticles,®® and for imaging application.[®® 1% (An extended review about RGD

conjugates used in drug delivery and theranostics can be found in references).[® 93 94,101, 102]
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Figure 12. Examples of integrin ligands and relative integrin affinity expressed as 1Csp value.[10% 104

1.6. Role of integrins in inflammatory responses

Inflammation is a reaction of the immune system against injury, infection, or antigenic
stimulation occurred in the host and, it is characterized by local accumulation of blood
leukocytes, plasma protein and fluids at the extravascular site of the trauma.l*%! If the initiating
events are not resolved and the condition becomes chronic, there can be sustained extravasation
of lymphocytes that can exacerbate the inflammatory condition, which in turn will continue to
recruit more inflammatory cells resulting in unwanted tissue destruction.[*°! Correct homing of
leukocytes at the sites of infection/tissue damaged is a fundamental prerequisite for the
development of a normal immune response. These processes engage a well-regulated series of
events that normally involves cytokines, chemokines and cell adhesion molecules (CAMs),
therefore, it is easily assumed that deregulation of these fine-regulated physiological events is
at the base of the development of many chronic inflammatory diseases including asthma,
multiple sclerosis (MS), rheumatoid arthritis (RA), inflammatory bowel disease (IBD), Crohn’s
disease (CD), ulcerative colitis (UC), allergic conjunctivitis and psoriasis.

Integrin adhesion receptors, specifically the as- and B2- integrin subtypes, play an essential
role in leukocyte trafficking and each phase of the immunosurveillance, since, they are

constitutively expressed on most leukocyte cell types including B- and T-lymphocytes,
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eosinophils, monocytes, mast cells and basophils, but not on neutrophils.’*”) The natural

ligands of integrin asf1 (VLA-4, very late activating antigen-4 or CD49d) include the vascular
cell adhesion molecule-1 (VCAM-1) expressed on cytokine-stimulated endothelial cells, 8 10
the fibronectin (FN) expressed on the ECM, 10112 and the junctional adhesion molecule-2
(JAM-2) expressed at cell-cell junctions on endothelial cells.'*®1 VLA-4 binds the ligands
VCAM-1 and FN through the minimal tripeptide sequence lle-Asp-Ser (IDS)!* and Leu-Asp-
Val (LDV),1% respectively (Figure 14). Moreover, VLA-4 can also bind by the same minimal
epitopes of VCAM-1, the mucosal addressin cell adhesion molecule-1 ligand (MAdCAM-1)[1%]
mainly expressed on the gut, although the interaction is significantly weaker.!!1l Indeed,
MAdCAM-1 is the primary ligand of the a4f7 heterodimer which is recognized by the tripeptide
sequence Leu-Asp-Thr (LDT, Figure 14). This ligand is involved in the homing of lymphocytes
to the gastrointestinal tract, thereby is correlated to inflammatory pathologies of this body
district.[!* Both as integrins (asP1 and aspy) interact with the alternatively spliced connecting
segment-1 (CS-1) domain of the plasma FN.*? On the endothelial surface there are also
expressed immunoglobulin super family (IgSF) ligands, namely the intercellular adhesion

molecules (ICAM-1 to -5) which specifically bind to B2 integrins, a.p2 (LFA-1) and amp2 (Mac-
1)_[105, 118]

1.6.1. Leukocytes recruitment: “tethering and rolling”

During an inflammatory response, the recruitment and extravasation of the leukocytes into
inflamed tissue occurs in a well-defined cascade of events that include tethering, rolling, firm
adhesion, and transmigration. During these steps, different integrins on different leukocyte cell-

types undergo “inside-out” and outside-in” activation (Figure 13).[1%7]

» Tethering and rolling

Normally, leukocytes circulate in the bloodstream as non-adherent cells with integrins in a
low-affinity state to avoid undesired adhesion that could lead to pathological conditions. During
an immune response, leukocytes are attracted by inflammatory chemokines secreted by the
damaged tissue.l'% 121 At an early stage, the leukocyte rolling along the blood vessel wall is
regulated by low-affinity interactions mediated by E- and P-selectin receptors present on the
endothelial surface.[?! Stimulated by these interactions and by proinflammatory chemokines,

integrins undergo a shift from an intermediate- to an high-affinity conformation via “inside-
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out” signalling that leads to the general reduction of the leukocyte’s velocity in the bloodstream
(Figure 13).5%8

> Firm adhesion

During the rolling, the inflammatory signals presented by the endothelial cells at the sites of
inflammation prompt the arrest of lymphocytes. Binding of chemokines to leukocyte’s GPCRs
promotes the switch of its VLA-4 to an extended high-affinity conformation. Thus, activated
VLA-4 adhere more strongly to their counter-ligand resulting in a firm attachment and arrest of
rolling cells on the endothelial surface.[*?? The leukocyte arrest occurs in correspondence of
the high density of cell adhesion molecules, VCAM-1 and ICAM-1 (Figure 13), whereby are
overexpressed in response to the local release of inflammatory cytokines, chemokines, tumor
necrosis factor alpha (TNFa) and interleukin-1 (IL-1) from the adjacent endothelial cells.
Integrin “clustering” at the leukocyte/endothelial interface is stimulated by lateral movement
of integrins along the cell surface in direction of the site of endothelial ligand presentation. The
resulting increases in avidity may be crucial to trigger outside-in signalling and promote post-

adhesion strengthening.
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Figure 13. Role of integrin VLA-4 in leukocyte recruitment and trafficking: tethering and rolling mechanism
(image adapted from Herter et. al.)[*"]
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The tight binding of integrin to ligands ICAM-1 and VCAM-1, induces a rapid cytoskeletal

» Transmigration and detachment

rearrangement on the bound leukocytes and subsequent migration within the inflamed site
through the endothelial tight junctions (diapedesis). Activated endothelium forms ring-like
membrane structures enriched with ICAM-1 and VCAM-1 that are maintained for the duration
of transmigration (Figure 13).112%1 The transmigration process requires a dynamic balance of
cellular adhesiveness that is achieved not only by integrin activation but also by well-regulated
integrin deactivation.[5% 1241251 |n this scenario, if the infection or inflammation is not resolved
there can be exaggerated extravasation of lymphocytes capable to worsen the pathological
condition resulting in systemic tissue damage that finally leads to the development of chronic
inflammation. This harmful process is at the basis of many inflammatory diseases. Noteworthy,
the overexpression of the ligands ICAM-1 and VCAM-1 on the endothelial surface at the site
of inflammation represents a clear marker for many chronic inflammatory autoimmune diseases
such as RA, MS, CD and IBD, and contribute directly to their development. Furthermore, it has
been demonstrated a pivotal role of a4 integrin in tumor angiogenesis associated with chronic
inflammation, because it is also involved in the recruitment of multipotent bone marrow stem
cells, suggesting that this condition may promote the positive angiogenetic switch in tumors.
Consequently, integrin asB1 can be also considered a marker of the metastatic risk.[*26]

In light of this, osp: and osfP7 integrin antagonists, capable to inhibit the adhesion of
leukocytes to their ligands, represent a new approach for the treatment of tumors and
autoimmune diseases. To this purpose, several osp1 and asf37 antagonists including monoclonal
antibodies (mAbs), peptidic and non-peptidic small-molecules have been developed.[® 106 127-
1291 However, integrin agonists could also have benefits in the blockade of the leukocyte’s
extravasation, since the stronger upstream adhesion should prevent the normal cell migration
processes within the inflamed tissue, therefore opening novel opportunities for therapeutics.[*3®
131]

Due to their high target selectivity, mAbs have gained great success in therapeutic
application and to date, represent the most investigated approaches in literature. Currently, two
mAbs have reached market approval: Natalizumab, a asB1 and asf7 integrins antagonist,
approved for the treatment of MS and UC %2 although cases of progressive multifocal
encephalopathy (PML) as a fatal adverse effect have been observed;*3 Vedolizumab, a asp7

antagonist approved for the treatment UC and CD.[**! On the other hand, significant drawbacks,
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such as long circulation time and poor diffusion in the tissues, high manufacturing costs and

the immunogenicity have prompted many researchers to find valuable alternatives. A large
number of peptides and organic small-molecules have been reported in literature, even though

they are under clinical investigation, hence, still far from marketing approval.

Small molecules that selectively bind to oasf1 or asf7 integrins have been designed on the
basis of the tripeptide recognition epitopes LDV, IDS and LDT, found in the respective binding
sites of the ECM ligands FN, VCAM-1 and MAdCAM (Figure 14). These sequences share a
highly conserved aspartic acid residue in the central position, as well as the RGD motif
previously mentioned (Figure 11) that is essential to coordinate the MIDAS metal ion (Mg?*,
Mn?*) in the B-subunit. Certainly, these sequences have represented the starting point for the

design of small-molecule antagonists.[*06: 127: 135]

VCAM-1 MadCAM-1
“SCOOH COOH COOH
L D \" | D S L D T
(Leu) (Asp) (Vval) (le) (Asp) (Ser) (Leu) (Asp) (Thr)

Figure 14. The LDV, IDS and LDT peptide sequences

Despite the crystal structures of ligand-receptor complex is still lacking, deduction based on
homology models, [12° 1381 MD, QSAR studies on small library of LDV mimicking ligands [£%7]
and docking studies, 3 1] have suggested that a hypothetical asps ligand should have, as
general structural features, a carboxyl moiety mimicking the Asp side chain, essential to
coordinate the metal cation in the B-subunit, well-spaced from a hydrophobic group mimicking

the Leu side chain of the LDV sequence targeting the opposite a subunit.

Based on these considerations, in the late 1990s, Adams et al. identified a potent and highly
selective inhibitor of osp:1 by introducing a simple hydrophobic “cap” 4-[N’-(2-
methylphenyl)ureido]phenylacetyl (MPUPA) at the N-terminus of the LDV sequence.**% This
compound, later termed B101211 (MPUPA-LDVP, Figure 15), was the most powerful of a
small library of oligopeptide analogues and thereby, has been taken into account as a prototype
for the design of several asp1 antagonists. However, despite its efficacy in the animal model,

considerable drawbacks such as instability to hydrolases and poor pharmacokinetic profile, due
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essentially to the hydrolytic cleavage of the terminal dipeptide moiety and its rapid clearance

in vivo have limited its application.!*4!]

LDV sequence of FN

MPUPA lipophilic "cap” COOH
777777777777777777777777 O o] CO,H
‘ ‘ H H 2
‘ N N
@f g m o Ny
P o] X o]
N N : PN
H H :
BIO1211

U.4B1 |C50 =4 nM

Figure 15. Structure of the BIO1211 a4f; integrin antagonist.

The identification of alternative non-peptidic structures, in place of the LDV sequence, is
viewed as a reasonable approach for developing novel classes of therapeutic agents with
improved pharmacokinetic properties and high potency. A great variety of small peptidic and
non-peptidic ligands interfering with the VCAM-1/VLA-4 interactions have been extensively
described in the literature. 1?1 Linear and cyclic peptide derivatives are predominantly based
on the LDV-binding motif, whereas privileged scaffolds for small-molecule antagonists are
phenylureido-LDV-peptidomimetics (relatively selective for asp1) and acylphenylalanine
derivatives (biselective for asp1 and asp7).4% Some examples of asp1 integrin lead compounds
are shown in Figure 16. Vanderslice et. al., reported that the simple introduction of
oxymethylene bond and protection of the carboxylic terminal as methyl ester, in the structure
of the nanomolar antagonist TBC3486 (I1) converted it into a micromolar asp: agonist THI0019
(1, Figure 16) that proved to increase rolling, spreading, adhesion, and migration of asf1-
dependent cells in vitro.['3 By linking fluoro-prolinol derivatives to halogen or alkyl-
substituted aromatic PUPA fragment, the Daiichi Sankyo Ltd. researchers discovered a
nanomolar osB: antagonist with improved oral bioavailability (111; Figure 16).144 Lately,
Setoguchi et. al. have explored the modification of the PUPA fragment with other lipophilic
groups developing highly potent asp: antagonist (1V, Figure 16).14%1 Selected members of this
library are currently in clinical development.'*¥l Aventis Pharmaceuticals developed
HMR1031 (V), a PUPA-containing ligand that reached the phase Il clinical trials, but the
suspect risk of teratogenicity decreased the interest in this compound.[**¢! Anyway, a similar
molecule was lately reported to prevent the development of arthritis in Lyme disease infection
(VI, Figure 16).[147]
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An important family of small molecule ligands possesses an N-acylated para-substituted
phenylalanine core.l2%: 1481 Among them, proline-phenylalanine derivatives showed excellent
activity but lacks satisfactory bioavailability because of its peptidic nature.[***! Therefore, many
efforts have been directed to improving the pharmacokinetic profile and oral availability.
Dichloro-substituted benzamides on biphenylalanine scaffolds were ascribed as lead structure
for the development of selective and potent osf: derivatives. The most advanced small-
molecule drug candidate is the orally bioavailable AJM-300 (V1I1, Figure 16) that possesses a
phenyl-pirimidindione instead of biphenyl fragment and displayed nanomolar ICso against oufs.
This compound is currently in clinical Phase 111 for the treatment of IBD, UC, and CD.!**]
Firategrast!*>!l developed by Tanabe and GSK, belongs to the same class of compounds it
reached phase Il trials for MS, and currently, is studied as a facilitator in the “in utero”
hematopoietic cell transplantation (IUHCT) in a pioneering approach for critical fetal diseases
treatment (VII, Figure 16).

@ ( o COOMe @ ( o COOH
N__o A~ N Ao U
Srvon e
=\ o =\ © o

s
THI0019 (1) S TBC3486 (1I)
ICs00.4B1 = 1000 nM IC5004B1 = 9 nM

Firategrast (VII)

o} /
@ 2
©\/HiN (my o

ICsg0afy = 2.8 NM

sRaekeTy

V) COOH

MeO\N/w,Q/
\ / N o,
o, R

o COOH
/\QN N/
F N
N w)
IC5p04B1 = 1.7 nM

B!

H H o] o dcl
N__N

ol T oo 1)

0 HN AIM300 (viy  ©!
ICapuiaBs = 5.8 M

b Q \

(V1)
ICs00tafs = 0.29 M

COOH

Figure 16. Selected examples of a4B1 integrin ligand lead compounds in clinical trials.

1.7. Peptidomimetic approaches in medicinal chemistry

Most biological and physiological functions are mediated by peptides and proteins and their

interactions with the respective counter receptors, therefore, it is not surprising that, to date,
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synthetic peptides may constitute potential drugs against a variety of diseases.!*>? However,

rarely, native peptides can be utilized as such as drugs. In many cases, the structural and
chemical properties need to be modified and improved, but without affecting the biological
activity. Indeed, the overall efficacy of the native peptides is typically limited by an in vivo
instability towards the protease hydrolysis, a lack of bioavailability, due to inability to cross the
biological barriers (i.e., gut mucosa, BBB) and, a rapid liver and/or kidneys clearance. 153 154
One way to improve stability, solubility and bioavailability of peptides is represented by the
peptidomimetic approach.[*>> 1581 This strategy consists of replacing portions of biologically
active peptides with non-peptidic structural elements, that still retain the essential
pharmacophore binding groups and the 3D topology, and thereby, are capable to mimic the
agonist or antagonist behaviour of the natural parent peptide.l*>® 1% This biologically active
peptide-surrogates are defined peptidomimetics and, over the years, have inspired great interest
in the field of organic synthesis.

Normally, in peptidomimetic compounds, different and suitable modifications based on SAR
studies are commonly introduced in the minimal bioactive sequence of the native peptides.
These modifications generally include the insertion of D-amino acids or unusual amino acids
instead of the natural L-residues, N- and Ca-alkylation, cyclization, glycosylation, deamination,
C-terminus amidation, etc.[*53 154156 For instance, the replacement of L-amino acid with its D-
configured equivalent is a simple and common strategy to improve the peptide stability since
enzymes do not recognize and hydrolyse unnatural amino acids. In addition, this modification
can promote and stabilize different conformations of the peptide backbone.l'>1 Yet, the
backbone can be modified by substitution of the cleavable peptide bond with an isosteric or
isoelectronic surrogate that resembles the transition state of its hydrolysis.**8! Examples of the
most used isosters are the azapeptides, reduced amides, retro-inverso peptides, peptoids,
sulphonamide/thioamide peptides/peptoids etc. (Figure 17). The peptoids, reported by
Zuckermann et al.[**! are peptidomimetics in which the side chain of an amino acid is “shifted”
to the a-amino group, leading to enzymatically stable N-alkylated peptides, as well as the N-
methylated analogues.® In azapeptides, the Ca- of the backbone is substituted by an
isoelectronic nitrogen atom, while the side chains remain unchanged (Figure 17).1¢% In retro-
inverso peptides the normal amino acid sequence is reversed, namely from C- to N-terminus,
and the natural L-amino acids are generally substituted by D-amino acids to help maintain the

similar side chain topology.!*5% 1621 peptidomimetics containing an isoster of one or more
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peptide bonds (e.g. a reduced amide CH>-NH or a C=C) are often referred to as pseudopeptides
(Figure 17).12%3]

o , R w R 0 o h SR h 9 R
\)k(Nj(\N}‘ﬂ HzNYNj(LNMOH “{NJN/HR\ ‘“{N\;)k/Njﬁ\
R o H R o M =& R "0 R o]

End-group modified

Retro-inverso peptide retro-inverso peptide

Thioamide isoster Peptoid isoster

H (o] B R O R H R H X R H X R
YNJN,N% "I;\NMN)}R\ 1,‘{N\;/\X/H%\ X{NM])\ E{N\)\/Hﬁ\
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A ) . . . Methylene isoster Trans olefine isoster Ethylene isoster
zapeptide B-amino acid peptide X=S O NH X=H. F X =H, OH

Figure 17. Examples of peptide bond isosters.

Other important and widely investigated modifications include the incorporation of
unnatural amino acids such as B-, y-, or 8-amino acids, N-alkylated amino acids, a- or -
substituted a-amino acids, residues with modified side chains, dehydroamino acids proline
analogues, etc. (Figure 18). Generally, these residues exert a “local” conformational bias in the
immediate proximity of their position. For instance, the presence of an additional C-C bond in
-amino acid residues should result in greater backbone flexibility, however several researcher,
including Seebach et al.,[*®% 164 Gellman et al.,[*%! and others,[*®! reported that p-oligomers
composed by B?- and B*-amino acids building blocks or a- and B-amino acids (hybrid o/p-
peptides) are folded into well-defined secondary structures (helices, p-sheet, hairpin turn).
These amino acid features have been used to design peptidomimetics with therapeutic potential
such as hormones, MHC-binding beta-peptides, opioid peptides, somatostatin or amphipathic
B-peptide inhibitors of membrane-bound proteins. 6%

Unfortunately, linear native peptides are highly flexible and exist, in aqueous solution, in
numerous conformations (dynamic equilibrium). This aspect contributes to reducing its target
affinity and/or selectivity. Structural restrictions and more rigid peptides can be obtained by

cyclization of the linear backbone.[67-169
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Figure 18. Examples of the modified amino acid residues (constrained and not).

Cyclization is one of the best-explored strategies to reduce the conformational freedom!*"%
and promote the biologically active conformation of a linear peptide since allows the
pharmacophoric sidechains in a well-defined orientation in the target space. This approach was
first proposed by Kessler who termed it “spatial screening” and is based on the rational design
of conformationally distinct cyclic peptides to explore the 3D arrangement of the
pharmacophoric groups.['% 1711721 The application of this concept led to the discovery of the
integrin antagonist, Cilengitide (c[RGDfN(Me)V]), a cyclic pentapeptide containing the RGD
sequence (Figure 11). This peptide shows a BII’/y-turn conformation with D-Phe arranged in
the i+1 position of the BII’-turn, while on the other side of the cycle the RGD motif forms a
tight y-turn with Gly in the central position. They studied the effect on the conformation and
the biological activity caused by a single D-amino acid substitution: it was shown that D-amino
acid forces the adoption of a BII’-turn at different sites of the peptide (Figure 19).35 Therefore,
BIl’-turn conformation was recognized as a fundamental feature for selective binding to the
avPs3 integrin over other RGD-binding integrins.

For these reasons, small cyclic peptides have emerged as useful templates in drug design. In
addition, cyclic variants display higher in vivo stability to exo- and endoproteases. [15+ 16°]
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Figure 19. A) Simple illustration of a-, B-, and y-turns; B) Chemical structure of the cyclic pentapeptides
c¢(RGDfV). The RGD sequence is shown as red. Dashed lines represent essential hydrogen bonds required to
stabilize the BII’-turn and y-turn. C) Cilengitide-integrin oz interaction (PDB ID: 1L5G); the sphere represents
Mn*2ion (image source: De Marco et. al.).[*?]

Similarly, when a single B-amino acid is incorporated into a cyclic tetra- or pentapeptide,
this preferably occupies the central position of a modified y-turn conformation that is extended
by one CH2 group and hence, called a pseudo-y-turn (Wy). The conformational bias of the -
amino acid residue employed even overrides the strong preference of a D-amino acid residue,
commonly found in the i+1 position of BII’-turns.*”! Thus, the B-amino acids act as y-turn
mimetics and stabilizes the overall secondary structure. These findings could provide a new
expedient for the design of cyclic peptides with control of conformation.

Depending on its functional groups, linear peptides typically assembled on inert and
insoluble polymer as solid support, can be cyclized in four different ways: head-to-tail (C-
terminus to N-terminus), head-to-side chain, side chain-to-tail or side-chain-to-side-chain
(Figure 20). Apart the use of (di)sulfide, amide, and other obvious bridges other examples of
efficient macrocyclization methods include copper catalysed azide—alkyne cycloadditions,*™

ring-closing metathesis,!*"®] multicomponent macrocyclization strategies etc.[6]

HoN -~ COOH

—Rpy—R— N-R

side chain-to-side chain H
side chain-to-tail
NHz

head-to-side chain head-to-tai

Figure 20. The four possible ways a peptide can be constrained in a macrocycle (image adapted from White et.
al.).[267
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In last decades, the drug discovery field of peptides and peptidomimetics has reported an

exponential growth and a large number of peptides entered the clinical studies as potential
therapeutic agents, covering a wide range of therapeutic areas, from cancer to cardiovascular
diseases and to antimicrobial or metabolic disorder (Figure 21). These results prove that the
peptidomimetic approach represents a well-established strategy for developing novel and

effective non-toxic therapeutic agents.

= Oncology
® Metabolic
® Cardiovascular
5% N ® Allergy/Immunological
5% - = Gastrointestinal
= Antimicrobial
1 Pain

= Dermatology

Central nervous system
u Urology

Other

Figure 21. Therapeutic categories of peptide candidates in the commercial pipeline (image source: Tsomaia).[7"]

The favourable features of peptides and mimetics such as high specificity, selectivity, small
dimensions, ease of modification and high biocompatibility make them promising candidates
in a variety of growing fields including targeted drug delivery systems (oncology and imaging),
nanotechnology field and diagnostic/biomedical application for the development of new

biomaterials, biodevices, biosensors, and bioelectronics.
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In light of the above introduction, it is evident the essential role of integrin receptors for the
regulation of many physiological and pathological processes. The involvement in a wide range
of diseases including cancer, infection, thrombosis, inflammation and autoimmune disorders,
has revealed their substantial potential as validate drug targets. However, so far few integrin
inhibitors have reached marketing approval.l*?®l To this purpose, extensive efforts have been
devoted to the development of small-molecule ligands as integrin antagonists and, recently,
agonist ligands have been taken into account as promising therapeutics.

Our research group contributed to this field with the development of potential drug
candidates for the treatment of os- and av-integrin-related diseases. Keeping in mind the
fundamental structural features for the integrin binding, the phenylureido-LDV privileged
scaffold of BIO1211 (Figure 15), taken as a reference compound, was properly modified by
introducing a rigid five-membered ring as amide bond isosters. In agreement with the
peptidomimetic principles, conformationally restraints and more stable/bioavailable derivatives

have been synthesized (Figure 22).

Recently, 5-aminomethyloxazolidine-2,4-dione (Amo) dipeptide scaffold, obtained from
intramolecular cyclization of isoserine (isoSer) or other a-hydroxy-p-amino acid residues was
successfully introduced as a central core into peptidomimetics. The o/p hybrid Amo scaffold
can be considered a B?-homo analogue of the well-known Freidinger lactam. This retro
sequence (IX, Figure 22) displayed nanomolar ICso antagonism in cell adhesion assays with
asP1 integrin-expressing Jurkat E6.1 cells and its natural ligand VCAM-1.11781 Tolomelli et al.
developed a small library of compounds containing rigid 3,4-dehydro-p-proline ring as a central
core which was introduced through an original RCM (ring-closing metathesis) cyclization of
diallylamino derivatives.'”® These compounds showed an excellent affinity to ouf1 integrin
based on the stereochemistry of the heterocyclic core; the (R)-configured (X and XI, Figure 22)
was the most powerful, thus suggesting a specific disposition of the lipophilic chain for the two
enantiomers.[*®1 On the other hand, following the peptidomimetic retro-strategy, Gentilucci et.
al. introduced a p2-proline ring as central core in a PUPA-derivative for exerting a markedly
overall rigidity. Compound XI1 (Figure 22), containing the Asp residue acylated with a benzyl

moiety at the N-terminus, showed nanomolar 1Cso in inhibition cell adhesion assays.[*8%]
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Figure 22. Relevant PUPA-based structure containing a constrained central core.

Introduction of suitable decorations on four-membered -lactam scaffolds afforded effective
asf1 integrin agonists and antagonists, suggesting that small modifications in ligand structure
could induce a dramatic effect on their agonist/antagonist behaviour 821 presumably due to the
receptor stabilization in active or inactive conformations (X111 and X1V, Figure 22) as observed
by Vanderslice and co-workers. Yet, rigid derivative containing isoxazolines as central
scaffolds showed interesting nanomolar 1Csp activity, toward avfz and asf1, acting in this case
as RGD mimetics. In particular, compound XVI with R = iPr exhibited the highest activity
against both avps and osPa receptors with 1Cso of 8.8 nM and 1.1 nM, respectively (Figure
22).118% These results confirmed the importance of the constrained central cores in conferring
and stabilizing the overall structure in a well-defined conformation and, prompted us to

investigate other backbone modification to improve activity and stability.

The aim of the present work is focused on the synthesis and biological evaluation of novel
hybrid o/B-peptidomimetic ligands for integrin asP: to potentially treat chronic inflammatory
autoimmune diseases. Moving from our previous results and, applying the peptidomimetic
strategy, we designed a small library of linear (Chapter 3 and 4) and cyclic peptidomimetics
(Chapter 5) based on the phenylureido-LDV scaffolds, aimed at improving activity, stability
and explore the chemical space of the asf1 integrin binding pocket since the structure has not
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yet been crystallized. In this regard docking experiments on the rigid cyclopeptides will be

presented. This study allowed to identify a nanomolar asfB1 lead antagonist which was fully

characterized in vitro and in vivo for the treatment of ocular allergic conjunctivitis.

In order to explore new methods for monitoring the course of the inflammatory processes,
we designed a nanostructured device functionalized with peptidomimetics capable to detect
specific integrin-expressing cells as inflammatory disease biomarkers (Chapter 6). Therefore,
peptides with suited linker were anchored onto a specific surface coated with dye-loaded Zeolite
L-crystal nanoparticles, to reproduce the high density of multi-valency binding normally
present in the proximity of the sites of inflammation. In perspective, these systems may
represent prototypes for rapid and non-invasive diagnosis of inflammatory or other diseases,

from one drop of blood or other fluids easily obtainable from the patients.

During the period spent in the laboratory of Prof. Norbert Sewald at the University of
Bielefeld in Germany, a project based on the development of a drug delivery systems for cancer
therapy was implemented (Chapter 7). In the last decades, this approach has attracted great
interest as a promising alternative to overcome the selectivity drawbacks of the traditional
chemotherapeutic agents. More selectivity at tumor site could be achieved by the conjugation
of highly cytotoxic payload, in our study the picomolar Cryptophycin, through a suitable
protease-cleavable linker to specific ligand capable of binding to the tumor-overexpressed
receptors, while sparing the healthy tissues. Since integrin avfs is overexpressed on the
neovasculature in a variety of solid tumor, but not on healthy cells, the RGD-peptides have been
extensively exploited as a tumor-targeting ligand. In this study, new RGD-Cryptophycin
conjugates were synthesized and evaluated in biochemical assays including stability, cleavage
experiments and integrin binding to assess their structural properties.

As final goal, in attempt to make peptide synthesis, that generally uses large excess of
reagents and solvents, more sustainable and greener, we successfully developed a new
alternative way for a solvent-free peptide bonds formation using the mechanochemistry
approach (Chapter 8). Moreover, these reactions have also been performed under ultra-mild
minimal solvent-grinding conditions, using organic-green solvents and common, inexpensive
laboratory equipment. Standard amino acids and coupling agents were employed in the presence
of nanocrystalline hydroxyapatite as a reusable, bio-compatible inorganic basic and “green”

catalyst.
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3. HYBRID o/p-PEPTIDOMIMETICS: A RATIONAL APPROACH
FOR THE DEVELOPMENT OF a4f1 INTEGRIN ANTAGONISTS

The work described in this Chapter was recently published:

— Dattoli S. D., Baiula M., De Marco R., Bedini A., Anselmi M., Gentilucci L.* and Spampinato S.*
DS-70, a novel and potent o4 integrin antagonist, is an effective treatment for experimental allergic
conjunctivitis in guinea pigs. British Journal of Pharmacology 2018, 175 (20), 3891-3910. DOI:
10.1111/bph.14458.

3.1. Introduction

Allergic conjunctivitis is a type-1 hypersensitivity reaction related to the generation of IgE
antibodies in response to certain external allergens.*4l In allergic conjunctivitis the early phase
reaction (humoral immunity) is promoted by the release of pro-inflammatory cytokines and
chemokines and, is generally characterized by ocular itching, hyperaemia, swelling of the
surrounding eyelids, chemosis and tearing. This is followed, after 6-12 h, by a late phase
sustained by the production of cytokines and chemokines, that involves the recruitment and
conjunctival infiltration of eosinophils and other immune cells (cell-mediated immunity).[28]
The latter event requires the interaction between leukocyte surface-adhesion receptors, such as
integrins and selectins, and adhesion molecules expressed on the conjunctival endothelium,
namely ICAM-1[%1 and VCAM-1.18] Increased levels of cell adhesion molecules on the
microvasculature and factors that regulate these molecules may perpetuate the inflammation in
allergic conjunctivitis.[*3! Integrin receptors, specifically the asp1 and 0Bz subtypes, are directly
involved in this phenomenon since they are widely expressed on most leukocytes, and
contribute to their activation and migration during inflammatory reactions.[*8”] Studies using
monoclonal antibodies have confirmed that as-integrin contributes to eosinophil recruitment
and infiltration in inflamed conjunctiva and then, to the development of its pathogenesis.[*%]
The blockade of a4 integrin may represent a useful therapeutic strategy to treat allergic eye
diseases, given that current therapies only alleviate the clinical symptoms (glucocorticoids,
antihistamines and mast cell-stabilizing agents). Drugs are frequently administered topically in
the conjunctival fornix to treat this pathology,™®! thus low MW o4 antagonists are suitable for
administration via this route and may representing a safer alternative.

In this context, inspired by our recent results on the development of a4f: integrin ligands for
treating inflammatory diseases,!*’® 181 we rationally designed a simplified hybrid o/p-
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peptidomimetic through the molecular assembly of distinct pharmacophore moieties identified

in the BIO1211 structure and in the bioactive LDV sequence of the ECM ligands aimed to
obtain low MW a4 antagonists. The (D)-p%-proline (equal to S- absolute stereochemistry)
moiety was introduced as a central core in order to confer conformational rigidity, due to the
reduced allowed rotations, and enzymatic stability. The latter is flanked by the MPUPA a4-
targeting moiety at the N-terminus, and a simple Gly residue at the C-terminus, that coordinates
the MIDAS B1-subunit. These pharmacophoric groups are spaced by 14-15 C-C bonds that
seem to be the optimal distance for the integrin binding. Similar to BIO1211 prototype, DS70
showed a straight sequence (Figure 23). Moving from our previous studies on retro-peptide
sequences (IV, Figure 22) that showed higher efficacy against asp1 integrins compared to the
corresponding straight sequences, the partially retro-inverso analogue DS23 was also
synthesized.[78 181 Differently, the (D)-p2-proline core was connected at the C-terminus to the
amino variant of MPUPA, namely the AMPUMP [1-(4-(aminomethyl)phenyl)-3-(o-
methyl)urea], that acts as an as-targeting fragment, while at the N-terminus the malonic moiety,

equivalent to Gly residue, is placed to coordinate the MIDAS B1-subunit (Figure 23).

BIO1211

$2-Pro p2-Pro
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Figure 23. Design of DS70 and DS23: straight and partially retro-inverso hybrid o/B-peptidomimetics structure.

The potential efficacy of these two compounds was determined by in vitro and in vivo
experiments. The most potent DS70 was pharmacologically characterized using a scintillation
proximity assay to measure its affinity for o431 integrin and its effect on cell adhesion mediated
by different integrins. The effects of DS70 on VCAM-1-mediated degranulation of a human
mast cell line and eosinophilic cell line expressing oasf: and, on VCAM-1-mediated
phosphorylation of ERK 1/2 in Jurkat E6.1 cell were also investigated. Finally, in vivo studies
in ovalbumin-sensitized (OVA) guinea pigs showed that DS70 reduces in a dose-dependent
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manner the clinical symptoms of allergic conjunctivitis, conjunctival a4 integrin expression and

conjunctival levels of chemokines and cytokines.

3.2. Results and Discussion

3.2.1. Peptide synthesis

The linear peptides B101211, synthesized as a reference compound, and DS70, were
assembled manually by Solid-Phase Peptide Synthesis (SPPS) on a Wang resin preloaded with
Fmoc-Gly using Fmoc-protected amino acids and microwave irradiation conditions. The
removal of the Fmoc groups was performed by treatment with piperidine in DMF under
microwave irradiation for 2 min. Coupling between each residue was carried out using the
activating agents DCC and HOBt in DCM/DMF (4:1, v/v) under microwave irradiation for 10

min.

Method A Q\ i mOH
Fmoc/“ﬂoo . O N%oo SN @\ mo il %OO

Fmoc-Gly-Wang J
78%

DS70

Method B

O o

@L”@*“@ s REgA>EEs

Ds23

CF3COO

Scheme 1. Synthetic scheme for DS70 and DS23. Reagent and conditions. Method A: i) 20% piperidine, DMF,
MW, 2 min (x2); ii) Fmoc-(D)-p?Pro-OH, DCC, HOBt, DCM/DMF, MW, 10 min; same repeated for MPUPA;
iii) TFA/H,O/TIS/PhOH (90:5:5), RT, 2 h. Reagent and conditions. Method B: iv) Boc-(D)-B?Pro-OH, HBTU,
HOBt, DIPEA, DCM/DMF, MW, 10 min; same repeated for mono-benzyl malonic acid; v) 25% TFA/DCM, RT,
1 h; vi) Hp, Pd/C, EtOH, RT, 4 h.

Peptide cleavage was accomplished by treatment the peptidyl-resin with TFA in the presence
of scavengers. The crude products were simply precipitated from ice-cold Et.O and collected

in almost quantitative yield by centrifuge. On the other hand, the partially retro-inverso
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sequence DS23 was prepared in solution. AMPUMP was coupled with Boc-protected B2-Pro in

4:1 (viv) solution of DCM/DMF under microwave irradiation with the aid of
HOBt/HBTU/DIPEA. Boc-deprotection of the resulting dipeptide was carried out in 25%
TFA/DCM and was followed by coupling with 3-(benzyloxy)-3-oxopropanoic acid under the
same conditions previously described. The resulting benzyl ester was deprotected by catalytic
hydrogenation giving DS23 in good yield. For all peptides, the purity was assessed by RP-
HPLC (96-98% purity) while the chemical identity was determined by ESI-MS, 1D and 2D
NMR spectroscopy.

3.2.2. Biological evaluation

Pharmacological characterization of DS70 and DS23 was performed by the research group
of Prof. Dr. M. S. Spampinato (department of Pharmacology, University of Bologna). In vitro
experiments were carried out using the scintillation proximity assay (SPA) to measure their
affinity to the asf1 integrin and their effects on the asf1-mediated cell adhesion. In contrast with
our previous results where the retro-sequence showed higher affinity to asp:1 integrin, here to
our surprise, the straight peptide DS70 showed to be more effective than DS23 as an antagonist
of asP1 integrin and, therefore, we focused our research efforts on this compound. Complete
biological characterization was performed including in vivo experiments on guinea pig model

of allergic conjunctivitis.

» Integrin binding affinity: SPA and cell adhesion assays

The binding affinity of the novel hybrid o/B-peptidomimetics was measured using SPA assay
and was compared to that of the reference compound BIO1211. As reported in Table 2,
BI101211 and DS70 proved to be the most effective compounds with a nanomolar 1Cso
inhibition of [*2°1]-FN binding. Moreover, these compounds showed to inhibit the cell adhesion
of asP1 integrin-expressing Jurkat E6.1 cells to VCAM-1 or FN ligands with a nanomolar
activity (Table 2).

Further cell adhesion assays were performed only on DS70 employing several integrin-
expressing cells. Similar ICsp values were observed with asf31 integrin-expressing HMC 1.1 and
EoL-1 cell line in the presence of VCAM-1 and FN (Table 3).
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Table 2. SPA binding to bead-associated a4p1 integrin and inhibition of Jurkat E6.1 cell adhesion of the reference
compound B101211, DS70 and DS23 to VCAM-1 (2 pg-mL*) and FN (10 pg-mL™Y).

Cell adhesion Jurkat/ Cell adhesion Jurkat/
Compound SPA IC5o (nM)® VCAM-1 IG5y (nM) FN IC54 (nM)
BIO1211 8.80 + 3.4 (0.08-46.7)" 4.60 + 3.0 (0.05-25.1) 5.50 +4.0 (0.09-37.6)
DS-70 8.3+3.2(0.1-37.2) 5.04 +0.51 (0.05-37.3) 4.3 1.7 (0.04-23.4)
DS-23 47.7+4.1 (4.6-161.4) 40.3+7.1(3.4-127.6) 51+5.0(4.8-192.4)

2Results were generated by measuring, in a cell-free SPA, the inhibition of ['**I]-FN binding by the assayed compounds on Jurkat E6.1 cell lysates in the

presence of 10 increasing concentrations of each compound (1 07"2-10"* M) and a fixed amount of radioligand (100 000 counts per minute).
bSix independent experiments were run in quadruplicate.
Data are expressed as means + SD (with “95% confidence limits).

Table 3. Effect of DS70 upon different integrin-
As shown in Table 3, DS70 did not inhibit the ~ mediated human adhesion cells.

. . - Cell/i i Adhesi
adhesion of cell lines not expressing the a4B1 e,fpf:,‘::ﬂ"“ molecule. o0 (nM)®
receptor. However, approximately 8 folds less HMC-1/aafh VEAM-T SRl CIe 2]
EoL-1/o4B4 VCAM-1 9.7 +3.2 (1.2-38.6)
potent inhibition activity was observed upon RPMI8B60/asf;  MACAM-1 70 + 6.5 (6.9-260.8)
] ] ) Jurkat/o, B, ICAM-1 >5000
RPMI 8866 cells EXpI‘eSSIng the (X,AB7 |ntegr|n HL60/ /P2 Fibrinogen ~5000
. . K562/asp, FN >5000
subtype compared to its natural ligand FPV T —— 5000
MAdCAM-1. Therefore, it is reasonable to MCF7 fups Fibrinogen >5000
HT-29/ w5 FN >5000
assume that DS70 may be considered a dual HEL/aupPs Fibrinogen >5000
D283/aof FN >5000

antagonist of asp1/a4f37 integrin receptors.

?In a cell-based assay, the adhesion of a cell line preferentially ex-
pressing a specific integrin heterodimer to an immobilized adhesion
molecule was measured.

bSix independent experiments were run in quadruplicate.

Data are expressed as means + SD (with “95% confidence limits).

» Invitro enzymic stability of DS70

The stability of DS70 in mouse serum at 37 °C was compared to that of BIO1211. As shown
in Figure 24, DS70 was more stable showing just a 21% of degradation rate after 8 h, while the
half-life of BIO1211 was approximately of 0.27 h. These data support the hypothesis that the
presence of the B-amino acid scaffold markedly increases the enzymatic stability of the
peptidomimetic.

—= BIO1211 -+-DS-70

remaining peptide (%)

8
time (h)

Figure 24. Degradation of BIO1211 and DS70 in mouse serum. Samples were analysed by RP-HPLC ESI-MS at
0,0.15,0.5,1.0, 2.0, 4.0, 6.0 and 8.0 h Values are presented as mean = SD (n = 5).
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» VCAM-1-mediated ERK 1/2 phosphorylation signalling

Intracellular signalling generated by the interaction of the ECM components with integrin
asf1 involves second messengers, such as ERK 1/2, that contribute to o4 integrin-mediated cell
functions.['*! The addition of DS70 alone to Jurkat E6.1 cells did not cause any significant
increase in ERK 1/2 phosphorylation compared to vehicle-treated cells (data not shown). A
significant increase in ERK 1/2 phosphorylation was detected 60 min after Jurkat E6.1 cells
were exposed to VCAM-1-coated plates (2 ng-mL™). Pre-incubation with DS70 (1071°-10* M)
for 60 min produced a concentration-dependent decrease in VCAM-1-mediated ERK 1/2
phosphorylation (Figure 25 A-B). DS70 was also effective in reducing, in a concentration-
related manner, ERK 1/2 phosphorylation induced by VCAM-1 in HMC 1.1 and EoL-1 cells
(Figure 25 D-E and F-G).

» DS70 binding to a4p1 integrin modulates HUTS-21 epitope exposure in Jurkat E6.1
cells

Integrins exist in three major conformations: an inactive or bent conformation, an
intermediate-activity conformation and a high-activity open conformation. Conformational
changes in integrin subunits may be monitored using conformation-specific antibodies that
recognize a specific epitope that is exposed only in a defined structural conformation.% We
used the PE-conjugated (PhycoErythrin) HUTS-21 mAb to determine whether the binding of
DS70 to asP1 integrin alters its conformation. This mAb recognizes a ligand-induced binding
site epitope that is masked in the inactive integrin but is exposed upon agonist binding or partial
integrin activation. The epitope recognized by HUTS-21 has been mapped to the hybrid domain
of B1 integrin.[*®* This mAb was added to Jurkat E6.1 cells in the presence of VCAM-1 (2

ug-mL1), and fluorescence was assayed using flow cytometry.
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Figure 25. Effects of DS70 on ERK1/2 phosphorylation mediated by VCAM-1 in (A-B) Jurkat E6.1, (D-E)
HMC1.1 and (F-G) EoL-1 cells. (A, D, F) Representative Western blots for each cell lines: control cells plated on
VCAM-1 had a much stronger signal for pERK1/2 than vehicle-treated cells. DS70 reduces VCAM-1-induced
PERK1/2, whereas, at a higher concentration (10 M), it was not able to modify pERK1/2 in the absence of this
adhesion molecule. (B) (E) (G) Semiquantitative densitometry analysis of the bands from five independent
experiments (mean * SD); the amount of pPERK1/2 is normalized to that of total ERK1/2. *P < 0.05, significantly
different from vehicle; *P < 0.05, significantly different from VCAM-1. (C) Mean fluorescence intensity (MFI)
due to the anti-p; integrin mAb PE-conjugated HUTS-21 plotted against different concentrations of DS70 added
to Jurkat E6.1 cells in the presence of VCAM-1 (5 ng-mL™) was measured. Each point represents the mean + SD
of five independent experiments carried out in triplicate. VCAM-1 administered alone was able to promote epitope
exposure and a significant increase of MFI over vehicle-treated cells exposed to PE-conjugated HUTS-21 alone
(MFI values were 130 + 3 vs. 80 + 4; n = 5. P < 0.05, significantly different from VCAM-1 alone. Non-specific
binding of an isotype control PE-conjugated mAb added to Jurkat E6.1 cells produced an MFI of 38 £ 4 (n = 5)
that was subtracted from all samples.
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As expected, HUTS-21 binds to 1 integrin and exhibits increased Jurkat cell-associated

fluorescence compared to the cells expose to an isotype control mAb. The binding of a4p:
integrin to its endogenous ligand VCAM-1 induces a conformational rearrangement in the 1
subunit that exposes the HUTS-21 epitope and increases antibody binding. As shown in Figure
25 C, DS70 (10%9-10* M) concentration-dependently reduced the exposure of the HUTS-21
epitope as it decreased mAb binding in the presence of VCAM-1 with an ICsp of 4.33-10% M.
DS70 alone (102%-10* M) did not result in any significant exposure of the mAb epitope
registered as an increase of fluorescence (data not shown). Thus, DS70 seems to act as an ouf31
integrin antagonist, as it favours the inactive and/or intermediate-activity conformations of this

integrin.

» DS70 inhibits VCAM-1-mediated mast cell and eosinophil degranulation

Since integrins a4 are expressed on mast cells, they contribute to the acute degranulation of
this leukocytes during inflammatory/allergic reactions. Consistent with this latter observation,
VCAM-1 (2 ng-mL™) caused significant degranulation of the human mast cell line HMC1.1, as
assayed by measuring the release of B-hexosaminidase into the cell supernatant. This effect was
prevented by exposing the cells to a mAD that binds to the a1 integrin expressed on the cell
surface. Pre-treatment with DS70 (1071°-10* M) for 60 min prior to VCAM-1 administration,
caused a concentration-dependent inhibition of VCAM-1-induced mast cell degranulation
(Figure 26A). Moreover, VCAM-1 or IL-5 promotes a significant EoL-1 degranulation which
was assayed by measuring the release of eosinophil peroxidase in cell culture medium. IL-5-
induced release of eosinophil peroxidase was significantly increased following a 4 h incubation
in VCAM-1-coated wells; this effect was blocked by a mAb that binds to a4 integrin. DS70
prevents in a concentration-related manner (10°-10“% M), the IL-5-induced release of
eosinophil peroxidase from cells maintained in VCAM-1-coated wells whereas, DS70 was not

effective when added to control cells (Figure 26B).
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Figure 26. DS70 antagonizes HMCL1.1 cell degranulation (A) and eosinophil peroxidase release from the
eosinophils EoL-1 cells (B). (A) In HMC1.1 cell seeded on VCAM-1 (2 ug-mL™)-coated plates, a pronounced
increase of B-hexosaminidase release is observed. DS-70 decreases in concentration-dependent manner (-
hexosaminidase release. VCAM-1-induced B-hexosaminidase release is significantly prevented in cells treated
with a monoclonal antibody anti-as. Degranulation is expressed as percentage of B-hexosaminidase released over
total content measured in cells lysed with Triton X-100. (B) VCAM-1 (5 pg-mLt) exposure promotes a significant
increase of eosinophil peroxidase release from EoL-1 cells and elevates IL-5 (50 ng-mL)-induced release of this
enzyme. DS70 added to the cells prior to exposure to VCAM-1 and IL-5, significantly reduces eosinophil
peroxidase release. Even here, eosinophil peroxidase release caused by VCAM-1 + IL-5 is significantly prevented
by pre-treatment with a monoclonal antibody anti-as. Data are expressed as the mean + SD of five experiments
carried out in triplicate. *P < 0.05, significantly different from vehicle; #P < 0.05, significantly different from
VCAM-1 (panel A) or VCAM-1 + IL-5 (panel B); 5P < 0.05, significantly different from IL-5.

» Cell apoptosis and necrosis evaluation

We analysed the capacity of DS70 to induce apoptosis and necrosis in the three cell lines
used in this study: Jurkat E6.1, HMC 1.1 and EoL-1. Cells were treated with DS70 (1071°-10*
M) for 6 h, and cell apoptosis and/or necrosis were assessed by flow cytometry; we measured
annexin V-PE fluorescence using 7-AAD-induced (7-aminoactinomycin D) apoptotic cells as a
positive control. As shown in Figure 27, DS70 did not cause any significant apoptotic cell death
in the three cell lines investigated. Compared with the control, the number of live cells did not
decrease, and the percentages of early apoptotic cells, late apoptotic/secondary necrotic or

damaged cells did not change in the presence of DS70.
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Figure 27. Density plots showing the percentage distribution of Jurkat E6.1, HMC 1.1 and EoL-1 control and
vehicle or DS70 (10 M, 6 h) treated cells. Non-apoptotic cells (Annexin V and 7-AAD negative) represent 90-
95% of the total cell population after treatment. Quadrants: (top left) damaged cells, (top right) late
apoptotic/secondary necrotic cells, (lower left) live cells, (lower right) early apoptotic cells. These figures are from
a representative experiment carried out at least five times in triplicate.

» Invivo experiments on guinea pig animal model of allergic conjunctivitis

Guinea pigs were actively immunized via intraperitoneal injection administration (i.p.) of
ovalbumin (OVA) and challenged with OVA instilled into the conjunctival sac 21 days later.
One hour after challenge, during the early phase reaction, clinical observations revealed typical
early phase symptoms of allergic conjunctivitis, such as tearing and discharge conjunctival
redness and chemosis. The mean clinical score reached the maximum 2 h after allergen
challenge and thereafter showed a progressive decrease. At 24 h after challenge, the conjunctiva
did not present any relevant clinical symptom.©*84 The administration of DS70 eye drops (0.01,
0.05 and 0.1%, w/v) in the conjunctival sac of both eyes (30 uL per eye) of OVA-sensitized
guinea pigs 30 and 10 min before topical ovalbumin challenge reduced inflammatory signs
observed in the early and late phases of conjunctival allergy in a dose-dependent manner. The
0.1% dose was the most effective. The topical administration of DS70 eye drops (0.1%;
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administered twice 20 min apart) in control guinea pigs sensitized with saline did not cause any

significant sign of discomfort or any conjunctival inflammatory symptoms (Figure 28).
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Figure 28. Guinea pigs sensitized and challenged with OVA and treated with the vehicle used to dissolve DS70
(vehicle + OVA) responded with an increase in clinical score index. Administration of DS70 significantly
counteracts, in a dose-related manner, pathological signs and improves eye appearance. Data are presented as
scatter plot and refer to the mean + SD (five animals per group were included, and both eyes were evaluated; n =
10). *P < 0.05, significantly different from saline + vehicle; #P < 0.05, significantly different from vehicle + OVA.

A selective and sensitive LM-MS/MS method was developed for the analysis of DS70 and
the internal standard levocabastine hydrochloride in the guinea pig conjunctiva. Both the
analyte and the internal standard had similar molecular weight and clogP values. Adopting this
procedure, DS70 administered to the conjunctival fornix (30 pL of 0.1 g-100 mL™Y) twice, 30
min apart, was detected in the conjunctiva 1 h after the first treatment (7780 + 1000 ng-g™* wet
tissue). Interestingly, conjunctival DS70 was also detected at lower levels, 6 h after the first
treatment (3450 + 800 ng-g* wet tissue). The effects of DS70 on allergic ocular conjunctivitis
were compared to those induced by a reference drug dexamethasone (Figure 29).

Dexamethasone eye drops (0.1%, w/v) administered to a separate group of guinea pigs
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sensitized and challenged with OVA as described above produced a reduction of allergic

conjunctivitis, superimposable on the effect elicited by DS70 (0.1%) (Figure 29).
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Figure 29. Effects of dexamethasone (Dex) on conjunctival symptoms induced by OVA in guinea pigs.
Administration of Dex significantly counteracts pathological signs and improves eye appearance. In control guinea
pigs sensitized with saline and treated with the vehicle (saline + vehicle) or Dex (saline + Dex 0.1%) no signs of
allergic conjunctivitis were observed. Data are presented as scatter plot and refer to the mean + SD (5 animals per
group were included and both eyes were evaluated; n = 10). *P < 0.05 significantly different from saline + vehicle;
#P < 0.05 significantly different from vehicle + OVA.

These data are in agreement with previous work.%?1 Guinea pigs were killed 24 h later, and
tissues were analysed histologically. Numerous mast cells infiltrating the lamina propria and
stroma of the conjunctiva were observed, and most had degranulated in guinea pigs sensitized
and challenged with OVA. It was possible to recognize both metachromatic and degranulated
mast cells with May—Griinwald—-Giemsa staining (Figure 30A).

In contrast to vehicle-treated guinea pigs, DS70 caused a dose-dependent reduction in the
number of infiltrating degranulated mast cells, and the majority were granulated mast cells
(Figures 31A and 30A). Similarly, eosinophil infiltration and eosinophil peroxidase activity,
which are used as an index of the conjunctival infiltration of eosinophils,!*% were increased in
specimens of tarsal conjunctiva obtained from guinea pigs killed 24 h after antigen sensitization
and challenge, whereas a notable, dose-dependent reduction in both parameters was observed

in DS70-treated guinea pigs (Figure 31B-C).
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Figure 30. (A) Histologic analysis of OVA-mediated conjunctival mast cell degranulation. Photomicrographs of
tarsal conjunctiva stained with May-Griinwald-Giemsa. Both metachromatic (m) and degranulated (d) mast cells
are shown. Black bar = 25 um. (B) Substantial eosinophil infiltration (Luna’s staining) is observed in OV A-treated
guinea pigs (vehicle + OVA) in comparison to animals sensitized with saline and treated with the vehicle used to
dissolve DS70 (saline + vehicle) and to animals sensitized with saline and treated with DS70 alone (saline + DS70
0.1%) (5 animals per group were included and both eyes were evaluated; n = 10). Scale bar = 100 pum.

Exposure of OVA-sensitized guinea pigs to the topical challenge of OVA instilled into the
conjunctival sac induced a significant increase in a4 integrin levels in sections of tarsal
conjunctiva after 24 h, as measured by immunohistochemistry. This increase may be a
consequence of the elevated infiltration of leukocytes, such as eosinophils expressing this

integrin in the conjunctiva, including mast cells.
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Figure 31. DS70 prevents, in a dose-dependent manner, conjunctival infiltration and degranulation of mast cells
and eosinophils. (A) The number of degranulated mast cells was evaluated in photographs taken of 10 random
fields of 10 different conjunctival sections (see photomicrographs in Figure 30A) and reported as percentage of
degranulated mast cells (calculated with the following formula: DMC/MC x 100). (B) Effects of DS70 eye drops
on conjunctival eosinophil infiltration 24 h after topical challenge with ovalbumin. Substantial eosinophil
infiltration was observed in guinea pigs sensitized and topically challenged with OVA. In OVA-sensitized guinea
pigs, treated with DS70 eye drops and challenged with OVA, there was a lower, dose-related, eosinophil
infiltration than in conjunctiva of guinea pigs treated with OVA alone. The number of eosinophils was determined
in photographs taken of 10 random fields of 10 different sections (see Figure 30B). (C) Effects of DS70 eye drops
on conjunctival eosinophil peroxidase levels 24 h after topical challenge with OV A. Data refer to the mean + SD
(five animals per group were included, and both eyes were evaluated; n = 10). *P < 0.05, significantly different
from saline + vehicle; #P < 0.05, significantly different from vehicle + OVA.
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Figure 32. Topical treatment with DS70 in guinea pigs sensitized and challenged with OVA reduces conjunctival
levels of a4 integrin. (A) Photomicrographs of the conjunctiva 24 h after topical challenge with OVA and
pretreatment with DS70 (0.01, 0.05 and 0.1%). Black arrows in panel A indicate hot spots of expression. (B) IHC
score was assigned as reported in the Methods. Guinea pigs sensitized with saline and treated with the vehicle used
to dissolve DS70 (saline + vehicle) showed basal levels of expression, as animals sensitized with saline and treated
with DS70 alone (saline + DS70 0.1%). In guinea pigs sensitized and challenged with ovalbumin and treated with
the vehicle used to dissolve DS70 (vehicle + OVA), IHC score is markedly increased, and DS70 at the
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concentration 0.1% maximized the reduction that can be seen already observed at 0.05%. Data are presented as
the mean + SD (five animals per group were included, and both eyes were evaluated: n = 10). Black bars = 50 pum.
*P < 0.05, significantly different from saline + vehicle; *P < 0.05, significantly different from vehicle + OVA.

Interestingly, DS70 significantly reduced a4 integrin expression in conjunctival specimens
obtained from treated guinea pigs in a dose-dependent manner (Figure 32).
Immunofluorescence analysis carried out on sections obtained from tarsal conjunctiva
specimens of guinea pigs sensitized and challenged with OVA showed double staining for
tryptase, as marker of mast cells and a4 integrin.[***! Moreover, the double staining of MBP
(major basic protein), a marker of eosinophils,'%! and a4 integrin showed the presence of both
proteins in specimens of tarsal conjunctiva (Figure 33). Numerous cells positive for double
staining were observed, confirming that as integrin is expressed on both mast cells and

eosinophils localized in conjunctival specimens (Figure 33).
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Figure 33. Co-localization of mast cell tryptase or MBP (major basic protein), markers for mast cells and
eosinophils respectively, with a4 integrin in conjunctival sections of guinea pigs sensitized and challenged with
OVA and treated with DS70. (A) Mast cell tryptase and a4 integrin colocalize on mast cells in conjunctival sections
of guinea pig. Double immunofluorescence staining images for tryptase (green) and a4 integrin (red) are shown.
(B) MBP and a4 integrin colocalize on eosinophils in conjunctival sections of guinea pig. Double
immunofluorescence staining images for MBP (green) and aa integrin (red) are shown (5 animals per group were
included and both eyes were evaluated: n = 10). Scale bar = 50 um.



Biological evaluation

» Conjunctival levels of chemokine and cytokine mRNAs and protein content of CCL5
and CCL11 in OVA-treated guinea pigs

Ovalbumin challenge in actively immunized guinea pigs, induced a significant elevation of
the levels of mMRNAs for IL-8, IL-1B, CCL5 and CCL11, and of protein levels of CCL5 and
CCL11, intarsal conjunctival specimens after 24 h. Pre-treatment with DS70 prior to ovalbumin
challenge effectively and dose-dependently reduce the conjunctival levels of the cytokine and
chemokine mRNAs (Figure 34) as well as CCL5 and CCL11 protein levels (Figure 35).
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Figure 34. DS-70 eye drops (0.1% suspension) induced a significant down-regulation of IL-8, IL-1p3, CCL5 and
CCL11 transcripts in conjunctiva. Relative fold changes in mRNA levels were calculated using the AAC; method
as described in the Methods. Ovalbumin challenged animals (vehicle + OVA) behave as positive control; DS70
0.05% and DS70 0.1% reduce this increase. Values are the mean + SD (5 animals per group were included, and
both eyes were evaluated; n = 10). *P < 0.05, significantly different from saline + vehicle; P < 0.05, significantly
different from vehicle + OVA.
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Figure 35. DS70 reduces CCL5 and CCL11 conjunctival expression. Conjunctival sections were examined by
IHC for the expression of chemokines and the IHC scores calculated. (A-C) Representative photographs stained
with specific primary antibodies are shown. (B-D) IHC scores assigned. Tissue sections from guinea pigs treated
with saline (saline + vehicle) and DS70 alone (saline + DS70, 0.1%) were used as a negative control. Scale bar =
50 um. Data are presented as mean + SD (5 animals per group were included, and both eyes were evaluated; n =
10). *P < 0.05, significantly different from saline + vehicle; *P < 0.05, significantly different from vehicle + OVA.

3.3.  Conclusion

In summary, two novel hybrid o/p-peptidomimetics were designed as osf1 integrin
antagonist for the treatment of allergic conjunctivitis. On the basis of the fundamental
requirements to interact with asp1 integrin receptor, a B?-Pro residue was selected as a central
core for the synthesis of a straight and a partially retro-inverso peptidomimetic, containing on
one side, a diphenylurea moiety (MPUPA and AMPUMP, respectively), and on the other side,
a free carboxylic acid group (Gly and malonyl, respectively). The compounds were successfully
synthesized, and they showed a remarkable chemical and enzymatic stability in mouse serum
(only 20% was degraded after 8 h) compared to BIO1211 reference compound. Complete
pharmacological characterization was carried out only on DS70 (straight sequence), since
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differently from our previous studies, it resulted more active than the analogue DS23 (partially

retro inverso). DS70 binds to integrin asp1 with nanomolar affinity preventing the adhesion of
a4 integrin-expressing cells, antagonizes the VCAM-1-mediated degranulation of mast cells
and eosinophils, and the ERK1/2 phosphorylation. DS70 shows to reduce in a dose-dependent
manner the clinical symptoms of allergic conjunctivitis, the conjunctival o4 integrin expression
and the conjunctival levels of chemokines and cytokines in OVA-sensitized guinea pigs. To the
best of our knowledge, this report is the first to describe a low MW compound that acts as an
effective antagonist of a4 integrin, after direct topical administration in the conjunctival fornix

in an appropriate animal model of allergic conjunctivitis.

3.4. Experimental section

General methods for peptidomimetics synthesis

Standard chemicals and the protected amino acids were obtained from commercial sources
and used without any purification. The purity of intermediates and final products were analysed
by reverse-phase (RP)-HPLC, performed on Agilent 1100 series apparatus, equipped with a RP
column Phenomenex (Torrance, CA, USA) No 00D-4439-Y0 Gemini 3 um Cis 110 A, LC
column 100 x 3.0 mm; diode-array detection was set at 210 nm. Mobile phase description:
gradient from 0.1% formic acid (0.1 mL-100 mL™) in H.O/acetonitrile (9:1) up to formic acid
(0.1 mL-100 mL?) in H.O/acetonitrile (2:8) in 20 min, flow rate = 1.0 mL-min™.
Semipreparative RP-HPLC utilized an Agilent 1100 series apparatus (Agilent, Technologies,
Waldbronn, Germany), equipped with a RP column ZORBAX No 977150-102 Eclipse XDB
C1g PrepHT cartridge 21.2 x 150 mm, 7 um (Agilent Technologies). Mobile phase description:
gradient from trifluoroacetic acid (TFA; 0.1 g-100 mL™) in H.O/acetonitrile (8:2) to TFA (0.1
mL-100 mL™) in acetonitrile (100%) in 10 min, flow rate = 12 mL-min™. Electrospray
ionization MS analysis was performed on a HP mass spectrometer MSD 1100 detector (Agilent
Technologies) with single quadrupole. The procedures under microwave irradiation utilized the
microwave oven Micro-SYNTH microwave labstation (Milestone Inc., Shelton, CT, USA) and
temperature was controlled by using a built-in advanced fibre optic automatic control. *H-NMR
analysis was performed on an apparatus Varian Gemini 400 MHz (Agilent Technologies);
peptide samples were dissolved in DMSOds to the final concentration of 0.01 M and analysed

in 5 mm tubes at room temperature. Solvent suppression of residual moisture required the
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standard ‘PRESAT’ solvent pre-saturation procedure; chemical shifts (3) are expressed as ppm.
DMSO was used as an internal standard, by setting 6 H = 2.50 ppm. The following abbreviations
are used: s, singlet; d, doublet; t, triplet; dd, double doublet and m, multiplet. The assignment
of all resonances was based on two-dimensional gradient selected correlation spectroscopy

experiments. Refer to Dattoli et. al. for general biological methods.[*%]

Synthesis and characterization

Synthesis of DS70 (Method A, Scheme 1)
Fmoc-Gly-Wang preloaded resin (0.5 g, amino acid load = 0.4-0.8 mmol-g* according to the

manufacturer) was placed into a syringe equipped with a frit.

Fmoc deprotection. The Fmoc protecting group was cleaved by treatment with 20%
piperidine in DMF (5 mL) while bubbling nitrogen, under microwave irradiation (irradiation
power = 40W, internal reaction temperature = 45°C; see above) for 2 min. The resin was filtered
and washed with MeOH (5 mL), DMF (5 mL) and DCM (5 mL) in sequence. The cleavage
procedure and washes were repeated twice as described above. The deprotection was
qualitatively assessed by a positive Kaiser test.

Coupling reaction. The acid-partner (0.9 mmol), HOBt (0.9 mmol) and DCC (0.9 mmol)
were dissolved in DMF (6 mL) at room temperature. After stirring for 5 min, the mixture was
added to the resin pre-swollen in DCM (5 mL). The suspension was mechanically shaken for
10 min under microwave irradiation. Then, the resin was filtered and washed three times with
the same solvents as described in the paragraph above. The coupling was assessed by the Kaiser
test. The repetitive deprotection and coupling steps were carried out according to the same
protocols and workup procedures (Scheme 1).

Peptide cleavage. The peptidyl-resin obtained according to the previous protocol was pre-
swollen in DCM (3 mL) and treated with a 90:5:5 mixture of TFA/H>O/TIS (10 mL), plus
phenol (50 mg), and the mixture has mechanically shaken at room temperature for 2 h.
Subsequently, the cocktail was filtered to recover the peptide, and the unloaded resin was
washed with 20% TFA in Et2O (5 mL), DCM (5 mL) and MeOH (5 mL) in sequence. The
filtrates were collected; the volatiles were removed with a moderate nitrogen flow at room
temperature. The solid residue was suspended in ice-cold Et>O to favour peptide precipitation.

The crude peptide was triturated and collected by centrifugation at 2000 x g for 10 min. The
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isolated peptide was purified by semipreparative RP-HPLC (78% yield), and purity was
assessed by analytical RP-HPLC (98%). The compound identity was determined by ESI-MS
analysis. *H-NMR (400MHz, 3:1 CDCls/DMSOQds,) the spectrum shows two sets of signals in
1:1 ratio, relative to conformers A and B around the amide bond which precedes p-Pro: 6 1.82-
2.03 (m, 2Ha+B, B-ProH4a+g), 2.05 (s, 3Ha+B, ArCHsa+g), 2.78 (m, 1Ha, B-ProH34), 2.86 (m,
1Hg, B-ProH3s), 3.16 (m, 1Hg, B-ProH5g), 3.24 (m, 1Ha, B-ProH54), 3.33-3.39 (m, 2Ha, B-
ProH2a + B-ProH54), 3.39-3.49 (m, 2Ha+s + 3Hg, CH2COa+s + B-ProH5g + 2x B-ProH2g), 3.54
(dd, J = 8.0, 13.6 Hz, 1Ha, B-ProH24), 3.70 (d, J = 4.8 Hz, 2Ha+g, GlyHaa+s), 6.73 (t, J = 7.2
Hz, 1Ha+g, ArH4a:B), 6.83-6.97 (M, 4Ha+g, ArH3’5’a+g + ArH3,5a+8), 7.19 (d, J = 7.6 Hz,
2Ha+B, ArH2’6’a+B), 7.22 (S, 1Ha+B, ureaNHa+g), 7.62 (d, J = 8.0 Hz, 1Ha+g, ArH64+8), 8.37
(s, 1Ha+s, ureaNHa+g). ESI-MS m/z [M+H]" calcd. for C23H2sN4Os: 439.19; found: 439.30.

Synthesis of BIO1211

B101211 (MPUPA-LDVP) was prepared adopting the same SPPS procedure described above
for DS70. Purity was evaluated by analytical RP-HPLC (98%) and chemical identity by ESI-
MS m/z [M+H]" calcd. for C3sHasNsQOs: 709.35; found: 709.40.

Synthesis of DS23 (Method B, Scheme 1)

Boc-p-Pro (1.0 mmol), HOBt (1.1 mmol) and HBTU (1.1 mmol) were dissolved in 4:1
DCM/DMF (5 mL) and the mixture was stirred at room temperature under an inert atmosphere
for 5 min. Thereafter, AMPUMP-TFA salt (1.1 mmol) was added at room temperature while
stirring, followed by DIPEA (2.2 mmol). The mixture was stirred for 10 min under microwave
irradiation. The mixture was diluted with DCM (40 mL) and washed with 0.5 M HCI (5 mL)
and with saturated solution of NaHCO3 (5 mL). The organic layer was dried over Na2SO4, and
the solvent was removed at reduced pressure. The protected intermediate was purified (75%)
by flash chromatography over silica gel (eluent: 100% ethyl acetate). Subsequently, the Boc-
group was removed by treatment with mixture of 25% TFA in DCM (10 mL). The mixture was
subjected to moderate nitrogen flow at room temperature until a solid residue was obtained.
The resulting TFA salt was utilized without purification and coupled with 3-(benzyloxy)-3-
oxopropanoic acid under the same coupling conditions described above, following the same
work up and purification by flash chromatography of the intermediate. Finally, the benzyl ester
was removed with H, and catalytic amount of Pd/C in EtOH for 4 h (Scheme 1) at room
temperature. The mixture was filtered over Celite® and the filtrates evaporated at reduced

pressure. Purification of the residue was carried out by semipreparative RP-HPLC, and purity
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was determined by analytical RP-HPLC (97%). ESI-MS m/z [M+H]*" 439.2; calcd. for
C23H26N40s: 439.19; found: 439.20.
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4. DESIGN AND SYNTHESIS OF DS70-BASED HYBRID a/p-
PEPTIDOMIMETICS

4.1. Introduction

On the basis of our recent and excellent results on the compound DS70,1*"1 and moved by
our interest in the development of potent small-molecule peptidomimetics for asp: integrin, we
questioned whether more flexibility at the binding site could retain high affinity and inhibition
activity on aspz integrin. To explore this possibility, we investigated the 3-amino acid scope in
a small library of novel and flexible hybrid o/B-peptidomimetics, analogues of DS70 and DS23,
aimed at the treatment of as-related inflammatory diseases. Initially, the rigid p2-Pro central
core was substituted by an (S)- or (R)-p2-Ala and B3-Ala, in order to confer more flexibility and
high enzymatic stability toward proteases. The B?-Pro ring-opening preserves the optimal
distance of 14 C-C bonds between the two pharmacophoric groups. Similar to DS70, the straight
sequence was assembled by linking the MPUPA a4-targeting moiety at the N-terminus, and the
Gly, coordinating the Bi-subunit, at the C-terminus of the B-amino acid central core. Whereas,
the corresponding partially retro-inverso peptidomimetics were synthesized by connecting the
central p2-Ala and B3-Ala to the AMPUMP diphenylurea moiety (C-terminus) and to the
malonic acid (N-terminus, Figure 37). For each class of peptides (straight- and retro-) the effect
of both, (R)- and (S)-stereochemistry of the B?-Ala/p3-Ala core on cell adhesion inhibition were
also evaluated (Table 4).

Subsequently, the central B-amino acidic scaffold was modified by introducing suitable
functional groups, that in perspective, can be functionalized with certain linker thus providing
a useful construct with an anchoring point well-spaced from the principle integrin binding
sequence. Such linkers make these constructs eligible to be conjugated on different scaffold
such as polymers, nanofibers, nanoparticles, surfaces, drug delivery systems, and so on, thus
opening a new way for the treatment and diagnosis of many pathologies.[**® 1%°] Based on this
premises, we designed a small library in which the B-Ala was replaced by two different building
blocks, the 2,3-diaminopropionic acid (Dap) bearing an amino group in the corresponding Ala
B? position, while the B3-Ala is replaced by an isoAsp carrying a carboxylic acid in the
corresponding B position (Figure 37). The Dap building block can be easily prepared by
starting from an Asn or Asp amino acid residue via Hofmann or Curtius rearrangements. 6. 200]

These methods are commonly used for the synthesis of gem-diamine, urea and urethane
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derivatives allowing the maintenance of the configuration during the transposition (Figure
36)_[200, 201]
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Figure 36. Hofmann and Curtius rearrangements.

The Hofmann rearrangement is a well-known reaction that provides the transformation of
primary amides into amines. In the recent years, iodine(lll) reagents, such as Phl(OCOCF3)2,
PhI(OAc). and PhI(OTs)OH, have often been used successfully with high yields of the
corresponding ammonium salts to carry out the transposition under acidic conditions.°? In our
strategy, the Hofmann rearrangement was applied to the transposition of the primary amide
side-chain of an N-protected (S)- and (R)-Asn residue into the corresponding -amino-Ala using
Phl(OCOCF3), [261]

The two families of compounds have been realized by flanking the respective
pharmacophoric groups, MPUPA and Gly for the straight-peptides, and AMPUMP and malonic
acid for the retro-peptides, to the central functionalized B-amino acid core (Figure 37).
Similarly, the effect of core’s (R)- and (S)-stereochemistry in cell adhesion inhibition was also
evaluated (Table 4). In order to avoid unspecific or additional interactions at the integrin
binding site that may cause loss of activity, in initial studies, the amino and carboxyl groups of
the central B-amino acids have been blocked by acetylation or by simple coupling with a short
alkyl amine (Figure 37). On the other hand, the presence of these functional groups also
contributes to the spatial screening of the target and to understanding whether modifications at

the central position are tolerated.
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Figure 37. Design of flexible straight and partially retro-inverso hybrid o/p-peptidomimetics.

Table 4. Small libraries of novel and flexible hybrid o/B-peptides based on the structure of DS70.
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In perspective, the blocking groups will be substituted by a suitable linker to allow the

conjugation of the asp: integrin ligands to a variety of nanomaterials or nanoparticles for

theranostic applications (see Chapter 6).

4.2. Results and Discussion

4.2.1. Peptide synthesis of hybrid a/B-peptidomimetics bearing p3-homoAla as central

core

The p3-amino acids, with proteinogenic or non-proteinogenic side chains, are readily
obtained by direct Arndt-Eistert homologation of the N-Boc or N-Fmoc a-amino acids, although
is generally less efficient and not suitable for large scale preparation.l?] Therefore, we first
synthesize the enantiopure B*-amino acids core adopting a mild and scalable multi-steps
procedure previously reported by Caputo et. al.?%l (Scheme 2). In agreement with this
procedure, N-Boc a-Ala was reduced into N-protected p-aminoalcohols, (S)-MA54 and (R)-
MA76, via mixed anhydride under mild condition using NaBHas. These latter were then
converted into the corresponding N-protected f-aminoiodides, (S)-MA55 and (R)-MA81, with
a triphenylphosphine-iodide complex under mild conditions, without any detectable
epimerization of the chiral center. Due to the poor stability under the common separation and
purification procedures, the iodoamine intermediates were used directly without further
purification. The subsequent replacement of the iodine by a cyano group led to (S)-MA58 and
(R)-MA82, while the final hydrolysis (acidic or alkaline) of the latter led to N-protected B3-
homoAla, (S)-MA60 and (R)-MA84 (Scheme 2). The potential racemization was checked by
HPLC on a chiral column and polarimetry. In agreement with Caputo et. al. no traces of

racemized products have been detected.

. i i ii ivor v o
Boc., OH ___ ., Boce A _OH — » |Boc, A I |—» Bocy, X _CN — » Boc. J\)L
H N N N N OH

0 H H
(S)-MA54 (98%) (S)-MA55 (S)-MAS58 (40%) (S)-MA60 (60%)
(R)-MAT76 (89%) (R)-MA81 (R)-MAB82 (52%) (R)-MA84 (50%)

Scheme 2. Synthetic scheme for N-Boc B3-homoAla. Reagents and conditions: i) NMM, ethyl chloroformate,

THF, 0 °C — RT, 15 min, then NaBHa@q) 0 °C — RT, 10 min; ii) PPhs, 15, imidazole, DCM, reflux, 3 h; iii) KCN,
DMSO, 60 °C, 4 h; iv) KOHaq IM/EtOH (1:1), 90 °C, 3 h; or v) HCI 6M, reflux, 12 h.
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The diphenylurea moieties, MPUPA (MA1l) and AMPUMP (MA96) were simply
synthesized by a reaction between o-tolyl isocyanate and the appropriate aromatic amine
(Scheme 3). Regarding the preparation of AMPUMP, Boc-protection of the benzylic amine is
required before the urea bond formation, and afterwards, it can be easily removed by treatment
with 25% of TFA in DCM giving the corresponding TFA-salt MA96 (Scheme 3).

COOH i (o] COOH
— AL
H,N 7% H H

MPUPA (MA1)

- . .Boc + —
NH, i N i o} N i o NH; CF2CO0
— H - e H - L
HoN 84% H,N 79% ” ” >99% ” ”

2

MAS3 MA93 AMPUMP (MA96)

Scheme 3. Synthetic scheme for MPUPA and AMPUMP diphenylureas. Reagents and conditions: i) o-tolyl
isocyanate, DMF, RT, 3 h; ii) Boc,O, DCM, RT, 2 h; iii) 25% TFA/DCM, RT, 1 h.

Both straight and partially retro-inverso sequences were prepared in solution. In details, H-
Gly-OBnTFA salt was coupled, in turn, with N-Boc p3-Ala (S)-MA60 and (R)-MA84,
preactivated with EDC-HCI/HOB/TEA as coupling agents in DCM/DMF (4:1). The resulting
Boc-dipeptides were deprotected by treatment with 25% TFA in DCM and were followed by
coupling with MPUPA (MAJ1) under the same condition described above. Final deprotection
of the benzyl ester afforded (S)-MA71 and (R)-MA99 in good yields (76% and 88%, Scheme
4). Similarly, for retro-peptides AMPUMP (MA96) was coupled, in turn, with N-Boc p3-Ala
(S)-MA 60 and (R)-MAB84 in the presence of EDC-HCI/HOBt/TEA dissolved in DCM/DMF
(4:1) as mentioned before. Boc-deprotection of the resulting dipeptides and final coupling with
mono-benzyl malonic acid were performed under the same conditions previously described.
Finally, deprotection of the benzyl ester was carried out by catalytic hydrogenation, giving (S)-
MA120 and (R)-MA109 in good yields (60% and 82%, Scheme 4). For all peptides, the purity
was assessed by RP-HPLC and the chemical identity was determined by ESI-MS, 1D and 2D
NMR spectroscopy (entry 1, Table 4).
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Scheme 4. Synthetic scheme for MPUPA-B2homoAla-Gly-OH and malonyl-p*homoAla-AMPUMP. Reagent and
conditions: i) EDC-HCI, HOBt, TEA, DCM/DMF (4:1), RT, 12 h; ii) 25% TFA/DCM, RT, 1 h; iii) Hp, Pd/C,
EtOH, RT, 12 h.

4.2.2. Peptide synthesis of hybrid a/B-peptidomimetics bearing p>-homoAla as central

core

The enantiopure B2-amino acids core were synthesized by following a multi-step procedure
previously reported by Lee et. al.?%] Synthesis started with tosylation of both (S)- and (R)-
methyl 3-hydroxy-2-methylpropanoate, providing (S)-MA162 and (R)-MA184 in good yields,
87% and 91%, respectively (Scheme 5). Thus, the tosylates were treated with sodium azide in
DMF to afford the corresponding (S)-MA165 and (R)-MA185.

For the synthesis of the straight-peptides, the reduction of the crude azides with H, and
catalytic amount of Pd/C gave the primary amines, (S)-MA167 and (R)-MAL186, that were
subsequentially coupled in DCM/DMF (4:1) with MPUPA in the presence of
TBTU/HOBU/DIPEA as activating agents. Ester hydrolysis of the resulting protected
compounds with LiOH for 2 h gave the respective free carboxylic acids (S)-MA175 and (R)-
MA191 that were finally coupled with H-Gly-OtBu-HCI salt, under the same coupling
conditions previously described, giving (S)-MA179 and (R)-MA195 with acceptable yields
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(50-55%). Finally, an easy deprotection of the tBu group using TFA in DCM gave the final
straight B?-peptidomimetics, (S)-MA192 and (R)-MA199 in almost quantitative yields (Scheme
5).

For the synthesis of the retro-peptides, in order to avoid a further amine protection step, we
thought to use the azide group as protecting group since it is inert in the coupling reaction
conditions. First, we performed the ester hydrolysis of both (S)- and (R)-methyl 3-azido-2-
methylpropanoate (MA165 and MA185) with LiOH for 2 h to afford the respective carboxylic
acids (S)-MA164 and (R)-MA193. These latter were readily coupled with AMPUMP under the
same coupling conditions used for the straight sequences. Reduction of the resulting azides with
H2 and a catalytic amount of Pd/C gave the primary amines, (S)-MA196 and (R)-MAZ202. Then,
these latter were coupled with mono-tBu-malonic acid under the usual conditions, yielding (S)-
MA267 and (R)-MA203, respectively.
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HO%O/ e Tsoﬁ)ko/ —_— ﬁ*)k
(S)-or (R)- (S)-MA162 (87%) )-MA165 (4
methyl 3 hydroxy-2- (R)-MA184 (91%) (R) MA185 (51 /)
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iii l J
(0]
HN ﬁ)ko/ ﬁ)k
(S)-MA167 (50%) )-MA164 (53%)
(R)-MA186 (66%) )-MA193 (57%)
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MPUPA (MA1) 4j Ji AMPUMP (MA96)
(S)-MA169 (71%)
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Scheme 5. Synthetic scheme for MPUPA-B2-homoAla-Gly-OH and malonyl-?-homoAla-AMPUMP. Reagent
and conditions: i) TsCl, TEA, DCM, 0 °C — RT, overnight; ii) NaNs, DMF, 50 °C, 16 h; iii) Hz, Pd/C, EtOH, RT,
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12 h; iv) TBTU, HOBt, DIPEA, DCM/DMF (4:1), RT, 12 h; v) LiOH, THF/H.O (2:1), 0 °C — RT, 2 h; vi)
TFA/DCM (1:1), RT, 1 h.

Finally, deprotection of the tBu using TFA in DCM afforded the final retro p2-peptidomimetics
(S)-MA204 and (R)-MAZ206 in acceptable yields (67% and 78%, Scheme 5). For all peptides,
the purity was assessed by RP-HPLC, and the chemical identity was determined by ESI-MS,
1D and 2D NMR spectroscopy (entry 2, Table 4).

4.2.3. Peptide synthesis of hybrid a/B-peptidomimetics bearing isoAsp as p3-residue

central core

In order to design hybrid o/p-peptidomimetics possessing an anchoring point for further
functionalization, we selected as central core an isoAsp residue that mimics the p3-homoAla
scaffold, and in addition, carries a carboxylic acid. The latter may be properly functionalized
with certain linkers by straightforward coupling reaction. Initially, this group was blocked with
a short n-propylamine. Prior to start, we synthesized the central core building block by coupling,
in turn, the (S)- and (R)-Fmoc-Asp(OtBu)-OH with the n-propylamine using EDC/HOBU/TEA
as activating agents. Subsequent tBu-deprotection with TFA in DCM afforded the respective
Fmoc-Asp(OH)-N-propylamide building block, (S)-MA59 and (R)-MA156.

The straight-peptides (S)-MA63 and (R)-MA158 were assembled by SPPS on a Wang resin
preloaded with Fmoc-Gly, using Fmoc-protected amino acids (Method A, Scheme 6). Removal
of Fmoc group was carried out twice by treatment with 20% piperidine in DMF at RT for 10
min. Coupling between each residue was carried out with the activating agents DCC and HOBt
in DCM/DMF (4:1, viv) at RT for 3 h. Peptide cleavage was accomplished by treatment of the
peptidyl-resin with TFA in the presence of scavengers. The crude products were precipitated
from ice-cold Et20 and collected in acceptable yields by centrifuge (Method A, Scheme 6). On
the other hand, the partially retro-inverso peptides (S)-MA154 and (R)-MA161 were prepared
in solution (Method B, Scheme 6). AMPUMP was alternately coupled with Fmoc-Asp-N-
propylamide, (S)-MA59 and (R)-MA156, in DCM/DMF using EDC/HOBUTEA as activating
agents. Fmoc removal from (S)-MA145 and (R)-MA151 was carried out with 20% piperidine
in DMF for 1 h at RT giving the corresponding deprotected dipeptides (S)-MA146 and (R)-
MA152 in quantitative yields. Finally, coupling with malonic acid mono-benzyl ester was
performed under the same conditions previously described and, was followed by catalytic
hydrogenation of the benzyl ester to afford (S)-MA154 and (R)-MA161 in 74% and 53% vyields,
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respectively (Method B, Scheme 6). For all peptides, the purity was assessed by RP-HPLC, and
the chemical identity was determined by ESI-MS, 1D and 2D NMR spectroscopy (entry 4,
Table 4).

MPUPA (MA1)
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Scheme 6. Synthetic scheme for MPUPA-Asp(Gly)-n-propylamine and malonyl-Asp(AMPUMP)-n-propylamine.
Reagents and conditions. Method A: i) n-propylamine, EDC-HCI/HOBY/TEA, DCM/DMF, RT, 3 h; ii) TFA/DCM
(1:1), RT, 1 h; iii) 20% piperidine/DMF, RT, 10 min (x2); iv) Fmoc-Asp-n-propylamine, DCC, HOBt, DCM/DMF,
RT, 3 h; same repeated for MPUPA; v) TFA/H,O/TIS/PhOH (80:10:10 v/v/v), RT, 2.5 h. Reagents and conditions.
Method B: vi) EDC-HCI/HOBY/TEA, DCM/DMF, RT, 12 h; same repeated for mono-benzyl malonic acid; vii)
20% piperidine/DMF, RT, 1 h; viii) Hz, Pd/C, EtOH, RT, 12 h.

4.2.4. Peptide synthesis of hybrid o/f-peptidomimetics bearing Dap p?-residue as

central core

For the design of the second family of hybrid o/B-peptidomimetics possessing the anchoring
functional group at the central core of the backbone, we selected a 2,3-diaminopropionic acid
(Dap) which instead mimics the B?-homoAla scaffold and carries a functionalizable amino
group. This building block can be synthesized via Hofmann rearrangement of N-protected Asn
residue into the corresponding B-amino-Ala, using Phl(OCOCFz), (PIFA) and pyridine in
DMF/H20 (Scheme 7). The subsequent Boc-protection of the free amino-function provided the
diprotected building block (S)-MA176 and (R)-MAZ170 that were used for the synthesis of retro-
peptides. These latter were firstly coupled with AMPUMP in DCM/DMF using
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TBTU/HOBU/DIPEA as activating agents yielding (S)-MA178 and (R)-MA174, respectively.
Boc-deprotection with TFA and the last coupling with malonic acid mono-tBu ester under the
same conditions previously described completed the respective retro-sequences (S)-MA182 and
(R)-MA180. Finally, a sequence of Fmoc-deprotection with piperidine, acetylation with acetyl
chloride and DIPEA, and tBu-deprotection with TFA gave the final retro-peptides (S)-MA200
and (R)-MA198 in quantitative yields (Method B, Scheme 7).

The straight-peptides (S)-MA28 and (R)-MA30 were assembled manually by SPPS on a
Wang resin preloaded with Fmoc-Gly using Fmoc-protected amino acids (Method A, Scheme
7). Removal of Fmoc group was carried out twice by treatment with 20% piperidine in DMF at
RT for 10 min. Coupling between each residue was done with DCC and HOBt in DCM/DMF
(4:1 v/v) at RT for 3 h. The transposition of the primary amide of N-Fmoc (S)- and (R)-Asn into
the corresponding amines, was performed via Hofmann rearrangement on resin using PIFA and
pyridine in a mixture of THF/DMF/H,0 (2:2:1).[2%! The resulting free amine was coupled with
MPUPA under the same conditions described above. Finally, Fmoc-deprotection and
successive acetylation with Ac2O and pyridine completed the two linear sequences. Peptide

cleavage was accomplished by treatment of the resin with TFA in the presence of scavengers.
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Scheme 7. Synthetic scheme for No-Acetyl Ng-MPUPA Dap-Gly-OH and N,-Acetyl Ng-malonyl Dap-AMPUMP.
Reagents and conditions. Method A: i) 20% piperidine/DMF, RT, 10 min (x2); ii) Fmoc-Asn-OH, DCC/HOB,
DCM/DMF, RT, 3 h; same repeated for MPUPA,; iii) PIFA, pyridine, THF/DMF/H,0 (2:2:1), RT, 3 h; iv) Ac20,
pyridine, DCM, RT, 1 h; v) TFA/H,O/TIS/PhOH (80:10:10 v/v/v), RT, 2.5 h. Reagents and conditions. Method
B: vi) PIFA, pyridine, DMF/H,O (2:1), RT, 12 h; vii) Boc,0O, Na,COs, H.O/dioxane (1:1), RT, 12 h; viii)
AMPUMP, TBTU/HOBt/DIPEA, DCM/DMF, RT, 12 h; same repeated for mono-tBu-malonic acid; ix) 25%
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TFA/DCM, RT, 1 h; x) 20% piperidine/DMF, RT 1 h; xi) acetyl chloride, DIPEA, DCM, 0 °C — RT, 4 h; xii)
TFA/DCM (1:1), RT, 1 h.

The crude products were precipitated from ice-cold Et,O, collected by centrifuge and
purified by semipreparative RP-HPLC (Method A, Scheme 7). For all peptides, the purity was
assessed by RP-HPLC, and the chemical identity was determined by ESI-MS, 1D and 2D NMR
spectroscopy (entry 3, Table 4).

4.3. Conclusion and perspectives

In summary, taking inspiration from DS70 structure, two families of flexible hybrid o/p-
peptidomimetics were designed as potential asf1 integrin antagonist. Following the
peptidomimetics approaches the constrained B2-Pro was substituted by a more flexible central
core. To this purpose p?-, p3-Ala and their respective functionalized residues, isoAsp and Dap,
were selected as a central core for the synthesis of straight and partially retro-inverso
peptidomimetics that were flanked by the diphenylurea moiety (MPUPA and AMPUMP) on
one side, and the free carboxylic acid group (Gly and malonyl) on the other side. These
compounds were successfully synthesized and, for each of them the influence of the diverse
core’s stereochemistry, (S)- and (R)-, was taken into consideration in cell adhesion assays. The
potential efficacy of these compounds will be firstly assayed in vitro to determine their affinity
toward os4f1 integrin and their effects on the inhibition of aspi-mediated cell adhesion in
comparison with that of the reference compound BIO1211. Unfortunately, the proposed
peptidomimetics are at the early stage of their biological investigation and, no results are
currently available to be discussed. In perspective, the hybrid ao/B-peptidomimetic
functionalized with suitable linkers may represent a useful tool for the development of peptide
nanostructured biomaterials for a wide range of medical application from therapy to diagnosis.

4.4. Experimental section

General methods

All reactions requiring anhydrous conditions were performed under argon atmosphere.
Standard chemicals and solvents including N-protected and C-protected amino acids, unless

otherwise stated, were purchased from commercial sources and used as received without further
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purification. Flash chromatography was carried out on silica gel (230-400 mesh), using

mixtures of distilled solvents. Compound purities were determined by analytical RP-HPLC and
elemental analysis. Analytical RP-HPLC was carried out with an Agilent 1100 series apparatus,
using a reverse-phase column Phenomenex mod. Gemini 3 um Cis 110 A 100 x 3.0 mm (No
00D-4439-Y0); column description: stationary phase octadecyl-carbon-chain-bonded silica
(C1g) with TMS (trimethylsilyl) endcap, fully porous organosilica solid support, particle size 3
um, pore size 110 A, length 100 mm, internal diameter 3 mm; DAD (diode-array detection)
210 nm; mobile phase: from H20/CH3CN (9:1) to HoO/CH3CN (2:8) in 20 min at a flow rate
of 1.0 mL -min’t, followed by 10 min at the same composition. Semipreparative RP-HPLC was
carried out with an Agilent 1100 series apparatus, using a reverse-phase column ZORBAX
mod. Eclipse XDBC18 PrepHT cartridge 21.2 x 150 mm 7 pum (no. 977150-102); column
description: stationary phase octadecyl-carbon-chain-bonded silica (C1s), double end-capped,
particle size 7 um, pore size 80 A, length 150 mm, internal diameter 21.2 mm; DAD 210 nm;
mobile phase from H2O/CH3CN (8:2) to CH3CN (100 %) in 10 min at a flow rate of 12 mL -
mint. ESI-MS analysis was carried out using an MS single quadrupole HP 1100 MSD detector,
with a drying gas flow of 12.5 L min, nebulizer pressure 30 psig, drying gas temp. 350 °C,
capillary voltage 4500 (+) and 4000 (-), scan 50-2600 amu. Elemental analyses were carried
out with a Thermo Flash 2000 CHNS/O analyser. Chiral HPLC analysis was performed with
an Agilent 1200 series apparatus, using a CHIRALPAK IC column, particle size 5 mm, length
250 mm, internal diameter 4.6 mm, DAD 210/254 nm; mobile phase n-hexane/2-propanol (1:1)
at 0.8 mL/min. NMR spectra were recorded on a Varian Gemini apparatus (*H: 400 MHz, *3C:
100 MHz) at 298 K in 5 mm tubes, using 0.01 M peptide. Solvent suppression was carried out
by the solvent presaturation procedure implemented in Varian (PRESAT). Chemical shifts are
reported in ppm (0) and referenced to residual nondeuterated solvent signal as internal standard
(CDCl3 tH: 7.26 ppm, 13C: 77.16 ppm; (CD3)2SO: *H: 2.50, **C: 39.52 ppm). The unambiguous
assignment of 'H-NMR resonances was based on 2D gCOSY experiments. Variable
temperature (VT) 'H-NMR experiments were carried out over the range 298-348 K;
temperature calibration was done with the ethylene glycol OH-CHn chemical- shift separation
method. Coupling constants (J) are reported in Hz with the following abbreviations used to

indicate splitting: s = singlet, d = doublet, t = triplet, m = multiplet, br = broad signal.
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Synthesis and characterization

A. General procedure for N-Boc deprotection
The N-Boc-protected compound (1.0 eq) was treated with 25% TFA in DCM at 0 °C. The
reaction was then stirred at RT for 1 h. The solvent was evaporated at reduced pressure and the
residue was re-dissolved in DCM followed by evaporation in vacuo again. Finally, ice-cold
Et>O was added to precipitate, in almost quantitative yields, the product as TFA-salt which was

collected by filtration or centrifuge, and used for the next steps without further purifications.

B. General procedure for O-tBu deprotection
The O-tBu-protected compound (1.0 eq) was treated with 50% TFA in DCM at 0 °C and the
reaction was stirred at RT for 1-3 h. The solvent was removed under reduced pressure and the
residue was re-dissolved in DCM and Et2O followed by evaporation in vacuo again, to afford
the desired product in almost quantitative yield, which was used without further purifications.

C. General procedure for O-Bn and N-Cbz deprotection
Catalytic hydrogenation was performed by dissolving O-Bn or N-Cbz-protected compound (1.0
eq) in absolute EtOH or MeOH (0.1 - 0.2 M) and then Pd/C (10% w/w) was added. The mixture
was stirred under H> atmosphere for 6-48 h at RT. After the catalyst was filtered off over a
Celite® pad and the filtrate was evaporated in vacuo. The final residue was used without further

purifications.

D. General procedure for N-Fmoc deprotection
The N-Fmoc-protected compound (1.0 eq) was dissolved in 20% Piperidine/DMF solution (0.1-
0.2 M) and the reaction was stirred at RT for 1 h. After removal of the solvent at reduced
pressure, the crude residue was triturated twice with ice-cold Et,O and collected by filtration or
centrifuge. The deprotected compound was used in the next step without further purification,

after drying under high vacuum.

E. General procedure of ester hydrolysis reaction
To a stirred solution of ester (1.0 eq) in a mixture of THF/H2O (2:1) cooled at 0 °C was added
LiOH (1.5 eq). The reaction was vigorously stirred at RT and the progress was monitored by
TLC (typically 2 h). The solution was then neutralized at 0 °C by adding dropwise a solution
of HCI 1M and after the water was evaporated. The product was used in the next step without

further purification.
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F. General procedure for N-Boc protection

In a typical experimental procedure, the amine (1.0 eq) and Na>COs (2.0 eq) were suspended
in a mixture of HoO/Dioxane (1:1) cooled at 0 °C in ice-bath. Then, Boc,O (1.2 eq) was added
and the reaction was stirred at RT overnight. The mixture was concentrated under reduced
pressure to remove dioxane, and the alkaline aqueous layer was adjusted to pH 3-4 with HCI
0.5 M solution and then, extracted three times with EtOAc. The combined organic phases were
dried over Na»SOyg, filtered and concentrated under reduced pressure to dryness, to afford the

protected compound.

G. General procedure of EDC/HOBt-mediated amide coupling reaction
A stirred solution of N-protected amino acid (1.0 eq) in 4:1 DCM/DMF mixture (0.2 M) was
treated with HOBt (1.3 eq), EDCHCI (1.3 eq) and TEA (2.6 or 3.0 eq) at RT under N
atmosphere. After 15 min, O-protected amino acid (1.0 eq) was added, and the mixture was
stirred under N2 at RT overnight. Then, the mixture was concentrated at reduced pressure, and
the residue was diluted with EtOAc (30 mL). The solution was washed with 0.1 M HCI solution
(5 mL), and a saturated solution of NaHCO3 (5 mL). The organic layer was dried over Na;SOa,
filtered and evaporated to dryness under reduced pressure. The crude material was purified by

filtration or eventually by flash chromatography over silica gel (eluent Cy/EtOAC).

H. General procedure of TBTU/HOBt-mediated amide coupling reaction
A stirred solution of N-protected amino acid (1.0 eq) in 4:1 DCM/DMF mixture (0.2 M) was
treated with HOBLt (1.3 eq), TBTU (1.3 eq) and DIPEA (2.6 eq) at RT under N2. After 15 min,
O-protected amino acid (1.0 eq) was added, and the mixture was stirred at RT under N
overnight. Then, the mixture was concentrated at reduced pressure, and the residue was diluted
with EtOAc (30 mL). The solution was washed with 0.1 M HCI solution (5 mL), and a saturated
solution of NaHCO3z (5 mL). The organic layer was dried over Na,SO4 and evaporated to
dryness under reduced pressure. The crude material was purified by filtration or by flash

chromatography over silica gel (eluent Cy/EtOAC).

I.  General procedure for Hofmann rearrangement of N-protected Asn
To astirred solution of PIFA (1.5 eq) in DMF/H20 (2:1) under N2 atmosphere, Fmoc-protected
Asn (1.0 eq) was added. After 15 min, pyridine (2.0 eq) was also added to the mixture and

stirred overnight at RT under N.. Then, the solvents were removed in vacuo and the crude
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residue triturated with ice-cold Et2O, collected by filtration or centrifuge, and used without

further purifications.

Synthesis of MPUPA (MAL, Scheme 3)
To a suspension of 4-aminophenylacetic acid (1.0 g, 6.6 mmol) in DMF (6 mL) was added

dropwise o-tolyl isocyanate (0.82 mL, 6.6 mmol). The reaction mixture was stirred at RT for 3

h under N2 atmosphere. Then, the mixture was diluted with EtOAc (40 mL) giving a precipitate
MAL1 (1.45 g, 77%) which was collected as a whitish solid by filtration. ESI-MS m/z calcd. for
[C16H17N203]": 285.1, found: 285.2 [M+H]".

Synthesis of tBu-4-aminobenzylcarbamate (MA83, Scheme 3)

Boc,O (1.78 g, 8.18 mmol) was added portion-wise at 0 °C to a solution of 4-

aminobenzylamine (1.0 g, 8.18 mmol) in DCM (27 mL). The reaction was stirred at RT for 2

h. Then, the mixture was concentrated, and the residue was dissolved in DCM (50 mL). The

organic solution was washed with saturated NaHCOs3 solution (20 mL) and brine (20 mL), dried

over Na>SO4 and evaporated under reduced pressure. The crude product was purified by flash

column chromatography over silica gel (gradient eluent Cy/EtOAc from 80:20 to 0:100) to
afford MAB83 (1.53 g, 84 %) as a yellow solid. ESI-MS m/z calcd. for [C12H19N202]*: 223.1,
found: 223.2 [M+H]".

Synthesis of AMPUMP (MA96, Scheme 3)

O-tolyl isocyanate (0.69 mL, 5.54 mmol) was added dropwise to a stirred solution of tBu-4-

aminobenzylcarbamate (1.23 g, 5.54 mmol) in DMF (8 mL) at RT under N2 atmosphere. After
3 h the reaction was diluted with EtOAc (40 mL) to precipitate MA93 (1.55 g, 79%) that was
collected by filtration and dried under high vacuum. *H-NMR (400 MHz, DMSO-ds) &: 8.82 (s,
1H, NHb), 7.81 (d, J = 8.0 Hz, 1H, ArH), 7.76 (s, 1H, NHa), 7.35 (d, J = 8.6 Hz, 1H, ArH),
7.22-6.91 (m, 4H, ArH), 6.86 (dd, J = 13.2, 6.2 Hz, 2H, ArH), 4.24 (d, J = 5.4 Hz, 1H, NH),
4.06 (d, J = 5.8 Hz, 2H, PhCH>), 2.22 (s, 3H, ArCHjs), 1.38 (s, 9H, t-Bu). ESI-MS m/z calcd.
for [C20H25N303Na]™: 378.2, found: 378.3 [M+Na]".

The resulting protected diphenylurea MA93 (1.55 g, 4.37 mmol), was then deprotected

following the general procedure (A) to give the corresponding MA96 TFA-salt, in quantitative
yield, as a yellow solid. ESI-MS m/z calcd. for [C15H1sN3O]": 256.1, found: 256.2 [M+H]".
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Synthesis of mono-benzyl malonate (MA95)

I
HO OBn

A mixture of Meldrum’s acid (1.0 g, 6.94 mmol) and benzylic alcohol (0.72 mL, 6.94 mmol)
was heated at 120 °C for 3 h. After cooling and evaporation of the solvent in vacuo, the crude
residue was purified by flash chromatography over silica gel (gradient eluent Cy/EtOAc from
70:30 to 30:70) providing MA95 (1.21 g, 90%) as an oil. Rf = 0.19 (Cy/EtOAc/AcOH drops
50:50). ESI-MS m/z calcd. for [C10H1104]": 195.1, found: 195.3 [M+H]".

Synthesis of mono-tBu malonate (MA155)
(e} O
Ho)J\/U\o%

A mixture of Meldrum’s acid (1.0 g, 6.94 mmol) and tert-butyl alcohol (0.66 mL, 6.94
mmol) was heated at reflux for 5 h. After cooling and evaporation of the solvent in vacuo, the
crude residue was purified by flash chromatography over silica gel (gradient eluent Cy/EtOAc
from 70:30 to 30:70) to afford MA155 (1.21 g, 90%). Rf = 0.17 (Cy/EtOAc/AcOH drops 50:50).
ESI-MS m/z calcd. for [C7H1204Na]*: 183.1, found: 183.0 [M+Na]".

Synthesis of tBu-(1-hydroxypropan-2-yl)carbamate ((S)-MA54, (R)-MA76, Scheme 2)

As previously reported by Caputo et. al.,?% to a stirred solution of NMM (1.1 eq) and Boc-
protected (S)- or (R)-Ala-OH (1.0 eq) in dry THF (0.4 M) at 0 °C, ethyl chloroformate (1.1 eq)
was added dropwise. After 15min, the solution was filtered and NMM-HCI salt was washed
with THF (3 x 5 mL). A solution of NaBH4 (1.25 eq) in H20 was then added dropwise to the
filtrate, in ice-bath and under magnetic stirring. The ice bath was removed, and the mixture let
rise to RT. After 10 min the solvent was evaporated under reduced pressure. The residue was
re-dissolved in EtOAc (50 mL) and the solution washed with H>O and brine, then dried NaxSOa.
Evaporation of EtOAc in vacuo afforded the product (S)-MA54 (500 mg, 98%) and (R)-MA76
(910 mg, 89%) respectively, as a yellow oil, which were used without further purifications. *H-
NMR (400 MHz, CDCl3) 4 4.67 (br s, 1H, NH), 3.78-3.60 (m, 1H, CH%), 3.50 (dd, J =13.8, 7.0
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Hz, 1H, CHP), 3.26 (dd, J = 12.4, 7.0 Hz, 1H, CHP), 1.43 (s, 9H,C(CHz3)3), 1.27 (d, J = 6.8 Hz,
3H, CHa). ESI-MS m/z calcd. for [CgH1sNO3]": 176.1, found: 176.2 [M+H]".

Synthesis of tBu-(1-cyanopropan-2-yl)carbamate ((S)-MA58, (R)-MA82, Scheme 2)

To a stirred solution of triphenylphosphine (1.25 eq) in dry DCM (0.1 M), I (1.3 eq) was

added at RT under N.. After 15 min imidazole (2.5 eq) was also added and the mixture was
stirred for additional 15 min. Crude Boc-protected aminoalcohols, (S)-MA54 or (R)-MA76 (1.0

eq), dissolved in dry DCM, was finally added and the reaction mixture refluxed until

consumption of the starting material (3 h, TLC monitoring). The mixture was then cooled,
diluted with DCM (40 mL), and washed with 10% aq Na>S,Os (20 mL) and brine (2 x 20 mL).
The organic layer was dried over Na,SO4 and the solvent was evaporated in vacuo to give the
crude iodides (S)-MAD55 and (R)-MAS81. The crude iodide was then dissolved in dry DMSO

(30 ml) and solid KCN (2.0 eq) was added in one portion. The mixture was stirred under N2 at

60 °C for 4 h (TLC monitoring). The solution was then poured into water, EtOAc (40 mL) was

added and finally washed with brine (2 x 20 mL). The organic layer was dried over Na>SO4 and

then evaporated in vacuo. The crude residue was purified by flash chromatography over silica
gel (Cy/EtOAc 80:20) to give (S)-MAS58 (yield 40 % over two steps) and (R)-MA82 (yield 52
% over two steps) respectively, as a white solid. *H-NMR (400 MHz, CDCls3) § 4.71 (br s, 1H,
NH), 4.00 — 3.88 (m, 1H, CH®), 2.72 (dd, J = 17.6, 5.2 Hz, 1H, CHP), 2.52 (dd, J = 16.8, 4.0
Hz, 1H, CHP), 1.43 (s, 9H,C(CHz3)3), 1.31 (d, J = 6.8 Hz, 3H, CHs). ESI-MS m/z calcd. for
[CoH17N202]*: 185.1, found: 185.2 [M+H]".

Synthesis of N-Boc p2homoAla-OH ((S)-MAG60, (R)-MA84, Scheme 2)

The amino nitriles, (S)-MA58 or (R)-MA82 (1.0 eq), was dissolved in a solution of
EtOH/KOH(aq) 1M (1:1). The resulting mixture was stirred at 90 °C for 3 h. The mixture was

cooled down to room temperature and EtOH was removed in vacuo. The residue was cooled to

0 °C and 1M KHSO4 aqueous solution was added dropwise to reach pH 2-3. Then, the product

was extracted with EtOAc (3 x 20 mL). The combined organic layers were washed with H,O

(2 x 10 mL) and brine (10 mL). The organic phase was dried over Na,SOg, filtered, and
concentrated under reduced pressure to give the compounds (S)-MAG60 (60%) and (R)-MA84

(50%) respectively. As previously reported, no racemization was observed by chiral HPLC
analysis (n-hexane/2-propanol, 1:1 with a flow rate of 0.8 mL/min). (S)-MAG0 [0]p?° = -12° (c
= 0.001, CHCls); (R)-MA84 [a]o? = 18° (¢ = 0.0008, CHClI3). *H-NMR (400 MHz, DMSO-
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ds) 5 7.60 (br d, 1H, NH), 4.00 — 3.88 (m, 1H, CH%), 2.42 (dd, J = 17.4, 5.6 Hz, 1H, CHP), 2.32
(dd, J = 16.6, 4.8 Hz, 1H, CHP), 1.43 (s, 9H,C(CHa)s), 1.31 (d, J = 6.8 Hz, 3H, CHa). ESI-MS
m/z calcd. for [CoH1sNO4]": 204.1, found: 204.2 [M+H]*, 226.1 [M+Na]".

Synthesis of N-Boc p*homoAla-Gly-OBn ((S)-MA62, (R)-MAS85, Scheme 4)

According to general procedure (G), (S)-MAG60 (50 mg, 0.25 mmol) was coupled with H-
Gly-OBn-TFA (90 mg, 0.25 mmol) in presence of EDC/HOBL as activating agents. Purification
by flash chromatography over silica gel (gradient eluent Cy/EtOAc from 80:20 to 50:50) allow
to isolate (S)-MAG62 (64 mg, 73%) as a white solid. Rf = 0.19 (Cy/EtOAc 60:40). ESI-MS m/z
calcd. for [C1sH26N20sNa]*: 373.2, found: 373.0 [M+Na]". Likewise, (R)-MA84 (60 mg, 0.30
mmol) was coupled with H-Gly-OBn-TFA (100 mg, 0.30 mmol). The residue was purified by
flash chromatography over silica gel (gradient eluent Cy/EtOAc from 80:20 to 60:40) affording
(R)-MAB85 (66 mg, 63%) as a yellowish solid. Rf = 0.23 (Cy/EtOAc 50:50). ESI-MS m/z calcd.
for [C18H26N20sNa]"™: 373.2, found: 373.0 [M+Na]".

Synthesis of MPUPA-B2homoAla-Gly-OBn ((S)-MA67, (R)-MA89, Scheme 4)

Boc-deprotection of (S)-MAG62 (64 mg, 0.18 mmol) and (R)-MA85 (66 mg, 0.19 mmol) was
performed following the general procedure (A). The resulting TFA-salts, (S)-MA64 and (R)-
MAB8S (obtained in quantitative yield), were used in the next step without further purifications.
ESI-MS m/z calcd. for [C13H19N203]™: 251.1, found: 251.2 [M+H]". According to the general
procedure (G), (S)-MAG64 (35 mg, 0.10 mmol) and (R)-MA88 (69 mg, 0.19 mmol) was coupled
in turn with MPUPA (MAL, 1.0 eq) in presence of EDC/HOBL activating agents. During the
work up a precipitate is formed which has been collected by filtration, while the resulting crude
residue was purified by flash chromatography over silica gel (gradient eluent Cy/EtOAc from
80:20 to 0:100). (S)-MAG67 (45 mg, overall yield 85%) and (R)-MA89 (95 mg, 96%) were
obtained as white solids. Rf = 0.18 (EtOAc/MeOH 95:5). ESI-MS m/z calcd. for [C29H33N4Os]™:
517.2, found: 517.0 [M+H]".

Synthesis of MPUPA-B3homoAla-Gly-OH ((S)-MA97, (R)-MA99, Scheme 4)

O
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Following the general procedure (C), intermediates (S)-MAG67 (16 mg, 0.03 mmol) and (R)-
MAS89 (95 mg, 0.18 mmol) were treated with H> and catalytic Pd/C (10%) at RT for 6 h. The
mixture was filtered over Celite® and the solvent was evaporated under reduced pressure, and
the residue were purified by semipreparative RP-HPLC (Eluent: H.O/ACN/TFA 0.1% gradient
from 70:30 to 0:100 in 10 min with a flow rate of 10 mL/min) yielding the final straight-
peptidomimetics (S)-MA71 (10 mg, 76%) and (R)-MA99 (67 mg, 87%) as white solids. 1H-
NMR (600 MHz, DMSO-ds) 3 8.95 (s, 1H, NHb), 8.20 (dd, J = 6.0, 5.4 Hz, 1H, Gly-NH), 7.90
(d, J=7.8 Hz, 1H, B*Ala-NH), 7.88 (s, 1H, NHa), 7.83 (d, J = 8.4 Hz, 1H, ArHg), 7.36 (d, J =
8.4 Hz, 2H, ArHa), 7.20 — 7.09 (m, 4H, ArHas + ArHs:s+), 6.93 (dd, J = 7.6, 7.2 Hz, 1H, ArHa),
4.05 (dd, J=14.4, 7.8 Hz, 1H, p*Ala-CHP), 3.72 (dd, J = 17.4, 6.0 Hz, 2H, Gly-CH%), 3.30 (s,
2H, PhCH>), 2.35 (dd, J = 13.8, 5.4 Hz, 1H, pAla-CH%), 2.23 (s, 3H, ArCHjs), 2.18 (dd, J =
13.8, 8.4 Hz, 1H, B*Ala-CH%), 1.05 (d, J = 6.6 Hz, 3H, CH3). ®C-NMR (150 MHz, DMSO-ds)
6 172.0, 171.1, 170.1, 153.4, 138.8, 138.1, 130.8, 130.4, 129.9, 128.1, 126.8, 123.3, 121.6,
118.6, 43.0, 42.5, 41.2, 40.6, 20.6, 18.5. ESI-MS m/z calcd. for [C22H27N4Os]*: 427.2, found:
427.0 [M+H]". MAT71 t; = 4.3 min, 92% purity (A = 254 nm); MA99 t; = 4.5 min, 95% purity

(A =254 nm).

Synthesis of N-Boc pthomoAla-AMPUMP ((S)-MA113, (R)-MA98, Scheme 4)

In order to obtain the analogues retro-peptides, in this case (S)-MAG60 (40 mg, 0.20 mmol)
and (R)-MA84 (30 mg, 0.15 mmol) were alternately coupled with AMPUMP (MA96, 1.0 eq),

following the general procedure (G). The pure compounds precipitated during the workup were

collected by filtration and dried under high vacuum. The resulting compounds (S)-MA113 (80

mg, 90%) and (R)-MA98 (35 mg, 53%), obtained as yellow solids, were used in the next step
without further purifications. ESI-MS m/z calcd. for [C24H32N4OsNa]*: 463.2, found: 463.0

Synthesis of BnO-Malonyl-p*homoAla-AMPUMP ((S)-MA115, (R)-MAL105, Scheme 4)

Boc-deprotection of intermediates (S)-MA113 (50 mg, 0.11 mmol) and (R)-MA98 was

carried out as described in the general procedure (A), gave the corresponding TFA-salts (S)-

MA114 and (R)-MA104, in quantitative yields. These compounds were directly used in the

next step without further purifications. ESI-MS m/z calcd. for [C19H25N402]": 341.2, found:
341.2 [M+H]". The crude MA114 (50 mg, 0.11 mmol) and MA104 (40 mg, 0.09 mmol) were

coupled with mono-benzyl malonate MA95 (2.0 eq) following the general procedure (G). Pure
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(S)-MA115 (20 mg, 30%) and (R)-MA105 (10 mg, 22%) precipitated during the workup were
collected by filtration and used without further purifications after drying under high vacuum.
ESI-MS m/z calcd. for [C29H33sN4Os]™: 517.2, found: 517.2 [M+H]".

Synthesis of malonyl-p2homoAla-AMPUMP ((S)-MA120, (R)-MA109, Scheme 4)

NJJ\N
H H

According to the general procedure (C), (S)-MA115 (20 mg, 0.04 mmol) and (R)-MA105
(10 mg, 0.02 mmol) were treated with H> and catalytic amount of Pd/C (10%) at RT for 6 h.
The mixture was filtered over Celite® and the solvent evaporated under reduced pressure, and
the residues were purified by semipreparative RP-HPLC (Eluent: H,O/ACN/TFA 0.1%
gradient from 70:30 to 0:100 in 10 min with a flow rate of 10 mL/min) affording the final retro-
peptidomimetics (S)-MA120 (10 mg, 59%) and (R)-MA109 (7 mg, 82%) as white solids. *H-
NMR (400 MHz, CDCls/DMSO-ds, 1:1) & 8.75 (s, 1H, NHb), 7.99 — 7.91 (m, 2H, B2Ala-NH +
AMPUMP-NH), 7.78 (d, J = 8.4 Hz, 1H, ArHeg), 7.69 (s, 1H, NHa), 7.34 (d, J = 8.0 Hz, 2H,
ArHz¢), 7.13 — 6.99 (m, 4H, ArHss + ArHss’), 6.86 (dd, J = 7.6, 7.2 Hz, 1H, ArHg), 4.28 —
4.13 (m, 3H, pAla-CHP + PhCHy>), 3.08 (s, 2H, -COCH,CO-), 2.38 (dd, J = 14.0, 6.0 Hz, 1H,
BAla-CHY), 2.25 (dd, J = 14.0, 6.4 Hz, 1H, p°Ala-CH®), 2.21 (s, 3H, ArCHs), 1.11 (d, J = 6.4
Hz, 3H, CHs). ®*C-NMR (101 MHz, CDCI3/DMSO-dg, 1:1) § 170.9, 153.6, 139.3, 137.9, 133.0,
130.6, 128.5,128.1, 126.7, 123.3, 121.9, 118.8, 43.6, 42.8, 42.5, 20.7, 18.6. ESI-MS m/z calcd.
for [C22H27N40s]*: 427.2, found: 427.0 [M+H]*. MA120 t; = 4.3 min, 95% purity (4 = 254 nm);
MA109 t; = 4.6 min, 92% purity (4 = 254 nm).

Synthesis of methyl 2-methyl-3-(tosyloxy)propanoate ((S)-MA162, (R)-MA184, Scheme 5)

As previously described by Lee et. al.,?%! to a stirred solution of (S)- or (R)-methyl 3-
hydroxy-2 methylpropanoate (1.0 eq) in dry DCM, cooled at 0 °C, was sequentially added
dropwise TEA (1.2 eq) and a solution of tosyl chloride (1.2 eq) in dry DCM (0.5 M). The
reaction mixture was stirred overnight after warming to RT. The mixture was then diluted with
DCM (20 mL) and washed with H>O (3 x 5 mL), the organic layer was dried over Na>SOg,

filtered and concentrated under reduced pressure. The crude material was purified by flash
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chromatography over silica gel (eluent Cy/EtOAc 80:10) to yield the respective (S)-MA162
(0.5 9, 87%) and (R)-MA184 (1.05 g, 91%), as colourless oils. Rf = 0.18 (Cy/EtOAc 60:10).

Synthesis of methyl 3-amino-2-methylpropanoate ((S)-MA167, (R)-MA186, Scheme 5)

(S)-MA162 (0.5 g, 1.84 mmol) or (R)-MA184 (1.05 g, 3.85 mmol) was dissolved in dry
DMF (1.0 M) and treated with NaNs (2.0 eq) at 50°C for 16 h. After cooling, the mixture was
diluted with EtOAc (20 mL), and the organic layer was washed with H>O (3 x 5 mL). The

organics were dried over Na,SO4 and evaporated under reduced pressure to afford the crude
(S)-MA165 (123 mg, 47%) and (R)-MA185 (280 mg, 51%) respectively, which were used
without further purification in the next step. The crude azides MA165 and MA185 were then

hydrogenated with H> and a catalytic amount of Pd/C 10% at RT overnight. The catalyst was

removed by filtration through Celite®, and the filtrates were evaporated to afford the respective
crude (S)-MA167 (50 mg, 50%) and (R)-MA186 (150 mg, 66%) which were triturated by
adding Et>O and collected by filtration. ESI-MS m/z calcd. for [CsH12NO2]*: 118.1, found:
118.3 [M+H]".

Synthesis of MPUPA-B?homoAla-Gly-OH ((S)-MA192, (R)-MA199, Scheme 5)

O
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In line with the general procedure (H), coupling reaction of the primary amines MA167 and
MA186 (1.0 eq) with MPUPA (MA1, 1.0 eq), afforded the respective intermediates (S)-MA169
(46 mg, 71%) and (R)-MA189 (40 mg, 61%), which were used in the next step without further
purifications. ESI-MS m/z calcd. for [CaiH26N3O4]": 384.2, found: 384.2 [M+H]*. Ester
hydrolysis of the crude (S)-MA169 (46 mg, 0.12 mmol) and (R)-MA189 (40 mg, 0.10 mmol)
was carried out at 0 °C with LiOH (1.5 eq) in THF/H20 (2:1) for 2.5 h at RT (see general
procedure E), providing (S)-MAL175 and (R)-MA191 in quantitative yield and immediately

available for the next coupling reaction. ESI-MS m/z calcd. for [C20H24N304]": 370.2, found:
370.2 [M+H]*. According to the general procedure (H), MA175 (44 mg, 0.12 mmol) and
MA191 (40 mg, 0.11 mmol) were then coupled with H-Gly-OtBu-HCI (1.0 eq) to yield (S)-
MAL179 (29 mg, 50%) and (R)-MA195 (26 mg, 54%) respectively, after purification by
semipreparative RP-HPLC (Eluent: H:O/ACN gradient from 70:30 to 0:100 in 10 min with a
flow rate of 10 mL/min). ESI-MS m/z calcd. for [C26H3sN4Os]*: 483.3, found: 483.2 [M+H]",
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Finally, following the general procedure (B), tBu-protecting group from MA179 and MA195

was removed giving the final compounds (S)-MA192 and (R)-MA199 in quantitative yield, as
a white solid. *H-NMR (400 MHz, DMSO-ds) & 8.93 (s, 1H, NHb), 8.17 (dd, J = 6.0, 5.6 Hz,
1H, Gly-NH), 7.90 (d, J = 6.0 Hz, 1H, B?Ala-NH), 7.87 (s, 1H, NHa), 7.83 (d, J = 8.4 Hz, 1H,
ArHe), 7.36 (d, J = 8.4 Hz, 2H, ArHxs), 7.20 — 7.09 (m, 4H, ArHss + ArHs5°), 6.93 (dd, J =
7.6, 7.2 Hz, 1H, ArHa), 3.73 (dd, J = 17.6, 6.0 Hz, 2H, Gly-CH>), 3.35 — 3.30 (m, 2H, PhCH>
overlapped with solvent signal), 3.11 (dd, J=7.2, 5.6 Hz, 2H, B?Ala-CHzP), 2.55 - 2.50 (m, 1H,
B?Ala-CH* overlapped with solvent signal), 2.23 (s, 3H, ArCHs), 0.97 (d, J = 6.0 Hz, 3H, CH3).
13C-NMR (101 MHz, DMSO-ds) & 174.6, 171.4, 170.5, 152.7, 138.1, 137.4, 130.2, 129.7,
129.3, 127.4, 126.1, 122.6, 121.0, 118.0, 41.9, 41.7, 40.5, 17.9, 15.4. ESI-MS m/z calcd. for
[C22H27N4Os]": 427.2, found: 427.2 [M+H]". MA192 t; = 4.2 min, 99% purity (A = 254 nm);
MA199 t; = 4.7 min, 99% purity (1 = 254 nm).

Synthesis of H-p?homoAla-AMPUMP ((S)-MA196, (R)-MA202, Scheme 5)

According to the general procedure (E), ester hydrolysis of the crude (S)-MA165 and (R)-
MA185 afforded (S)-MA164 (13 mg, 53%) and (R)-MA193 (11 mg, 57%) respectively, which
were used without further purifications in the next coupling step. Coupling reaction with
AMPUMP (MAJ96, 1.0 eq) was carried out as described in the general procedure (H). The pure
compounds precipitated during the workup, were collected by filtration and dried under high
vacuum giving the respective (S)-MA168 (30 mg, 82%) and (R)-MA194 (28 mg, 91%) in good
yields. ESI-MS m/z calcd. for [C19H23NeO2]": 367.2, found: 367.3 [M+H]". The resulting
materials were directly treated with H> and a catalytic amount of Pd/C at RT overnight as
described in general procedure (C). The resulting (S)-MA196 (21 mg, 76%) and (R)-MA202
(22 mg, 84%) were used in the next step without further purifications. ESI-MS m/z calcd. for
[C19H25N40O2]": 341.2, found: 341.3 [M+H]".

Synthesis of malonyl-p?homoAla-AMPUMP ((S)-MA204, (R)-MA206, Scheme 5)
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Yet, according to coupling procedure (H), crude (S)-MA196 (21 mg, 0.062 mmol) and (R)-
MA202 (22 mg, 0.065 mmol) were alternately coupled with mono-tBu malonate MA155 (2.0
eq) to yield, after purification by semipreparative RP-HPLC (Eluent: H2O/CH3CN 45:55 for 6
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min with a flow rate of 10 mL/min), the corresponding (S)-MA267 (10 mg, 33%) and (R)-
MAZ203 (7 mg, 22%) derivatives as a white solid. ESI-MS m/z calcd. for [C26H3sN4Os]*: 483.3,
found: 483.3 [M+H]*. Finally, removal of tBu-protecting group by following the general
procedure (B), provided the final retro-peptidomimetics (S)-MA204 (6 mg, 67%) and (R)-
MAZ206 (5 mg, 78%) as white solid. *H-NMR (400 MHz, DMSO-ds) & 8.98 (s, 1H, NHb), 8.30
(dd, J = 6.0, 5.6 Hz, 1H, AMPUMP-NH), 8.10 (dd, J = 5.6, 5.2 Hz, 1H, p?Ala-NH), 7.88 (s,
1H, NHa), 7.83 (d, J = 8.0 Hz, 1H, ArHs), 7.39 (d, J = 8.0 Hz, 2H, ArHx¢), 7.21 — 7.09 (m,
4H, ArHss + ArHs-s°), 6.93 (dd, J = 7.6, 7.2 Hz, 1H, ArHs), 4.20 (dd, J = 14.8, 6.0 Hz, 2H,
PhCH_), 3.23 — 3.06 (m, 4H, p?Ala-CH2* + -COCH,CO-), 2.55 — 2.50 (m, 1H, p?Ala-CH*
overlapped with solvent signal), 2.23 (s, 3H, ArCHzs), 1.02 (d, J = 7.2 Hz, 3H, CH3). *C-NMR
(101 MHz, DMSO-ds) 6 173.9, 169.5, 166.0, 152.6, 138.5, 137.4, 132.8, 130.2, 127.7, 127.4,
126.1, 122.6, 120.9, 118.0, 42.5, 42.0, 41.5, 17.9, 15.7. ESI-MS m/z calcd. for [C22H27N4Os]™:
427.2, found: 427.2 [M+H]*. MA204 t; = 3.5 min, 96% purity (1 = 254 nm); MA206 t, = 4.4
min, 98% purity (1 = 254 nm).

Synthesis of Fmoc-Asp-N-propylamine ((S)-MA59, (R)-MA156, Scheme 6)

In line with the general coupling procedure (G), Fmoc-(L)-Asp(OtBu)-OH or Fmoc-(D)-
Asp(OtBu)-OH (500 mg, 1.22 mmol) was activated with EDC/HOBt for 10 min, then n-
propylamine (0.10 mL, 1.22 mmol) was added, and the mixture was stirred under N> at RT for

3 h. After the workup, the residues were purified by flash chromatography over silica gel
(gradient eluent Cy/EtOAc 80:20 to 70:30) to afford (S)-MA57 (350 mg, 63%) and (R)-MR35
(380 mg, 69%), respectively. Rf = 0.36 (Cy/EtOAc 60:40). *H-NMR (400 MHz, CDCl3) § 7.78
(d, J = 7.5 Hz, 2H, ArH), 7.60 (d, J = 7.5 Hz, 2H, ArH), 7.42 (t, J = 7.5 Hz, 2H, ArH), 7.33 (t,
J=7.4Hz, 2H, ArH), 6.47 (br s, 1H, Asp-NH), 5.97 (d, J = 8.0 Hz, 1H, propyl-NH), 4.45 (d, J
= 6.8 Hz, 2H, Fmoc-CH>), 4.23 (dd, J = 7.2, 6.8 Hz, 1H, Asp-CH®), 3.22 (q, J = 5.9 Hz, 2H,
propyl-CHy), 2.93 (dd, J = 17.0, 3.8 Hz, 1H, Asp-CHP), 2.60 (dd, J = 17.2, 6.8 Hz, 1H, Asp-
CHP), 1.57 —1.48 (m, 2H, propyl-CH>), 1.46 (s, 9H, t-Bu), 0.91 (t, J = 7.4 Hz, 3H, propyl-CHs).
ESI-MS m/z calcd. for [C26H33N20s]*: 453.2, found: 453.0 [M+H]".

Removal of tBu-protecting group from MA57 and MR35 was performed as described in the
general procedure (B). Pure intermediates (S)-MA59 and (R)-MA156 were obtained in

quantitative yield and directly used in the next step without further purifications. ESI-MS m/z
calcd. for [C22H25N20s]*: 397.2, found: 397.0 [M+H]".
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Synthesis of MPUPA-Asp(Gly)-N-propylamine ((S)-MAG63, (R)-MA158, Scheme 6)
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Compound (S)-MA63 was synthesized manually on Wang resin preloaded with Fmoc-Gly
(0.6 mmol/g, loading capacity). The resin (0.25 g, 0.15 mmol) was swollen in DMF for 30 min.
Fmoc cleavage was carried out using 20 % piperidine/DMF solution (2 x 5 mL), under gentle
stirring at RT for 10 min. The resin was filtered and washed with DMF (3 x 5 mL) and DCM
(3 x5 mL). The coupling reaction was performed by adding to the resin a solution of the Fmoc-
amino acid (0.3 mmol, 2.0 eq), DCC (62 mg, 0.3 mmol, 2.0 eq) and HOBt (41 mg, 0.3 mmol,
2.0 eq) in DMF (4 mL) prepared in a separate vial. The mixture was gently stirred at RT for 3
h. The peptide sequence was elongated with (S)-MA59 and MPUPA (MAL). Coupling
reactions and Fmoc removals were monitored by Kaiser test. Once the linear peptide was
assembled, the cleavage from the resin was carried out using a mixture of TFA/TIPS/H.0O
(80:10:10 v/v/v) for 2.5 h at RT. The cleavage mixture was filtered in a centrifuge tube and the
resin washed with Eto,O/DCM containing small portion of TFA. The collected mixture was
concentrated and Et,O was added to precipitate the crude peptide which was recovered by
centrifugation. The pure compound (S)-MAG63 was obtained as a white solid in good yield (61
mg, 82%). The analogue (R)-MA158 was synthesized on Fmoc-Gly Wang resin (0.20 g, 0.12
mmol) following the same procedure previously described. The amino acid coupling sequence
was: (R)-MA156 and MPUPA (MAL). After the cleavage from the resin, the compound was
precipitated by addition of Et.O and recovered by centrifugation (39 mg, 65% based on the
estimated loading of the resin). *H-NMR (400 MHz, DMSO-ds) & 8.94 (s, 1H, NHb), 8.16 (t, J
= 6.0 Hz, 1H, Gly-NH), 8.11 (d, J = 8.0 Hz, 1H, isoAsp-NH), 7.87 (s, 1H, NHa), 7.83 (d, J =
8.4 Hz, 1H, ArHg), 7.67 (dd, J = 6.0, 5.2 Hz, 1H, propyl-NH), 7.36 (d, J = 8.4 Hz, 2H, ArHx¢’),
7.20—-7.09 (m, 4H, ArHs s + ArHs:s°), 6.93 (dd, J = 7.6, 7.2 Hz, 1H, ArH.), 4.52 (dd, J = 14.4,
7.2 Hz, 1H, isoAsp-CH®"), 3.73 (dd, J = 17.6, 5.6 Hz, 2H, Gly-CH,%), 3.39 (s, 2H, PhCH>), 2.98
(m, 2H, propyl-CH), 2.56 (dd, J = 14.8, 6.4 Hz, 1H, isoAsp-CHP), 2.45 (dd, J = 15.2, 7.6 Hz,
1H, isoAsp-CHP), 2.23 (s, 3H, ArCHs), 1.42 — 1.31 (m, 2H, propyl-CH,), 0.79 (t, J = 7.4 Hz,
3H, propyl-CHs). ¥*C-NMR (101 MHz, DMSO-dg) § 171.2, 170.5, 170.2, 169.6, 152.6, 138.2,
137.4,130.1, 129.5, 129.4, 127.4, 126.1, 122.6, 120.9, 117.9, 49.8, 41.4, 40.6, 40.4, 37.5, 22.2,
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17.9, 11.2. ESI-MS m/z calcd. for [C2sH32Ns06]": 498.2, found: 498.0 [M+H]*. MA63 t; = 4.0
min, 98% purity (4 = 254 nm); MA158 t; = 5.7 min, 96% purity (4 = 254 nm).

Synthesis of Fmoc-Asp(AMPUMP)-N-propylamine ((S)-MA145, (R)-MA151, Scheme 6)

Following the general procedure (G), (S)-MA59 (45 mg, 0.11 mmol) and (R)-MA156 (40
mg, 0.10 mmol) were coupled with AMPUMP (MA96, 1.0 eq). Pure (S)-MA145 (50 mg, 72%)
and (R)-MA151 (60 mg, 95%) precipitated during the workup were collected by filtration and
used without further purifications. ESI-MS m/z calcd. for [Cs7H4oNs0s]": 634.3, found: 634.4
[M+H]*.

Synthesis of malonyl-Asp(AMPUMP)-N-propylamine ((S)-MA154, (R)-MA161, Scheme 6)
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Fmoc-deprotection from the intermediates (S)-MA145 and (R)-MA151, was carried out with
a solution of 20% piperidine in DMF for 1 h, as described in the general procedure (D). After
removal of the solvent in vacuo, the residue was triturated twice with ice-cold Et,O affording
the deprotected (S)-MAL146 and (R)-MA152 in quantitative yield, and immediately available
for the next coupling reaction. ESI-MS m/z calcd. for [C22H30NsO3]™: 412.2, found: 412.2
[M+H]". Later, (S)-MA146 (38 mg, 0.09 mmol) and (R)-MA152 (59 mg, 0.14 mmol) were
coupled with malonic acid mono-benzyl ester MA95 (2.0 eq) using the same conditions and
workup methods described in the general procedure (G). Crude compounds recovered by
filtration were purified by flash chromatography over silica gel (eluent DCM/MeOH 95:5)
giving (S)-MA147 (40 mg, 76%) and (R)-MA153 (45 mg, 55%) respectively, as white solid.
ESI-MS m/z calcd. for [C32H3sNsOs]*: 588.3, found: 588.2 [M+H]".
Final deprotection of derivatives MA147 and MA153 following the general conditions of
catalytic hydrogenation (C), provided the final compounds (S)-MA154 (26 mg, 77%) and (R)-
MA161 (9 mg, 53%), as white solid. *H-NMR (400 MHz, DMSO-ds) & 9.32 (s, 1H, NHb), 8.39
(d, J=7.6 Hz, 1H, Asp-NH), 8.31 (dd, J =5.2, 5.6 Hz, 1H, AMPUMP-NH), 8.10 (s, 1H, NHa),
7.87 (br s, 1H, propyl-NH), 7.83 (d, J = 8.4 Hz, 1H, ArHe), 7.40 (d, J = 8.4 Hz, 2H, ArH» ¢),
7.18 —7.09 (m, 4H, ArHzs + ArHs-5°), 6.92 (dd, J = 7.6, 7.2 Hz, 1H, ArHa), 4.57 (dd, J = 14.0,
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7.6 Hz, 1H, isoAsp-CH®%), 4.19 (d, J = 5.6 Hz, 2H, PhCH>), 3.27 — 3.10 (m, 2H, -COCH,CO-
partially overlapped with solvent signal), 3.01 — 2.96 (m, 2H, propyl-CH>), 2.60 (dd, J = 15.4,
6.0 Hz, 1H, isoAsp-CHP), 2.51 — 2.46 (m, 1H, isoAsp-CHP), 2.25 (s, 3H, PhCHs3), 1.43 — 1.34
(m, 2H, propyl-CH>), 0.83 (t, J = 7.6 Hz, 3H, propyl-CHs). **C-NMR (101 MHz, DMSO-ds) &
174.5,170.4,169.2, 152.8, 138.8, 137.6, 132.2, 130.1, 127.7, 127.4, 126.0, 122.3, 120.8, 117.7,
50.1, 41.7, 40.5, 37.5, 22.2, 18.2, 11.3. ESI-MS m/z calcd. for [C2sH32NsO6]*: 498.2, found:
498.2 [M+H]*. MA154 t, = 5.8 min, 99% purity (1 = 254 nm); MA161 t; = 5.7 min, 97% purity
(4 =254 nm).

Synthesis of Ne-Acetyl Ng-MPUPA-Dap-Gly-OH ((S)-MA28, (R)-MA30, Scheme 7)
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Compound (S)-MAZ28 was assembled on Wang resin preloaded with Fmoc-Gly (0.20 g, 0.12
mmol, 0.6 mmol/g loading capacity). After Fmoc cleavage with 20% piperidine/DMF at RT for
2 x 10 min, coupling reaction was carried out by adding to the resin a solution of Fmoc-(S)-
Asn-OH (212 mg, 0.6 mmol) preactivated with DCC (124 mg, 0.6 mmol) and HOBt (81 mg,
0.6 mmol) in DMF (4 mL). Hofmann rearrangement was performed on-resin. The resin was
washed twice with a mixture of THF/DMF/H20 (2:2:1 v/viv) and subsequently swollen with
the same mixture for 30 min. After that, a solution of PIFA (0.3 mmol, 2.5 eq) in
THF/DMF/H20 (2:2:1) was added to the resin followed by pyridine (0.3 mmol, 2.5 eq) and the
mixture was gently stirred for 3 h. Then, the resin was washed with DMF (3 x 5 mL),
DMF/DIPEA (9:1), and DMF again (3 x 5 mL). The effective rearrangement was confirmed by
Positive Kaiser test. The peptide sequence was elongated with MPUPA (MAL) in the same
coupling conditions described above. After Fmoc cleavage from central Dap residue,
acetylation of the free amine was performed by adding Ac2O (5.0 eq) and pyridine (5.0 eq) in
DCM and the resulting suspension was shaken for 1 h. Cleavage from the resin was carried out
using a mixture of TFA/TIPS/H.0 (80:10:10 v/v/v) for 2.5 h. The mixture was concentrated and
ice-cold EtoO was added to precipitate the crude peptide. The latter were purified by
semipreparative RP-HPLC to give (S)-MA28 (4 mg, 7% based on the estimated loading of the
resin) as a white powder (Eluent H,O/ACN with 0.1% TFA, 70:30 for 8 min with a flow rate
of 10 mL/min). The analogue (R)-MA30 bearing the rearranged (R)-Asn residue, was
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synthesized on Fmoc-Gly Wang resin (0.20 g, 0.12 mmol) following the same protocol

previously described. The crude peptide resulting from the resin cleavage was purified by

semipreparative RP-HPLC and gave (R)-MA30 (3 mg, 5% based on the estimated loading of
the resin) as a white powder (Eluent H.O/ACN with 0.1% TFA, 70:30 for 8 min with a flow
rate of 10 mL/min). *H-NMR (400 MHz, DMSO-ds)  8.97 (s, 1H, NHb), 8.19 (dd, J = 6.4, 5.2
Hz, 1H, Gly-NH), 7.97 — 7.91 (m, 2H, Dap-NH,, + Dap-NHj), 7.89 (s, 1H, NHa), 7.81 (d, J =
8.0 Hz, 1H, ArHg), 7.36 (d, J = 8.0 Hz, 2H, ArHzx¢), 7.19 — 7.10 (m, 4H, ArHzs + ArHs:s'),
6.93 (dd, J=7.6, 7.2 Hz, 1H, ArHa), 4.37 (dd, J = 13.6, 8.0 Hz, 1H, Dap-CH?"), 3.75 — 3.68 (m,
2H, Gly-CHx%), 3.41 — 3.33 (m, 3H, PhCH. + Dap-CHP overlapped with solvent signal), 3.31 —
3.20 (m, 1H, Dap-CHP), 2.23 (s, 3H, ArCHs), 1.83 (s, 3H, Ac). 1*C-NMR (101 MHz, DMSO-
de) 8 170.9, 170.3, 169.4, 152.7, 138.2, 137.5, 130.1, 129.5, 129.4, 127.4, 126.1, 122.6, 120.9,
117.9, 52.5, 41.6, 40.6, 22.6, 17.9. ESI-MS m/z calcd. for [C23H28Ns0¢]": 470.2, found: 470.2
[M+H]*. MA28 t; = 3.4 min, 96% purity (4 = 254 nm); MA30 t; = 3.4 min, 95% purity (A = 254

Synthesis of Noe-Fmoc Ng-Boc 2,3-Diaminopropionic acid ((S)-MA176, (R)-MAL170, Scheme

According to the general procedure (I), the Hofmann rearrangement was carried out
alternately on Fmoc-(S)-Asn and Fmoc-(R)-Asn (100 mg, 0.28 mmol). Both (S)-MA173 and
(R)-MA166 were obtained in quantitative yield as TFA-salt, and used without further
purification. ESI-MS m/z calcd. for [CisH19N204]": 327.1, found: 327.2 [M+H]". Boc-
protection was performed as described in the general procedure (F) yielding (S)-MA176 (61
mg, 41%) and (R)-MA170 (36 mg, 77%) respectively, which were directly used in the next

coupling reaction without further purification. ESI-MS m/z calcd. for [C23H26N20OgNa]"™: 449.2,
found: 449.2 [M+Na]".

Synthesis of Ne-Fmoc Ng-[(tBu)malonyl]-Dap-AMPUMP ((S)-MA182, (R)-MA180, scheme

MA176 (61 mg, 0.14 mmol) and MA170 (36 mg, 0.09 mmol) were coupled with AMPUMP
(MAJ96, 1.0 eq) following the general procedure (H) described above. The resulting materials

were purified by flash chromatography over silica gel (gradient eluent DCM/MeOH from 100:0
to 90:10) to give (S)-MA178 (84 mg, 90%) and (R)-MAL174 (42 mg, 75%) respectively. ESI-
MS m/z calcd. for [CasH42NsOs]*: 664.3, found: 664.4 [M+H]", 686.4 [M+Na]*, 564.2 [M-

85



Experimental section

Boc]*. Boc deprotection according to the general procedure (A) allowed to obtain the TFA-salt

intermediates (S)-MA181 and (R)-MAL77 in quantitative yield. These compounds were
directly coupled to the malonic acid mono-tBu ester MA155 (2.0 eq) following the general
procedure (H). The pure material precipitated in good yield during the workup was collected
by filtration and used in the next step without further purifications, (S)-MA182 (80 mg, 95%)
and (R)-MA180 (28 mg, 92%), respectively. ESI-MS m/z calcd. for [CaoH2sNsO7]*: 706.3,
found: 706.4 [M+H]".

Synthesis of Ne-Acetyl Ng-malonyl Dap-AMPUMP ((S)-MA200, (R)-MA198, Scheme 7)
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According to the procedure (D), Fmoc-deprotection gave (S)-MA188 and (R)-MA183 in
quantitative yield, and were directly used in the next step without purifications. ESI-MS m/z
calcd. for [CasH3aNsOs]*: 484.2, found: 484.2 [M+H]". Acetylation of the resulting free amine
was carried out by adding to a solution of (S)-MA188 and (R)-MA183 (1.0 eq) in dry DCM (5
ml) cooled at 0 °C in sequence DIPEA (2.4 eq) and acetyl chloride (1.2 eq) dissolved in DCM.
Then, the reaction was stirred at RT for 4 h under N2 atmosphere. The mixture was diluted with
DCM (20 mL) and washed twice with saturated NaHCOs3 solution (5 mL). The organic layer
was dried over NaxSOa, filtered and concentrated under reduced pressure. The crude
compounds were purified by semipreparative RP-HPLC (Eluent: Ho,O/CH3CN gradient from
70:30 to 0:100 in 10 min with a flow rate of 10 mL/min) to afford (S)-MA190 (10 mg, 25%)
and (R)-MA187 (9 mg, 55%), as white solid. ESI-MS m/z calcd. for [C27H3sNsO6]": 526.3,
found: 526.2 [M+H]". According to general procedure (B), the final tBu-deprotection with 50%
TFA/DCM provided the retro-peptides (S)-MA200 and (R)-MA198 in quantitative yield. *H-
NMR (400 MHz, DMSO-ds) 6 8.97 (s, 1H, NHb), 8.35 (br t, 1H, AMPUMP-NH), 8.08 (br t,
1H, Dap-NH?), 7.94 (d, J = 7.2 Hz, 1H, Dap-NH®), 7.88 (s, 1H, NHa), 7.83 (d, J = 8.0 Hz, 1H.
ArHe), 7.39 (d, J = 8.0 Hz, 2H, ArHyx ), 7.14 (m, 4H, ArHss +ArHs:5-), 6.93 (dd, J = 7.6, 6.8
Hz, 1H, ArH.), 4.39 — 4.32 (m, 1H, Dap-CH%), 4.24 — 4.17 (m, 2H, PhCH>), 3.48 — 3.23 (m,
2H, Dap-CHP overlapped with solvent signal), 3.13 (s, 2H, -COCH.CO-), 2.23 (s, 3H, ArCHjs),
1.86 (s, 3H, Ac). 3C-NMR (101 MHz, DMSO-ds) & 169.8, 169.5, 152.7, 138.6, 137.5, 132.4,
130.1,127.7,127.5,126.1, 122.6, 121.0, 117.9, 117.9, 52.8, 41.7, 40.5, 22.7, 17.9. ESI-MS m/z
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calcd. for [C23H2sNs06]"™: 470.3, found: 470.2 [M+H]". MA200 t; = 3.4 min, 98% purity (1 =
254 nm); MA198 t; = 3.5 min, 98% purity (1 = 254 nm).
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5. DESIGN AND SYNTHESIS OF NOVEL LDV-BASED CYCLIC
PENTAPEPTIDES

5.1. Introduction

As mentioned in Chapter 2, another important, well-recognized peptidomimetic approach to
improve the stability and activity is represented by the macrocyclization of peptides.[*¢”! In
nature numerous examples of cyclic peptides can be found, and they often exhibit enzymatic
stability and potent biological activity. Cyclization is also an important method in peptide
chemistry for generating analogues with improved bioactivity and bioavailability. Normally,
native linear peptides display high flexibility, especially in aqueous solution, where the
dynamic shift between the numerous conformations reduces their target affinity and selectivity.
Thus, structural restrictions and more rigid peptides can be obtained by cyclization of the linear
backbone which drastically reduces the conformational freedom in solution and, favours the
orientation of the pharmacophoric groups in a well-defined direction. This minimizes the
unfavourable loss of entropy in the peptide-receptor recognition giving enhanced binding
affinity, hence, greater therapeutic potential [ 154 2071 Since the three-dimensional structure of
the integrin asf1 is not yet available, cyclic peptides are optimally suited for exploring the
structural requirements with respect to the three-dimensional arrangement of the
pharmacophoric groups.

Inspired by the “spatial screening” approach proposed by Kessler [172 for the development
of the very active Cilengitide,’®! in which the native RGD sequence found in FN was introduced
within a constrained cyclic pentapeptide structure, we questioned whether the same approach
might be applied with good results on the cyclization of the BIO1211 sequence. Therefore, we
rationally designed a novel family of cyclic pentapeptides bearing the MPUPA-LDV structure,
with the aim to develop potential osf: integrin ligands for the treatment of a series of
inflammatory disorders mentioned above in paragraph 1.6 (Figure 38).11%81 To this purpose,
suitable modifications in the parent sequence were introduced to allow the head-to-tail
cyclization (C-terminus to N-terminus). In detail, to introduce an additional amine, the MPUPA
(diphenylurea moiety) at the N-terminus was built on the aromatic amine (4-position) of a Phe
residue producing a novel modified building block termed by us PhU (di-Phenylalanine-Urea).
While at the C-terminus, different B-amino acids, including isoAsp and p3-homoAla, were

introduced to promote the cyclization and carry (or not) a further carboxylic group (Figure 38).
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The B-amino acids are well-known structural elements that favour defined secondary structures

by acting as y-turn inducers.*”! Indeed, B-amino acids exert a significant conformational bias
on the cyclopeptide backbone conformations, because these unnatural building blocks
preferably adopt a pseudo-y-turns at the central position, and also stabilize y-turn secondary
structures at the opposite side of the macrocycle.[*8% 2081 |n this context we synthesized a small
library of cyclic LDV peptides by varying, in turn, the configuration of PhU and isoAsp residues
(S- and R-; Table 5). Some of these peptides displayed interesting activity and selectivity in
preliminary cell adhesion assays towards integrin asf1; thus, we focused our efforts on these
compounds. Based on these foundings, SAR studies aimed at investigating the requirements for
ligand binding were carried out. Firstly, the carboxylic acid of the isoAsp was replaced by the
(R)-p3-homoAla bearing a methyl group. Secondly, the Asp of the LDV sequence was
substituted by the (S)-Ala deprived of the carboxylic acid. Removal of the carboxylic group is
crucial to discriminate which one is directly involved in MIDAS coordination, hence
fundamental for binding. Topologically, the (R)-p3-homoAla does not affect the overall
backbone conformation since assumes the same orientation of the corresponding (S)-configured
iSoAsp (Table 5).

BIO1211
(MPUPA-LDVP)

@ Additional

carboxylic acid

H
LDV sequence of FN P H
v

PhU Oi ; isoAsp Novelty g ® NH
o . H 9 UJKN B \[COOH oj
| HN sy,
NH, i | 0] "
v oo e W w2
H H HN M
20
Head-to-tail Y L

cyclization

Figure 38. Design of the cyclic LDV peptides based on the structure of the reference compound BIO1211.

In addition, a combined approach of homology modelling, ligand-receptor molecular
docking and molecular dynamics (MD) were applied to define the main binding modes of the
LDV CPPs within the binding pocket of the asp: integrin. MD simulations and molecular

docking calculations were performed to identify the most prevalent ligand conformations in

90



DESIGN AND SYNTHESIS OF NOVEL LDV-BASED CYCLIC PENTAPEPTIDES

solution and to establish a connection between its binding modes and the residues involved in
the active site.

Table 5. Small libraries of LDV cyclopentapeptides (CPPs).

Q v Wﬁé{ MA144 (S)-PhU-LDV-(S)-isoD

. NH MA133 (R)-PhU-LDV-(S)-isoD
(S) .
1 2 \COOH MAS6 (S)-PhU-LDV-(R)-isoD
HOOC HN (s NH MA266 (R)-PhU-LDV-(R)-isoD
yt Wtééo
) NH MA227 (S)-PhU-LDV-(R)-B*Ala
(S) ~ _ -~ R3
1 ) \eooH MA236 (R)-PhU-LDV-(R)-B*Ala
(s). NH

HN \H MAZ265 (S)-PhU-LAV-(S)-isoD
MA264 (R)-PhU-LAV-(S)-isoD

4 o © MA171 (S)-PhU-LDV-(S)-isoD-n-Pr
Z COOH

5.2. Results and discussion

5.2.1.  Peptide synthesis

Each building block was synthesized prior to starting the synthesis of the linear peptides. In
details, Boc-protected (S)- and (R)-PhU-OH were prepared by multi-step reactions starting from
the free (S)- and (R)-Phe-OH (Scheme 8). Aromatic nitration was carried out by mixing
concentrated HNO3z and H>SO4 at 0 °C for 1 h. Later, Boc-protection, using Boc2O and Na,COs
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in HO/dioxane (1:1), was followed by nitro reduction under catalytic hydrogenation on Pd/C

for 3 h at RT. Finally, the urea bond was simply formed by adding o-tolyl isocyanate to the
aromatic amine dissolved in DMF affording the Boc-PhU-OH, (S)-MA254 and (R)-MA255
(Scheme 8). Fmoc-(R)-p*Ala-OH (MA217) was synthesized as reported by Caputo et. al.
(Scheme 2). After the acidic hydrolysis, the free amine was easily protected with Fmoc-chloride
in the presence of Na,COs in HO/dioxane (1:1) at RT. Starting from Fmoc-Asp(OtBu)-OH,
simple protection with benzyl bromide and successive tBu-deprotection allowed to obtain the
building blocks Fmoc-Asp-OBn, (S)-MA45 and (R)-MA246, that were used as the first amino

acid for the SPPS.
H-Phe-OH
OH — OH — ©\/ w
M M W A,
H
(S)-MA245 (85%) )-MA248 (90%) S)-MA250 (45%) (S)-MA254 (76%)
(R)-MA247 (97% ) ( ) -MA249 (84%) (R) MA253 (50 % ) (R)-MA255 (67%)

Scheme 8. Synthetic scheme for Boc-PhU-OH. Reagents and conditions. i) H.SO4, HNO3, 0 °C, 1 h; ii) Boc:0O,
Na,COs, HoO/dioxane (1:1), RT, 12 h; iii) Hz, Pd/C, MeOH, RT, 3 h; iv) o-tolyl isocyanate, DMF, RT, 3 h.

The linear peptides were assembled by SPPS on Wang resin using Fmoc/OBn-protected
amino acids (Scheme 9). Attachment of the first amino acid, Fmoc-Asp(OtBu)-OH (MA45,
MA246) or Fmoc-(R)-p3Ala-OH (MA217), was carried out by treating the pre-swollen resin
with DCC, HOBt and catalytic amount of DMAP at RT for 3 h and, was followed by a treatment
with Ac20 and pyridine to endcap the unreacted 4-hydroxybenzyl alcohol linkers of the resin.
Fmoc-deprotection was performed twice with a solution of 20% piperidine in DMF for 10 min.
Then, the sequence was elongated alternating coupling and deprotection reactions. Fmoc-Val-
OH, Fmoc-Asp(OBn)-OH/Fmoc-Ala-OH, Fmoc-Leu-OH and Boc-PhU-OH were coupled in
sequence using DCC, HOB as activating agents in DCM/DMF (4:1, v/v) at RT for 3 h. Each
subsequent coupling and deprotection steps were carried out under the same conditions and the
results were monitored by Kaiser test. Cleavage from the resin and simultaneous removal of
Boc-protecting group from the last residue was performed using a mixture of TFA/TIPS/H,0O
(95:2.5:2.5, viviv) for 2.5 h at RT. The crude peptides were simply precipitated from ice-cold
Et,O and collected in acceptable yield by centrifugation. The peptides, 70-80 % pure as

determined by analytical RP-HPLC, were used for the following macrolactamization step
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without further purification. Cyclopentapeptides were obtained in solution by a head-to-tail
cyclization (C-terminus to N-terminus) of the crude peptides using pseudo-high-dilution
conditions to avoid intermolecular side reactions.[?®! A solution of the linear peptide in DMF,
was slowly added over 16 h using a syringe pump, to a solution of HBTU, HOBt and DIPEA
in DMF (0.005 M). The reaction was stirred for an additional 2 h, and the progress was
monitored by HPLC ESI-MS. The resulting crude peptide was purified by semipreparative RP-
HLPC.

i Hu)(l N
HO a), b), ¢) . Ns N oO
—_— > » (0] N7(S) e N7(S)
JC e o R Moo m
N N Boc
H H

Wang Resin
35-50% | d

)
i H\U).i H OH
o} ¥ ONT S NG) W
J H R, 1
3 NN +NH, 0 R, O R O

H H  CF;CO0

4
6 N N 5 o 10.50% R; = -COOBn, R, = -CH,COOBN
@ HN N

o)
H H ' R1 = -CHg, Ry = -CH,COOBN
e 5 H Ry = -COOBN, R, = -CHs
o (SKRZ Ry = -CONH(CH_),CHs, R; = -CH,COOBn

o

.
RPN (s) NH
o) f
\ Ry = -COOH, R; = -CH,COOH MA86, MA133, MA144, MA266
70-90% Ry = -CHj, R, = -CH,COOH MA227, MA236
Ry = -COOH, R; = -CH; MA264, MA265
Ry = -CONH(CH_),CHs, R, = -CH,COOH MA171

* both (R)- and (S)- stereochemistry

Scheme 9. Synthetic scheme for cyclic LDV peptides. Reagents and conditions: a) i. Fmoc-AA-OH (3.0 eq), DCC
(3.0 eq), HOB (3.0 eq), DMAP (0.1 eq), DMF, RT, 3 h; ii. Ac20 (20 eq), pyridine (20 eq), RT, 30 min; b) 20%
piperidine, DMF, RT, 10 min (x2); ¢) Fmoc-AA-OH (2.0 eqg), DCC (2.0 eq), HOBt (2.0 eq), DMF, RT, 3 h.
Iterative repetition of (b) and (c) using the corresponding amino acid. d) TFA/H,O/TIS (95/2.5/2.5), RT, 2.5 h; €)
HBTU (3.0 eq), HOBLt (3.0 eq), DIPEA (6.0 eq), DMF pseudo-high dilution, RT, 18 h; f) H,, Pd/C, RT, 12 h.

Finally, removal of the benzyl ester protecting group from the Asp residues afforded the pure
final product with a modest yield (Table 5). This reaction was carried out under hydrogen
atmosphere for 12 h at RT using a catalytic amount of Pd/C (10% w/w). For all cyclic peptides,
the purity was assessed by RP-HPLC and the chemical identity was determined by ESI-MS, 1D
and 2D (gCOSY and ROESY experiments) NMR spectroscopy at 400 MHz in DMSOds/H.0
(8:2).

Successful or failure of the ring formation relies on the ability of a linear precursor to

conformationally pre-organize its reactive ends into close spatial proximity before ring closure.
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A critical point for an efficient macrocyclization is the choice of the ring the disconnection.

Macrocyclization is usually favoured by the introduction of turn-inducing elements and can be
optimized if the site of macrocyclization is not sterically hindered by N-alkyl, a,a-substituted
or B-branched amino acids (i.e., Val or lle) and if the macrocyclization occurs between two
residues of opposite stereochemical configuration.['*”l In this regard, very low yield was
observed when the cyclization was attempted between the C-terminus of the Val and the N-
terminus of the isoAsp residue. Therefore, we optimized the macrocyclization by identifying
the new strategic retrosynthetic disconnections between the C-terminus of the isoAsp and the

N-terminus of the PhU residue.

5.2.2. Biological evaluation

» Integrin-mediated cell adhesion assay

Pharmacological characterization of the new LDV cyclic pentapeptides (CPPs) was
performed by the research group of Prof. Dr. M. S. Spampinato (department of Pharmacology,
University of Bologna). In vitro experiments were carried out to measure their selectivity to the
a4Py integrin receptor and their effects on the aspi-mediated cell adhesion, but also for their
ability to bind other leukocytes-related integrins, including ospB7, a P2, amB2 and asp1 (not
expressed on leukocytes). The ability of the new compounds to inhibit the adhesion of the asf1
integrin-expressing Jurkat E6.1 cell to VCAM-1 or FN was compared with that of the reference
compound Bl01211, known to be potent inhibitors of ospi-mediated cell adhesion. The
adhesion of these cells to 96-well plates coated with human recombinant integrin ligands
(VCAM-1, FN, MadCAM, Fg, ICAM) was concentration-dependent and no significant cell
adhesion was observed for bovine serum albumin (BSA)-coated plates (negative control).!%]
The results are summarized in Table 6. As expected, the reference compound BIO1211
inhibited cell adhesion to VCAM-1 and FN with an 1Cso of 4.6 nM and 5.5 nM, respectively.
Surprisingly, in contrast with our previsions, some LDV CPPs showed an opposite effect,
namely increases adhesion to ligand-coated plates with a low micromolar 1Cso. According to
the configuration of the PhU/isoAsp residues, and the types of integrin-expressing cells,
different agonist or antagonist behaviour was observed in cell adhesion assay. This suggests
that the configuration of the cyclic backbone, hence, its conformation and pharmacophores

orientation, has a strong dependent effect on integrin-mediated cell adhesion. It is currently
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unclear how agonism and antagonism are correlated to the structure of these CPPs since a
crystal structure of the asf1 integrin is still missing. Anyway, this aspect could represent an
interesting starting point to the knowledge of the structural requirements needed for peptides
drug design. However, analysing the complexity of the inflammatory responses, it emerges that
the modulation of the integrin activity has a fundamental role in both, fast and slow, leukocytes
recruitment during acute and chronic inflammation, respectively. In this complex scenario,
together with the well-known role of integrin antagonist in interfering with leukocyte primary
functions, the agonist activity could be exploited as a therapeutic strategy for inflammatory
disorders since the induced stronger adhesion may prevent the normal cell migration processes
at the site of injury.[t30 1312101

As reported in Table 6, in preliminary cell adhesion assays on Jurkat E6.1 cell with VCAM-
1 and FN ligands, the cyclic LDV peptides (MA144, MA86, MA133, MA266) showed a low
micromolar ICso and, therefore, further cell adhesion assays upon different integrin-expressing
cell lines have been performed. The results confirmed a similar trend in cell adhesion, showing
micromolar 1Cso values, similar to those observed in Jurkat E6.1 cells although the other cells
do not express asP1 (Table 6). Comparable activity was observed for compounds MA144 and
MA133 on RPMI 8866 cell adhesion which expresses integrin asp7, presumably due to the
presence of the homologous os-subunit, therefore it is reasonable assumes that may be
considered a dual agonist and antagonist of aspi/asf7 integrins, respectively. As expected,
compounds MA86 and MA133 showed tenfolds less activity on K562 cells expressing asf1
while MA144 was not active, and all of them were not active on HL60 cells expressing ampz2.
For MA266 only preliminary cell adhesion results on Jurkat E6.1 cells with FN ligand are
available and further in vitro investigations are currently in progress. Interestingly, although the
opposite configuration of both PhU and isoAsp respect to MA144, a comparable low
micromolar ICsp activity in increases cell adhesion (agonist behaviour) was observed (Table 6).
Based on these premises, we focused our research efforts on the most active agonist MA144
and antagonist MA133. SAR studies aimed at investigating the opposite behaviour in cell

adhesion and, the importance of the pharmacophores/backbone conformation were carried out.
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Table 6. Effect of cyclic LDV peptides® on different integrin-mediated human cell adhesion systems.

Jurkat E6.1
cells a4p1
CPPs VCAM-1 (2

ug/mL)
ICso (LM)®

BlO1211 4.6 + 1073 Ant

MA144
(S)-PhU-LDV- 0.035%8
(S)-isoD

MA86
(S)-PhU-LDV- 0.081%8
(R)-isoD

MA133
(R)-PhU-LDV- 0.177Ant
(S)-isoD

MA266
(R)-PhU-LDV-
(R)-isoD

MA227
(S)-PhU-LDV- na
(R)-B3A

MA236
(R)-PhU-LDV- na
(R)-B3A

MA265
(S)-PhU-LAV-
(S)-isoD

MA264
(R)-PhU-LAV-
(S)-isoD

MA171
(S)-PhU-LDV- 5.63Ant
(S)-isoD-n-Pr

2In a cell-based assay, the adhesion of a cell line preferentially expressing a specific integrin heterodimer to an
immobilized adhesion molecule was measured. °Six independent experiments were run in quadruplicate. A9

Agonist. A" Antagonist.

Replacement of the isoAsp carboxylic acid with a methyl group (B3-homoAla) in MA227 and
MAZ236 was not tolerated, and the resulting compounds were not active on Jurkat E6.1 cell
adhesion assay (Table 6) (see Docking analysis). On the contrary, the replacement of the

carboxylic acid with a methyl group in the LDV sequence (Asp was substituted by Ala) was

Jurkat E6.1
cells a4B1 FN

(10 pg/mL)
ICso (LM)P

5.5+ 103 Ant

0.05%8

0.156%¢

0.726An

0.041%

na

na

0.055%¢

1.72%8

6.97Ant

RPMI8866
cells ad4p7
MAdCAM-1
ICso (LM)P

0.03%8

0.03%¢

0.495Ant
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Jurkat E6.1
cells alB2
ICAM-1
IC50 (UM)®

0.098%8

1.11Ant

0.71Ant

HL60 cells
aMp2 Fg
ICs0 (UM)°

na

na

na

K562 cells
a5p1 FN
ICso (LM)P

na

14ke

1.95%8
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tolerated as shown by compounds MA265 and MA264, however, with a relevant difference in
ICso activity, indeed MA264 resulted 100-folds less active than MA265 (Table 6). Similarly,
MAZ265 maintained the same agonist behaviour of the parent compound MA144, while an
opposite effect was observed for MA264 which shifted to agonist respect to the parent integrin
antagonist MA133 (see Docking analysis).

In the absence of further results, this peculiar behaviour remains still unclear, however,
further analysis is currently ongoing to clarify and correlate the different cell adhesion
behaviour to a defined CPP structure. Yet, amidation of the carboxylic acid with n-propylamine
(MA171) resulted in a drastic loss of activity and opposite behaviour (antagonist) on Jurkat
E6.1 cell adhesion assay compared to the analogue agonist MA144 which possesses the same
backbone configuration (Table 6). These results underline the essential role of the carboxylic
acid carried by the isoAsp residue in integrin binding. The conformations of cyclic LDV
peptides in solution were analysed by 2D ROESY and restrained MD and, were compared to
those of the 3D models determined by 3D QSAR and molecular docking (see Conformational

Analysis).

» FN-mediated ERK 1/2 phosphorylation signalling

To confirm their agonist behaviour the most effective compounds, MA86 and MA144, were
investigated on FN-induced phosphorylation of ERK 1/2 in Jurkat E6.1 cells expressing osp:
integrin. Intracellular signalling generated by the interaction of ECM components with integrin
asP1 involves an increase in the phosphorylation of cytoplasmatic second messengers such as
ERK 1/2 that contribute to a4 integrin-mediated cell functions.** A significant increase in
ERK 1/2 phosphorylation was detected 60 min after Jurkat E6.1 cell exposure to FN-coated
plates (10 pg-mL™Y). Pre-incubation with MA144 and MA86 (107—10"° M) for 60 min, produced

a concentration-dependent increase in FN-mediated ERK 1/2 phosphorylation (Figure 39).
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Figure 39. Effects of compounds MA144 and MA86 on ERK1/2 phosphorylation mediated by a4f1 integrin
expressed on Jurkat cells. Both compounds behaved as agonists and were able to significantly increase ERK 1/2
activation. Representative western blot shows that control cells plated on fibronectin (FN) had a stronger signal
for pERK1/2 than vehicle-treated cells (vehicle). Densitometric analysis of the bands is shown (mean + SEM;
three independent experiments); the amount of pERK1/2 is normalized to that of totERK1/2. * p<0.05, **p<0.01,
*** n<0.001 vs vehicle (Newman-Keuls test after ANOVA).

5.2.3. Conformational analysis

The different biological activity observed in cell adhesion assays structurally correlated to
the modification of the absolute configurations of PhU and isoAsp, prompted us to analyse their
3D conformations in solution by NMR spectroscopy and MD simulations,?**] in order to
compare the 3D geometry of our compounds with the requirements reported in literature for
asf1 antagonist models. The NMR analysis was carried out using standard techniques at 400
MHz in 8:2 mixtures of [De] DMSO/H-0O, a high viscous solvent system recommended as an
excellent biomimetic vehicle 21?1 to favouring compact structures that are representative of the
bioactive conformers. For NMR spectroscopic analysis, the main effect of cryo-mixture is to
change the correlation time of the peptides, allowing the measurement of NOEs. For each
peptide, H-NMR spectroscopic data revealed a single set of resonances, indicating
conformational homogeneity or a rapid interconversion between the conformers. gCOSY
analysis allowed the unambiguous assignment of the resonances. Variable temperature (VT)
'H-NMR experiments over the range 298-318 K in [Ds]DMSO/H20 (8:2) were used to
elucidate the amide protons involved in intramolecular hydrogen bonding or solvent exposed

(Table 7). Generally, the H-bonded amide-NH signals display moderate temperature-based
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gradients that are reported in absolute value, |[AS/AT| < 2.0 ppb - K1, while solvent-exposed

amide-NH has higher negative values.?*®l Since the viscosity of the cryo-mixture is

temperature-dependent, the conformational equilibrium could change from 298 to 318 K

altering the resonance pattern. However, as showed by *H-NMR spectrum, the CH resonances

were perfectly maintained over the range of temperatures suggesting that the global

conformations were not significantly altered.

Table 7. AS/AT values [ppb K] of amide protons for CPPs c[PhU-LDV-iAsp] by VT-NMR spectroscopy,
determined in [Dg] DMSO/H-0 (8:2) at 400 MHz over the range 298-318 K.

MA144 c[(S)-PhUL-Leu2-Asp3-Val*-(S)-iAsp5] 50 -7.0 40 08  -05
MA227 cl(S)-PhUL-Leu2-Asp3-Val*-(R)-B3Ala5]  -45  -41  -22  -06  -1.1
MA265 cl(S)-PhU-Leu2-Ala3-Val*-(S)-iAsp°] 54  +1.6 -44 05  +0.0

c[(S)-PhU*-Leu?-Asp3-Val*-(S)-

MA171 iAsp(NHénPr)3]

-1.7 -4.8 -4.9 -0.9 -0.2 -34
MA133 c[(R)-PhU-Leu2-Asp3-Val*-(S)-iAsp®] -5.5 -5.3 -0.3 -7.9 -5.5

MA236 c[(R)-PhUl-Leu2-Asp3-Val*-(R)-B3Ala5]  -60 -39 07 -64  -25

MA264 c[(R)-PhU-Leu2-Ala3-Val4-(S)-iAsp5] 37  -42 2.2 60  -6.0
MA266 c[(R)-PhU-Leu?-Asp3-Val*-(R)-iAsp°] 2.1 -2.9 +0.4 -3.0 -3.5
MAS86 c[(S)-PhU-Leu2-Asp3-Val*-(R)-iAsp®] -4.9 -3.5 -3.7 -1.9 -2.2

As shown in Table 7, the LDV cyclopentapeptides (CPPs) are grouped according to the
absolute configuration of the PhU/isoAsp residues. MA144, MA227, MA265 and MA 171
(group 1, Table 7), the comparatively much lower |AS/AT| values, in a range between 0.0 and -
1.1 ppb-K?, for Val-NH* and isoAspNH/B2Ala-NH? respect to PhU-NH?, Leu-NH? and Asp-
NH? (range between -2.2 and -7.0 ppb K) indicatively suggested that the former might be

involved in a strong hydrogen bond. For MA265, the chemical shift of Leu-NH? was

significantly less sensitive to increasing temperature, |[AS/AT| = +1.6 ppb K, which is

indicative of a very strong hydrogen bond. However, the unexpectedly high chemical shift of

99



Conformational analysis

LeuNH (8: 10.56 ppm) indicated the occurrence of a peculiar de-shielding effect exerted e.g.

by the urea group, rather than a classic hydrogen-bonding effect. The VT-NMR analysis of
MAZ171 suggested the presence of a weak hydrogen bond involving PhU-NH? (-1.7 ppb K™).
The VT-NMR analysis of MA133 and MA236 (group 2, Table 7) revealed the presence of a
strong hydrogen bond involving Asp-NH?3, with |AS/AT| = -0.3 and -0.7 ppb-K™, respectively.
As for the correlated compound MA264, no hydrogen bond seems to be present albeit a similar
pattern involving the Asp-NH3 (-2.2 ppb-K™) can be referable to a weak H-bond. The VT-NMR
analysis of MA266 (group 3, Table 7) revealed the presence of a very strong hydrogen bond
involving Asp-NH? with +0.4 ppb- K™ and the possibility of weaker hydrogen bonds for both
PhU-NH! and Leu-NH? (-2.1 and -2.9 ppb'K™, respectively). Finally, the analysis of MA86
(group 4, Table 7) suggested the presence of a strong hydrogen bond involving Val-NH* (-1.9
ppb-K1) and a possible weak hydrogen bond involving isoAsp-NH>(-2.2 ppb-K™).

Molecular backbone conformations of the model compounds were analysed by 2D-ROESY
in [Ds]DMSO/H20 (8:2) mixed solvent. Cross-peaks were classified, and intensities were
ranked to infer plausible interproton distances as restraints (Figure 40). The NMR analysis of
MA227 and MA171 showed a similar conformation to the parent compound MA144 since the
resonance chemical shift of H* and HP and, the H-bonds pattern was maintained. Similarly,
compounds MA236 and MA264 showed NMR spectra comparable to the parent compound
MA133, clearly, the H* and HP resonances of modified residues may vary. As already
mentioned, MA265 displayed a different chemical shift involving the Leu residue, therefore,
the 2D-ROESY analysis was performed only on this derivative (Figure 40).

The amide bonds angles (o) were set at 180° since peptides comprising only secondary
amide bonds adopt all-trans conformations; the absence of Ha(i) — Ha(i + 1) cross-peaks
reasonably excludes the occurrence of cis-peptide bonds.[?*4l Random structures were generated
by simulated annealing MD in a box of explicit TIP3P[2] equilibrated with water molecules.
For each random structure, the interproton distances deduced by ROESY were introduced as
constraints. Each structure was subjected to restrained high-temperature MD, then the system
was slowly cooled. The resulting structures were minimized with the AMBER force field, 6]
and the backbones of the structures were clustered by root-mean-square deviation analysis. For
all compounds, this procedure gave one major cluster comprising the large majority of the
structures. The representative structures with the lowest energy and the least number of restraint

violations were selected and analysed. To investigate the dynamic behaviour of the LDV CPPs,
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the structures shown in Figures 40 were analysed by unrestrained MD simulations for 10 ns at
298 K in a box of explicit TIP3P equilibrated water molecules. During the simulations, the
structures reported in Figure 41 were maintained, indicating that these conformations

represented stable minima.
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Figure 40. Sketches of LDV CPPs showing meaningful proton-proton NMR correlations indicated by arrows.
Strong ROESY correlations are given in blue for MA144, MA133, MA86, MA266, MA265. The |A3/AT)| values
(reported in Table 7) for selected amide protons involved in H-bonds are shown as red. H-bonds are shown as
dashed line.

The ROESY-derived structures of MA144 and MA86 (Figure 41) show explicit H-bonds,
as predicted by VT-NMR analysis. The representative structures of MAL144 appear
characterized by a clear type Il B-turn centered on Leu-Asp, stabilized by an explicit H-bond
between PhU-C=0 and Val-NH, and by a 9-membered turn on isoAsp stabilized by an H-bond
between PhU-C=0 and isoAsp-NH. In MA86 the turn on Leu-Asp was modified into an inverse
type Il B-turn, plausibly due to the reversal of stereochemistry of the B-residue. The structure
of MA133 and MA266 tend to maintain similar overall conformations, each showing an inverse

y-turn centered on Leu, stabilized by H-bonds between PhU-C=0 and AspNH.
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MA144 MAS6

Figure 41. Representative lowest energy structures for the LDV CPPs (MA144, MA86, MA133, MA266)
calculated by ROESY restrained MD in a 30 x 30 x 30 A box of standard TIP3P water molecules.

5.2.4. Docking studies

In order to evaluate the ability to suitably fit into the receptor site and how the
pharmacophores are involved, the in-solution structures of the agonist MA144 and the
antagonist MA133, were docked with Autodock software within an asf1 integrin receptor
model, built by X-ray structures of the as-subunit (PDB: 3V4V)!!%! and Bs-subunit (PDB:
3V14).12I Molecular docking experiments were carried out by Dr. R. Artali, at Scientia-Advice
Srl, Desio (Italy). Each complex showed a tight fit of the ligand in the binding cleft (Figure 42),

forming ionic, hydrogen and hydrophobic interactions with the receptor (Figure 44).
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Figure 42. Binding modes of the agonist compound MA144 and the antagonist compound MA133 within the a4p1
integrin binding site.

The binding mode of our CPPs within the asf1 integrin receptor model (Figure 42) can be
compared with that of the BIO1211 fragment diphenylurea-LDV (Figure 43) previously
reported by da Silva et. al.™*¥ In this case, the avps integrin crystal structure was taken as
template for the construction of the asp:1 integrin receptor model, through homology and
comparative modelling computational studies. Although the poses show differences mainly in
the ligand positioning backbone within the binding pocket, a similar arrangement of the
MPUPA moiety inside the crevice between a- and f-subunit can be observed in the MODE 2

pose (Figure 43).
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Figure 43. Binding modes of VLA-4 within the binding site represented as Connolly surface. The metal ions at
the MIDAS region are represented as spheres.

Docking calculation of CPPs MA144 and MA133, produced top-ranked poses conserving
the key ionic interactions. For both compounds, the isoAsp carboxylate group is coordinated by
ionic interaction to the metal cation in the MIDAS region of the B1-subunit (Figure 44). MA133
shows a further stabilizing hydrogen bond between the ligand isoAsp carboxylate group and
the backbone-amide hydrogen atom of Asn224. Other stabilizing interactions occurred in
docking poses of MA144, involved the formation of hydrogen bonds between the ligand
backbone-carbonyl of Asp and the backbone-amide hydrogen atom Glul91 of the B1-subunit,
and between the ligand Asp carboxylate group side chain and the Lys182 amine side chain of
the as-subunit. The ligand Leu backbone-oxygen forms an H-bond with Lys182 amine side
chain, and CH-r interaction between its side chain and a Tyr187; while the aromatic methyl of
the ligand PhU forms a downward hydrophobic CH-x interaction with a Phe214 of the os-
subunit (Figure 44). Notably, the receptor-bound structure of MAZL144 confirms the
intramolecular H-bond between PhU backbone-oxygen and backbone-amide hydrogen atoms
of Val deduced by VT-NMR and MD experiments, and it is also involved in a further H-bond
between PhU-C=0 and AspNH (compare Figure 41 and Figure 44).

Stabilizing interactions occurred in docking poses of MA133, involving the formation of
dipole-dipole interactions at the B1-subunit between the ligand backbone-carbonyl of Val and
the backbone-hydroxyl side chain of Ser134, and an upward hydrophobic CH-n interaction of
the side chain with Tyr133 (Figure 44). In contrast with MA144, the ligand Asp carboxylate
group is involved dipole-dipole interactions with a CHa of Cys187 and Lys182 amine side
chain. Similarly, the ligand Leu backbone-oxygen forms an H-bond with Lys182 amine side

chain, and a further stabilizing hydrophobic CH-r interactions between its side chain and the
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backbone side chain of Leu225 (Bi-subunit) and Lys157 (as-subunit). Finally, a n-nm staking
interaction at the B1-subunit between the aromatic ring of PhU and a Phe321 completed the
docking pose-model (Figure 44). Compared to the NMR experimental data, MA133 does not

highlight the intramolecular H-bonds, displaying an extended cyclic backbone conformation.

Excellent agreement between SAR studies and docking results was observed. The docked
poses confirmed the essential role of the isoAsp carboxylate group in integrin ligand-binding
since it is fundamental to coordinate the metal cation in the MIDAS region of the B1-subunit.
Indeed, replacement of this coordinating group led to inactive compounds (MA227 and
MAZ236), while its amidation with short alkyl amines (MA171) led to a strong reduction in
activity and opposite effect on cell adhesion. As a result of the opposite absolute configuration
of the PhU stereocenter, MA144 and MA133, the two poses show remarkable differences in
the position of the urea group within the binding pocket. MA144 shows a more bent
arrangement inside the crevice between the propeller and the pI-domain on the integrin head as
compared to the slightly planar MA133. Each structure shows similar orientation and
interactions of the side chains at the integrin site, however, MA133 seems to fit better in the
binding pocket, resulting well-surrounded by the Bi-subunit toward which expose the side
chains of Asp, Val and PhU (Figure 43). This aspect could explain the different actions of these
two CPPs in cell adhesion assays, although the molecular basis related to the agonist and
antagonist mechanism is still unclear.

Intriguingly, ligand MA144 was shown to act as an agonist of asf1 integrin, while MA133
displayed an antagonist behaviour. Extensive investigations on aunpz and avps integrins showed
that the mechanism of extension and activation requires a specific reorganization of pre-existing
interaction networks around Y122 of the B-subunit, in the proximity of the ligand recognition
site.1?6: 2181 | this perspective, the receptor-bound structure of compound MA144 shows that
Tyr133 is not directly and tightly involved in the interaction with the ligand. In contrast, MA133
appears capable to block the position of Tyr133 in the inactive conformation; antagonism would
be determined by the bulky isopropyl group that optimally packs against Tyr133, therefore

freezing hinge opening and domain translocation. 2821
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Figure 44. Ligand-receptor interactions for MA144 and MA133. The ligands are rendered in cylindersm and the
residues of the receptors in thick sticks. H-bonding, ionic, n—=r, and hydrophobic interactions are indicated as
dashed lines. The metal ions at the MIDAS, ADMIDAS and SyMBS regions are represented as green spheres.
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Based on these considerations, we hypothesized that the hydrophobic interactions of MA133
with Tyrl33, Phe321 and the direct coordination of both isoAsp carboxylate and Ser134

hydroxyl to MIDAS Mn?* moved the Bi-subunit much closer to the as-subunit. Thus, ligand-

binding would stabilize MIDAS in a high conformation, and the overall integrin binding pocket

in a closed-headpiece geometry with lower affinity and poor accessibility to the natural ligand.

Therefore, the transmission of the activation signal through o7-helix downward movement and

relative hybrid domain swing out in 1, cannot occur, resulting in an antagonist effect.

On the other hand, the docking pose of MA144 shows less tight accommodation into the

binding pocket. Lack of contacts with the B1-subunit via Ser134 and Try133, and the presence

of hydrophobic interactions toward the os-subunit via Tyrl87 and Phe214, could stabilize the

integrin binding pocket in an open-headpiece and more accessible conformation for the natural

ligand. In this scenario, the presence of MA144 at the binding site could increase the integrin

affinity by favouring protein-protein interaction to its natural ligand. This would promote the

transmission of the activation signal to the hybrid domain by increasing cell adhesion, thus

behaving as an agonist. While the inhibition of protein-protein interaction (PPIs) by means of

small-molecule drugs represents a classic approach in pharmacology for the development of

basic chemical biology tools as well as drug discovery, the stabilization of protein-protein

interactions with small molecules is still regarded as an “exotic” approach, being almost

unexplored in the integrin field.[22%]

Conclusion

Constrained cyclic peptides are optimally suited to explore the structural requirements with

respect to the 3D arrangement of the pharmacophoric groups (“spatial screening”). A small

library of cyclic LDV peptides was designed starting from the linear sequence of B101211,

taken as a reference compound, to develop potent a1 integrin antagonist. To this purpose, the

peptidomimetic cyclization strategy has been used to improve the enzymatic stability,

bioactivity and to stiffen the cyclopeptide backbone. The introduction of an extra amine and a

carboxylate groups in the BIO1211 parent sequence, allowed the head-to-tail backbone

cyclization of the linear peptide precursor previously assembled on Wang resin using standard

SPPS. Initially, maintaining the absolute configuration of the LDV unaltered, we investigated

different diastereomer combinations by changing the configuration of the PhU and isoAsp/p®-
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homoAla residues. Preliminary in vitro cell adhesion assays on Jurkat E6.1 osfi-integrin

expressing cells, showed an interesting opposite effect. To parity of isoAsp (S-configured), the
modification of the PhU configuration led in an increase of cell adhesion (MA144) or in its
inhibition (MA133) with an 1Cso in the nanomolar range. Therefore, in order to correlate the
integrin binding mode to the opposite behaviour of the two cyclic pentapeptides in cell adhesion
assays, SAR studies, NMR spectroscopy, MD and molecular docking simulations were
performed. Good agreement between docking results and experimental biological data was
observed. Replacement of isoAsp was not tolerated leading to inactive compound (MA227 and
MAZ236), thus, underlining the essential role in coordinating the metal cation in the MIDAS
region of the Bl-subunit, fundamental for effective integrin binding. The docking model
suggested that CPPs agonist or antagonist can be the result of the stabilization of slightly
different conformations of the receptor itself.

Despite the opposite effect observed in cell adhesion is still under investigation, our strategy
may represent in perspective an optimal starting point for integrin ligand drug design. Anyway,
both our CPPs could find therapeutic application in inflammatory conditions, since antagonists
generally prevent leucocyte adhesion and extravasation while the asf1 agonist can prevent the
extravasation in the inflamed tissue via an upstream strong adhesion of the circulating

leukocytes.

5.4. Experimental section

General methods

Standard chemicals and solvents including N-protected and C-protected amino acids, unless
otherwise stated, were purchased from commercial sources and used as received without further
purification. Compound purities were determined by analytical RP-HPLC and elemental
analysis. Analytical RP-HPLC was carried out with an Agilent 1100 series apparatus, using a
reverse-phase column Phenomenex mod. Gemini 3 um Cis 110 A 100 x 3.0 mm (No 00D-
4439-Y0); column description: stationary phase octadecyl-carbon-chain-bonded silica (Cis)
with TMS (trimethylsilyl) endcap, fully porous organosilica solid support, particle size 3 pum,
pore size 110 A, length 100 mm, internal diameter 3 mm; DAD (diode-array detection) 210 nm;
mobile phase: from H2O/CH3CN (9:1) to H2O/CHsCN (2:8) in 20 min at a flow rate of 1.0 mL

-min’, followed by 10 min at the same composition. Semipreparative RP-HPLC was carried
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out with an Agilent 1100 series apparatus, using a reverse-phase column ZORBAX mod.
Eclipse XDBC18 PrepHT cartridge 21.2 x 150 mm 7 um (no. 977150-102); column

description: stationary phase octadecyl-carbon-chain-bonded silica (Cis), double endcapped,

particle size 7 um, pore size 80 A, length 150 mm, internal diameter 21.2 mm; DAD 210 nm;
mobile phase from H2O/CH3CN (8:2) to CH3CN (100 %) in 10 min at a flow rate of 12 mL -
min‘t. ESI-MS analysis was carried out using an MS single quadrupole HP 1100 MSD detector,

with a drying gas flow of 12.5 L min*, nebulizer pressure 30 psig, drying gas temp. 350 °C,

capillary voltage 4500 (+) and 4000 (-), scan 50-2600 amu. Elemental analyses were carried

out with a Thermo Flash 2000 CHNS/O analyser. NMR spectra were recorded on a Varian
Gemini apparatus (*H: 400 MHz, 3C: 100 MHz) at 298 K in 5 mm tubes, using 0.01 M peptide.

Solvent suppression was carried out by the solvent presaturation procedure implemented in

Varian (PRESAT). Chemical shifts are reported in ppm (8) and referenced to residual

nondeuterated solvent signal as internal standard (CDCls *H: 7.26 ppm, 3C: 77.16 ppm;
(CD3)2S0: H: 2.50, 13C: 39.52 ppm). The unambiguous assignment of *H-NMR resonances

was based on 2D gCOSY experiments. Variable temperature (VT) *H-NMR experiments were

carried out over the range 298-348 K; temperature calibration was done with the ethylene glycol

OH-CHn chemical- shift separation method. Coupling constants (J) are reported in Hz with the

following abbreviations used to indicate splitting: s = singlet, d = doublet, t = triplet, m =

multiplet, p = pentet, br = broad signal.

Solid-phase peptide synthesis was performed in polypropylene syringes fitted with a

polyethylene porous disc. Solvents and soluble reagents were removed by suction. Washings

between deprotection, coupling, and final deprotection steps were carried out with DMF (3 x 1

min) and DCM (3 x 1 min). Reactions and washes during peptide synthesis were performed at

25 °C. A dual-channel syringe pump (KD scientific Model 200) was used for slow reagent

addition (cyclization in solution).

Conformational Analysis by NMR

Peptide samples were dissolved in 8:2 [Dg]DMSO/H2O in 5 mm tubes to the final

concentration of 0.01 M. At this concentration, the intramolecular aggregation in mixtures of

[Dé]DMSO and H»O is usually unimportant. Besides, self-association of the peptides was

excluded based on the reproducibility of the chemical shift of non-exchangeable protons in the

concentration range 0.01-0.04 M (not shown). Water suppression was achieved by the

PRESAT procedure implemented in Varian. Proton resonance assignment was accomplished
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through gCOSY. VT 'H-NMR experiments were recorded over the range of 298-348 K;

temperature calibration was done with the ethylene glycol OH-CHn chemical shift separation
method. 2D ROESY experiments were done at RT, phase-sensitive mode, spin-locking field
(yb2) = 2000 Hz, mixing time = 250 ms; spectra were processed in the hypercomplex approach;
peaks were calibrated on the solvent. Only ROESY-derived constraints were included in the
restrained molecular dynamics (MD). Cross-peak intensities were ranked and associated to the
distances (A): very strong = 2.3, strong = 2.6, medium = 3.0, weak = 5.0. The intensities of the
cross-peaks arising from protons separated by known distances (e.g., geminal) were found to
match with these associations but were discarded. For the absence of Ha(i), Ha (i + 1) ROESY
cross-peaks, all of the » bonds were set at 180° (f constant: 16 kcal mol™* A?).

MD Simulations

The restrained MD simulations were conducted at 300 K and 1 atm by using the AMBER
force field in a 30 x 30 x 30 A® box of standard TIP3P models of equilibrated water, periodic
boundary conditions dielectric scale factor = 1, and cutoff for the nonbonded interactions = 12
A; all water molecules closer than 2.3 A to a solute atom were eliminated, and 50 random
structures were generated by a 100 ps simulation at 1200 K; these were subsequently subjected
to restrained MD, 50 ps with a 50% scaled force field at 1200 K, then by 50 ps with full distance
restraints, force constant = 7 kcal mol™* A2, after which the system was cooled in 20 ps to 50
K. H-bond interactions were not included, nor were torsion angle restraints. The resulting
structures were minimized by 3000 cycles of steepest descent and 3000 cycles of conjugated
gradient, and convergence = 0.01 kcal A mol™. The backbones of the structures were clustered
by the rmsd analysis. Unrestrained MD simulations were performed starting with the
conformation derived from ROESY in the box of standard TIP3P water for 10 ns at 298 K using
periodic boundary conditions, at constant temperature and pressure (Berendsen scheme, bath

relaxation constant of 0.2). For 14 scale factors, van der Waals and electrostatic interactions

are scaled in AMBER to half their nominal value. The integration time step was set to 0.1 fs.
The system coordinates were collected every picosecond.

Molecular docking

The ligand molecules were obtained using a systematic conformer search followed by
geometry optimization of the lowest energy structure with MOPAC7 (PM3 Method, RMS

gradient 0.01). The receptor model was derived from the deposited X-ray structures of the os-
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subunit (PDB: 3V4V, Crystal structure of asf7 headpiece complexed with Fab ACT-1 and
R00505376) 1121 and B1-subunits (PDB: 3VI4, Crystal structure of asp: integrin headpiece in
complex with RGD peptide).[?*"l Hydrogen atoms were added with respect of hydrogen bonding
network by Reduce software and the PROPKA program was employed to estimate the
protonation states of the titratable residues. Molecular docking experiments were performed
with Autodock 4.0.1221 We used the Lamarckian Genetic Algorithm which combines global
search (Genetic Algorithm alone) to local search (Solis and Wets algorithm). Ligands and
receptors were further processed using the Autodock Tool Kit (ADT). Gasteiger-Marsili
charges were loaded on the ligands in ADT and solvation parameters were added to the final
structure using the Addsol utility of Autodock. Each docking run consisted of an initial
population of 100 randomly placed individuals, a maximum number of 200 energy evaluations,
a mutation rate of 0.02, a crossover rate of 0.80, and an elitism value of 1. For the local search,
the so-called pseudo-Solis and Wets algorithm was applied using a maximum of 250 iterations
per local search. 250 independent docking runs were carried out for each ligand. The grid maps
representing the system in the actual docking process were calculated with Autogrid. The
dimensions of the grids were 100x100x100, with a spacing of 0.1 A between the grid points
and the center close to the cavity left by the ligand after its removal. The simpler inter-molecular
energy function based on the Weiner force field in Autodock was used to score the docking
results. Results differing by less than 1.0 A in positional root-mean-square deviation (rmsd)
were clustered together and were represented by the result with the most favorable free energy
of binding. The poses thus obtained were equilibrated by a 5.0 ns of partially restrained
molecular dynamics simulation using the CUDA®version of the GROMACS package 22! with
a modified version of the AMBER ff03 force field, (2% a variant of the AMBER f991 potential
in which charges and main-chain torsion potentials have been derived based on QM+continuum
solvent calculations and each amino acid is allowed unique main-chain charges. After the
above-described MD simulations, QM/MM calculations were performed using the NWChem
6.1.1 package. The QM region contained the ligand atoms and the side chains of all major
residues of the binding site. The theoretical level used for the QM region was the hybrid DFT
of the B3LYP [224] gexchange-correlation functional with Grimme’s D3 dispersion correction
(B3LYP-D3) and the 6-31G(d) basis sets while the MM atoms were subjected to an Amber ff99
force field (B3LYP- D3/6-31G(d) | Amber ff99). Hydrogen link atoms were used for the
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QM/MM boundary and the non-bonded QM/MM interactions were calculated with a cut-off of

10A. Interactions of QM atoms with all MM charges were included in calculations.
Cell adhesion assays

The assays were performed as previously described.[*8 821 SK-MEL-24, K562, D283 and
HT-29 cells were seeded in 96-well plates coated by passive adsorption with FN (10 ug-mL™)
overnight at 4°C. For MCF7, HEL and HLG60 cells, the plates were coated with fibrinogen (10
ug'mL?). In adhesion assays carried out with Jurkat E6.1, EoL-1 and HMC 1.1 cells, plates
were coated with VCAM-1 (2 pg-mL™?) or FN (10 pug-mL™?). Alternatively, Jurkat E6.1 cell
adhesion assay was performed in plates coated with ICAM-1 (2 ug-mL™). A saturation curve
for each ligand was plotted to establish the best signal-to-noise ratio. Non-specific hydrophobic
binding sites were blocked, for 30 min at 37°C, by incubation with BSA (1 g-100 mL™)
dissolved in HBSS. The number of adherent cells was calculated by comparison with a standard
curve prepared in the same plate using known concentrations of labelled cells. The effect of
antagonists was evaluated by the reduction in adherent cells in comparison to the controls.
Adhesion assays were also carried out in the presence of an anti-human a4 integrin antibody (5

ug-mL1). Experiments were carried out in quadruplicate and repeated at least five times.
Western blot analysis

Western blot analysis was performed as previously described with slight modifications.[*%!
Jurkat E6.1 cells were cultured for 16/18 h in RPMI medium containing a reduced amount of
FBS (1 g-100-mL™). Then, 3 x 108 cells were incubated with different concentrations of
compound for 60 min and then seeded for 1 h in FN (10 pug-mL™) coated plates and lysed on
ice using a mammalian protein extraction reagent (M-PER; Pierce, Rockford, IL, USA) in the
presence of a phosphatase inhibitor cocktail. Protein extracts were quantified using a BCA
protein assay kit (Pierce, Rockford, IL, USA), heated for 5 min at 95°C, and equal amounts of
the samples were separated by 12% SDS-PAGE gel, transferred onto nitrocellulose membranes
and immunoblotted with the indicated antibodies. Incubations with anti-phospho-ERK1/2
(1:2000) (Cell Signaling Technology, Danvers, MA, USA) or anti-total ERK1/2 antibodies
(1:2500) (Cell Signaling Technology) took place overnight at 4°C in the presence of BSA (5
g-100 mL1) in Tris buffered-saline containing Tween-20 (0.1 g-100-mL1). After washing, anti-
rabbit HRP-conjugated secondary antibodies (Santa Cruz Biotechnology, Dallas, TX, USA)

were added to membranes for 1.5 h at room temperature. Protocols for image acquisition and
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analysis have been previously described. Experiments were replicated independently at least

four times.

Synthesis and characterization

Synthesis of Fmoc-Asp(tBu)-OBn ((S)-MA44, (R)-MA244)

A mixture of Fmoc-Asp(OtBu)-OH (1.0 eq), tetra-butylammoniumbromide (1.0 eq), and
anhydrous K2COz (1.1 eq) in acetonitrile (0.2 M) was stirred at RT for 20 min. Benzyl bromide
(1.1 eq) in acetonitrile was then added dropwise under vigorous stirring. The mixture was stirred
for 12 h at RT. Then, the precipitate was filtered off, and the filtrate was evaporated to dryness.
The resulting crude material was dissolved in EtOAc, and the organic layer was washed three
times with a saturated NaHCO3 solution, H>O and brine, dried over Na2SO4, and finally was
concentrated under reduced pressure to afford the product as a white solid. This was used
without further purifications: (S)-MA44 (> 99%), (R)-MA244 (94%) respectively. ESI-MS m/z
calcd. for [C3oH31NOgNa]*: 524.2, found: 524.2 [M+Na]".

General procedure for OtBu deprotection: ((S)-MA45, (R)-MA246)

Both (S)-MAA44 and (R)-MA244 compounds (1.0 eq), were treated with 50% TFA in DCM at
0 °C under stirring at RT for 3 h (TLC monitoring). The solvent was removed under reduced
pressure, then ice-cold H20 was added to the residue and the suspension was allowed to stir
overnight. The resulting precipitate (quantitative yield) was collected by filtration, dried under
high vacuum and used without further purifications: (S)-MA45 (98%), (R)-MA246 (99%),
respectively. ESI-MS m/z calcd. for [C26H24NOs]": 446.2, found: 446.2 [M+H]".

Synthesis of H-Phe(4-NO2)-OH ((S)-MA245, (R)-MA247, Scheme 8)

Phenylalanine (1.0 eq) was added in small portion to conc. H2SO4 (6.0 eq) until complete
dissolution. The reaction mixture was then cooled down to 0 °C, and conc. HNOs (0.65 eq) was
added dropwise. The reaction was stirred for 1 h at 0 °C. Then, ice-cold H>O was slowly added
to the reaction mixture (20 mL) and stirred for additional 15 min. Later, the mixture was heated
to boil and neutralized (pH 5-6) by addition of NH4OH 28% solution after bringing down to
RT. The reaction mixture was concentrated at reduced pressure and kept overnight for

crystallization. The crystals formed were filtered, washed with water and dried under high
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vacuum to give the pure product as white solid: (S)-Phe(4-NO2)-OH MA245 (85%) and (R)-
Phe(4-NO,)-OH MA247 (97%), respectively. ESI-MS m/z calcd. for [CoH11N204]": 211.1,
found: 211.2 [M+H]".

Synthesis of Boc-Phe(4-NO2)-OH ((S)-MA248, (R)-MA249, Scheme 8)

In a typical experimental procedure, the amine (1.0 eq) and Na>COs (2.0 eq) were suspended
in a mixture of H.O/Dioxane (1:1) and then cooled at 0 °C in ice-bath. Boc.O (1.2 eq) was
added to the mixture and the reaction was stirred at RT overnight. The mixture was concentrated
under reduced pressure to remove dioxane, while the alkaline aqueous layer was adjusted to pH
3-4 with HCI 0.5 M solution and then extracted three times with EtOAc. The combined organic
phases were dried over NaxSOs, filtered and concentrated to dryness in vacuo, to afford the
protected compound which was used without further purifications: Boc-(S)-Phe(4-NO2)-OH
MA248 (90%) and Boc-(R)-Phe(4-NO2)-OH MA249 (84%), respectively. ESI-MS m/z calcd.
for [C14aH18N20sNa]*: 333.1, found: 333.2 [M+Na]".

Synthesis of Boc-Phe(4-NH2)-OH ((S)-MA250, (R)-MA253, Scheme 8)

Catalytic hydrogenation of the nitro group was carried out in MeOH (0.1 M) with a catalytic
amount of Pd/C (10% w/w) and H>. The reaction mixture was stirred for 3 h at RT. After this,
the catalyst was filtered off over a Celite® pad and the solvent was removed in vacuo. Then,
Et>O was added to the residue and the suspension was allowed to stir overnight. The resulting
precipitate was collected by filtration, dried under high vacuum and used without further
purifications: Boc-(S)-Phe(4-NHz)-OH MA250 (45%) and Boc-(R)-Phe(4-NH2)-OH MA253
(50%), respectively. ESI-MS m/z calcd. for [C1aH21N204]": 281.1, found: 281.1 [M+H]*, 181.2
[M-Boc+H]".

Synthesis of Boc-PhU-OH ((S)-MA254, (R)-MA255, Scheme 8)

To a suspension of the amine (1.0 eq) in DMF (0.2 M) was added dropwise o-tolyl isocyanate
(1.1 eq). The reaction mixture was stirred at RT for 3 h under N2 atmosphere. Then, the mixture
was concentrated in vacuo and ice-cold Et,O was added to the residue to precipitate the pure
compound which was collected as a brownish solid by filtration: Boc-(S)-PhU-OH MA254
(76%) and Boc-(R)-PhU-OH MA255 (67%), respectively. ESI-MS m/z calcd. for
[C22H27N3OsNa]*: 436.1, found: 436.2 [M+Na]*, 314.2 [M-Boc+H]".
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Synthesis of Fmoc-(R)-p2homoAla (MA217 Scheme 2)

The amino nitrile MA82 (1.0 eq), prepared following the procedure described above,?°* was

dissolved in 6M HCI aqueous solution (10 mL) and heated under reflux for 12 h. The reaction

mixture was then cooled at 0 °C and neutralized with 2M NaOH solution (pH 7). The solution

was concentrated in vacuo to afford the deprotected f3-homoAla MA214 as HCI-salt (70%)

which was directly used without further purifications. After, the resulting free amine (1.0 eq)

and Na>COz (2.0 eq) were suspended in a mixture of H.O/Dioxane (1:1) cooled at 0 °C in ice-

bath. Then, Fmoc-Cl (1.0 eq) was added and the reaction was stirred at RT overnight. The

mixture was concentrated under reduced pressure to remove dioxane and the alkaline aqueous

layer was adjusted to pH 3-4 with HCI 0.5 M solution and extracted three times with EtOAc.

The combined organic phases were dried over Na>SOg, filtered and concentrated to dryness in

vacuo. The resulting residue was purified by flash chromatography over silica gel (eluent
Cy/EtOAc/AcOH 60:40:1) to afford the protected compound MA217 (55%) as white solid.
ESI-MS m/z calcd. for [C19H20NO4]": 326.1, found: 326.2 [M+H]".

General procedure for Solid-Phase Peptide Synthesis (SPPS)

Linear peptides were assembled manually on Wang resin (1.1 mmol/g loading capacity) using

Fmoc/OBn protocol.

Attachment of the first Amino acid

Prior to use, Wang resin was swollen in DMF for 30 min. In a separate vial, Fmoc-AA-OH (3.0
eq) was activated by mixing HOBT (3.0 eq) and DCC (3.0 eq) in DMF (4 mL) for 20 min before

adding to the resin. Then, a catalytic amount of DMAP (0.1 eq) was added, and the resin was

gently shaken for 3 h at RT. Thereafter, a mixture of Ac20 (20 eq) and pyridine (20 eq) was

added and shaken for additional 30 min to endcap the unreacted 4-hydroxybenzyl alcohol
linkers. The resin was filtered and washed sequentially with DMF (3 x 5 mL) and DCM (3 x5

Peptide chain elongation

Fmoc cleavage was carried out using 20 % (v/v) piperidine in DMF (5mL), under gentle stirring

at RT for 10 min. After a washing step with DMF and DCM, the deprotection was repeated

once again. The resin was then washed sequentially with DMF (3 x 5 mL) and DCM (3 x 5

mL). The coupling reactions were accomplished by adding to the resin a solution of Fmoc-AA-
OH (2.0 eq) activated in a separate vial with DCC (2.0 eq) and HOBt (2.0 eq) in DMF (4 mL),
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and shaking the mixture for 3 h a RT. Each transformation, including coupling reactions and

Fmoc removals, were monitored by Kaiser test.

Cleavage from the resin

Cleavage from the resin and simultaneous removal of Boc protecting group from the last residue
was performed by using a mixture of TFA/TIPS/H>0 (95:2.5:2.5, v/v/v) for 2.5 h at RT. The
mixture was filtered in a centrifuge tube and the resin washed with Et,O/DCM containing a
small portion of TFA. The filtrates were concentrated, and ice-cold Et;O was added to

precipitate the crude peptide as TFA salt, which was recovered by centrifuge.

Head-to-tail Cyclization in solution

Cyclization of the crude peptide was performed in pseudo-high dilution condition (0.005M).
The linear peptide (1.0 eq) dissolved in DMF was slowly added over 16 h using a syringe pump
to a solution of HBTU (3.0 eq), HOBt (3.0 eq) and DIPEA (6.0 eq) in DMF. Once the addition
was complete, the reaction was stirred for additional 2 h, and the progress was monitored by
HPLC ESI-MS. Then, the solvent was removed in vacuo, and the crude peptide was purified

by semipreparative RP-HLPC to give the protected cyclopeptide.

Deprotection of OBn protecting group

Removal of benzy! esters was performed under catalytic hydrogenation conditions. To a stirred
solution of the protected cyclopentapeptide (1.0 eq) in absolute EtOH (0.1-0.2 M), a catalytic
amount of Pd/C (10% w/w) was added. The mixture was stirred under H, atmosphere for 12 h
at RT. Thereafter, the catalyst was filtered off over Celite® and the solvent was removed in
vacuo to afford the pure final product. The purity and identity of the products were determined
by RP-HPLC coupled to tandem ESI-MS, and by *H-NMR at 400 MHz in DMSO-ds/H20 (8:2),
gCOSY and ROESY experiments.

Synthesis of c[(S)-PhU-Leu-Asp-Val-(R)-isoAsp] (MA86, Scheme 9)

o) 0
QJ( N
N
H

N
H
HN NH COOH

According to general procedure, the linear peptide MA72 was assembled on Wang resin (400

mg, 0.44 mmol). The amino acid sequence was elongated in the following order: Fmoc-(D)-
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Asp-OBn (MA244), Fmoc-(L)-Val-OH, Fmoc-(L)-Asp(OBn)-OH, Fmoc-(L)-Leu-OH and
modified Boc-(L)-PhU-OH (MA254). After the cleavage from the resin the crude peptide was

used without further purifications (112 mg, 24% based on the estimated loading of the resin).
ESI-MS tr = 6.1 min, m/z calcd. for [CsoHs2N7O11]": 936.4, found: 936.2 [M+H]". Cyclization
was carried out following the general procedure, and the resulting crude residue was purified
by semipreparative RP-HPLC (Eluent H:O/ACN from 50:50 to 100% ACN for 13 min with a
flow rate of 10 mL/min) affording MA78 (10 mg, 10%) as a white solid. ESI-MS t; = 11.1 min,
m/z calcd. for [CsoHeoN7O10]™: 918.4, found: 918.2 [M+H]*. Finally, deprotection under
catalytic hydrogenation condition provided the pure cyclic pentapeptide MA86 (7 mg, 86%) as
a white solid. *H-NMR (400 MHz, DMSO-ds) & 9.02 (s, 1H, NHb), 8.49 (br.d, 1H, Asp-NH),
8.38 (d, J=8.4 Hz, 1H, Leu-NH), 8.32 (d, J = 8.4 Hz, 1H, PhU-NH), 8.20 (br.d, 1H, Val-NH),
8.01 (br.d, 1H, isoAsp-NH), 7.94 (s, 1H, NHa), 7.80 (d, J = 8.0 Hz, 1H, ArHe), 7.36 (d, J = 8.0
Hz, 2H, ArHye), 7.18 — 7.11 (m, 4H, ArHss+ArHss), 6.93 (dd, J = 7.6, 7.2 Hz, 1H, ArHy),
4.40 — 4.32 (m, 2H, Asp-CH® + PhU-CH®), 4.27 — 4.17 (m, 2H, isoAsp-CH®* + Leu-CH®), 3.96
(dd, J =9.2, 8.8 Hz, 1H, Val-CH%), 3.03 (dd, J = 14.2, 3.8 Hz, 1H, PhU-CHP), 2.80 — 2.68 (m,
4H, PhU-CHP + isoAsp-CHP + Asp-CH.P), 2.38 (dd, J = 15.2, 1.6 Hz, 1H, isoAsp-CHP), 2.23
(s, 3H, ArCHjs), 2.13 — 2.05 (m, 1H, Val-CHP), 1.72 — 1.61 (m, 1H, Leu-HP), 1.50 — 1.48 (m,
2H, Leu-CHP + Leu-CH"), 0.87 — 0.85 (m, 12H, Val-2CH3; + Leu-2CHs). *C-NMR (101 MHz,
DMSO-ds) 6 171.3,171.0, 170.5, 169.7, 169.2, 152.7, 138.3, 137.5, 130.2, 129.3, 127.5, 126.1,
122.6,121.1, 118.5,117.9,58.1, 52.6, 51.6, 49.1, 48.0, 34.5, 34.3, 31.3, 28.7, 24.2, 22.9, 22.1,
21.6, 19.5, 17.9. ESI-MS m/z calcd. for [C3sHagN7O10]*: 738.3, found: 738.2 [M+H]", tr = 7.2
min, 97% purity (1 = 254 nm).

Synthesis of c[(R)-PhU-Leu-Asp-Val-(S)-isoAsp] (MA133, Scheme 9)
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According to general procedure, the linear peptide MA127 was assembled on Wang resin (130

mg, 0.15 mmol). The amino acid sequence was elongated starting from Fmoc-(L)-Asp-OBn
(MA44), Fmoc-(L)-Val-OH, Fmoc-(L)-Asp(OBn)-OH, Fmoc-(L)-Leu-OH and modified Boc-
(D)-PhU-OH (MAZ255). After the cleavage from the resin the crude peptide was used without
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further purifications (50 mg, 34% based on the estimated loading of the resin). ESI-MS t, = 5.7
min, m/z calcd. for [CsoHs2N7O11]": 936.4, found: 936.2 [M+H]". Cyclization was carried out
as described in the general procedure, the resulting crude residue was purified by
semipreparative RP-HPLC (Eluent H2O/ACN from 50:50 to 100% ACN for 13 min with a flow
rate of 10 mL/min) yielding MA130 (13 mg, 29%) as a white solid. ESI-MS t; = 10.2 min, m/z
calcd. for [CsoHsoN7010]™: 918.4, found: 918.2 [M+H]". Final catalytic hydrogenation provided
the pure cyclic pentapeptide MA133 (9 mg, 87%) as a white solid. *H-NMR (400 MHz, DMSO-
de) 8 9.04 (s, 1H, NHb), 8.30 (br.d, 1H, PhU-NH), 8.25 — 8.15 (m, 2H, isoAsp-NH + Leu-NH),
8.02 (br.d, 1H, Val-NH), 7.93 (s, 1H, NHa), 7.79 (d, J = 8.4 Hz, 1H, ArHe), 7.70 (d, J = 6.4
Hz, 1H, Asp-NH), 7.34 (d, J = 8.0 Hz, 2H, ArHyx), 7.17 — 7.11 (m, 2H, ArHss), 7.06 (d, J =
8.0 Hz, 2H, ArHs'5°), 6.93 (t, J = 7.2 Hz, 1H, ArHa), 4.48 —4.42 (m, 1H, Asp-CH®), 4.38 — 4.35
(m, 1H, PhU-CH®), 4.32 — 4.25 (m, 1H, isoAsp-CH®%), 4.02 — 3.92 (m, 1H, Leu-CH%), 3.58 —
3.49 (m, 1H, Val-CH%), 2.79 — 2.73 (m, 3H, PhU-CH." + Asp-CHP), 2.68 — 2.55 (m, 3H, isoAsp-
CH2? + Asp-CHP), 2.36 — 2.26 (m, 1H, Val-CHP), 2.22 (s, 3H, ArCHs), 1.38 — 1.28 (m, 2H,
Leu-CH2P), 1.02 - 0.92 (m, 1H, Leu-CH), 0.83 (d, J = 6.4 Hz, 3H, Leu-CHs), 0.79 (d, J = 6.4
Hz, 3H, Leu-CHs), 0.72 (d, J = 6.0 Hz, 3H, Val-CHjs), 0.64 (d, J = 6.4 Hz, 3H, Val-CHs). *C-
NMR (101 MHz, DMSO-dg) 6 172.3, 172.0, 171.8, 171.1, 170.1, 169.8, 152.7, 138.4, 137.5,
130.1, 130.0, 129.4, 127.5, 126.1, 122.5, 121.0, 117.6, 109.5, 61.3, 54.9, 51.5, 51.2, 49.6, 36.4,
35.9, 33.6, 31.3, 23.5, 23.0, 22.1, 21.0, 19.1, 17.9. ESI-MS m/z calcd. for [CasHagN7O10]™:
738.3, found: 738.2 [M+H]", tr = 4.2 min, 97% purity (1 = 254 nm).

Synthesis of c[(S)-PhU-Leu-Asp-Val-(S)-isoAsp] (MA144, Scheme 9)
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The linear peptide MA141 was assembled on Wang resin (130 mg, 0.15 mmol) following the
general procedure described above. The amino acid sequence was elongated in the following
order Fmoc-(L)-Asp-OBn (MA44), Fmoc-(L)-Val-OH, Fmoc-(L)-Asp(OBn)-OH, Fmoc-(L)-
Leu-OH and modified Boc-(L)-PhU-OH (MA254). After the cleavage from the resin the crude
peptide was used without further purifications (33 mg, 22% based on the estimated loading of
the resin). ESI-MS t, = 6.4 min, m/z calcd. for [CsoHs2N7O11]": 936.4, found: 936.2 [M+H]".
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Cyclization was carried out as described in the general procedure, the resulting crude residue
was purified by semipreparative RP-HPLC (Eluent HoO/ACN from 50:50 to 100% ACN for 13
min, with a flow rate of 10 mL/min) affording MA142 (8 mg, 28%) as a white solid. ESI-MS
tr = 11.4 min, m/z calcd. for [CsoHsoN7O10]": 918.4, found: 918.2 [M+H]". Finally, a catalytic
hydrogenation provided the pure cyclic pentapeptide MA144 (6 mg, 90%) as a white solid. *H-
NMR (400 MHz, DMSO-ds) & 8.98 (s, 1H, NHb), 8.65 (d, J = 6.0 Hz, 1H, Leu-NH), 8.22 —
8.14 (m, 2H, Asp-NH + PhU-NH), 7.90 (s, 1H, NHa), 7.80 (d, J = 7.6 Hz, 1H, ArHs), 7.75 (d,
J=9.2Hz, 1H, Val-NH), 7.37 (d, J = 7.6 Hz, 2H, ArHz¢"), 7.22—7.09 (m, 5H, ArHzs: + ArHzs
+ is0Asp-NH), 6.94 (dd, J = 7.2, 6.8 Hz, 1H, ArH4), 4.60 — 4.53 (m, 1H, isoAsp-CH®), 4.38 —
4.31 (m, 1H, PhU-CH®), 4.29 — 4.24 (m, 1H, Asp-CH®), 4.16 (dd, J = 9.2, 4.0 Hz, 1H, Val-
CH%), 3.79 — 3.68 (m, 1H, Leu-CH%), 2.97 — 2.89 (m, 2H, PhU-CHP+Asp-CHF), 2.87 (dd, J =
14.0, 7.6 Hz, 1H, Asp-CHP), 2.74 (dd, J = 14.0, 2.0 Hz, 1H, PhU-CHP), 2.69 (dd, J = 14.4, 2.4
Hz, 1H, isoAsp-CHP), 2.61 (dd, J = 14.4, 4.0 Hz, 1H, isoAsp-CHP), 2.34 — 2.25 (m, 1H, Val-
CHP), 2.23 (s, 3H, ArCHz), 1.73 - 1.62 (m, 1H, Leu-CHP), 1.55 — 1.43 (m, 1H, Leu-CHF), 1.40
—1.30 (m, 1H, Leu-CH"), 0.91 — 0.76 (m, 12H, Val-2CH3 + Leu-2CHz). **C-NMR (101 MHz,
DMSO-ds) 6 172.5,172.1,171.9,171.2, 170.5, 170.4, 169.8, 152.7, 138.3, 137.5, 130.7, 130.2,
129.3, 127.5, 126.1, 122.6, 121.0, 117.8, 57.7, 55.5, 52.5, 51.8, 48.4, 37.9, 36.9, 36.0, 35.2,
29.3, 24.2, 23.4, 21.2, 19.8, 17.9, 17.6. ESI-MS m/z calcd. for [C3sHasN7010]*: 738.3, found:
738.4 [M+H]", tr = 7.5 min, 98% purity (A = 254 nm).

Synthesis of c[(R)-PhU-Leu-Asp-Val-(R)-isoAsp] (MA266, Scheme 9)
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The linear peptide MA252 was assembled on Wang resin (300 mg, 0.36 mmol) following the
general procedure described above. The amino acid sequence was elongated starting from
Fmoc-(D)-Asp-OBn (MA244), Fmoc-(L)-Val-OH, Fmoc-(L)-Asp(OBn)-OH, Fmoc-(L)-Leu-
OH and modified Boc-(D)-PhU-OH (MA255). After the cleavage, the crude peptide was used
without further purifications (168 mg, 44% based on the estimated loading of the resin). ESI-
MS t; = 6.4 min, m/z calcd. for [CsoHe2N7011]": 936.4, found: 936.6 [M+H]". Cyclization was
carried out as described in the general procedure, the resulting crude residue was purified by

119



Experimental section

semipreparative RP-HPLC (Eluent HoO/ACN from 50:50 to 100% ACN for 13 min with a flow
rate of 10 mL/min) afforded MA261 (50 mg, 34%) as a white solid. ESI-MS t; = 10.5 min, m/z
calcd. for [CsoHeoN7O10]": 918.4, found: 918.6 [M+H]". Finally, a catalytic hydrogenation
provided the pure cyclic pentapeptide MA266 (6 mg, 90%) as a white solid. *H-NMR (400
MHz, DMSO-de) & 8.99 (s, 1H, NHb), 8.55 (d, J = 6.4 Hz, 1H, Val-NH), 8.51 (d, J = 4.8 Hz,
1H, PhU-NH), 8.42 (d, J = 6.8 Hz, 1H, isoAsp-NH), 8.24 (d, J = 8.4 Hz, 1H, Leu-NH), 7.90
(s, 1H, NHa), 7.80 (d, J = 7.6 Hz, 1H, ArHs), 7.35 (d, J = 7.6 Hz, 3H, Asp-NH + ArHz¢’), 7.19
—7.10 (m, 2H, ArHzss), 7.09 (d, J = 8.0 Hz, 2H, ArHss*), 6.94 (dd, J = 7.6, 7.2, Hz, 1H, ArHa),
454 (dd, J = 12.4, 4.4 Hz, 1H, Asp-CH%), 4.42 — 4.35 (m, 1H, isoAsp-CH®), 4.29 — 4.21 (m,
1H, PhU-CH®), 3.97 — 3.89 (m, 1H, Leu-CH%), 3.24 — 3.17 (m, 1H, Val-CH®), 2.84 — 2.69 (m,
3H, PhU-CH2P+Asp-CHP), 2.68 — 2.54 (m, 3H, isoAsp-CH*? + Val-CHP), 2.46 — 2.42 (m, 1H,
Asp-CHP), 2.23 (s, 3H, ArCHs), 1.40 — 1.31 (m, 1H, Leu-CHP), 1.30 — 1.22 (m, 1H, Leu-CH?),
0.84 (d, J=6.4 Hz, 7H, Val-2CHz + Leu-CH") 0.68 (d, J = 6.4 Hz, 3H, Leu-CHzs), 0.58 (d, J =
5.6 Hz, 3H, Leu-CHs). ®C-NMR (101 MHz, DMSO-ds) § 172.0, 171.9, 171.7, 171.3, 170.5,
170.3, 170.1, 152.6, 138.4, 137.4, 130.1, 129.7, 129.4, 127.5, 126.1, 122.6, 121.1, 117.6, 64.5,
55.4, 51.2, 50.3, 48.8, 36.1, 35.8, 34.9, 27.6, 23.3, 23.1, 20.8, 19.5, 19.2, 17.8. ESI-MS m/z
calcd. for [C3sHagN7O10]": 738.3, found: 738.8 [M+H]", tr = 8.9 min, 99% purity (1 = 254 nm).

Synthesis of c[(S)-PhU-Leu-Asp-Val-(R)-g2homoAla] (MA227, Scheme 9)
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The linear peptide MA220 was assembled on Wang resin (250 mg, 0.28 mmol) following the
general procedure described above. The amino acid sequence was Fmoc-(D)-p3homoAla-OH
(MA217, Scheme 2), Fmoc-(L)-Val-OH, Fmoc-(L)-Asp(OBn)-OH, Fmoc-(L)-Leu-OH and
modified Boc-(L)-PhU-OH (MA254). After the cleavage from the resin the crude peptide was
used without further purifications (70 mg, 27% based on the estimated loading of the resin).
ESI-MS t; = 3.9 min, m/z calcd. for [CasHssN7Og]*: 816.4, found: 816.6 [M+H]". Cyclization
was carried out as described in the general procedure, the resulting crude residue was purified
by semipreparative RP-HPLC (Eluent HoO/ACN from 50:50 to 100% ACN for 13 min with a
flow rate of 10 mL/min) affording MA224 (30 mg, 50%) as a white solid. ESI-MS t; = 10.0
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min, m/z calcd. for [Ca3HssN7Og]": 798.4, found: 798.2 [M+H]". Final catalytic hydrogenation
gave the pure cyclic pentapeptide MA227 (20 mg, 74%) as a white solid. *H-NMR (400 MHz,
DMSO-ds) 5 9.01 (s, 1H, NHb), 8.71 (d, J = 6.8 Hz, 1H, Leu-NH), 8.07 (d, J = 7.2 Hz, 1H,
Asp-NH), 7.92 (s, 1H, NHa), 7.81 (d, J = 8.4 Hz, 2H, PhU-NH + ArHs), 7.59 (d, J = 9.6 Hz,
1H, Val-NH), 7.37 (d, J = 8.8 Hz, 2H, ArHa¢), 7.17 (d, J = 8.8 Hz, 3H, ArH3s» + ArH3), 7.12
(d, J=8.4 Hz, 1H, ArHs), 7.03 (d, J = 7.6 Hz, 1H, pAla-NH), 6.93 (dd, J = 8.0, 7.2 Hz, 1H,
ArHz), 4.41 (dd, J = 15.2, 7.2 Hz, 1H, PhU-CH®), 4.24 (dd, J = 12.8, 7.2 Hz, 1H, Asp-CH®),
4.16 — 4.14 (m, 1H, B2Ala-CHP), 4.11 (dd, J = 9.6, 5.6 Hz, 1H, Val-CHY), 3.66 — 3.60 (m, 1H,
Leu-CH®), 2.91 — 2.84 (m, 3H, PhU-CHP+Asp-CH2P), 2.76 (dd, J = 12.8, 8.0 Hz, 1H, PhU-
CHP), 2.53 — 4.46 (m, 1H, B2Ala-CH* overlapped with solvent signal), 2.23 — 2.20 (m, 4H,
ArCHs + Val-CHP), 2.01 (dd, J = 13.2, 6.4 Hz, 1H, B*Ala-CH%), 1.76 — 1.69 (m, 1H, Leu-CHP),
1.50 — 1.43 (m, 1H, Leu-CHP), 1.23 — 1.18 (m, 1H, Leu-CH?), 1.11 (d, J = 6.4 Hz, 3H, p3Ala-
CHa), 0.86 (d, J = 7.2 Hz, 6H, Val-2CH3), 0.82 (d, J = 6.4 Hz, 3H, Leu-CH3), 0.78 (d, J = 6.0
Hz, 3H, Leu-CHs). *C-NMR (101 MHz, DMSO-ds) § 172.5, 172.2, 171.5, 170.5, 170.4, 169.7,
152.7, 138.4, 137.5, 130.4, 130.2, 129.3, 127.5, 126.1, 122.6, 121.0, 117.8, 57.9, 54.6, 52.7,
52.3,42.8,41.3,37.2,36.3, 34.8, 24.1, 23.6, 21.1, 20.4, 19.8, 18.0, 17.8.ESI-MS m/z calcd. for
[CasHs0N7Og] *: 708.4, found: 708.2 [M+H]". tr = 6.6 min, 97% purity (A = 254 nm).

Synthesis of c[(R)-PhU-Leu-Asp-Val-(R)-g*homoAla] (MA236, Scheme 9)
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The linear peptide MA232 was assembled on Wang resin (250 mg, 0.28 mmol) following the

general procedure described above. The amino acid sequence was Fmoc-(D)-p2homoAla-OH
(MA217, Scheme 2), Fmoc-(L)-Val-OH, Fmoc-(L)-Asp(OBn)-OH, Fmoc-(L)-Leu-OH and
modified Boc-(D)-PhU-OH (MA255). After the cleavage from the resin the crude peptide was

used without further purifications (121 mg, 47% based on the estimated loading of the resin).
ESI-MS t; = 3.9 min, m/z calcd. for [CasHssN7Og]*: 816.4, found: 816.6 [M+H]". Cyclization
was carried out, and the resulting crude residue was purified by semipreparative RP-HPLC
(Eluent H,O/ACN from 50:50 to 100% ACN for 13 min with a flow rate of 10 mL/min)
affording MA234 (17 mg, 33%) as a white solid. ESI-MS t; = 9.8 min, m/z calcd. for
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[Ca3Hs6N7Og]™: 798.4, found: 798.2 [M+H]". Finally, a catalytic hydrogenation afforded the
pure cyclic pentapeptide MA236 (10 mg, 71%) as a white solid. *H-NMR (400 MHz, DMSO-
de) 8 9.05 (s, 1H, NHb), 8.39 (d, J = 4.8 Hz, 1H, PhU-NH), 8.15 (d, J = 8.4 Hz, 1H, Leu-NH),
7.93 (s, 1H, NHa), 7.88 (d, J = 7.2 Hz, 1H, B*Ala-NH), 7.85 (d, J = 8.4 Hz, 1H, Val-NH), 7.82
(d, J = 8.0 Hz, 1H, Asp-NH), 7.79 (d, J = 8.0 Hz, 1H, ArHs), 7.36 (d, J = 8.4 Hz, 2H, ArH2),
7.15 (t, J = 8.2 Hz, 1H, ArHs), 7.09 (d, J = 8.4 Hz, 3H, ArHs's» + ArHs), 6.93 (t, J = 7.2 Hz,
1H, ArHa), 4.60 (dd, J = 15.2, 8.0 Hz, 1H, Asp-CH®), 4.28 (dd, J = 13.6, 6.4 Hz, 1H, PhU-
CH%), 4.01 (dd, J = 11.6, 8.0 Hz, 1H, Leu-CH%), 3.95 — 3.92 (m, 1H, p3Ala-CHP), 3.63 (t, J =
7.2 Hz, 1H, Val-CH®), 2.91 (dd, J = 14.0, 8.4 Hz, 1H, Asp-CHP), 2.87 (dd, J = 12.0, 5.6 Hz,
1H, PhU-CHP), 2.76 (dd, J = 14.4, 8.8 Hz, 1H, PhU-CHP), 2.55 — 2.50 (m, 1H, Asp-CH?
partially overlapped with solvent signal), 2.39 (dd, J = 13.6 5.6 Hz, 1H, B*Ala-CH%), 2.28 (dd,
J =, 14.0, 6.8 Hz, 1H, Val-CHP), 2.23 (s, 3H, ArCHs), 2.16 (dd, J = 13.2, 3.6 Hz, 1H, B*Ala-
CH%), 1.37 (dd, J = 19.2, 6.8 Hz, 2H, Leu-CH,P), 1.26 — 1.10 (m, 1H, Leu-CH), 1.05 (d, J =
6.8 Hz, 3H, p3Ala-CHs), 0.84 (d, J = 6.8 Hz, 3H, Val-CH3), 0.80 (d, J = 6.4 Hz, 3H, Val-CHs),
0.70 (d, J = 6.0 Hz, 3H, Leu-CHg), 0.62 (d, J = 5.6 Hz, 3H, Leu-CHjs). *C-NMR (101 MHz,
DMSO-ds) 6 171.8,171.7,171.3,171.1, 169.5, 169.2, 152.7, 138.5, 137.5, 130.1, 129.7, 129.5,
127.5,126.1,122.6, 121.0, 117.6, 60.4, 55.7, 51.0, 50.7, 42.7, 41.9, 36.3, 36.0, 29.0, 28.5, 23.3,
23.1, 21.0, 19.6, 19.5, 18.7, 17.9. ESI-MS m/z calcd. for [C3sHsoN7Og]*: 708.4, found: 708.2
[M+H]". tr = 5.2 min, 99% purity (1 = 254 nm).

Synthesis of c[(S)-PhU-Leu-Asp-Val-(S)-isoAsp-nPr] (MAL171, Scheme 9)
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The linear peptide MR49 was assembled on Wang resin (150 mg, 0.17 mmol) following the
general procedure described above. The amino acid sequence was elongated in the following
order Fmoc-(L)-Asp-NHpropylamine (MA59, Scheme 6) prepared as previously described
above, Fmoc-(L)-Val-OH, Fmoc-(L)-Asp(OBn)-OH, Fmoc-(L)-Leu-OH and modified Boc-
(L)-PhU-OH (MAZ254). After the cleavage from the resin the crude peptide was used without
further purifications (76 mg, 45% based on the estimated loading of the resin). ESI-MS t, = 6.0
min, m/z calcd. for [CsHe3NgO10]*: 887.4, found: 887.4 [M+H]*. Thereafter, the cyclization
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was carried out and the resulting crude residue was purified by semipreparative RP-HPLC
(Eluent H2O/ACN from 50:50 to 100% ACN for 13 min with a flow rate of 10 mL/min)
affording MA163 (18 mg, 27%) as a white solid. ESI-MS t, = 10.1 min, m/z calcd. for
[C46H61NgOg]": 869.4, found: 869.2 [M+H]". Finally, a catalytic hydrogenation provided the
pure cyclic pentapeptide MA171 (10 mg, 61%) as a white solid. *H-NMR (400 MHz, DMSO-
ds) 6 9.08 (br s, 1H, NHb), 8.73 (d, J = 7.2 Hz, 1H, Leu-NH), 8.25 (d, J = 5.2 Hz, 1H, Asp-
NH), 7.99 (br s, 1H, NHa), 7.96 (br d, 1H, PhU-NH), 7.82 (d, J = 8.0 Hz, 1H, ArHe), 7.71 (d,
J=8.8 Hz, 1H, Val-NH), 7.46 — 7.41 (m, 1H, propyl-NH), 7.38 (d, J = 8.4 Hz, 2H, ArH»¢),
7.22 —7.10 (m, 5H, ArHs>s: + ArHss + isoAsp-NH), 6.93 (t, J = 7.2 Hz, 1H, ArHa), 4.44 (dd, J
=12.4, 7.6 Hz, 1H, isoAsp-CH®), 4.32 — 4.25 (m, 2H, PhU-CH® + Asp-CH®), 4.15 (dd, J = 8.8,
6.0 Hz, 1H, Val-CH%), 3.72 — 3.64 (m, 1H, Leu-CH?%), 3.01 — 2.94 (m, 2H, propyl-CH), 2.91 —
2.80 (m, 4H, PhU-CH2P+Asp-CH:"), 2.65 (dd, J = 14.0, 4.0 Hz, 1H, isoAsp-CH%), 2.55 — 2.50
(m, 1H, isoAsp-CH® overlapped with solvent signal), 2.34 — 2.25 (m, 1H, Val-CHP), 2.24 (s,
3H, ArCHs), 1.72 — 1.63 (m, 1H, Leu-CHP), 1.52 — 1.43 (m, 1H, Leu-CHP), 1.42 — 1.32 (m, 3H,
propyl-CHz + Leu-CHY), 0.90 —0.74 (m, 15H, Val-2CH3 + Leu-2CHs + propyl-CHs). 13C-NMR
(101 MHz, DMSO-de) 6 172.5, 172.2, 171.4, 170.7, 170.4, 170.2, 170.0, 152.7, 138.5, 137.5,
130.3, 130.2, 129.3, 127.5, 126.1, 122.6, 121.0, 117.8, 58.0, 55.5, 52.5, 51.9, 50.5, 40.4, 37.5,
37.2,36.0,34.9,31.3,28.7,24.1, 235, 22.2, 21.0, 20.0, 18.0, 17.9, 11.2. ESI-MS m/z calcd. for
[C39H55NgOg] ™: 779.4, found: 779.4 [M+H]". tr = 7.6 min, 99% purity (A = 254 nm).

Synthesis of c[(R)-PhU-Leu-Ala-Val-(S)-isoAsp] (MA264, Scheme 9)

The linear peptide MA257 was assembled on Wang resin (300 mg, 0.36 mmol) following the

general procedure described above. The amino acid sequence was elongated starting from
Fmoc-(L)-Asp-OBn (MAA44), Fmoc-(L)-Val-OH, Fmoc-(L)-Ala-OH, Fmoc-(L)-Leu-OH and
modified Boc-(D)-PhU-OH (MA255). After the cleavage from the resin the crude peptide was

used without further purifications (130 mg, 40% based on the estimated loading of the resin).
ESI-MS t, = 5.2 min, m/z calcd. for [Cs2Hs6N7Og]*: 802.4, found: 802.4 [M+H]". Then,

cyclization and purification of the resulting crude residue by semipreparative RP-HPLC (Eluent
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H2>O/ACN from 50:50 to 100% ACN for 13 min with a flow rate of 10 mL/min) gave MA262
(17 mg, 15%) as a white solid. ESI-MS t, = 8.7 min, m/z calcd. for [C42Hs4N7Og]*: 784.4, found:
784.2 [M+H]*. Finally, deprotection by catalytic hydrogenation provided the pure cyclic
pentapeptide MA264 (10 mg, 66%) as a white solid. *H-NMR (400 MHz, DMSO-ds) & 9.09 (s,
1H, NHb), 8.36 (br s, 1H, PhU-NH), 8.12 (d, J = 6.8 Hz, 1H, Leu-NH), 8.00 (s, 1H, NHa), 7.93
—7.88 (m, 2H, Val-NH + isoAsp-NH), 7.80 (d, J = 8.0 Hz, 1H, ArHe), 7.76 (br d, 1H, Ala-NH),
7.35(d, J=7.6 Hz, 2H, ArHx¢’), 7.18 — 7.09 (m, 2H, ArHss), 7.06 (d, J = 7.6 Hz, 2H, ArHs:s’),
6.93 (dd, J =7.2, 6.8 Hz, 1H, ArHs), 4.41 — 4.30 (m, 2H, PhU-CH" + isoAsp-CH%), 4.16 (dd, J
=7.2,6.8 Hz, 1H, Ala-CH®), 4.00 — 3.92 (m, 1H, Leu-CH®), 3.71 (dd, J = 8.0, 6.4 Hz, 1H, Val-
CH%), 2.78 (d, J = 7.2 Hz, 2H, PhU-CH,P), 2.62 — 2.52 (m, 2H, isoAsp-CHP partially
overlapped with solvent signal), 2.33 — 2.24 (m, 1H, Val-CHP), 2.23 (s, 3H, ArCHs), 1.39 —
1.31 (m, 2H, Leu-CH"), 1.25 (d, J = 6.8 Hz, 3H, Ala-CHs), 1.12 — 1.03 (m, 1H, Leu-CH), 0.85
(d, J=6.4 Hz, 3H, Val-CHz3), 0.80 (d, J = 6.4 Hz, 3H, Val-CH3), 0.76 (d, J = 6.4 Hz, 3H, Leu-
CHs), 0.68 (d, J = 6.0 Hz, 3H, Leu-CHs). 3C-NMR (101 MHz, DMSO-ds) & 172.6, 171.7,
171.5,171.1,169.9, 169.8, 152.7, 138.4, 137.5, 130.2, 130.1, 129.5, 127.6, 126.1, 122.6, 121.1,
117.6, 66.4, 59.9, 54.9, 52.0, 50.1, 36.7, 28.9, 23.7, 23.1, 21.1, 19.2, 18.6, 17.9, 17.7. ESI-MS
m/z calcd. for [C3sHasN7Osg]*: 694.3, found: 694.4 [M+H]". t; = 6.4 min, 97% purity (1 = 254

nm).

Synthesis of c[(S)-PhU-Leu-Ala-Val-(S)-isoAsp] (MA265, Scheme 9)

The linear peptide MA251 was assembled on Wang resin (300 mg, 0.36 mmol) following the
general procedure described above. The amino acid sequence was elongated in the following
order Fmoc-(L)-Asp-OBn (MA44), Fmoc-(L)-Val-OH, Fmoc-(L)-Ala-OH, Fmoc-(L)-Leu-OH
and modified Boc-(L)-PhU-OH (MA254). After the cleavage from the resin the crude peptide
was used without further purifications (150 mg, 46% based on the estimated loading of the
resin). ESI-MS t, = 4.6 min, m/z calcd. for [Ca2HseN7Og]*: 802.4, found: 802.6 [M+H]".

Cyclization and purification of the resulting crude residue by semipreparative RP-HPLC
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(Eluent H2O/ACN from 50:50 to 100% ACN for 13 min with a flow rate of 10 mL/min) afforded
MAZ259 (48 mg, 37%) as a white solid. ESI-MS tr = 9.2 min, m/z calcd. for [C42Hs4N7Og]":
784.4, found: 784.4 [M+H]". Final deprotection by catalytic hydrogenation provided the pure
cyclic pentapeptide MA265 (30 mg, 71%) as a white solid. *H-NMR (400 MHz, DMSO-ds) &
10.56 (br d, 1H, Leu-NH), 9.18 (s, 1H, NHb), 9.06 (br d, 1H, PhU-NH), 8.58 (br d, 1H, Ala-
NH), 8.05 (s, 1H, NHa), 7.80 (d, J = 7.6 Hz, 1H, ArHe), 7.51 (d, J = 9.6 Hz, 1H, Val-NH), 7.40
(d, J=8.4 Hz, 2H, ArH»¢’), 7.18 — 7.09 (m, 2H, ArHss), 7.05 (d, J = 8.0 Hz, 2H, ArHs:s°), 6.93
(dd, J=7.6, 7.2, Hz, 1H, ArHa), 6.86 (d, J = 6.0 Hz, 1H, isoAsp-NH), 4.40 (d, J = 8.8 Hz, 1H,
Val-CH®), 4.26 (dd, J = 7.2, 6.4 Hz, 1H, Ala-CH%), 4.12 — 4.05 (m, 1H, isoAsp-CH®), 4.04 —
3.92 (m, 2H, PhU-CH® + Leu-CH%), 2.94 — 2.80 (m, 2H, PhU-CHP + isoAsp-CHP), 2.69 — 2.56
(m, 2H, PhU-CHP + isoAsp-CHP), 2.56 — 2.49 (m, 1H, Val-CHP overlapped with solvent signal),
2.24 (s, 3H, ArCHjs), 1.87 — 1.76 (m, 1H, Leu-CHP), 1.40 (d, J = 7.6 Hz, 3H, Ala-CHs), 1.15 —
1.01 (m, 4H, Leu-CHP + Val-CHs), 0.92 — 0.79 (m, 4H, Val-CHs + Leu-CHY), 0.73 (s, 3H, Leu-
CHsa), 0.57 (s, 3H, Leu-CHz). 3C-NMR (101 MHz, DMSO-ds) & 176.5, 175.9, 172.2, 171.7,
171.6, 168.6, 152.7, 138.7, 137.5, 130.1, 129.3, 127.6, 126.1, 122.6, 121.1, 117.7, 56.4, 55.9,
51.8,51.0,50.3, 36.2, 35.8, 30.8, 28.1, 23.9, 20.0, 19.5, 18.0, 17.1, 16.6. ESI-MS m/z calcd. for
[CasHasN7Og]™: 694.3, found: 694.4 [M+H]". tr = 7.2 min, 95% purity (A = 254 nm).
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6. PEPTIDOMIMETICS COATING OF NANOSTRUCTURED
MATERIALS FOR A RAPID DETECTION OF a4p: INTEGRIN
EXPRESSING CELLS

Part of the work described in this Chapter was published in the following article:

— De Marco R., Greco A, Calonghi N., Dattoli S. D., Baiula M., Spampinato S., Picchetti P., De Cola
L., Anselmi M., Cipriani F. and Gentilucci L.* Selective detection of asf: integrin (VLA-4)-
expressing cells using peptide-functionalized nanostructured materials mimicking endothelial
surfaces adjacent to inflammatory sites. Biopolymers 2018; 110:e23081. DOI: 10.1002/bip.23081.

6.1. Introduction

As previously discussed, integrin o4f: is a cell-surface adhesion receptor mainly expressed
on mononuclear lymphocytes (i.e., eosinophils, monocytes, basophils, and T cells) that plays a
key role in lymphocyte adhesion and migration across the blood-endothelial barrier during the
inflammatory responses.[??° Normally, circulating leukocytes conduct the immune surveillance
by “tether and rolling” mechanism involving reversible interaction, mediated by selectine and
integrins, on the endothelial surface.**”1 During an inflammatory reaction, the local release of
pro-inflammatory cytokines and chemokines, stimulate the overexpression of VCAM-1/ICAM-
1 in the immediate proximity of the vascular endothelium. Activation of the lymphocytes by
chemoattractants™™'®! promotes a conformational change in the integrin receptors to a higher
affinity state,?%®! and triggers their clustering along the contact surface that rapidly strengths
integrin-ligand interaction (multi-valency binding), leading to strong adhesion, and therefore,
to cell arrest.*®] Once arrested, the immune cells can penetrate into the underlying tissue
(extravasation/diapedesis). Persistent accumulation of immune cells in various body districts
represent a clear hallmark of ongoing (acute) or chronic inflammatory responses mediated by
as4fP1 integrin extravasation, and their identification represent a great challenge for the early
diagnosis of autoimmune diseases such as asthma, rheumatoid arthritis, Crohn’s disease,
ulcerative colitis, and multiple sclerosis.!*%]

Besides the identification of the clinical symptoms, frequently a combination of biochemical
tests, and eventually invasive procedure are necessary to diagnose certain pathologies.
Specifically, the lack of a positive countercheck towards specific biomarkers makes difficult
the early diagnosis of inflammatory disorders.’?>"1 Under these premises, a new reliable test that

could be rapidly performed by using accessible body fluids (blood or urine), appears as a

127



Introduction

promising chance to monitoring the inflammation in a non-invasive way. In this perspective,

our efforts were devoted to the development of a practical test for monitoring ongoing
inflammatory activity and/or treatment outcomes, by the identification and quantification of the
leucocytes expressing the active osf: integrins. Detection of leukocytes by integrin-based
recognition, have been widely exploited for diagnostic applications.??®! Indeed, activated
integrin epitopes have been directly or indirectly detected with different methods, including
monoclonal antibodies,?*! soluble recombinant ECM ligands (i.e., VCAM-1) 239 or a
fluorescent peptide ligand, analysed by flow cytometry.[23!]

In this context, given the high selectivity and specificity of peptide ligands toward the
integrin receptors, we focused on the development of peptide-functionalized nanostructured
devices (bioactive surface) capable to reproduce the high multi-valency integrin-mediated
adhesiveness, normally present on the endothelial surfaces in the proximity of the sites of
inflammation, in order to perform a rapid detection and quantification of the leucocytes. To
date, nanostructured surfaces have proven to be optimal substrates for cell adhesion, therefore
they represent useful tools for many biomedical and biotechnological purposes (biomaterials,
implantable sensors, microdevices, cell culturing, and tissue engineering).1?*2 For instance, the
Arg-Gly-Asp (RGD) sequence is widely exploited in the regenerative medicine field to favour
the avPs/osP1 integrin-mediated cell adhesion and growth onto biomaterial surfaces.?%
Nowadays, bioactive surfaces composed by self-assembled monolayers (SAMs) of
functionalized nanoparticles (! have attracted special attention, mainly for their advantageous
features such as small scale, unique physical properties, and multiple surfaces
functionalization.[23%]

In this framework, Zeolite nanoparticles have been extensively exploited thanks to their
modulable shape, from long cylinders up to very flat disks.[?%6 2271 For instance, disk-shaped
Zeolite-L crystals 238 displays a large surface area allowing a high-density superficial
functionalization hence, an easy anchorage on a flat surface by covalent bonds. This generates
monolayers with cavities oriented along one dimension and perpendicular to the substrate.[:
239]

For diagnostic purposes, fluorophores with proper size can be located inside the
channels.?*% Besides, the regular distance between the adjacent channels enables a spatial
control of the external functionalities. RGD-functionalized SAMs have been successfully

employed as peptide bioactive surface models to study cell-adhesion activity.[?*: 2421 \very
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recently, we designed RGD-functionalized SAMs of Zeolite-L crystals, which proved to be
effective for the rapid detection of cancer cells, therefore potentially useful for trapping and
studying tumor cells circulating in the bloodstream.[*%°!

Based on these premises, we reported the design of new SAMs of Zeolite-L crystals coated
with peptidomimetics (1-3), derived from the native ligand sequences of the asp1 integrin,[4°]
and novel hybrid o/B-peptides (5-7) with a suited linker, derived from peptidomimetic
approaches (unpublished results).[?8 154 1561 \We analysed the ability of these immobilized-
peptides to capture in a significant way after very rapid incubation time, the asf1 integrin-
expressing Jurkat E6.1 cells (asP1t+) in comparison to HEK-293 cells not expressing the asf1
integrin (asPa-) (Figure 45).

/ Jurkat E6.1 HEK-293
) '
& R
Linker-functionalized / +
peptide A\
LIGAND LIGAND

SAM OF ZEOLITE L-CRYSTALS COATED WITH a4R1 INTEGRIN PEPTIDOMIMETICS

Figure 45. Design of SAMs of Zeolite-L crystals coated with peptidomimetics for rapid detection of integrin-
expressing cells

6.2. Results and discussion

The general plan for the preparation of peptide-functionalized SAMs envisaged the

functionalization of Zeolite-L crystals with isocyanate on their full surface. The isocyano group
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was exploited to bind the crystals onto silica plate supports, which in turn was functionalized

with amine group, via urea linkage. The resulting SAMs of immobilized nanocrystals presented
on the outer exposed surface unreacted isocyano groups, useful for the reaction with peptidic
integrin ligands supplied with suitable linkers extraneous to the integrin-binding sequence. The
flat disk-shaped Zeolite-L crystals, 600-1000 nm wide x ~250 nm in height (Figure 46), were
prepared as reported in the literature.’*”1 For visualization, the nanoparticles were labelled with
the dye [N,N’-bis(2,6-dimethylphenyl)perylene-3,4,9,10-tetracarboxylic acid diimide]
(DXP).43 subsequently, the surface of the DXP-zeolites was functionalized in toluene under
sonication with 3-(triethoxysilyl)propyl isocyanate (ICPTES), useful for obtaining the
monolayers, and for grafting the peptide ligands (Scheme 10).

The morphology of the nanoparticles was analysed by scanning electron microscopy (SEM)
(Figure 46), and the successive reactions were confirmed by X-ray photoelectron spectrometry
(XPS) analysis of the elemental composition. The latter showed a significant increase in the
percentage of C(1s) and N(1s), from the pristine zeolite to the zeolites functionalized with
organic molecules: from 6.1% C(1s) and 0.7% N(1s) for native zeolites, to 20.7% C (1s) and
2.0% N(1s) for DXP-zeolites, to 33.0% C(1s) and 5.5% N(1s) for isocyano-DXP-zeolites (see
Appendix).

PO
Figure 46. SEM images: (a, b) Zeolite-L crystals; (c) isocyano-DXP-Zeolite-SAM.

Thermogravimetric analyses (TGA) confirmed the increasing amount of organic molecules
in the functionalized zeolites in the analysed temperature range, from a negligible weight loss
for the native zeolites, to higher percentages (contribution of water excluded) for DXP-zeolites
and isocyano-DXP-zeolites, 1.7% and 5.7% weight loss, respectively (see Appendix). On the
other hand, attenuated total reflectance (ATR) analysis of isocyano-DXP-zeolites was scarcely
useful, as it showed very weak peaks (see Appendix). The dye-loaded zeolites were

immobilized via urea linkers onto silica plates (diameter 512 mm) presenting amino groups on
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the surface. These were previously introduced by treatment of the clean surface of the silica
plates with aminopropyltriethoxysilane (APTES) in toluene under sonication (Scheme 10). The
resulting plates were immersed into a suspension of isocyano-DXP-Zeolites in toluene and
sonicated, giving the isocyano-DXP-zeolite-SAMs (Scheme 10), which were characterized by
SEM (Figure 46), confocal microscopy, and XPS (see Appendix). In particular, the latter
showed percentages of C(1s) and N(1s) of 30.6 and 5.1, consistent with the values obtained for

the unbound nanoparticles.
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Scheme 10. Preparation of isocyano-DXP-Zeolite-SAMs onto the silica plates via urea bond.

The putative a4f1 integrin-targeting ligands 1 and 2 (Scheme 11) were designed on the basis
of the minimal epitope of the natural ligand VCAM-1, namely, the sequence GIn-lle-Asp-Ser
(QIDS), that keeps a moderate micromolar affinity for asp: integrin. 0% 110. 1121 The sequence
was completed with an extra linker moiety necessary for the anchorage to the outer surface of
the SAMs. Accordingly, we synthesized the QIDS peptides 1 and 2 equipped with the linker
Cys or ethane-1,2-diamine, respectively. On the other hand, the peptide 3 (BIO1211, MPUPA-
LDV-OH) (Scheme 11) was chosen as a reference compound to validate the proof of the
concept since it is a well-known a4f1 integrin antagonist with a 6 nM ICso to Jurkat E6.1 cell
expressing a4Pa integrin.l’*%l In order to perform the conjugation on the surface of the
nanocrystals 3 was equipped with the same diamine linker of peptide 2 (Scheme 11),.

In the first step, putative peptides based on the natural ligand sequence were utilized. Given
that these bioactive-surfaces are designed to detect biomarkers of inflammatory diseases in
readily available body fluids, including blood and urine, the presence of hydrolytic enzymes in

these media could leads to the hydrolysis of the enzymatically unstable “native-based” peptide
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ligands, resulting in a decrease of the overall efficiency of the device over the time. Therefore,

the use of peptidomimetics with enhanced enzymatic stability and high integrin affinity, may
overcome this problem and increase the lifetime of the device that can be reused several times.

To this purpose in a second step, we designed DS70-derivative peptidomimetics bearing a
suitable linker for their conjugation onto the surface of the nanocrystals. As mentioned in
Chapter 3, these derivatives maintain the requirements for osp: binding, namely MPUPA
moiety spaced by a carboxylate group from 14-15 C-C bonds and a proper linker terminating
with an amine group. The latter was inserted in three different positions on the
“tripeptidomimetic” linear backbone (alternately on the first, second and third residue), in order
to evaluate the influence of its position in integrin-mediated cells binding (5-7, Scheme 11).

The peptides were assembled by SPPS on a Wang resin using Fmoc-protected amino acids,
under MW-assisted procedure.*5%1 Residues with reactive side chains were protected with acid-
labile groups: Fmoc-Asp(OtBu)-OH, Fmoc-Cys(Trt)-OH, Fmoc-Ser (tBu)-OH, while GIn was
introduced as Ac-GIn-OH. Peptide bond formation was performed in 10 min under MW
irradiation (50W, internal reaction temperature 50 °C) using HOBt and DCC as coupling agents.
Fmoc deprotection was carried out twice by treatment with 20% piperidine in DMF for 3 min
under MW irradiation (50W, 50 °C). For peptide 3, the sequence H-Leu-Asp(OtBu)-Val-Wang
was N-capped with MPUPA using the same reagents utilized for peptide bond formation.
Cleavage of peptide 1 from the resin was performed by treatment with TFA in the presence of
scavengers. Peptides 2 and 3 were conveniently cleaved from the resin via aminolysis,?* by
treatment of the peptidyl-resin with 10% v/v ethane-1,2-diamine in DCM for 3 h. Under these
conditions, the concomitant reaction of diamine at the tBu carboxylate side chain of Asp was
excluded, based on the RP-HPLC ESI-MS analyses of the crude mixtures. Final removal of the
tBu side chain protecting group was done with TFA. The crude peptide-TFA salts were
precipitated from ice-cold Et2O and collected by centrifuge (Scheme 11).

Peptides 5 and 6 were assembled manually at RT by SPPS on Wang resin preloaded with
Fmoc-Gly using Fmoc-protected amino acids (Scheme 11). Removal of Fmoc group was
carried out twice by treatment with 20% piperidine in DMF at RT for 10 min. Coupling between
each residue was done with DCC and HOBt in DCM/DMF (4:1 v/v) at RT for 3 h.

132



PEPTIDOMIMETICS COATING OF NANOSTRUCTURED MATERIALS FOR A RAPID
DETECTION OF 0481 INTEGRIN EXPRESSING CELLS

o o OtBu o
H H H
WN\AN N\,)LNJ;(N OO a) N\)L \)L J;( OH
o iH 4 i H ¢ -
j/\ Co,tBu S-Trt co,H
o NH,

H,N__O
o Lo COlitBu o b)) COZH
A AN LR 5 —— A QL QL y
H § : H :

/ﬁ ° Sowu
CO,tBu COH
Ho§ ho 9 b), ©)
0 mN%N N\AOO - @\/o m“% N% A NH;
I H :
N)kN °© Y O AN NLN Y
H H H H
3
OY\MH/BOC OWNHz
NH o] d) NH (0]
H = H H = H
o NWNJkOO —— o NWNJk
M o) o J 0 o)
NTN NN
H H H H s
o b o o hw o
CETCAN S aal LIS N o 'S e
HoH (o) “Boc HoH ] 2

o
H Q . q
\/\/\)LO/ (0]
NH NN o} NH
Fmoc” Fmoc H H o
MPUPA 12 8
f)

" 0
N
L YT
NN o} NH
H H 7 o
HoN

Scheme 11. SPPS of peptides and peptidomimetics. Reagent and conditions: a) TFA/PhOH/1,2-
ethanedithiol/thiophenol (70:10:10:10, v/v), RT, 1.5 h; b) ethane-1,2-diamine in DCM (10% v/v), RT, 3 h; ¢) 50%
TFA/DMC, RT, 1.5 h; d) TFA/TIS/H,0 (80:10:10, v/v), RT, 2.5 h; ) MPUPA, EDC/HOBUY/TEA, RT, 12 h; same
condition was repeated for N-Boc 6-aminocaproic acid (8); f) 20% piperidine/DMF, RT, 1 h; g) LiOH, THF/H.O
(2:1), 0 °C — RT, 2.5 h; h) 25% TFA/DCM, RT, 1 h.

As previously described for MA28 and MA30 (Chapter 4), the Hofmann rearrangement of
Fmoc-(S)-Asn using PIFA and pyridine in a mixture of THF/DMF/H2O generates the
corresponding B-amine Alanine,?%! which was then coupled with MPUPA under the same
conditions described above. Finally, Fmoc-deprotection and successive coupling with N-Boc

6-aminocaproic acid (8) completed the linear sequence 5. Similarly, for compound 6, the Gly
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N-terminus was coupled with Fmoc-(S)-PhU, a PUPA-mimetic residue possessing an extra

amine, that in turn it has been Fmoc-deprotected, and finally coupled with N-Boc 6-
aminocaproic acid (8) in the same coupling condition. For both, the peptide cleavage and
simultaneous Boc-deprotection was accomplished by treatment of the resin with TFA in the
presence of scavengers. The crude products were precipitated from ice-cold Et>O and collected
by centrifuge (Scheme 11). Unlike, peptide 7 was easily prepared in solution starting from
Fmoc-Lys(Boc)-OH, previously protected at the C-terminus with SOCI, in MeOH. Then,
deprotections were alternated to coupling reactions to afford the final peptide. In details, the
free ®NH of Lys produced during the C-terminus protection via esterification was coupled with
MPUPA in the presence of EDC/HOBUTEA as activating agents. Thereafter, the “N-Fmoc
deprotection with 20% of piperidine, and the last coupling with N-Boc 6-aminocaproic acid (8)
was performed under the same conditions described above. Finally, saponification of the methyl
ester using LiOH in a mixture of THF/H2O, and Boc removal with TFA afforded the final
peptide in good yield (Scheme 11). For all peptide, the purification was performed by semi-
preparative RP-HPLC (for the conditions, see Materials and Methods), the purity was assessed
by RP-HPLC and the chemical identity was determined by ESI-MS and *H-NMR spectroscopy.

Treatment of isocyano-DXP-zeolite-SAMs with peptides 1-7 in DMF in the presence of
TEA gave the monolayers 1-7@SAM (Scheme 12). Alternatively, functionalization with n-
butylamine afforded 4@SAM (Scheme 12), designed as a negative control. The peptide-
monolayers were analyzed by XPS that clearly confirmed the increase of C(1s)/N(1s) compared
to the non-peptide monolayer, from 30.6 and 5.1 for the isocyano-DXP-zeolite-SAMs, to 36.2-
42.9 and 6.2-8.1, for 1-7@SAMs, while 4@SAM gave slightly lower values, as expected.
Finally, ATR confirmed the presence of peaks compatible with the expected surface functional
groups, in particular the carbonyls in the 1650-1750 cm™ range (see Appendix).

As a control, flat silica plates modified with peptide 3 were also prepared. To the purpose,
the silica plates were reacted with ICPTES, and the isocyano-functionalized surfaces were
treated with peptide 3, under the same conditions utilized for the preparation of 1-7@SAMs.
XPS analysis of the resulting 3@plates was suggestive of a moderate functionalization,
compared to the high functionalization of 3@SAMSs. Changing the experimental conditions
(e.g. reaction temperature) for the preparation of peptide-plates did not modify the atomic

percentages to a significant extent.
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Scheme 12. Examples of peptides@SAMs of Zeolite L-cystals.

Cell adhesion experiments were performed on Jurkat E6.1 cells (asf1+).2*] As a negative
control, the experiments were repeated using HEK-293 cells not expressing o1 integrin (ouspi-
), therefore not able to adhere onto the peptide@SAMs.[?*¢! Specifically, 5x10° Jurkat E6.1 or
HEK-293 cells were stained with 5-chloromethylfluorescein diacetate (CMFDA) and seeded
on the peptide@SAMSs. Simple assays that may be performed rapidly and that would yield
reliable information might be applicable for clinical studies.!**® 241 Since the integrin-mediated
arrest of rolling cells in the bloodstream is known to be a fast process,?*®! and since we were
not interested in cell growth, nor in cell harvesting, the cells were incubated very shortly (15
min), then the non-adherent cells were washed away, while the attached cells were fixed with
paraformaldehyde.

Confocal microscopy revealed that 1@SAM showed moderate adhesion of both Jurkat
(Figure 47 a) and control cells (Figure 47e), while both cell lines poorly bound to 2@SAM
(Figure 47 b, f). Conversely, 3@SAM showed the highest number of adherent Jurkat cells
(Figure 47 c) compared to the a4 integrin not expressing HEK-293 cells (Figure 47 g), 1.4 £ 0.2

x10% vs. 1.7 + 0.15 x10° cells/cm?. Besides, confocal microscopy of the enzymatically stable
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peptidomimetics 5-7 showed, in a first screening, an excellent adhesion rate of Jurkat cells only
for 5(@SAM (1.6 + 0.23 x10%) (Figure 47 i) respect to HEK-293 cells (Figure 47 j).

Figure 47. Confocal microscopy images of 1-7@SAMs after 15 min incubation at 37 °C with 5 x 10° cells. Coated
surface of DXP-zeolite nanocrystals are visualized in red while adhered cells are visualized in green; (a-d, i, k-1)
cell adhesion experiments with Jurkat E6.1 cells; (e-h, j) cell adhesion experiments with HEK-293 cells; Confocal
microscopy images: (a, €) 1@SAM; (b, f) 2@SAM,; (c, g) 3@SAM,; (d, h) 4@SAM (i, j) 5S@SAM; (k) 6@SAM,;
(I) 7@SAM. White dots correspond to red signal saturation.

Despite the surfaces of 6-7@SAMs were not homogeneously coated with DXP-zeolite
nanocrystals, as underlined by the less intensive red colour, 6@SAM showed a moderate/poor
adhesion of Jurkat cells (Figure 47 k) while 7@SAM cannot be considered for discussion
purposes since the peptide-functionalization was not optimal and the cell adhesion was not
detected (Figure 47 1). For this reason, the adhesion experiment with HEK-293 was not carried
out for compound 6-7, focusing our attention only on the best 5S@SAM.

The normalized number of adherent cells, calculated as the average of 3 independent
experiments for the different SAMs using the two cellular lines, is reported in Figure 48. As

expected, the negative reference 4@SAM, not presenting any integrin binding sequence,
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showed negligible adhesion for both Jurkat or HEK-293 cells (Figure 47 d, h and Figure 48).
In general, longer incubation times up to 12 h gave an observable but scarcely reproducible

increase in the number of adherent cells.
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Figure 48. Number of adhered cells/cm? (analyzed area: 0.0025 cm?) using the different SAMs; mean + SE of 3
independent experiments.

3@SAM and 5@SAM showed the highest number of adhered Jurkat cells but also an
excellent selectivity toward Jurkat cells (a4f1+) rather than HEK-293 cells (a4f1-) (Figure 47
and 48). Presumably, these results are related to the higher integrin-affinity of the
peptidomimetic ligands 3 and 5 given by the MPUPA unit at the N-terminus that is known to
efficiently target the as-subunit in comparison to the other peptides.[*® 181 |nterestingly, the
higher efficacy showed by 5@SAM in cell adhesion can be related to the presence of the
unnatural 3-amino acid core (Dap) that confer higher enzymatic stability compared to the native
sequences 1 and 2 that instead are probably hydrolyzed by proteases present in the body
fluids.[*%3 1541 Therefore, the central position emerged as a suitable anchoring point for the
introduction of linkers without affecting the overall ligand’s ability to bind integrin receptors.
This is probably due to the lower steric hindrance near the carboxylic acid, making it more
accessible to the integrin approaching, during the binding process. Besides, an efficient asf1
integrin-mediated adhesion to 3@SAM and 5@SAM was observed after a very rapid
incubation time compared to that of the other systems that required more time (15 min vs > 12
h).[237’ 242, 248]

Finally, to confirm if the Zeolite nanostructure fosters Jurkat adhesion compared to a flat

bioactive surface deprived of the nanoparticles, compound 3 was anchored directly onto the
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silica plate via urea linker. Therefore, 3@plates were seeded with either Jurkat or HEK-293

cells as described above. The number of adherent cells counted at the confocal microscope was
4.0 +0.2 x10% cells/cm?and 3.0 + 0.2 x10° cells/cm?, for Jurkat and HEK-293 cells, respectively
(see Appendix). Apparently, the monolayer of Zeolite-L crystals significantly increased the
adhesive efficacy of the integrin ligand. This suggested that 3D nanostructures are possibly
responsible for the enhanced cell capture yields due to higher biofunctionalization and/or the
regular positioning of the biomolecules, correlated in turn to the regular distance between

adjacent channels in the nanocrystals.

6.3. Conclusion

In this study, we envisaged the opportunity to detect and quantify asf1 integrin-expressing
cells by selective adhesion to SAMs of nanoparticles functionalized with peptide ligands.
Zeolite-L crystals were readily functionalized and immobilized onto silica plates, and the
resulting SAMs were biofunctionalized with peptide sequences containing the minimal
integrin-binding motives QIDS (1-2), urea-LDV (3) or urea-peptidomimetics derivatives (5-7).
To check the ability of the different ligands to selectively interact with asf31 integrin-expressing
cells, Jurkat E6.1 and HEK-293 cells were incubated very rapidly onto different SAMs. As it
turned out, SAM functionalized with sequence 3 and 5 showed high adhesion of a4f: integrin-
expressing Jurkat cells, and excellent selectivity over HEK-293 cells, utilized as a negative
reference. Peptide 5 also confirmed the fact that the insertion of appropriate linkers,
fundamental to achieve the conjugation onto nanostructured materials, are well-tolerated and
do not reduce the ligand binding, thus allowing the design of enzymatically stable
peptides/peptidomimetics for the biofunctionalization of potential diagnostic devices.
Furthermore, the slightly improved adhesion of Jurkat cells compared to 3, it’s presumably due
to the presence of f-amino acid scaffold that gives high enzymatic stability. In perspective,
devices based on such peptidomimetic ligands could be exploited even with body fluid samples
containing hydrolytic enzymes. The enzymatic stability is reflected in an increase of the device
lifetime that could be reused several times. The use of peptide-coated Zeolites instead of the
simple flat glass surface peptide-coating allowed to exploit the pores of the particles, which
were loaded with the fluorescent dye DXP, and hence to directly correlate the positioning of

adherent cells to the underlying presence of the nanoparticles. Moreover, in Zeolite SAMSs the
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functional groups anchored to the NPs offered a much higher homogeneous density than the
same groups just directly linked to the surfaces. In perspective, these peptide-functionalized
nanostructured systems could be utilized for a rapid detection of inflammatory disease markers
in patients, i.e. integrin asfi-expressed in immune cells, thus laying the basis for the
development of a simple and accessible test aimed at monitoring the course of the disease and
the efficacy of the therapy by using readily available biological samples.

6.4. Experimental section
General methods

The protected amino acids, DXP, and all standard chemicals were purchased from Sigma-
Aldrich. Minimum Essential Media (MEM), RPMI Medium 1640, PBS solution pH = 7.2, FBS,
penicillin, trypsin, were purchased from Gibco (Life Technologies). The glass plates having a
diameter of 12 mm were acquired from Servoprax GmbH. Jurkat clone E6.1 was provided by
the European Cell Culture Collection and cultivated as described in the provider’s protocol.
HEK-293 cells were obtained from ATCC, USA. SPPS was carried out on a commercially-
available Wang resin, i.e. [4-(hydroxymethyl)phenoxymethyl] polystyrene cross-linked with
1% DVB, particle size 250-300 um, ~1.7 mmol/g loading. Analytical RP HPLC apparatus:
Agilent series 1100; stationary phase: octadecyl carbon chain bonded silica (C1s) RP (reversed-
phase) column Phenomenex model Gemini 3u 110A 100x3.0 mm (P/No 00D-4439-Y0), TMS
end-capping, fully-porous organosilica solid support, particle size = 3 mm, pore size = 110 A,
length = 100 mm, internal diameter = 3 mm; mobile phase: gradient from 9:1 H,O/CH3CN/0.1
% TFA, to 2:8 H2O/CH3CN/0.1 % TFA, in 20 min, flow rate = 1.0 mL/min, then 10 min
isocratic; diode array detector (DAD) A = 210 nm. Semi-preparative RP HPLC apparatus:
Agilent series 1100; stationary phase: Cig RP column ZORBAX mod. Eclipse XDBC18
PrepHT cartridge 21.2x150 mm 7p (P/No 977150-102), double-end capping, particle size = 7
um, pore size = 80 A, length = 150 mm, internal diameter = 21.2 mm; mobile phase: gradient
from 8:2 H,O/CH3CN/0.1 % TFA, to CH3CN/0.1 % TFA, in 10 min, flow rate = 12 mL/min;
DAD, A = 210 nm. Electron Spray lonization-Mass Spectroscopy (ESI-MS) apparatus: MS
single quadrupole HP 1100 MSD detector; drying gas flow = 12.5 L/min, nebulizer pressure =
30 psgi, drying gas temp. = 350°C, capillary voltage = 4500 (+) and 4000 (-), scan range 50-
2600 amu. Microwave (MW) oven apparatus: Micro-SYNTH Microwave Labstation for
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Synthesis; temperature control: automatic built-in ATC-FO advanced fiber optic. NMR

apparatus: Varian Gemini 400 MHz; *H NMR sample preparation: 0.01 M peptide in 5 mm
tubes at r.t.; solvent suppression: solvent presaturation procedure PRESAT by Varian.
Chemical shifts are reported as & values, and DMSO was used as an internal standard: for *H-
NMR, & = 2.50 ppm; for ®*C-NMR, & = 39.52 ppm. XPS analysis apparatus: Thermo Scientific
K-Alpha™ + X-ray Photoelectron Spectrometer System; 15 keV/72 W monochromatic Al K
alpha X-rays, 200 um spot diameter, pass energy = 200 eV for survey spectra, and = 50 eV for
core level spectra; sample preparation: drop-casting of a 0.1 mg/mL ethanolic dispersion of the
particles onto a Emitech K575X peltier cooled Au-pre-coated glass coverslip, for 3 min at 60
mA, without further treatment. Thermogravimetric analysis apparatus: Mettler Toledo TGA 1
STAR System; sample preparation: 0.1 - 2 mg of samples were kept under 50 mL/min nitrogen
flow at temp. = 50°C for 30 min for stabilization, then heated at a speed = 10°C/min from 50
to 750°C, and held at this temperature for further 30 min before cooling. SEM apparatus: FEI
(Hillsboro, Oregon, USA) Quanta FEG 250; operating distance = 10 mm, acceleration voltage
= 5 kV; sample preparation: drop-casting a ethanolic dispersion of the particles onto a glass
cover slip, subsequently sputter coated with Emitech K575X peltier cooled Au for 60 s at 60
mA prior to fixation on an Al support, without further manipulation. Powder X-ray diffraction
(PXRD) apparatus: Bruker D2 PHASER diffractometer; Cu Ka-radiation 1.54184 A, Ni Kf3-
filter = 300 W, 30 kV, 10 mA, power with a LYNXEYE scintillation detector; sample
preparation: samples were mounted on a zero background silicon sample holder; the
measurement was performed from a 26 value range 5 to 45° with exposure time = 1.5 second
per step; all measurements were performed at room pressure and r.t. Confocal microscope
apparatus: Nikon C1s confocal laser-scanning microscope, equipped with a Nikon PlanApo

60X, 1.4-NA oil immersion lens; images were quantified by ImageJ software.
Synthesis and characterization

Peptide synthesis

General procedure for coupling

Prior to use, the Wang resin (0.5 g, ~1.7 mmol/g loading) was swollen in DMF (3 mL) for 10
min into a reactor equipped with a frit. A mixture of Fmoc-protected amino acid (1.5 mmol)
and HOBt (1.5 mmol) dissolved in 4:1 DCM/DMF (4 mL) was poured into the reactor

containing the swollen resin, followed by the coupling reagent DCC (1.5 mmol). Attachment
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of the first C-terminal amino acid residue (i.e. Cys, Ser, Val, for 1, 2, 3, respectively), required
also the addition of a catalytic amount of DMAP. Then the mixture was heated for 10 min under
MW irradiation while gently bubbling N2, with an initial irradiation power of 50W, monitoring
the internal reaction temperature at 50°C. After the first C-terminal amino acid, the unreacted
4-(hydroxymethyl)phenoxymethyl resin linkers were capped with Ac.O (30 mmol) and
pyridine (30 mmol). The resin was washed 3 times in sequence with DMF (5 mL), MeOH (5
mL), and DCM (5 mL). For all peptides, Asp was introduced as Fmoc-Asp(OtBu)-OH; for 1,
Cys was introduced as Fmoc-Cys(Trt)-OH; for 2 and 3, Ser was introduced as Fmoc-Ser(tBu)-
OH, while GIn was introduced as Ac-GIn-OH; the other residues were introduced without side
chains protection. Coupling efficacy was assessed by the Kaiser test. For the synthesis of
peptide 3, the sequence H-Leu-Asp(OtBu)-Val-Wang was N-capped with MPUPA with the

same reagents utilized for peptide bond formation.

General procedure of Fmoc-deprotection

Fmoc-peptidyl-resin was treated with 20% piperidine/DMF (6 mL) for 3 min under MW
irradiation (50W, 50°C); this procedure was repeated twice. After that, the resin was washed 3
times in sequence with DMF (5 mL), MeOH (5 mL), and DCM (5 mL).

Peptide cleavage

To obtain peptide 1, the peptidyl resin was treated with a 7:1:1:1 mixture of TFA, PhOH, 1,2-
ethanedithiol, thiophenol (15 mL) for 90 min at r.t. Then the mixture was filtered, and the resin
was washed with 10% TFA in Et2O (10 mL), with DCM (10 mL), and finally with MeOH (10
mL). The filtrates were collected and concentrated at reduced pressure. For 2 and 3, the
peptidyl-resin was suspended in a 10% v/v solution of ethane-1,2-diamine in DCM (10 mL).
After 3 h the mixture was filtered and the resin was washed with 10% TFA in Et2O (10 mL),
with DCM (10 mL), and finally with MeOH (10 mL). The filtrates were collected and
concentrated at reduced pressure. The residue was suspended in 30% TFA in DCM (6 mL), the
mixture was stirred for 30 min at r.t., after that the mixture was concentrated at reduced
pressure. The treatment with TFA was repeated for additional 1h, and the mixture was
concentrated at reduced pressure. The crude peptide-TFA salts were precipitated from ice-cold
Et>O (40 mL) and collected by centrifuge.

Peptide 5 was synthesized on Wang resin preloaded with Fmoc-Gly (0.25 g, 0.15 mmol, loading

capacity 0.4 — 0.8 mmol/g) at room temperature into a reactor equipped with a frit. Prior to use,
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the resin was swollen in DMF for 30 min. Fmoc cleavage was carried out using 20%

piperidine/DMF, under gentle stirring at RT for 10 min. After washing step with DMF and
DCM, the deprotection was repeated once again. The resin was then washed with DMF (3 x 5
mL) and DCM (3 x 5 mL). Next, coupling reaction was performed by adding to the resin a
solution of the Fmoc-(L)-Asn (130 mg, 0.37 mmol, 2.5 eq), DCC (80 mg, 0.37 mmol, 2.5 eq)
and HOBt (50 mg, 0.37 mmol, 2.5 eq) in DMF (4 mL) prepared in a separate vial, and the
mixture was shaken for 3 h. The Hofmann rearrangement was then performed on-resin. The
resin was washed twice with a mixture of THF/DMF/H20 (2:2:1 v/v/v) and subsequently
swollen with the same mixture for 30 min. After that, a solution of PIFA (159 mg, 0.37 mmol,
2.5 eq) in THF/DMF/H20 (2:2:1) was added to the resin followed by pyridine (30 pL, 0.37
mmol, 2.5 eq), and the mixture was shaken for 3 h. Then, the resin was washed with DMF (3 x
5mL), DMF/DIPEA (9:1), and DMF again (3 x 5 mL). Each transformation, including coupling
reactions, Fmoc removals and Hofmann rearrangement were monitored by Kaiser test. The
peptide sequence was elongated with MPUPA and N-Boc 6-aminocaproic acid (8) using the
same coupling conditions. Cleavage from the resin and simultaneous Boc removal was carried
out using a mixture of TFA/TIPS/H,0O (80:10:10 v/v/v) for 2.5 h. The cleavage mixture was
filtered in a centrifuge tube and the resin washed with Et.O containing small portions of TFA
and DCM. The collected mixture was concentrated and Et>O was added to precipitate the crude
peptide which was recovered as TFA salt by centrifuge (34 mg, 42% based on the estimated

loading of the resin).

Similarly, peptide 6 was assembled on Wang resin preloaded with Fmoc-Gly (0.25 g, 0.15
mmol, loading capacity 0.4 — 0.8 mmol/g) at room temperature. Swelling, Fmoc cleavage and
washing procedures were performed as described above for compound 5. The coupling
reactions were carried out by adding to the resin a solution of the Fmoc-amino acid (0.37 mmol,
2.5 eq), DCC (0.37 mmol, 2.5 eq) and HOBt (0.37 mmol, 2.5 eq) in DMF (4 mL) and shaking
the mixture for 3 h. The amino acid sequence was Fmoc-Gly-OH, Fmoc-(S)-PhU-OH (10) and
N-Boc 6-aminocaproic acid (8). Coupling reactions and Fmoc removals were monitored by
Kaiser test. Once the linear peptide was assembled, the cleavage from the resin and
simultaneous Boc removal was carried out using a mixture of TFA/TIPS/H20 (80:10:10 v/v/v)
for 2.5 h. The cleavage mixture was collected in a centrifuge tube and the resin washed with
Et20 containing small portions of TFA and DCM. The mixture was concentrated, and the final
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peptide was precipitated by adding cold Et2O, recovered as TFA-salt by centrifuge (18 mg, 22%
based on the estimated loading of the resin).

All peptides were purified by semi-preparative RP-HPLC (for the conditions, see Materials and
Methods). The purity was determined by analytical RP HPLC, and their identity was assessed
by ESI-MS and NMR spectroscopy.

(1) *H-NMR (400 MHz, DMSO-ds) &: 8.37 (d, J = 7.2 Hz, 1H), 8.33 (d, J = 8.0 Hz, 1H), 8.06
(d, J = 7.6 Hz, 1H), 7.83-7.78 (m, 2H), 7.23 (s, 1H), 6.79 (s, 1H), 4.77 (m, 1H), 4.37-4.22 (m,
2H), 4.20-4.10 (m, 2H), 3.60-3.50 (m, 4H), 2.82 (m, 1H), 2.67-2.58 (M, 2H), 2.49-2.38 (m, 2H),
2.17-2.02 (m, 2H), 1.83 (s, 3H), 1.78-1.64 (m, 2H), 1.39 (m, 1H), 1.00 (m, 1H), 0.82-0.76 (m,
6H).ESI-MS m/z calcd. for [C23sH39Ns011S]": 607.2, found: 607.4 [M+H]". t, = 1.9 min, 97%
purity (4 =210 nm).

(2) 'H-NMR (400 MHz, DMSO-ds) 5: 8.28 (d, J = 6.4 Hz, 1H), 8.06 (d, J = 8.4 Hz, 1H), 7.96
(br.d, 1H), 7.79 (d, J = 7.2 Hz, 1H), 7.72 (d, J = 6.0 Hz, 1H), 7.23 (s, 1H), 6.80 (s, 1H), 4.58
(m, 1H), 4.24 (m, 1H), 4.19-4.10 (m, 2H), 3.58 (m, 1H), 3.36-3.28 (m, 2H), 2.90-2.80 (m, 3H),
2.70 (m, 1H), 2.63-2.56 (m, 2H), 2.18-2.01 (m, 2H), 1.82 (s, 3H), 1.78-1.61 (m, 3H), 1.23-1.18
(m, 2H), 0.89-0.77 (m, 6H). ESI-MS m/z calcd. for [C22H40N7O9]": 546.3, found: 546.4 [M+H]".
tr = 1.8 min, 94% purity (4 = 210 nm).

(3) H-NMR (400 MHz, DMSO-ds) &: 9.15 (s, 1H, NHuyrea), 8.41 (d, J = 7.6 Hz, 1H, AspNH),
8.21 (d, J = 8.0 Hz, 1H, LeuNH), 8.10 (m, 2H, NHurea*NHaiam), 7.79 (d, J = 8.4 Hz, 1H, ArH),
7.49 (d, J = 8.6 Hz, 1H, VaINH), 7.37 (d, J = 8.4 Hz, 2H, ArH), 7.17-7.10 (m, 4H, ArH), 6.93
(dd, J = 7.2, 7.6 Hz, 1H, ArH), 4.56 (ddd, J = 6.0, 7.6, 8.0 Hz, 1H, AspHa), 4.29 (m, 1H,
LeuHa), 4.07 (dd, J = 6.4, 8.6, Hz, 1H, ValHa), 3.45 (d, J = 14.2 Hz, 1H, CHauyrea), 3.39 (d, J =
14.2 Hz, 1H, CHaurea), 3.31-3.27 (M, 2H, CHadiam), 2.86-2.81 (M, 2H, CHagiam), 2.74 (dd, J =
6.0, 14.8 Hz, 1H, AspHp), 2.51 (dd, J = 8.0, 14.8 Hz, 1H, AspHB), 2.23 (s, 3H, ArCHs), 1.98
(m, 1H, ValHB), 1.57 (m, 1H LeuHy), 1.44-1.40 (m, 2H, LeuHp), 0.85 (d, J = 6.4 Hz, 3H,
LeuCHs), 0.84-0.75 (m, 9H, ValCHs+LeuCHs+ValCHs). 3C-NMR (100 MHz, DMSO-ds) 5:
173.47, 172.92, 172.11, 171.38, 171.35, 153.69, 139.22, 138.41, 131.06, 130.39, 130.21,
128.64, 126.98, 123.54, 122.16, 119.73, 118.81, 116.74, 58.58, 55.81, 51.97, 50.49, 42.29,
42.06, 39.24, 37.35, 36.69, 31.68, 31.17, 25.07, 23.88, 22.48, 20.06, 18.75, 18.51. ESI-MS m/z
calcd. for [Ca3HasN7O7]": 654.4, found: 654.4 [M+H]". t- = 2.0 min, 96% purity (1 = 210 nm).
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(5) 'H-NMR (400 MHz, DMSO-ds) & 8.97 (s, 1H, NHb), 8.19 (dd, J = 6.4, 5.2 Hz, 1H, Gly-
NH), 7.97 — 7.91 (m, 2H, Dap-NH, + Dap-NHg), 7.89 (s, 1H, NHa), 7.81 (d, J = 8.0 Hz, 1H,
ArHs), 7.36 (d, J = 8.0 Hz, 2H, ArHz¢’), 7.19 — 7.10 (m, 4H, ArHss + ArHs:s°), 6.93 (dd, J =
7.6, 7.2 Hz, 1H, ArHas), 4.37 (dd, J = 13.6, 8.0 Hz, 1H, Dap-CH®%), 3.75 — 3.68 (m, 2H, Gly-
CH2%), 3.41 —3.33 (m, 3H, PhCH_ + Dap-CHP overlapped with solvent signal), 3.31 — 3.20 (m,
1H, Dap-CHP), 2.70 — 2.59 (m, 2H), 2.23 (s, 3H, ArCHg), 2.05 — 1.89 (m, 2H), 1.58 — 1.47 (m,
2H), 1.40 — 1.25 (m, 4H). ESI-MS m/z calcd. for [C27H37N6Os]*: 541.3, found: 541.2 [M+H]".
t- = 1.7 min, 91% purity (1 = 254 nm).

(6) 'H-NMR (400 MHz, DMSO-ds) & 8.90 (s, 1H, NHb), 8.32 (br. d, 1H, PhU-NH), 8.15 (br.
d, 1H, Gly-NH), 7.97 — 7.91 (m, 1H, Gly-NH), 7.89 (s, 1H, NHa), 7.81 (d, J = 8.0 Hz, 1H,
ArHs), 7.36 (d, J = 8.0 Hz, 2H, ArHz¢’), 7.19 — 7.10 (m, 4H, ArHss + ArHs:s°), 6.93 (dd, J =
7.6, 7.2 Hz, 1H, ArHa), 4.41 (m, 1H, PhU-CH%), 3.99 — 3.68 (m, 4H, Gly-CH,"), 3.21 — 3.03
(m, 1H, PhCH), 2.85 — 2.63 (m, 3H, PhCH + -CH2NH>), 2.22 (s, 3H, ArCHzs), 2.05 - 1.89 (m,
2H), 1.52 — 1.43 (m, 2H), 1.38 — 1.10 (m, 4H). ESI-MS m/z calcd. for [C27H37NeOs]*: 541.3,
found: 541.2 [M+H]". t; = 1.9 min, 96% purity (A = 254 nm).

A. General procedure of EDC/HOBt-mediated amide coupling reaction
A stirred solution of N-protected amino acid (1.0 eq) in 4:1 DCM/DMF mixture (0.2 M) was
treated with HOBt (1.3 eq), EDC HCI (1.3 eq) and TEA (2.6 or 3.0 eq) at RT under N>
atmosphere. After 15 min, C-protected amino acid (1.0 eq) was added, and the mixture was
stirred at RT under N2 overnight. Then, the mixture was concentrated at reduced pressure, and
the residue was diluted with EtOAc (30 mL). The solution was washed with 0.1 M HCI solution
(5 mL), and a saturated solution of NaHCO3 (5 mL). The organic layer was dried over Na;SOa,
filtered and evaporated to dryness under reduced pressure. The crude material was purified by

filtration or eventually by flash chromatography over silica gel (eluent Cy/EtOAC).

B. General procedure of N-Fmoc deprotection
The N-Fmoc-protected compound (1.0 eq) was dissolved in 20% Piperidine/DMF solution (0.1-
0.2 M) and the reaction was stirred at RT for 1 h. After removal of the solvent under reduced
pressure, the crude residue was triturated twice with ice-cold Et,O and collected by filtration or
centrifuge. The deprotected compound was used in the next step without further purification,

after drying under high vacuum.
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Synthesis of N-Boc 6-aminohexanoic acid (8)

(0]

Boc/n\/\/\)J\OH

6-aminohexanoic acid (500 mg, 3.81 mmol) and NaxCOs (2.0 eq) were suspended in 10 mL
of a mixture of H>O/Dioxane (1:1) and cooled at 0 °C in ice-bath. Then, Boc.O (1.2 eq) was
added and the reaction was stirred at RT overnight. The mixture was concentrated under
reduced pressure to remove dioxane and the alkaline aqueous layer was adjusted to pH 3-4 with
HCI 1M solution and then extracted with EtOAc (3 x 20 ml). The combined organic phases
were dried over Na,SOg, filtered and concentrated under reduced pressure, to afford the
protected compound 8 (800 mg, 91%) which was used without further purifications. ESI-MS
m/z calcd. for [C11H22NO4]*: 232.1, found: 232.2 [M+H]".

Synthesis of Fmoc-(S)-Phe(4-NH2)-OH (9)

0]
MOH
HN.
HoN Fmoc

Commercially available Fmoc-(S)-Phe(4-NO2)-OH (500 mg, 1.16 mmol) and Zn dust (371
mg, 5.67 mmol) were suspended in absolute EtOH (12 mL). Glacial AcOH (12 mL) was added
to the mixture, and the resulting suspension was stirred at 60 °C under N2 for 4 h. The mixture
was filtered over Celite® and the filtrates were evaporated at reduced pressure affording the
crude 9 as a yellowish solid (450 mg, 1.12 mmol, 97%), that was used in the next step without
further purifications. ESI-MS m/z calcd. for [C24H23N204]": 403.2, found: 403.2 [M+H]".

Synthesis of Fmoc-(S)-PhU-OH (10)

o
O OH
)L HN(
N™ N Fmoc
H H

O-tolyl isocyanate (1.1 eq) was added dropwise to a stirred solution of Fmoc-Phe(4-NN>)-
OH (1.0 eq) in DMF (10 mL) at RT under N2 atmosphere. After 3 h the reaction was diluted
with EtOAc (40 mL), to precipitate the pure product 10 that was collected by filtration as a
whitish solid (485 mg, 81%). ESI-MS m/z calcd. for [C32H30N3Os]™: 536.2, found: 536.3
[M+H]*.

145



Experimental section

Synthesis of Fmoc-(S)-Lys-OCHzs (11)

cl o)

HaN®
3 \/\/\)'LO/

HN
Fmoc

To astirred solution of MeOH (5 mL) cooled at 0 °C in ice-bath, was added dropwise SOCI;
(70 pL, 0.96 mmol) followed by Fmoc-(L)-Lys(Boc)-OH (150 mg, 0.32 mmol). The resulting
mixture was stirred at RT overnight. The mixture was concentrated under reduced pressure and
Et>O was added to precipitate compound 11 as HCI salt (130 mg, 97%), that was used in the
next step without further purifications. ESI-MS m/z calcd. for [C22H27N204]": 383.2, found:
383.4 [M+H]".

Synthesis of 7 (Scheme 11)

o mHV\/\HiOH
Dt
HN

Coupling reaction between MPUPA (97 mg, 0.34 mmol) and 11 (130 mg, 0.34 mmol) was
carried out in solution in presence of EDC/HOBL as activating agents according to general
procedure (A). The resulting crude residue 12 (144 mg, 63%) was directly used in the next step.
ESI-MS m/z calcd. for [C3sHa1N4Os]*: 649.3, found: 649.6 [M+H]". Fmoc-deprotection was
performed following the general procedure (B) to give 13 (38 mg, 41%) as a pale yellow solid
that was used without purifications. ESI-MS m/z calcd. for [C23sH31N4O4]™: 427.2, found: 427.4
[M+H]". Yet, by following the general procedure (A) 13 (38 mg, 0.09 mmol) was coupled with
8 (21 mg, 0.09 mmol). The resulting crude compound was purified by flash chromatography
over silica gel (gradient eluent Cy/EtOAc from 60:40 to 0:100) to yield 14 (46 mg, 80%) as a
white solid. ESI-MS m/z calcd. for [C34Hs0NsO7]*: 640.4, found: 640.6 [M+H]". Finally, ester
hydrolysis and Boc-deprotection were performed. Firstly, 14 (46 mg, 0.07 mmol) was dissolved
in a solution of THF/H20 (2:1) then LiOH (3.0 mg, 0.11 mmol) was added at 0 °C. The mixture
was stirred at RT for 2.5 h and the progress was monitored by TLC. The solution was
neutralized at 0 °C by adding dropwise a solution of HCI 1M, and after the water was
evaporated. The resulting product 15 (40 mg, 89%) was used in the next step without further
purification. ESI-MS m/z calcd. for [CssHasNsO7]": 626.3, found: 626.4 [M+H]*. Boc-
deprotection was simply performed by adding to 15 a solution of 25% TFA/DCM and stirring

the mixture at RT for 1 h. The solvent was concentrated at reduced pressure and the residue
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was triturated twice with ice-cold Et2O and collected by centrifuge and, finally purified by semi-
preparative RP-HPLC to give 7 (38 mg, 93%) (for the conditions, see Materials and Methods).
'H-NMR (400 MHz, DMSO-ds) & 8.89 (s, 1H, NHb), 8.39 (br. d, 1H, Lys-NH®), 8.08 — 8.00
(m, 1H, Lys-NHe), 7.98 (s, 1H, NHa), 7.79 (d, J = 8.0 Hz, 1H, ArHs), 7.38 (d, J = 8.0 Hz, 2H,
ArHye), 7.21 — 7.12 (m, 4H, ArHas + ArHs>s7), 6.93 (dd, J = 7.6, 7.2 Hz, 1H, ArHg), 4.21 (m,
1H, Lys-CH?%), 3.35-3.13 (m, 2H, PhCH2 overlapped with solvent signal), 3.10 —2.79 (m, 4H),
2.22 (s, 3H, ArCHs), 2.15 — 1.70 (m, 4H), 1.58 — 1.41 (m, 4H), 1.53 — 1.09 (m, 6H). ESI-MS
m/z calcd. for [C2sH4oNsOs]*: 526.3, found: 526.2 [M+H]". t; = 1.8 min, 92% purity (A = 254

nm).

Preparation of the nanostructured surfaces

Zeolite loading with DXP 170 dye

The Zeolites (300 mg, width = 600-1000 nm, height ~ 250 nm, Figure 46 and Appendix) and
DXP (6.23 mg) were kept overnight under high vacuum. Then, the solid mixture was heated at
300 °C in a sealed flask into a rotary furnace. Then the flask was broken and the powder was
washed with butan-1-ol and centrifuged (30 min, 40 krcf), in until the supernatant ceased UV

emission.

Functionalization of DXP-zeolites with isocyano group

The DXP-loaded Zeolites (50 mg) were placed into a 50 mL flask and suspended in a mixture
of toluene (5 mL) and TEA (0.2 mL), and the precipitate was dissolved by sonicating for 15
min. Then ICPTES (0.8 mL) was added, and the mixture was sonicated for further 3 h. Then
the suspension was cooled to RT and centrifuged for 20 min (40 krcf). The unreacted silane
was removed by three cycles of dispersion of the precipitate in toluene by of sonication
followed by centrifugation.

Preparation of isocyano-DXP-zeolite SAMs

Glass plates were placed into a 100 mL flask and cleaned by treatment with 3:1 H2S04/H20>
(10 mL) at 100 °C for 1 h. The plates were rinsed with bidistilled water (3 x 30 mL) and ethanol
(3 x 20 mL) and finally dried by blowing nitrogen. The plates were then slotted onto Teflon
support to avoid any contact, and the system was housed into a 100 mL round-bottom flask
containing a solution of APTES (0.8 mL) and TEA (0.2 mL) in toluene (30 mL). The flask was

heated overnight at 115 °C; subsequently, the plates were washed with toluene (5 mL) and
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ethanol (5 mL) and dried under nitrogen flow. The supported plates were immersed into a

suspension of isocyano-DXP-zeolites in toluene (1 mg/mL, 2 mL), and sonicated for 30 min,

and then the plates were washed with toluene (5 mL) and air-dried.

Functionalization of isocyano-DXP-zeolite SAMs with peptides or n-butylamine (1-7@SAMs)

A mixture of the peptide (1 mg) or n-butylamine (0.2 mg) and TEA (10 uL) in DMF (1 mL)
was dissolved by sonication for 5 min. The plates of the SAMs were immersed in the solution
and heated at 35 °C. After 3 h, the plates were removed and washed with DMF (5 mL) and
EtOH (5 mL), then air-dried.

Control plates modified with peptide 3 (3@plates)

The glass plates were cleaned with 3:1 H2SO4/H20: as described above, and then they were
mounted onto Teflon support. The plates were placed in a round bottom flask and reacted
overnight with a solution of ICPTES (0.8 mL) and TEA (0.2 mL) in toluene (30 mL) at 115 °C.
Then the isocyano-plates were rinsed with toluene (5 mL) and ethanol (5 mL) and dried by
nitrogen flow. The peptide 3 (1 mg) was dissolved in a solution of TEA (10 uL) in DMF (1
mL) by sonication for 5 min. The mounted isocyano-plates were immersed in the solution and
heated at 35 °C for 3 h, followed by washes with DMF (5 mL) and EtOH (5 mL), and finally

were air-dried.

Cell adhesion experiments

Cell culture. The a4 integrin-expressing Jurkat E6.1 human T cells were cultured in RPMI-
1640 and L-GIn with 10% FBS. HEK-293 cells were grown in EMEM supplemented with 10%
FBS, non-essential amino acids and L-GlIn. Cells were maintained at 37°C under 5% CO-
humidified atmosphere. HEK-293 cells were detached from the culture flask by trypsination.
The number of viable cells present in the cell suspension was determined by the Eosin 0,1%

exclusion test.

Cell staining. 1x10%/ml cells were suspended in serum-free buffer (PBS 1% BSA) in the
presence of the dye CMFDA (6.25 uM) and incubated for 20 min at 37 °C while gently mixing.
The suspension was centrifuged at 1800 rpm for 3 min, the supernatant was removed, and the
cells resuspended in buffer. The washing procedure were repeated twice.

148



PEPTIDOMIMETICS COATING OF NANOSTRUCTURED MATERIALS FOR A RAPID
DETECTION OF 0481 INTEGRIN EXPRESSING CELLS

Cell adhesion and counting. The peptide@SAMs were initially washed with PBS solution,
then they were placed in a 6 wells plate (growth area 8.87 cm?) and seeded with 5x10° Jurkat
or HEK-293 cells. Each well was filled with buffer to reach 1 mL of final volume, and the plates
moved to the incubator for 15 min. After that, each well was washed twice with PBS (2 mL)
and the sample fixed with 3% PFA (200 uL) for 10 min at r.t. The plates were washed twice
with PBS-glycine 0,1%, and each SAM was embedded in Mowiol and analyzed by confocal
laser-scanning microscope (General Methods). For visualization of the DXP-loaded zeolites in
red, fluorescence was excited with a 543 nm laser and detected at 650 nm; CMFDA-stained
cells were visualized in green by excitation at 488 nm and detected at 530 nm. Images were
quantified by ImageJ software. The number of cells adherent to a surface of 0.0025 cm? was

determined three times, and the average was expressed as cell/cm? + S.E.
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7. SYNTHESIS OF RGD-CRYPTOPHYCIN CONJUGATES
BEARING B-GLUCURONIDASE-RESPONSIVE LINKER FOR
TARGETED TUMOR THERAPY

The work described in this Chapter was carried out during my PhD internship at the University
of Bielefeld (Germany) under the supervision of Prof. Dr. Norbert Sewald.

7.1. Introduction

Traditional chemotherapy still represents one of the most common treatments for both early
and advanced stages of cancer. It is based on the administration of cytotoxic drugs, which
generally interfere with highly regulated cellular functions (e.g., cell division, DNA replication,
apoptosis). Cytotoxic drugs can be administered as single agents or in combination with other
drugs, as multi-drug therapy. To reach optimal therapeutic efficacy and minimize side effects,
cytotoxic drugs need to selectively reach the targeted tumour site. This still represents a
challenge as the majority of anticancer drugs do not preferentially accumulate at the tumor site,
leading to systemic side effects and to suboptimal therapeutic efficacy.**® 201 These
pharmacokinetic aspects have been demonstrated using tumor-xenograft mouse models 2512521
and, more recently, in cancer patients in positron emission tomography (PET) studies with
radiolabelled cytotoxic drugs.?>®! Targeted drug delivery has been proposed as a promising
alternative to overcome the pharmacokinetic limitations of conventional cytotoxic agents.[?>
In this context, covalent conjugation of cytotoxic agents to specific cell-membrane-receptor
ligands (e.g., antibodies, peptides or small molecules), capable of selective binding to tumour-
overexpressed receptors, enables drug accumulation at the tumor site while reducing off-target
toxicity (Figure 49).[2%]

Currently, Antibody-Drug Conjugates (ADCs) represent one of the most effective strategies
for achieving selective drug-delivery and consists of the conjugation of tumor specific
monoclonal antibody to the anticancer drug. To date, four ADCs have reached marketing
approval in cancer therapy (Kadcyla®, Adcetris®, Mylotarg® and Besponsa®) while more than
65 are currently under clinical investigation.[?5% 251 Although ADCs show therapeutic benefits
in clinical trials, they also display significant drawbacks, such as long circulation time, high
manufacturing costs and the immunogenicity. Furthermore, the large size limits their diffusion

in the tumour tissue.?®7]
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Recently, Small-Molecule Drug Conjugates (SMDCs) have attracted considerable interest

as a valid alternative to ADCs due to their advantageous pharmacokinetic profile, simpler and
more affordable synthetic routes and lack of immunogenicity.?% Indeed, their smaller size
enables rapid and homogeneous tissue diffusion, potentially resulting in high tumor/organ
ratio.[ Similarly to ADCs, SMDCs are composed of three covalently bonded building blocks:
a cytotoxic agent, a self-immolative linker and a targeting ligand (Figure 49).[2¢°! However, the
targeting ligand in  SMDCs is represented by a small molecule (e.g.,
oligopeptides/peptidomimetics,?®  vitamins,?621  steroids,?6®1  enzyme inhibitors?64),
Furthermore, additional spacers are often inserted (Figure 49) with the aim of modifying the

conjugate physicochemical properties (e.g., solubility) or to improve drug release kinetics.[°®

X ‘ ADC SMDC
N / Spacer | Spacer |
Linker b Linker
mAb Drug Ligand Drug

Figure 49. General structures of antibody-drug conjugates (ADCs) and small-molecule drug conjugates (SMDCs).

Such constructs are highly specific towards the overexpressed tumor receptors and are
generally designed to address the payload intracellularly in the lysosome compartment upon
receptor-mediated endocytosis or to liberate the cytotoxic drug in the extracellular environment
(Figure 53).126°] In fact, it has recently been demonstrated that the internalization of the payload
is not strictly necessary to achieve drug-delivery efficacy, and several non-internalizing
SMDCs have been reported.l?561 Promising tumor-targeting results employing small peptide
ligands targeting folate receptors,?®”1 prostate-specific membrane antigen (PSMA),[268]
somatostatin receptors (SSTRs) 269 27% and carbonic anhydrase IX (CAIX) ligands have been
observed in recent times.[?"* 2721 Unfortunately, despite their advantages over ADCs, SMDCs
are still under clinical investigation and haven’t yet reached the market.

Among the tumor-associated receptors, the heterodimeric transmembrane glycoprotein
integrin avP3 has long been considered a potential tumor target due to its overexpression in
cancer cells and blood vessels of several solid tumors (e.g., breast cancer, glioblastoma,
pancreatic tumor, prostate carcinoma) but not on healthy tissues.l”® 81 The ay integrin subtype
plays a central role in many stages of cancer progression such as angiogenesis, tumor growth,

apoptosis resistance, and metastasis.[®®] Integrin ovBs recognizes and binds the extracellular
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matrix (ECM) proteins (e.g., vitronectin, fibronectin, collagen) through the minimal tripeptide
sequence Arg-Gly-Asp (RGD).B4 Consequently, several linear and cyclic RGD-bearing
peptides and peptidomimetics have been prepared and conjugated to different cytotoxic agents
(e. g., doxorubicin,?”3 monomethylauristatin E,?41 camptothecin,?”® cisplatin,[?’8] paclitaxel
2771) in order to obtain SMDCs with high binding affinity to the integrin ayfs.5% 2’81 Many of
these RGD-peptides are derivative of the well-known oyBs integrin antagonist Cilengitide.[®®!
For example, the analogue c[RGDfK] (Figure 50) has been widely used as targeting ligand for
imaging % and drug delivery application due to its nanomolar binding affinity and suitable

conjugation handle.[95: 101, 261]
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R = COCH,CH,N3, n = 2, c[RBADFK(R)] o, B3 ICsp > 1000 nM (34)
Figure 50. Structures of integrin ligands.

Beside the cytotoxic agents commonly used in chemotherapy regimens, a class of
compounds called Cryptophycins, that act as a microtubule destabilizer, have shown
remarkable activity despite their low selectivity. For this reason, they have been taken into
consideration as promising drug candidates for targeted tumor therapy.!?®!

Cryptophycins (Figure 51) are natural 16-membered macrocyclic depsipeptides that have
been isolated from cyanobacteria Nostoc sp. ATCC 53789 in 1990.[%8% This class of compounds
exhibit potent cytotoxicity towards several cancer cells (typically with 1Csg in the low pM
range) including multi-drug resistant (MDR) cells.!?8Y This is due to their low affinity for the
P-gp efflux pump. Their strong antiproliferative activity is based on the irreversible inhibition
of the B-tubulin polymerization during mitosis, leading to cell-cycle arrest in G2/M phase and
activation of apoptosis pathways.[?8?1 Since their discovery, numerous derivatives have been
designed and synthesized for Structure-Activity Relationship (SAR) studies.l?83-28] The
analogue Cryptophycin-52 (LY 355703, Cry-52, Figure 51) has reached clinical trial phase 11 as

a potential anticancer drug. However, its development was discontinued due to high
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neurotoxicity and lack of efficacy in vivo.[8 In this context, the research has been focusing on

the conjugation of Cryptophycins to a homing device with the aim of increasing their selectivity
for cancer cells.[?”® 2871 However, the lack of a suitable handle in Cry-52 has motivated the

design of novel and suitable modification strategies. 283 288-2%0]
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R4 = R, = Me, Cryptophycin-52 R = COCH,NH,, Cryptophycin-55 glycinate

Figure 51. Structure of Cryptophycin derivatives.

Based on the previous SAR studies, each of the four units A, B, C, and D have been
investigated.?7® 289 More specifically, unit A has emerged as a good site for the introduction
of functional groups for its conjugation while retaining the potent cytotoxicity of its parent
compound.[? 221 Although the presence of the (R,R)-epoxide is essential for the high
biological activity,/?°? ring-opening to corresponding chlorohydrin yields Cryptophycin-55
(Cry-55, Figure 51). Cry-55 exhibits an increased in vivo cytotoxicity.[?®® 2941 However, it is
characterized by lower stability, probably due to the epoxide-forming reverse reaction taking
place under physiological conditions. More stable derivatives of Cry-55 can be obtained upon
esterification of the secondary alcohol with Gly leading to the corresponding Cryptophycin-55
glycinate (Cry-55 gly, Figure 51).12%41 Cry-55 gly displays not only higher chemical stability
but also higher in vivo and in vitro activity. Further, it offers an amino functionality which
makes it suitable for conjugation to tumor homing devices. Differently, modification in para-
position on the aromatic ring had led to Cryptophycin derivatives unstable in mouse plasma.[?%!

In the last decades, Sewald and coworkers have contributed to this field of research by
developing novel tumor targeting ADC[?%¢! and SMDCs bearing the potent Cry-55 gly as

anticancer payload (Figure 52).[270. 272,297, 298]
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Figure 52. Molecular structures of Cryptophycin-based ADC and SMDCs.

In this drug delivery strategy, the linker plays a crucial role because it should be sufficiently
stable in the bloodstream and be able to release the payload in an efficient manner selectively
at the diseased site avoiding non-specific distribution in the body and off-target effects.[2]
These conjugates can be ascribed to prodrugs, which are generally much less active than the
free drugs due to the stability of the linkage, and have to be delivered and activated in vivo to
generate the active drugs.®”1 The discovery of the altered expression of enzymes in the

microenvironment of several malignancies have been exploited for developing specific
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cleavable linkers. In the presence of these proteases, the linker is cleaved and the active

compound can be released inside the tumor cell (Figure 53).55%]
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Figure 53. Mechanism of uptake and activation of ligand-targeted drug conjugates (image adapted from Krall et.
al.)71

Over the years a large number of protease-sensitive linkers have been developed. B-
glucuronidase is a well-known tumor-associated enzyme responsible for the hydrolysis of -
(D)-glucuronic acid residues from the non-reducing end of glycosaminoglycans. It has been
detected in high concentrations intracellularly in lysosomes and in necrotic tumor environment
of many malignancies including lung, breast, ovarian, gastrointestinal tract carcinomas and
melanomas.?%2 301 For this reason, B-glucuronic acid-based linkers have been incorporated in
a large number of drug-delivery systems for the release of cytotoxic drugs, both within and

outside cancer cells.[302 303]

Recently, we reported the development of first-generation RGD-cryptophycin conjugates
containing the enzymatically cleavable Val-Cit linker (Figure 52, 11) and found that conjugates
displayed high in vitro potency but poor selectivity in cell lines with different avf3 integrin
expression level. We proposed that the nonspecific passive cellular uptake of the conjugates
could be associated with the high payload hydrophobicity.?%8! Nevertheless, drug-linkers with
improved hydrophilicity would provide optimal pharmacokinetic properties to the overall
construct, thus preventing aggregation and/or passive permeation across the cell membrane. To
this end, the protease-sensitive B-glucuronide has been incorporated as a hydrophilic alternative

to the Val-Cit linker, to minimize the hydrophobicity and allow an efficient drug release.***
305]
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Herein, we report the synthesis of first f-glucuronidase-responsive conjugates (1-4, Figure

54) bearing the potent Cry-55 gly and the c[RGDfK] integrin ligand for targeted therapy of

patients with avf3-positive tumors. Furthermore, to evaluate drug-targeting and drug-release

potential, conjugates 2-4 were developed as negative controls. The novel RGD-cryptophycin

conjugates are currently under biological investigation; therefore, no data are available for the

discussion. Anyway, cytotoxicity and tumor-targeting potential of 1-4 will be assayed in vitro

by using two different isogenic human melanoma cancer cell lines: M21 overexpressing

integrin avf3 (avB3+) and M21-L non-expressing avpa (owfPs-).
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Figure 54. Molecular structures of self-immolative conjugates c[RGDfK]-(p)-gluc-linker-Cry-55gly (1) and
c[RBATK]-(p)-gluc-linker-Cry-55gly (2), and non-self-immolative conjugates c[RGDfK]-(m)-gluc-linker-Cry-
55gly (3) and c[RBAK]-(m)-gluc-linker-Cry-55gly (4) as negative control.
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7.2. Results and discussion

7.2.1. Design

Over the years, the use of cryptophycin as payload for drug-delivery purposes has been
exploited for the realization of several ADCs[?°®! and SMDCs; [270 272297, 2%8] however, in vivo
applications have not yet been reported. In this framework, we present the synthesis and
evaluation of the first conjugates comprising of the potent antimitotic agent Cry-55 gly and the
c[RGDfK] ligand bearing B-glucuronidase-responsive linker, suitable for the targeted therapy
of solid tumors.*% Structurally, the RGD-cryptophycin conjugates can be subdivided in three
main parts covalently assembled: 1) cytotoxic Cry-55 gly, 2) B-glucuronidase-responsive self-
immolative linker, and 3) c[RGDfK] avf3 tumor targeting ligand (Figure 54). The linker system
incorporating the highly hydrophilic carbohydrate moiety, was designed to provide sufficient
stability during circulation and to increase the overall polarity/water solubility, avoiding the
tendency of SMDCs containing hydrophobic cryptophycins to undergo aggregation and/or
unspecific cellular uptake by passive diffusion.2%* 371 Moreover, once the RGD-cryptophycin
conjugate has reached the targeted tumor tissue, the B-glucuronidase-catalyzed hydrolysis of
glicosidic bond from drug-linker triggers the release via 1,6-elimination (self-immolative
process) of the cytotoxic drug in its active form (1, Figure 56), selectively inside the cancer
cells, upon internalization via avBs-mediated endocytosis,?®®! or in the extracellular tumor
microenvironment, from where it can diffuse into surrounding cancer cells.!*%]

To follow the drug-release efficiency of the targeting assembly, the synthesis of a negative
control was envisaged by positioning the B-glucuronic acid (B-gluc) in meta-position on the
aromatic ring of the linker (3-4, Figure 54). In the latter, enzymatic trigger is not followed by
self-immolation step, thus resulting conjugate-intermediates with decreased activity (3, Figure
56). Whereas, to investigate the drug-targeting efficiency a modified RGD-ligand (34),
obtained by replacing Gly from ligand 33 with B-Ala, was used to synthesize non-targeting
negative control conjugates. The modified ligand c[RBADfK] (34) is unable to bind the ovf33
integrin receptor, thereby the resulting conjugates 2 and 4 showed a dramatically lower integrin
binding affinity compared to that of conjugates 1 and 3 (Figure 55).

7.2.2. Synthesis

The conjugates 1-4 were synthetized as shown in Scheme 13. Cry-55 gly was prepared as

previously described (synthesis not shown).?* Conjugates 1 and 2 were prepared in thirteen

158



SYNTHESIS OF RGD-CRYPTOPHYCIN CONJUGATES BEARING B-GLUCURONIDASE-
RESPONSIVE LINKER FOR TARGETED TUMOR THERAPY

optimized steps starting from commercially available 4-hydroxy-3-nitrobenzaldehyde (5).
Stereoselective glycosylation of 5 to acetobromo-a-D-glucuronic acid methylester (6) was
performed under Koenigs-Knorr conditions in the presence of silver carbonate as catalyst (7,
93%) which was followed by aldehyde reduction with sodium borohydride providing 8 in 95%
yield without needing purification. The corresponding benzylic alcohol was treated with tert-
butyldimethylsilyl chloride and imidazole to produce the silyl ether protected derivative 9. At
this stage as reported by Grinda et. al., the protecting groups of the B-glucuronide were modified
via a 3-step strategy to yield the fully allyl-protected glucuronyl derivative (12). Protected in
this way, the glucuronide results stable and compatible during the synthesis, and furthermore
the entire deprotection can be performed in a one-step procedure under mild conditions at the
end of the synthesis.2%! The acetyl groups were removed from 9 using MeONa to afford the
hydroxyl free derivative 10 (84%). Transesterification of the methyl ester with sodium allylate
(0.126M) gave the allyl ester 11 in 83% yield. The three allyl carbonates were introduced in the
presence of a large excess of allyl chloroformate using pyridine as solvent. After 3 days under
these conditions, the fully allyl protected glucuronide 12 was obtained in good yield of 82%.
Later, nitro reduction with Zinc powder under acidic conditions restored the free aniline (13)
which was subsequently coupled with 5-hexynoic acid in presence of EEDQ providing 14 with
a suitable alkyne-functionalized spacer for the conjugation to the peptide via triazole linkage.
Cleavage of tert-butyldimethylsilyl ether was carried out with HF/pyridine to yield the free
benzyl alcohol 15 which was subsequently treated with bis(4-nitrophenyl)carbonate and
pyridine to give the activated carbonate 16 in quantitative yield. Later, Cry-55 glycinate was
introduced via nucleophilic substitution in presence of DIPEA to afford the carbamate 17 in
good yield after RP-HPLC purification. Full allyl deprotection of the glucuronide moiety was
carried out using catalytic amount of tetrakis(triphenylphosphine)palladium(0) affording the
Cry-55 gly-linker conjugate 18 in acceptable yield after RP-HPLC purification (66%). Finally,
the conjugation to the targeting ligand, properly modified with 3-azidopropanoic acid on the
Lys side chain, was achieved by triazole linkage. The Copper(l)-catalyzed Azide-Alkyne
Cycloaddition (CuAAC “click chemistry” reaction) was carried out at 35 °C to increase the
solubility of the system for 24 h in presence of the alkyne 18 and the azido-peptide derivative,
c[RGDfK(-N3)] 33 or c[RBADfK(-N3)] 34, using CuSO4 and sodium ascorbate as catalysts.
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Scheme 13. Synthesis of the RGD-cryptophycin conjugates 1-4 Reagents and conditions: a) Acetobromo-a-D-
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allylic alcohol, RT, 40 min; f) Allyl chloroformate, pyridine, RT, 72 h; g) Zinc, MeOH/AcOH (10:1), RT, 30 min;
h) 5-hexynoic acid, EEDQ, DCM, RT, 24 h; i) HF/Pyridine 70%, THF, RT, 1 h; j) 4-nitrophenyl chloroformate,
pyridine, DCM, 0° - RT, 2 h; k) Cry-55-gly, DIPEA, DMF, RT, 4 h; |) Pd(PPh3)4, morpholine, DCM, RT, 1 h; m)
RGD-ligand 33 (for conjugates 1 and 3); 34 (for conjugates 2 and 4) CuSO45H-0, sodium ascorbate, DMF/H,O
(1:1), 35°C, 24 h, 84% (1), 75% (2), 80% (3), 79% (4); n) BHsTHF, THF, 0°- RT. overnight; o) Imidazole,
TBDMSCI, THF, 0° 2 h.

After purification by preparative RP-HPLC, the final conjugates 1 and 2 were obtained in 84%
and 75% yield, respectively.

Following a similar synthetic approach, the RGD-Cryptophycin conjugates 3-4 bearing the
meta-B-glucuronic moiety on the linker were also prepared (negative control). First, was
synthesized the precursor 3-(hydroxymethyl)-5-nitrophenol (20) by reduction of the
commercially available 3-hydroxy 5-benzoic acid 19 using a solution of BH3-THF 1.0 M at 0
°C. The resulting benzylic alcohol (20) was selectively protected with tert-butyldimethylsilyl
chloride in presence of imidazole at 0 °C producing the protected silyl ether derivative 21 in
acceptable yield (61%). Then, the free hydroxyl group in meta-position was coupled with
acetobromo-a-D-glucuronic acid methylester 6 under Koenigs-Knorr conditions described
above to give 22. At this stage, by following the same synthetic scheme described above, the
RGD-Cryptophycin conjugates 3 and 4 were obtained in 43% and 72% vyield, after RP-HPLC
purification. The resulting final conjugates 1-4 were characterized by analytical HPLC and
HRMS.

The c[RGDfK(COCH2CH2-N3)] (33) and c[RBADfK(COCH.CH2-N3)] (34) were
synthesized as shown in Scheme 14. Both sequences of linear ligands were assembled manually
by SPPS on 2-Chlorotrityl chloride resin starting from Fmoc-Gly-OH and Fmoc-Asp-OAllyl,
respectively and, using Fmoc-protected amino acids (see Experimental section). In general,
after the attachment of the first amino acid, Fmoc-deprotection was performed twice by treating
the peptidyl-resin with a solution of 20% piperidine in DMF for 10 min. Coupling of each amino
acid was performed at RT in presence of DIC and OxymaPure as activating agents, except for
the azido-modified Fmoc-Lys (32) in which HATU and DIPEA were used. The sequences were
elongated alternating coupling and deprotection reactions. Cleavage from the resin of the
protected precursor of 33 was carried out three times in 25% HFIP/DCM mixture for 5 min.

Cyclization in solution using HATU, HOAt and DIPEA was carried out in pseudo-high
dilution condition to avoid intermolecular side reactions affording, after removal of the tBu and
Pbf protecting groups with TFA/TIS/H.0 (95/2.5/2.5) for 3 h, the c[RGDfK(-N3)] (33) in good
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yield (65%). Conversely, cyclization of 34 was performed on resin. To this purpose, once the
linear sequence was completed the removal of Fmoc- and Allyl-protecting groups with
tetrakis(triphenylphosphine)palladium(0) and triphenyl silane were firstly carried out. Then,
head to tail cyclization was obtained on resin at RT using DIC and OxymaPure as coupling
agents. Cleavage from the resin and simultaneous Pbf deprotection with TFA/TIS/H.O
(95/2.5/2.5) mixture for 3 h afforded the c[RBADTK(-Nz3)] (34) with poor yield (16%). Both
azido-functionalized cyclic peptides 33 and 34 were purified by RP-HPLC (see general
methods).
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Scheme 14: Synthesis of avfs integrin ligand c[RGDfK(-N3)] (33) and c[RBADfK(-N3)] (34). Reagents and
conditions: a) SOCl,, DCM, RT, 1 h; b) i. Fmoc-Gly-OH (2 eq), DIPEA (5 eq), DCM, RT, 3 h; ii. MeOH/DIPEA
(9:1), RT, 10 min; same conditions repeated for Fmoc-Asp-OAllyl; ¢) 25% piperidine, DMF, RT, 15 min; d) Fmoc-
AA-OH (2 eq), DIC (2 eq), OxymaPure (2 eq), DMF, RT, 3 h; Iterative repetition of (c) and (d) using the
corresponding amino acid. Coupling of azido-modified Fmoc-Lys(CO-CH>CH2-N3)-OH (32, 2 eq) was achieved
using, HATU (2 eq), DIPEA (4 eq), DMF, RT, 3 h; ) HFIP/DCM (1:3), RT, 5 min (x3); f) HATU (3 eq), HOAt
(3 eq), DIPEA (6 eq), DMF (pseudo-high dilution), RT, 18 h; g) TFA/H,O/TIS (95/2.5/2.5), RT, 3 h; h) Pd(PPhs)a,
PhSiH3;, DCM, RT, 10 min (x2); i) DIC (5 eq), OxymaPure (5 eq), DMF, RT, 18 h; j) TFA/H,O/TIS (95/2.5/2.5),
RT, 3 h.

162



SYNTHESIS OF RGD-CRYPTOPHYCIN CONJUGATES BEARING B-GLUCURONIDASE-
RESPONSIVE LINKER FOR TARGETED TUMOR THERAPY

7.2.3. Integrin binding affinity

Conjugates 1-4 were evaluated for their ability to inhibit biotinylated vitronectin binding to
the isolated o3 receptor. The binding affinity was evaluated using a competitive ELISA-based
assay and it was compared to those of free ligands (33 and 34) and Cilengitide (ICso avpsz = 0.54

nM) taken as internal reference (Figure 55).1278]

Binding to «,p; integrin

1800+
- 1
1600- -+ 3
o 2
- 14004
2 -+ 4
< 12001 = 34
= 33
10004
800-+— T T T T
-12 -9 -6 -3 0
log [compound], M
ICs0 (NM)
entry Compound
Binding affinity to avp3
1 c[RGDfK(-N3)] (33) 0.81£0.28
2 c[RGDfK]-(p)-gluc-Cry (1) 21.9+3.3
3 c[RGDfK]-(m)-gluc-Cry (3) 11.7+2.3
a c[RBADfK(-N3)] (34) >10 000
5 c[RBADfK]-(p)-gluc-Cry (2) > 10000
6 c[RBADfK]-(m)-gluc-Cry (4) >10 000

ICso values were determined as the compound concentration necessary for 50% inhibition of biotinylated vitronectin binding
as calculated using GraphPad Prism software. All values are the average + standard deviation of duplicate measurements.

Figure 55. Inhibition of biotinylated vitronectin binding to the isolated human integrin avp3.

Integrin binding assays were carried out by incubation of immobilized o3 integrin with
increasing concentrations of the conjugates (10°-10"*2 M) in presence of the ECM protein
vitronectin. Ligand c[RGDfK(-N3)] (33) showed an ICs of 0.71 nM comparable to that of the

reference Cilengitide (ICso = 0.54 nM), confirming that functionalization with 3-azido
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propanoic acid did not affect the integrin receptor binding (Figure 55). In contrast, the ligand
c[RBADTK(-N3)] (34) displayed a dramatic loss of integrin binding affinity (ICso > 10.000 nM)
compared to 33 (Figure 55). Conjugates 1 and 3 bearing ligand 33 retained good binding affinity

to the receptor with 1Cso values in the nM range (21.9 nM and 11.7 nM, respectively), indicating
that the increased size and the steric bulk of these conjugates have a modest effect on integrin
affinity (Figure 55). As we expected, conjugates 2 and 4 bearing ligand 34 showed no affinity
to the integrin receptor with 1Cso > 10.000 nM, therefore representing a valid negative control

for drug-targeting studies (Figure 55).

7.2.4. B-Glucuronidase-catalysed release of Cryptophycin-55 glycinate

The general drug-release mechanism involves the enzymatic hydrolysis of the glycosidic
bond from the linker that spontaneously undergoes a self-immolative process with concomitant
loss of carbon dioxide and expulsion of the active drug. As proof of concept, the drug-release
efficiency was tested in enzymatic cleavage assay by treating the conjugates 1-4 with E. Coli
B-glucuronidase (200 U/mL) at 37 °C. The enzymatic hydrolysis rate and the release of Cry-55
gly were monitored by HPLC-MS over a period of 90 min. The stability was determined based
on the disappearance of the test compound and appearance of the Cry-55 gly as a function of
incubation time using the area. As expected, conjugates 1-4 were rapidly cleaved upon
incubation with the enzyme (Figure 56). In detail, the enzymatic cleavage of the para-
substituted B-glucuronide moiety 1-2 generated the metabolite M1 (more than 50% after 15
min) that rapidly underwent 1,6-elimination releasing the active Cry-55 gly payload within 60
min (Figure 56). As shown in the HPLC chromatogram of Figure 56, the presence of other
peaks beyond that of Cry-55 is presumably related to the degradation of the metabolite M3
derived from the rearrangement of the linker-ligand system. In contrast, the B-glucuronidase
mediated linker cleavage of the meta-substituted conjugates 3-4 led to the rapid formation of
metabolite M2 (80% after 15 min) but this was not followed by 1,6-elimination (self-
immolation step) and the Cry-55 gly was not released over the time (Figure 56). Control
experiments indicated that both conjugates were stable in the absence of enzyme demonstrating

an efficient linker self-immolative process only in the presence of B-glucuronidase.
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Figure 56. A) B-Glucuronidase-mediated cleavage and self-immolative mechanism of Cry-55 gly release from

conjugates 1 and 3; B) Cleavage assay and stability evaluation of conjugates 1 and 3 upon incubation with B-
Glucuronidase enzyme for 90 min; C) HPLC chromatogram.
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7.3. Conclusion and perspectives

In summary, we reported the synthesis of novel SMDCs to selectively deliver the highly
cytotoxic Cryptophycin-55 glycinate at the tumor site while reducing off-target toxicity. The
proposed SMDCs are based on the conjugation of Cry-55 gly payload to the avps integrin-
targeting ligand c[RGDfK] through a B-glucuronidase-responsive linker. The B-glucuronide-
based linker displays favourable features such as high-water solubility, serum stability, and easy
drug release within antigen-positive tumor cells. In particular, the high-water solubility may be
particularly useful for hydrophobic drugs such as the Cryptophycin derivatives. The generated
conjugates 1 and 3 retain high binding affinity towards isolated o33 integrin receptor, similarly
to the free ligands, while conjugates 2 and 4 showed dramatically lower affinity as expected.
The ability to release the active drug strongly depends on the linker type. B-glucuronidase-
mediated cleavage studies have proved the effective cleavage of the sensitive glycosidic bond
already after 15 min. However, the release of Cry-55 gly was observed only for conjugates 1
and 2 bearing the para-p-glucuronide linker in which the metabolite M1 spontaneously undergo
1,6-elimination. On the other hand, enzymatic cleavage of conjugates 3 and 4 with meta-p-
glucuronide linker lacking the self-immolative step since the release of the metabolite M2
cannot undergo 1,6-elimination. All these results suggest that this new glucuronide prodrug
possesses the necessary prerequisites for further in vitro and in vivo investigation in the course
of a tumor targeting development. The translation of the promising biochemical properties to

an in vitro model of human melanoma cells is currently under investigation.

7.4. Experimental section
General methods

All reactions requiring anhydrous conditions were performed under argon atmosphere. DMF
was dried over 4 A molecular sieves, CH2Cl, was distilled from CaHz, THF was distilled from
sodium/benzophenone. All solvents were distilled freshly before use. All the other chemicals
and solvents (HPLC-grade or reagent-grade quality), unless otherwise stated, were purchased
from commercial sources and used as received without further purification. DCM, EtOAc, PE
and Et,O used for aqueous work-ups or column chromatography were purchased in technical
grade and distilled prior to application. A dual-channel syringe pump (KD scientific Model

200) was used for slow reagent addition. Reactions were monitored by thin layer
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chromatography (TLC) using aluminium-backed plates coated with silica gel 60 Fzs4 from
Merck; visualization was accomplished with UV light and/or staining with potassium
permanganate or cerium molybdate solution. Flash column chromatography was performed
using silica gel 40-63 uM (230-400 mesh) purchased from Macherey-Nagel. Solvents were
removed on a rotational evaporator at 40 °C and appropriately reduced pressure. Solvent
residues were removed at RT and 0.001 — 0.1 mbar.

Solid-phase peptide synthesis was performed in polypropylene syringes fitted with a
polyethylene porous disc. Solvents and soluble reagents were removed by suction. Washings
between deprotection, coupling, and final deprotection steps were carried out with DMF (3 x 1
min) and DCM (3 x 1 min). Reactions and washes during peptide synthesis were performed at
25 °C.

Liquid chromatography (B-glucuronidase cleavage assays):
B-glucuronidase cleavage assay was performed using analytical HPLC (Prominence, Shimadzu
LC-20ADXR). A Phenomenex Luna® C18 100 A (100 mm x 2 mm) 3 um particle size was

used as a column.
Eluent A: H2O/TFA =99.9/0.1 and eluent B: ACN/TFA =99.9/0.1

Injection volume: 20 pL; Flow rate: 650 pL - min?

0 min 95% A 5% B
5.5 min 5% A 95% B
6 min 5% A 95% B
6.1 min 95% A 5% B
9 min 95% A 5% B

Liquid chromatography - mass spectrometry

LC-MS was conducted using an Agilent 1200 series consisting of an autosampler, degasser,
binary pump, column oven, and diode array detector coupled to an Agilent 6220 accurate-mass
TOF LC/MS. Column: Phenomenex Luna® Cis (100 mm x 2 mm, 3 um particle size, 100 A).

Eluent A: H2O/CH3CN/HCOOH = 95/5/0.1 and eluent B: H2O/CH3CN/HCOOQOH = 5/95/0.1.

Method A:

Flow rate: 300 pL min™

0 min 100% A 0% B
10 min 2% A 98% B
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11 min 2% A 98% B
11.5 min 100% A 0% B
15 min 100% A 0% B

High-resolution mass spectrometry

High-resolution mass spectra were recorded in an Agilent 6220 accurate-mass TOF LC/MS.
Samples were injected through an Agilent 1200 series. Hypersil Gold C1g (50 mm x 2.1 mm,
1.9 um particle size) was used as a column. Same solvents than HPLC-MS were used and a
linear gradient from 0 to 98% B over 4 minutes was employed. The mass spectrometer was

externally calibrated using Agilent tuning mix prior to measurement.

Semi-preparative and Preparative RP-HPLC

Preparative RP-HPLC was performed on a MERCK-HITACHI unit (controller: D-7000, pump:
L7150, detector: L7420, UV-absorption measured at A = 220 nm).
Eluent A: H2O/CH3sCN/TFA = 95/5/0.1 and eluent B: HoO/CH3CN/TFA = 5/95/0.1

Method M1.:
Column: Macherey-Nagel Nucleosil C1g (250 mm x 10 mm, 7 um particle size)

Flow rate: 4 mL min

0 min 60% A 40% B
30 min 0% A 100% B
40 min 0% A 100% B
45 min 60% A 40% B
Method M2:

Column: Macherey-Nagel Nucleosil C1g (250 mm x 10 mm, 7 pm particle size)

Flow rate: 4 mL min

0 min 100% A 0% B

2 min 100% A 0% B
35 min 0% A 100% B
40 min 0% A 100% B
45 min 100% A 0% B
Method M3:

Column: Macherey-Nagel Nucleosil C1g (250 mm x 21 mm, 10 um particle size)

Flow rate: 10 mL min™
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0 min 100% A 0% B

2 min 100% A 0% B
35 min 0% A 100% B
40 min 0% A 100% B
45 min 100% A 0% B
Method M4:

Column: Macherey-Nagel Nucleosil C1g (250 mm x 21 mm, 10 um particle size)

Flow rate: 10 mL min™

0 min 100% A 0% B

2 min 100% A 0% B
45 min 0% A 100% B
50 min 0% A 100% B
55 min 100% A 0% B
NMR spectroscopy

NMR spectra were recorded on a Bruker Avance 500HD (*H: 500 MHz, *C: 126 MHz) or
Avance 600 (*H: 600 MHz) at 298 K. Chemical shifts are reported in ppm (&) and referenced
to residual nondeuterated solvent signal as internal standard (CDCls: *H: 7.26 ppm, **C: 77.16
ppm; (CD3)2CO: *H: 2.05 ppm, *C: 29.84, 206.26 ppm; (CD3)2SO: H: 2.50, *C: 39.52 ppm).
Coupling constants (J) are reported in Hz with the following abbreviations used to indicate
splitting: s = singlet, d = doublet, t = triplet, m = multiplet, p = pentet, br = broad signal.

B-glucuronidase cleavage assay

Conjugates 1-4 (stock solution 10 mM in DMSO) were diluted to 0.1 mM in 0.02 M phosphate
buffer, pH = 7.0 and preincubated at 37 °C for 5 min. Escherichia coli B-glucuronidase (Type
IX-A, # G7396-25kU, Sigma Aldrich, 200 U/mL) was added and the mixture was incubated at
37 °C for 60 min. At each sampling time (0, 15, 30, 45, 60 and 90 min) an aliquot of 50 pL was
transferred into a HPLC vial and the reaction was stopped with 50 pL of ACN containing 0.1%
TFA. The stability was determined based on the disappearance of the test compound as a

function of incubation time using area.
Integrin binding assay

An ELISA-like assay using isolated integrins was performed to determine activity. Cilengitide

(owP3 0.54 nM) was used as internal reference. All wells of flat-bottom 96-well Immuno Plates
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(BRAND) were coated overnight at 4 °C with 100 pL protein 1.0 pg/mL human vitronectin
(R&D) in carbonate buffer (15 mM Na.COs, 35 mM NaHCOs, pH 9.6). Each well was then
washed with PBS-T-buffer (phosphate-buffered saline/Tween20, 137 mM NaCl, 2.7 mM KClI,
10 mM NazHPO4, 2 mM KH2POg4, 0.01% Tween20, pH 7.4; 3 x 200 pL) and blocked for 1 h at
room temperature with TS-B-buffer (Tris-saline/BSA buffer, 150 pL/well, 20 mM Tris-HCI,
150 mM NacCl, 1 mM CaCl,, 1 mM MgClz, 1 mM MnClz, pH 7.5, 1% BSA). A dilution series

of the compound and internal standard were prepared in TS-B-buffer. After washing the assay

plate with PBS-T (3x200 pL), 50 pL of the dilution series were transferred to each well, for
negative control 100 uL TS-B-buffer and for positive control 50 pL TS-B-buffer was used. 50
uL of human avfBs integrin (2.0 pg/mL, R&D) in TS-B-buffer were transferred to wells (except
wells containing the negative control) and incubated for 1 h at RT. After washing the plates
(3%200 pL) with PBS-T buffer, 100 pL primary antibody mouse anti-human CD51/61 (2.0
pg/mL BD Bioscience) was added to all wells and incubated for 1 h at RT. The plate was
washed (3x200 pL) with PBS-T buffer and 100 pL of secondary antibody anti-mouse IgG-
POD goat (1.0 pg/mL, Sigma Aldrich) was added to all wells and incubated for 1 h at RT. The
plate was washed (3x200 pL) with PBS-T buffer and 50 pL SeramunBlau (Seramun Diagnostic
GmbH, Heidesee) was added to all wells. The development was stopped with 3 M H2SO4 (50
puL/well) when a blue color gradient was visible (~1 min). The absorbance was measured with
a plate reader at 450 nM (Tecan, Infinite M200). The resulting curves were analyzed with
OriginPro 2017G with the inflection point describing the ICso value. Each compound was tested

in triplicates and referenced to the internal standard.

Synthesis of compound 7:

(o)

~

(0}

MeOOC,__O
ACOUOAC

OAc

To a stirred solution of Acetobromo-a-D-glucuronic acid methylester 6 (3 g, 7.55 mmol) in
anhydrous CHsCN (75 mL) was added 4-hydroxy-3-nitrobenzaldehyde 5 (1.9 g, 11.33 mmol)
followed by addition of Ag.O (8.75 g, 37.75 mmol). The resulting mixture was stirred under
darkness and argon atmosphere for 4 h at RT. The mixture was then filtered over a Celite pad
to remove the solid, washed with an excess of CH3CN and concentrated in vacuo. The residue
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was purified by column chromatography over silica gel (gradient eluent PE/EtOAc from 70/30
to 50/50) to give 7 (3.4 g, 7.04 mmol, 93%) as a white solid. Rf = 0.28 (PE/EtOAc: 50/50). *H-
NMR (500 MHz, CDCls) &: 9.98 (s, 1H, CHO), 8.32 (d, J = 2.0 Hz, 1H, ArH), 8.09 (dd, J =
8.6, 2.1 Hz, 1H, ArH), 7.50 (d, J = 8.6 Hz, 1H, ArH), 5.45 — 5.41 (m, 2H, H-1, H-3), 5.36 —
5.26 (m, 2H, H-2, H-4), 4.32 (d, J = 8.4 Hz, 1H, H-5), 3.71 (s, 3H, COOCHj3), 2.13 (s, 3H,
OACc), 2.09 (s, 3H, OAC), 2.08 (s, 3H, OAC). ). ESI-MS: m/z calcd for [C20H25N2013]*: 501.10,
found: 501.14 [M + NH4]".

Synthesis of compound 8:

OH

NO,
MeOOC

0.0
ACOUOAC

OAc

A stirred suspension of 7 (3.4 g, 7.04 mmol) with 2 g of silica gel in 100 mL of anhydrous
CHCls/Isopropanol (5:1) was cooled to 0 °C and then NaBH4 (399 mg, 10.55 mmol) was added.
The resulting mixture was stirred at 0 °C for 45 min under argon atmosphere. The mixture was
then filtered over a Celite pad to remove silica gel and washed with CHCIs. The organic layer
was poured into cold water (100 mL), after their separation the organic layer was then washed
with brine (2 x 100 mL), dried over MgSO4 and evaporated in vacuo to afford 8 (3.25 g, 6.69
mmol, 95%) as a white solid. Rf = 0.11 (PE/EtOAc: 50/50). *H-NMR (500 MHz, CDCls) &:
7.81 (d, J = 2.2 Hz, 1H, ArH), 7.54 (dd, J = 8.6, 2.2 Hz, 1H, ArH), 7.37 (d, J = 8.6 Hz, 1H,
ArH), 5.40 — 5.26 (m, 3H, H-2, H-3, H-4), 5.19 (d, J = 6.8 Hz, 1H, H-1), 4.73 (d, J = 5.8 Hz,
2H, CH>), 4.20 (d, J = 8.7 Hz, 1H, H-5), 3.75 (s, 3H, COOCH?3), 2.13 (s, 3H, OAc), 2.06 (s, 3H,
OACc), 2,05 (s, 3H, OAC), 1.86 (t, J = 5.8 Hz, 1H, OH). ESI-MS: m/z calcd for [C20H27N2013]*:
503.15, found: 503.15 [M + NH4]".

Synthesis of compound 9:

OTBDMS

NO,
MeOOC

0.0
ACOTQTIOAC

OAc
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To a stirred solution of tert-Butyldimethylsilyl chloride (1 g, 6.64 mmol) and imidazole (452
mg, 6.64 mmol) in anhydrous CH>Cl> (10 mL) cooled to 0 °C was added a solution of 8 (2.15

g, 4.43 mmol) in anhydrous CH2Cl> (35 mL). The mixture was stirred overnight at RT under
argon. The reaction was quenched by addition of water (40 mL) and extracted with CH.Cl, (3
X 40 mL). The combined organic layers were dried over MgSOs, filtered and concentrated under
reduced pressure. The resulting crude compound was purified by column chromatography over
silica gel (gradient eluent PE/EtOAc from 80/20 to 60/40) to afford 9 (2.46 g, 4.10 mmol, 93%)
as a white powder. Rf = 0.26 (PE/EtOAc: 70/30). *H-NMR (500 MHz, CDCls) &: 7.75 (s, 1H,
ArH), 7.48 (d, J = 8.6 Hz, 1H, ArH), 7.34 (d, J = 8.6 Hz, 1H, ArH), 5.39 — 5.26 (m, 3H, H-2,
H-3, H-4), 5.17 (d, J = 6.6 Hz, 1H, H-1), 4.72 (s, 2H, CHy), 4.19 (d, J = 8.9 Hz, 1H, H-5), 3.75
(s, 3H, COOCHpg), 2.12 (s, 3H, OACc), 2,06 (s, 3H, OAc), 2.05 (s, 3H, OACc), 0.94 (s, 9H, -Si-
C(CHs)3), 0.11 (s, 6H, -Si(CHs)2). *3C NMR (126 MHz, CDCls) &: 170.2, 169.5, 169.5, 166.9,
147.9, 1415, 138.3, 131.2, 122.6, 120.4, 100.2, 72.8, 71.4, 70.4, 69.0, 63.5, 53.2, 26.0 (3C),
20.7,20.7, 20.7, 18.5, -5.2 (2C). ESI-MS: m/z calcd for [C20H27N2013]": 503.15, found: 503.14
[M — CeH14Si + NH4]".

Synthesis of compound 10:

OTBDMS

NO,
MeOOC

0.0
HO‘TL‘J""OH

OH

To a stirred solution of 9 (2.46 g, 4.10 mmol) in anhydrous MeOH (100 mL) cooled to 0 °C
were added dropwise a solution of MeONa 30% w/v in MeOH (759 pL, 4.10 mmol). The
resulting mixture was stirred at 0 °C for 100 min under argon. The reaction was quenched with
glacial acetic acid (234 pL, 4.10 mmol) and the solvent was removed under reduced pressure.
Crude material was purified by column chromatography over silica gel (eluent CH2Cl>/MeOH:
95/5) to afford 10 (1.63 g, 3.44 mmol, 84%) as a colorless oil. Rf = 0.14 (CH2Cl,/MeOH: 95/5).
'H-NMR (500 MHz, CDCls) &: 7.81 (d, J = 2.1 Hz, 1H, ArH), 7.52 (dd, J = 8.7, 2.1 Hz, 1H,
ArH), 7.35 (d, J = 8.5 Hz, 1H, ArH), 4.95 (d, J = 7.2 Hz, 1H, H-1), 4.72 (s, 2H, CH>), 4.06 (d,
J=9.7 Hz, 1H, H-5), 3.92 (dd, J = 9.1, 9.1 Hz, 1H, H-3), 3.85 (s, 3H, COOCH3), 3.83 — 3.72
(m, 2H, H-2, H-4), 3.56 (br s, 1H, OH), 3.50 (br s, 1H, OH), 3.41 (br s, 1H, OH), 0.94 (s, 9H, -
Si-C(CHs)s), 0.11 (s, 6H, -Si(CH3)2). *C NMR (126 MHz, CDCls) &: 169.2, 149.2, 140.4,
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137.7,132.1, 123.1, 119.1, 103.2, 75.0, 74.6, 73.0, 71.1, 63.5, 53.2, 26.0 (3C), 18.5, -5.2 (2C).
ESI-MS: m/z calcd for [C14aH21N2010]™: 377.12 , found: 377.11 [M — CgH14Si + NH4]".

Synthesis of compound 11:

OTBDMS

Compound 10 (1.63 g, 3.44 mmol) was dissolved in anhydrous allyl alcohol (40 mL) and the
solution was cooled to 0 °C. Then, a solution of sodium allylate 0.126 M (5.5 mL, 0.69 mmol)
was added dropwise and the mixture was stirred at RT for 40 min under argon atmosphere. The
reaction was neutralized with glacial acetic acid (39 pL, 0.69 mmol) and after removal of
solvent under reduced pressure, the crude material was purified by column chromatography
over silica gel (eluent CH.Cl,/MeOH: 95/5) to afford 11 (1.43 g, 2.87 mmol, 83%) as a yellow
oil. Rf = 0.35 (CH2Cl2/MeOH: 90/10). *H-NMR (500 MHz, CDCls) §: 7.79 (s, 1H, ArH), 7.49
(dd, J = 8.8, 2.2 Hz, 1H, ArH), 7.35 (d, J = 8.6 Hz, 1H, ArH), 5.98 — 5.87 (m, 1H, -CH=CH>),
5.36 (d, J = 17.2 Hz, 1H, -CH=CH®SH"®), 5.26 (d, J = 10.5 Hz, 1H, -CH=CHCSH""%) 4.97 (d,
J=7.1Hz, 1H, H-1), 4.75 — 4.69 (m, 4H, -OCH2-CH=CH,, CH>), 4.08 (d, J = 9.7 Hz, 1H, H-
5), 3.94 (dd, J = 9.0, 9.0 Hz, 1H, H-3), 3.90 — 3.73 (m, 5H, H-2, H-4, OH (x3)), 0.94 (s, 9H, -
Si-C(CHs)3), 0.10 (s, 6H, -Si(CHs)2). 3C NMR (126 MHz, CDCls) &: 168.4, 149.1, 140.4,
137.5, 132.0, 131.2, 123.0, 119.4, 119.2, 103.0, 75.0, 74.7, 73.0, 71.0, 66.7, 63.5, 26.0 (3C),
18.5, -5.2 (2C). ESI-MS: m/z calcd for [C16H23N2010]": 403.13, found: 403.13 [M — CsH14Si +
NH4]".

Synthesis of compound 12:
OTBDMS

o) ;/[ “NO,

\/\O (0] (0]

AllocO"" "'OAlloc
OAlloc

To a solution of 11 (1.43 g, 2.87 mmol) in anhydrous pyridine (14 mL) cooled at 0 °C was

slowly added dropwise allyl chloroformate (9.15 mL, 86.11 mmol) (Note: strong gas release).
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The mixture was stirred at RT for 72 h under argon atmosphere. The reaction was diluted with
CH2Cl, (20 mL) and quenched with HCI 1IN (until pH 5-6). The aqueous layer was then

extracted with CH,Cl, (100 mL). The combined organic layers were dried over MgSOsa, filtered
and concentrated under reduced pressure. The resulting crude material was purified by column
chromatography over silica gel (eluent PE/EtOAc: 80/20) to give 12 (1.77 g, 2.35 mmol, 82%)
as a colorless oil. Rf = 0.28 (PE/EtOAc: 80/20). *H-NMR (500 MHz, CDCls) &: 7.76 (s, 1H,
ArH), 7.47 (d, J = 8.5 Hz, 1H, ArH), 7.32 (d, J = 8.6 Hz, 1H, ArH), 6.01 — 5.81 (m, 4H, -
CH=CH> (x4)), 5.40 - 5.23 (m, 12H, H-1, H-2, H-3, H-4, -CH=CH2 (x4)), 4.77 — 4.60 (m, 10H,
-OCH2-CH=CHj> (x4), CH>), 4.30 (d, J = 8.6 Hz, 1H, H-5), 0.94 (s, 9H, -Si-C(CHs3)3), 0.10 (s,
6H, -Si(CH3)2). *C NMR (126 MHz, CDCls) &: 165.8, 154.1, 153.6, 148.0, 141.1, 138.2, 131.4,
131.3, 131.2, 131.1, 131.0, 122.8, 119.6, 119.5, 119.4, 119.4, 119.2, 100.0, 75.2, 74.1, 72.5,
72.4, 69.6, 69.4, 69.3, 67.0, 63.5, 26.0 (3C), 185, -5.2 (2C). ESI-MS: m/z calcd for
[C28H35N2016]": 655.20, found: 655.19 [M — CsH14Si + NH4]".

Synthesis of compound 13:

OTBDMS

o) i “NH,
\/\O (0] (0]
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Compound 12 (1.77 g, 2.35 mmol) was dissolved in 20 mL of anhydrous MeOH/AcOH mixture
(10:1, v/v). Activated zinc powder (3.08 g, 47.09 mmol), was then added and the resulting
mixture was vigorously stirred for 30 min at RT under argon atmosphere. The reaction was
monitored by TLC until completion (30 min to 1h). The reaction mixture was then filtered and
the resulting solid washed with excess MeOH. The filtrate was azeotroped to dryness with
toluene in vacuo. The crude material was purified by column chromatography over silica gel
(gradient eluent PE/EtOAc from 90/10 to 80/20) to give 13 (1.5 g, 2.07 mmol, 88%) as a yellow
oil. Rf = 0.26 (PE/EtOAc: 80/20). *H NMR (500 MHz, CDCls) &: 6.90 (d, J = 8.2 Hz, 1H, ArH),
6.68 (s, 1H, ArH), 6.60 (d, J = 8.3 Hz, 1H, ArH), 5.96 — 5.81 (m, 4H, -CH=CH> (x4)), 5.38 —
5.13 (m, 11H, H-2, H-3, H-4, -CH=CH> (x4)), 5.05 (d, J = 7.8 Hz, 1H, H-1), 4.69 — 4.58 (m,
10H, -OCH2-CH=CH2 (x4), CH>), 4.21 (d, J = 9.1 Hz, 1H, H-5), 0.93 (s, 9H, -Si-C(CH3)3),
0.08 (s, 6H, -Si(CHs)2). *C NMR (126 MHz, CDCls) &: 165.8, 154.0, 153.9, 153.5, 143.0,
138.1,137.8,131.1,131.1, 131.0, 131.0, 119.3, 119.2, 119.2, 119.0, 117.3, 115.8, 113.8, 100.6,
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75.4,74.6,72.8,72.1,69.2,69.2,69.1, 66.8, 64.6, 26.0 (3C), 18.5, -5.2 (2C). ESI-MS: m/z calcd
for [C2gH37N2014]" 607.19, found 607.29 [M — CeH14Si + NH4]".

Synthesis of compound 14:

OTBDMS

éuw

AIIocO “’OAlloc
OAlloc

To a stirred solution of 13 (565 mg, 0.78 mmol) in anhydrous CH2Cl> (10 mL) was added 5-
hexynoic acid (105 pL, 0.94 mmol) followed by addition of EEDQ (387 mg, 1.57 mmol). The
mixture was stirred for 24 h at RT under darkness and argon atmosphere. After removing the
solvent under reduced pressure, the crude material was purified by column chromatography
over silica gel (gradient eluent PE/EtOAc from 90/10 to 85/15) to give 14 (588 mg, 0.72 mmol,
92%) as a colorless oil. Rf = 0.44 (PE/EtOAc: 70/30). *H NMR (500 MHz, CDCls) &: 8.31 (s,
1H, ArH), 8.01 (s, 1H, ArNH), 7.06 (d, J = 8.5 Hz, 1H, ArH), 6.95 (d, J = 8.4 Hz, 1H, ArH),
5.96 - 5.80 (m, 4H, -CH=CH> (x4)), 5.39 - 5.11 (m, 12H, H-1, H-2, H-3, H-4, -CH=CH: (x4)),
4.70 — 4.57 (m, 10H, -OCH,-CH=CH> (x4), CH>), 4.26 (d, J = 9.3 Hz, 1H, H-5), 2.56 (t, J =
7.4 Hz, 2H, CO-CH,-CH>-CH>-C=CH), 2.33 (td, J = 7.0, 2.5 Hz, 2H, -CH>-C=CH), 1.99 (t, J
= 2.7 Hz, 1H, -C=CH), 1.95 (p, J = 7.1 Hz, 2H, -CH>-CH>-CH,-C=CH), 0.93 (s, 9H, -Si-
C(CHs)3), 0.09 (s, 6H, -Si(CHs)2). 3C NMR (126 MHz, CDCls) : 171.0, 165.8, 154.3, 154.1,
153.7, 143.8, 138.0, 131.1, 131.0, 131.0, 130.9, 121.4, 119.6, 119.5 (2C), 119.3, 118.5, 115.5,
100.0, 83.8, 75.1, 74.7, 72.8, 72.3, 69.5, 69.5, 69.4, 69.3, 67.1, 64.8, 36.2, 26.1 (3C), 24.3, 18.6,
18.1, -5.1 (2C). ESI-MS: m/z calcd for [C3aH40NO15]*: 702.24, found: 702.25 [M — CeH14Si +
H]".

Synthesis of compound 15:

éuw

AIIocO “"OAlloc
OAlloc
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HF/Pyridine 70% (1.24 mL) was added dropwise to a solution of 14 (265 mg, 0.33 mmol) in
anhydrous THF (5 mL) cooled at 0 °C. The resulting mixture was stirred for 45 min at RT under

argon atmosphere. Then, the reaction was quenched with saturated solution of NaHCO3 (6 mL)
and extracted with EtOAc (3 x 20 mL). The combined organic layers were dried over MgSOea,
filtered and concentrated under reduced pressure. The resulting crude material was purified by
column chromatography over silica gel (eluent PE/EtOAc: 60/40) to give 15 (214 mg, 0.32
mmol, 93%) as a colorless oil. Rf = 0.12 (PE/EtOAc: 60/40). *H NMR (500 MHz, CDCls) &:
8.39 (s, 1H, ArH), 8.04 (s, 1H, ArNH), 7.06 (d, J = 8.4 Hz, 1H, ArH), 6.97 (d, J = 8.3 Hz, 1H,
ArH), 5.97 - 5.79 (m, 4H, -CH=CH_ (x4)), 5.39 — 5.14 (m, 12H, H-1, H-2, H-3, H-4, -CH=CH_
(x4)), 4.72 — 4.56 (m, 10H, -OCH,-CH=CH> (x4), CH>), 4.28 (d, J = 9.4 Hz, 1H, H-5), 2.57 (t,
J=7.3 Hz, 2H, CO-CH2-CH2-CH,-C=CH), 2.36 — 2.29 (m, 2H, -CH>-CH,-C=CH), 2.00 (br s,
1H, -C=CH), 1.95 (p, J = 7.0 Hz, 2H, -CH2-CH2-CH-C=CH). *C NMR (126 MHz, CDCl3) 5:
171.2,165.7,154.3,154.1, 153.7, 144.2, 137.5, 131.1, 131.0, 130.9, 130.9, 129.5, 122.4, 119.6,
119.6, 119.5 (2C), 119.4, 115.6, 99.8, 83.7, 75.0, 74.7, 72.7, 72.3, 69.5, 69.5, 69.4, 69.3, 67.1,
65.1, 36.1, 24.2, 18.1. ESI-MS: m/z calcd for [C3sHsoNO15]* 701.23, found 701.26 [M+H]".

Synthesis of compound 16:

OYOONOZ
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W
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15 (188 mg, 0.27 mmol) was dissolved in anhydrous CH.Cl, (2 mL) then anhydrous pyridine
(54 pL, 0.67 mmol) was added at 0 °C followed by a solution of 4-nitrophenyl chloroformate
(108 mg, 0.54 mmol) in anhydrous CH>Cl> (3 mL). The mixture was stirred at RT under argon
atmosphere for 2 h, quenched with saturated solution of NaHCO3 (6 mL) and extracted with
CH2Cl> (3 x 20 mL). The combined organic layers were dried over MgSQOs, filtered and
concentrated under reduced pressure. The crude oil was purified by column chromatography
over silica gel (eluent PE/EtOAc: 70/30) to yield 16 (230 mg, 0.27 mmol, 99%) as a colorless
oil. Rf =0.23 (PE/EtOAc: 70/30). *H NMR (500 MHz, CDCls) &: 8.56 (d, J = 1.6 Hz, 1H, ArH),
8.27 (d, J = 9.0 Hz, 2H, ArH), 8.07 (s, 1H, ArNH), 7.38 (d, J = 9.0 Hz, 2H, ArH), 7.10 (dd, J =
8.4, 2.0 Hz, 1H, ArH), 6.99 (d, J = 8.4 Hz, 1H, ArH), 5.97 —5.79 (m, 4H, -CH=CH> (x4)), 5.40
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~5.16 (m, 14H, H-1, H-2, H-3, H-4, -CH=CH (x4), CH,), 4.73 — 4.58 (m, 8H, -OCH,-CH=CH;
(x4)), 4.30 (d, J = 9.3 Hz, 1H, H-5), 2.59 (t, J = 7.4 Hz, 2H, CO-CHp-CH,-CH2-C=CH), 2.38 —
2.29 (M, 2H, -CH2-CH,-C=CH), 2.00 (t, J = 2.6 Hz, 1H, -C=CH), 1.96 (p, J = 7.0 Hz, 2H, -
CHy-CH2-CH,-C=CH). *C NMR (126 MHz, CDCls) &: 171.3, 165.7, 155.7, 154.4, 154.1,
153.7, 152.5, 145.5, 145.0, 131.1, 131.0, 130.9, 130.8, 130.5, 129.7, 125.4 (2C), 124.1, 122.0
(2C), 121.1, 119.7, 119.6, 119.6, 119.4, 115.1, 99.4, 83.6, 74.8, 74.6, 72.7, 72.3, 70.8, 69.6,
69.5, 69.4, 69.4, 67.2, 36.1, 24.1, 18.1. ESI-MS: m/z calcd for [Ca1H43N201q]*: 867.25, found:
867.25 [M+H]".

Synthesis of compound 17:

° “WM L@E
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Cryptophycin-55 glycinate-trifluoroacetate salt (10 mg, 0.011 mmol), 16 (12 mg, 0.014 mmol),
and DIPEA (6 pL, 0.034 mmol) were placed under argon atmosphere and dissolved in
anhydrous DMF (0.5 mL). The solution was stirred for 4 h at RT and the reaction was monitored
by HPLC-MS using Method A. The crude material was purified by reverse-phase (RP)-HPLC
using Method M1 to afford the conjugate 17 (13 mg, 0.009 mmol, 77%) as a white powder after
freeze-drying. HPLC-MS: t = 12.4 min, 83% purity (A = 220 nm), m/z calcd for
[C73HssCl2N4O25]?*: 745.26, found: 745.24 [M + 2H]?".

Synthesis of compound 18:

HNT/&O HNL\C[ -
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17 (13 mg, 0.009 mmol) and Pd(PPhz)s 10% mol (1 mg, 0.9 umol) were placed under argon
atmosphere and dissolved in anhydrous and degassed CH2Cl> (0.5 mL). Then, morpholine (4

drops) was added and the solution was stirred for 1 h at RT. The reaction was monitored by
HPLC-MS using Method A. The solvent was removed under reduced pressure keeping the
water bath at RT, and the crude material was purified by RP-HPLC using Method M2 to afford
the deprotected conjugate 18 (6.89 mg, 0.006 mmol, 66%) as a white powder after freeze-
drying. HPLC-MS: t, = 10.4 min, > 99% purity (4 = 220 nm), m/z calcd for [CsgsH71Cl2N4O19]*:
1197.40, found: 1197.37 [M + H]".

Synthesis of compound 1:
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CggH114CI2N16027 = o)
Exact Mass: 1896,7416 ///
MW: 1898,8650 HN
HoN
2% NH

18 (3.5 mg, 2.87 umol), 33 (2.21 mg, 3.16 umol), CuSO4 - 5H>0 (0.4 mg, 1.44 umol), and
sodium ascorbate (0.34 mg, 1.72 umol) were placed under argon atmosphere and dissolved in
a mixture of anhydrous DMF/H2O (200 pL, 1:1) previously degassed with argon flow. The
solution was stirred at 35 °C for 24 h. The reaction progress was monitored by HPLC-MS. The
crude was purified by RP-HPLC using Method M2 to afford the final compound 1 (4.57 mg,
2.41 umol, 84%) as a white powder after freeze-drying. HPLC-MS: t; = 7.9 min, > 99% purity
(A =220 nm), m/z calcd for [CggH115Cl2N16027]": 1897.75, found: 1897.72 [M + H]*; m/z calcd
for [CasH116C12N16027]%": 949.38, found: 949.36 [M + 2H]?**. HRMS (ESI-MS): m/z calcd for
[CesH116Cl2N16027]%": 949.3781, found: 949.3824 [M + 2H]*".
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Synthesis of compound 2:

RN
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o
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Exact Mass: 1910,7573
MW: 1912,8920 " s‘\;—N
N A

H,N
NH

As described above, 18 (2.5 mg, 2.08 umol), 34 (1.64 mg, 2.29 umol), CuSO4 - 5H-0 (0.26 mg,
1.04 umol), and sodium ascorbate (0.25 mg, 1.25 umol) were placed under argon atmosphere
and dissolved in a mixture of anhydrous DMF/H20 (200 pL, 1:1) previously degassed with
argon flow. The solution was stirred at 35 °C for 24 h and monitored by HPLC-MS. The crude
was purified by RP-HPLC using Method M2 to afford the final compound 2 (3 mg, 1.57 umol,
75%) as a white powder after freeze-drying. HPLC-MS: t, = 7.8 min, > 99% purity (1 = 220
nm), m/z calcd for [CgoH117Cl2N16027]*: 1911.76, found: 1911.73 [M + H]*; m/z calcd for
[CagH118Cl2N16027]%": 956.39, found: 956.37 [M + 2H]?**. HRMS (ESI-MS): m/z calcd for
[CegH118Cl2N16027]*: 956.3859, found: 956.3872 [M + 2H]*".

Synthesis of compound 20:

OH

HO { NO

In a flame-dried round bottom flask 3-hydroxy-5-nitrobenzoic acid 19 (1.1 g, 6.01 mmol) was
dissolved in anhydrous THF (20 mL) and cooled to 0 °C. Then, a solution of BH3-THF 1.0 M

2

(30 mL, 30.03 mmol) was added dropwise. The mixture was stirred under argon atmosphere at
0 °C for 30 min and at RT overnight. The mixture was cooled back to 0 °C and quenched by
dropwise addition of MeOH. Solvent was concentrated under reduce pressure and the resulting
residue was diluted with EtOAc (200 mL), washed with brine (100 mL), then dried over

MgSOs, filtered and evaporated under reduced pressure. The crude material was purified by
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column chromatography over silica gel (eluent PE/EtOAc: 50/50) to give 20 (958 mg, 5.66
mmol, 94%) as a yellow solid. Rf = 0.29 (PE/EtOAc: 50/50). *H-NMR (500 MHz, (CD3).CO)
3:9.20 (brs, 1H, ArOH), 7.74 (s, 1H, ArH), 7.53 (s, 1H, ArH), 7.28 (s, 1H, ArH), 4.71 (s, 2H,
CHy), 4.54 (br s, 1H, BnOH). ESI-MS: m/z calcd for [C7HsNO4]": 170.04, found: 170.21 [M +
H]".

Synthesis of compound 21:

OTBDMS

HO { NO

Imidazole (598 mg, 8.78 mmol) was added to a stirred solution of 20 (990 mg, 5.85 mmol) in

2

anhydrous THF (30 mL) cooled to 0 °C. Then, a solution of tert-Butyldimethylsilyl chloride
(1.32 g, 8.78 mmol) in anhydrous THF (20 mL) was added dropwise and the mixture stirred at
0 °C for 2 h under argon atmosphere. After 2.5 h, the reaction was quenched with H.O (30 mL)
and extracted with EtOAc (3 x 30 mL), dried over MgSOs, filtered and evaporated under
reduced pressure. The crude material was purified by column chromatography over silica gel
(gradient eluent PE/EtOAc from 90/10 to 50/50) to yield 21 (1 g, 3.55 mmol, 61%) as a yellow
solid. Rf = 0.32 (PE/EtOAc: 80/20). *H NMR (500 MHz, CDCls) 8: 7.75 (s, 1H, ArH), 7.55 (s,
1H, ArH), 7.17 (s, 1H, ArH), 5.48 (s, 1H, ArOH), 4.76 (s, 2H, CHz2), 0.96 (s, 9H, -Si-C(CHa)3),
0.13 (s, 6H, -Si(CH3)2). 3C NMR (126 MHz, CDCls) &: 156.3, 149.3, 145.3, 119.2, 113.4,
109.1, 64.0, 26.0 (3C), 18.5, -5.2 (2C). ESI-MS: m/z calcd for [C7HsNO4]*: 170.04, found:
170.04 [M — CeH14Si + H]".

Synthesis of compound 22:

OTBDMS

COOMe
Adilii;\
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AcO Y (¢} NO

AcO

2

To a stirred solution of Acetobromo-a-D-glucuronic acid methylester 6 (1.15 g, 2.89 mmol) in
anhydrous CH3CN (15 mL) was added 21 (1.23 g, 4.34 mmol) dissolved in anhydrous CH3CN
(15 mL) followed by addition of Ag20 (3.35 g, 14.45 mmol). The resulting mixture was stirred
under darkness and argon atmosphere overnight at RT. The mixture was then filtered over a
Celite pad to remove the solid, washed with an excess of CH3CN and the filtrate was

concentrated in vacuo. The brown oil residue was purified by column chromatography over
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silica gel (gradient eluent PE/EtOAc from 80/20 to 60/40) to afford 22 (1.39 g, 2.31 mmol,
80%) as a white solid. Rf = 0.14 (PE/EtOAc: 80/20). *H NMR (500 MHz, CDCls) §: 7.90 (s,
1H, ArH), 7.73 (s, 1H, ArH), 7.31 (s, 1H, ArH), 5.40-5.28 (m, 3H, H-2, H-3, H-4), 5.24 (d, J =
7.1 Hz, 1H, H-1), 4.77 (s, 2H, CHy), 4.23 (dd, J = 6.6, 2.8 Hz, 1H, H-5), 3.73 (s, 3H, COOCHy),
2.07 (s, 3H, OAc), 2.06 (s, 3H, OAc), 2.06 (s, , 3H, OAc), 0.95 (s, 9H, -Si-C(CHa)3), 0.12 (s,
6H, -Si(CHs)2). *°C NMR (126 MHz, CDCls) §: 170.2, 169.5, 169.3, 166.8, 157.0, 149.2, 145.4,
120.6, 115.8, 110.5, 98.9, 72.8, 71.7, 71.1, 69.0, 63.8, 53.2, 26.0 (3C), 20.7 (2C), 20.7, 18.5, -
5.2, -5.2. ESI-MS: m/z calcd for [C20H27N2013]": 503.15, found: 503.15 [M — CsH14Si +NH4]".

Synthesis of compound 23:

COOMe OTBDMS
el
HO” ™" Yo NO,

OH
22 (1.39 g, 2.31 mmol) was dissolved in anhydrous MeOH (50 mL) cooled at 0 °C then was
treated with a solution of MeONa 30% w/v in MeOH (428 pL, 2.31 mmol). The resulting
mixture was stirred at 0 °C for 100 min under argon atmosphere. The reaction was quenched
with acetic acid (132 pL, 2.31 mmol) and the solvent was removed under reduced pressure.
Crude material was purified by column chromatography over silica gel (gradient eluent
CH2Cl2/MeOH from 95/5 to 90/10) to afford 23 (870 mg, 1.84 mmol, 80%) as a colorless oil.
Rf = 0.32 (CH2Cl,/MeOH: 90/10). *H NMR (500 MHz, CDCls) &: 7.80 (s, 1H, ArH), 7.70 (s,
1H, ArH), 7.27 (s, 1H, ArH partially overlapped with solvent signal), 5.07 (d, J = 7.0 Hz, 1H,
H-1), 4.83 (br s, 1H, OH), 4.70 (s, 2H, CHy), 4.43 (br s, 1H, OH), 4.26 (br s, 1H, OH), 4.11 (d,
J =9.6 Hz, 1H, H-5), 3.93 (dd, J = 9.0, 9.0 Hz, 1H, H-3), 3.90 — 3.81 (m, 2H, H-2, H-4), 3.80
(s, 3H, COOCHs3), 0.92 (s, 9H, -Si-C(CHs)3), 0.09 (s, 6H, -Si(CH3)2). 3C NMR (126 MHz,
CDCls) 6: 169.6, 157.1, 149.1, 145.3, 120.3, 115.4, 110.4, 100.8, 75.5, 74.4, 72.9, 71.2, 63.8,
53.2,26.0 (3C), 18.5, -5.3 (2C). ESI-MS: m/z calcd for [C14H21N2010]": 377.12 , found: 377.11

[M — CeH1Si + NH4]".
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Synthesis of compound 24:

To a solution of 23 (870 mg, 1.84 mmol) in anhydrous allyl alcohol (25 mL) cooled to 0 °C
was added dropwise a solution of sodium allylate 0.126 M (2.9 mL, 0.367 mmol). The mixture
was stirred at RT for 40 min under argon atmosphere. The reaction was neutralized with glacial
acetic acid (21 pL, 0.367 mmol) and after removal of solvent under reduced pressure, the crude
material was purified by column chromatography over silica gel (eluent CH2Cl2/MeOH: 95/5)
to yield 24 (680 mg, 1.36 mmol, 74%) as a yellowish oil. Rf = 0.30 (CH2Cl2/MeOH: 90/10).
IHNMR (500 MHz, CDCls) &: 7.85 (s, 1H, ArH), 7.74 (s, 1H, ArH), 7.29 (s, 1H, ArH), 5.94 —
5.83 (M, 1H, -CH=CH>), 5.31 (d, J = 17.1 Hz, 1H, -CH=CHC*H"*™) 521 (d, J = 10.4 Hz, 1H,
-CH=CHCsH) 505 (d, J = 7.1 Hz, 1H, H-1), 4.74 — 4.63 (m, 4H, -OCH,-CH=CH,, CH>),
4.58 (br s, 1H, OH), 4.25 (br s, 1H, OH), 4.10 (d, J = 9.7 Hz, 1H, H-5), 4.03 (br s, 1H, OH),
3.94 (dd, J =9.1, 9.1 Hz, 1H, H-3), 3.88 — 3.77 (m, 2H, H-2, H-4), 0.93 (s, 9H, -Si-C(CH3)3),
0.10 (s, 6H, -Si(CHs)2). 3 CNMR (126 MHz, CDCls) §: 168.8, 157.2, 149.1, 145.3, 131.1, 120.5,
119.4, 1155, 110.6, 101.0, 75.5, 74.4, 72.9, 71.1, 66.8, 63.8, 26.0 (3C), 18.5, -5.2 (2C). ESI-
MS: m/z calcd for [C16H23N2010]*: 403.13, found: 403.12 [M — CsH14Si + NH.4]".

Synthesis of compound 25:
N
o0.__0 OH
AIIocO,;i\ék
O [ /j

AllocO” 7 Y0 NO,

OAlloc
To a solution of 24 (680 mg, 1.36 mmol) in anhydrous pyridine (7 mL) cooled to 0 °C was
slowly added dropwise allyl chloroformate (4.34 mL, 40.8 mmol) (Note: strong gas release).
The mixture was stirred at RT for 72 h under argon atmosphere. The reaction was diluted with
CH2Cl, (20 mL) and quenched with HCI 1N (until pH 5-6). The aqueous layer was then
extracted with CH2Cl, (3 x 30 mL). The combined organic layers were dried over MgSOa,

filtered, and concentrated under reduced pressure. The resulting crude material was purified by
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column chromatography over silica gel (gradient eluent PE/EtOAc from 90/10 to 85/15) to give
25 (565 mg, 0.75 mmol, 55%) as a colorless oil. Rf = 0.33 (PE/EtOAc: 80/20). *H NMR (500
MHz, CDCls) &: 7.91 (s, 1H, ArH), 7.74 (s, 1H, ArH), 7.31 (s, 1H, ArH), 5.97 — 5.79 (m, 4H, -
CH=CH> (x4)), 5.39 — 5.14 (m, 12H, H-1, H-2, H-3, H-4, -CH=CHj (x4)), 4.77 (s, 2H, CH>),
4.70 — 457 (m, 8H, -OCH»-CH=CH; (x4)), 4.33 (d, J = 9.2 Hz, 1H, H-5), 0.95 (s, 9H, -Si-
C(CHa)3), 0.12 (s, 6H, -Si(CH3)2). 13C NMR (126 MHz, CDCls) &: 165.8, 156.8, 154.1, 153.7,
153.6, 149.2, 145.4, 131.2, 131.1, 131.0, 120.6, 119.6, 119.5, 119.5, 119.3, 115.9, 110.9, 98.8,
75.3,74.7,72.5,72.4,69.5 (3C), 69.3,67.1, 63.8, 26.0 (3C), 18.5, -5.2 (2C). ESI-MS: m/z calcd
for [C2sHasN201s]*: 655.20, found: 655.19 [M — CeH14Si + NH4]*.

Synthesis of compound 26:

(0] (0] OTBDMS
Allocoi
' (0] [ /j
AllocO Y (0] NH,

OAlloc

Compound 25 (565 mg, 0.75 mmol) was dissolved in 8 mL of anhydrous MeOH/AcOH mixture
(10:1, v/v). Activated zinc powder (981 mg, 15.0 mmol), was then added and the resulting
mixture was vigorously stirred for 30 min at RT under argon atmosphere. The reaction was
monitored by TLC until completion (30 min to 1 h). The reaction mixture was then filtered and
the resulting solid was washed with excess MeOH. The filtrate was concentrated to dryness in
vacuo. The crude material was purified by column chromatography over silica gel (gradient
eluent PE/EtOAc from 80/20 to 70/30) to give 26 (390 mg, 0.54 mmol, 72%) as a yellow oil.
Rf = 0.08 (PE/EtOAc: 80/20). *H NMR (500 MHz, CDCls) &: 6.39 (s, 1H, ArH), 6.36 (s, 1H,
ArH), 6.23 (s, 1H, ArH), 5.95 — 5.80 (m, 4H, -CH=CH> (x4)), 5.38 — 5.21 (m, 10H, H-1, H-3,
-CH=CH2 (x4)), 5.17 — 5.07 (m, 2H, H-2, H-4), 4.68 — 4.55 (m, 10H, -OCH2-CH=CH> (x4),
CHy), 4.23 (d, J = 8.5 Hz, 1H, H-5), 0.93 (s, 9H, -Si-C(CHs)3), 0.08 (s, 6H, -Si(CHa)). 1*C
NMR (126 MHz, CDCl3) 6: 166.0, 157.9, 154.2, 153.8, 153.7, 147.7,144.5, 131.3, 131.3, 131.2,
131.1, 119.4, 119.3, 119.2, 119.1, 108.2, 104.9, 103.1, 99.3, 75.8, 74.9, 72.9, 72.4, 69.3, 69.2
(2C), 66.9, 64.8, 26.1 (3C), 18.6, -5.1 (2C). ESI-MS: m/z calcd for [C2sH3sNO14]": 608.20,
found: 608.20 [M — CsH14Si + H]".

183



Experimental section

Synthesis of compound 27:

OTBDMS

AllocO,
Alocoi /é\ W

OAlloc
To a stirred solution of 26 (380 mg, 0.53 mmol) in anhydrous CH2Cl> (5 mL) was added 5-
hexynoic acid (71 pL, 0.64 mmol) followed by EEDQ (262 mg, 1.06 mmol). The mixture was
stirred for 48 h at RT under darkness and argon atmosphere. After removing the solvent under
reduced pressure, the crude material was purified by column chromatography over silica gel
(gradient eluent PE/EtOAc from 85/15 to 80/20) to give 27 (412 mg, 0.51 mmol, 95%) as a
yellow oil. Rf = 0.20 (PE/EtOAc: 80/20). *H NMR (500 MHz, CDCls) §: 7.21 (br s, 2H, ArH,
ArNH), 7.13 (s, 1H, ArH), 6.75 (s, 1H, ArH), 5.96 — 5.79 (m, 4H, -CH=CH, (x4)), 5.37 — 5.19
(m, 11H, H-1, H-2, H-4, -CH=CH, (x4)), 5.18 — 5.10 (m, 1H, H-3), 4.68 — 4.56 (m, 10H, -
OCH2-CH=CH: (x4), CH>), 4.26 (d, J = 8.5 Hz, 1H, H-5), 2.49 (t, J = 7.2 Hz, 2H, CO-CH>-
CH2-CH2-C=CH), 2.31 (td, J = 6.3, 3.2 Hz, 2H, -CH2-CH,-CH2-C=CH), 2.02 (br s, 1H, -
C=CH), 1.93 (p, J = 7.0 Hz, 2H, -CH,-CH,-CH>-C=CH), 0.93 (s, 9H, -Si-C(CHs3)3), 0.09 (s,
6H, -Si(CHs)2). *C NMR (126 MHz, CDCls) §: 170.5, 166.0, 157.1, 154.2, 153.8, 153.7, 144.3,
139.0, 131.3, 131.2, 131.2, 131.1, 119.4, 119.3, 119.2, 119.1, 112.3, 110.3, 107.4, 99.0, 83.6,
75.7,74.8,72.8, 72.4, 69.6, 69.3, 69.3, 69.2, 66.9, 64.6, 36.1, 26.1 (3C), 24.0, 18.5, 17.9, -5.1
(2C). ESI-MS: m/z calcd for [C3sH40NO15]™: 702.24, found: 702.22 [M — CsH14Si + H]".

Synthesis of compound 28:
\

AllocO,
Aloco’i\t/L /é\ W

OAlloc
Compound 27 (400 mg, 0.49 mmol) was dissolved in anhydrous THF (8 mL) and cooled to 0
°C, then HF/Pyridine 70% (1.88 mL) was added dropwise. The mixture was stirred 1 hour at
RT under argon atmosphere. The reaction was quenched with saturated solution of NaHCOs (8

mL) and extracted with CH>Cl> (3 x 20 mL). The combined organic layers were dried over

MgSOs, filtered, and concentrated under reduced pressure. The resulting crude material was
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purified by column chromatography over silica gel (gradient eluent PE/EtOAc from 70/30 to
40/60) to give 28 (302 mg, 0.43 mmol, 88%) as a colorless oil. Rf = 0.13 (PE/EtOAc: 60/40).
'H NMR (500 MHz, CDCls) &: 7.29 (s, 1H, ArH), , 7.11 (s, 1H, ArH), 6.76 (s, 1H, ArH), 5.97
—5.80 (M, 4H, -CH=CH> (x4)), 5.38 — 5.19 (m, 11H, H-1, H-2, H-4, -CH=CHj (x4)), 5.12 (dd,
J=75,75Hz 1H, H-3), 4.68 — 4.56 (m, 10H, -OCH,-CH=CH2 (x4), CHy), 4.27 (d,J=7.5
Hz, 1H, H-5), 2.49 (t, J = 7.2 Hz, 2H, CO-CH,-CH>-CH»-C=CH), 2.35 — 2.29 (m, 2H, -CH>-
CH2-CH,-C=CH), 2.03 (br s, 1H, -C=CH), 1.93 (p, J = 7.2 Hz, 2H, -CH,-CH2-CH,-C=CH).
13C NMR (126 MHz, CDCl3) §: 170.8, 166.2, 157.0, 154.2, 153.8, 153.7, 143.8, 139.3, 131.2
(2C), 131.1 (2C),119.4 (2C), 119.3, 119.2, 113.2, 111.3, 107.6, 98.8, 83.6, 75.7, 74.8, 72.7,
72.2,69.7,69.4, 69.3, 69.3, 67.0, 64.9, 36.1, 23.9, 17.9. ESI-MS: m/z calcd for [C3sH40NO1s]":
702.24, found: 702.22 [M + H]".

Synthesis of compound 29:
§

OYO@NOZ
0.__0 o}
AIIocO:(\E/(i 0
Alloc0” Y Y07 £\HW

OAlloc

To a stirred solution of 28 (154 mg, 0.219 mmol) in anhydrous CH2Cl, (2 mL) cooled to 0 °C
were added dropwise anhydrous pyridine (44 pL, 0.548 mmol) followed by a solution of 4-
nitrophenyl chloroformate (88 mg, 0.439 mmol) in anhydrous CH2Cl> (3 mL). The mixture was
stirred at RT under argon for 2 h and quenched with saturated solution of NaHCO3 (6 mL) and
extracted with CH2Cl> (x3). The combined organic layers were dried over MgSQOyg, filtered and
concentrated under reduced pressure. The crude oil was purified by column chromatography
over silica gel (gradient eluent PE/EtOAc: 70/30; 60/40) to give 29 (140 mg, 0.162 mmol, 74%)
as a colourless oil. Rf = 0.23 (PE/EtOAc: 70/30). *H NMR (500 MHz, CDCls) &: 8.28 (d, J =
9.0 Hz, 2H, ArH), 7.44 (s, 1H, ArH), 7.40 (d, J = 9.0 Hz, 2H, ArH), 7.27 (s, 1H, ArNH partially
overlapped with solvent signal), 7.20 (s, 1H, ArH), 6.83 (s, 1H, ArH), 5.97 — 5.79 (m, 4H, -
CH=CH> (x4)), 5.39 — 5.19 (m, 13H, H-1, H-2, H-4, -CH=CH2 (x4), CH>), 5.19 - 5.10 (m, 1H,
H-3), 4.69 — 4.54 (m, 8H, -OCH>-CH=CH> (x4)), 4.35 — 4.26 (m, 1H, H-5), 2.51 (t, J = 7.2 Hz,
2H, CO-CH,-CH2-CH>-C=CH), 2.33 (td, J = 6.7, 2.6 Hz, 2H, -CH>-CH>-CH>-C=CH), 2.03 (t,
J=2.6Hz, 1H, -C=CH), 1.94 (p, J = 7.0 Hz, 2H, -CH,-CH2-CH,-C=CH). $3C NMR (126 MHz,
CDCl3) &: 170.7, 166.0, 157.1, 155.6, 154.2, 153.8, 153.7, 152.5, 145.6, 139.6, 136.7, 131.2
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(2C), 131.1 (2C), 125.5 (2C), 122.0 (2C), 119.4, 119.4 (2C), 119.2, 114.7, 113.0, 109.0, 98.9,
83.5, 75.6, 74.8, 72.6, 72.4, 70.3, 69.8, 69.4, 69.4, 69.3, 67.0, 36.1, 23.9, 17.9. ESI-MS: m/z
calcd for [Ca1H43N2019]" 867.23, found 867.26 [M+H]".

Synthesis of compound 30:
e
O HN
\ o HNW /Kj HNL\C[
AIIocOé /(5\
Hloeo OAIIoc W
Cryptophycin-55 glycinate-trifluoroacetate salt (9 mg, 0.010 mmol), 29 (11 mg, 0.012 mmol),
and DIPEA (5.4 pL, 0.031 mmol) were placed under argon atmosphere and dissolved in
anhydrous DMF (0.5 mL). The solution was stirred for 4 h at RT and the reaction progress was
monitored by HPLC-MS. The crude material was purified by RP-HPLC using Method M1 to
afford the conjugate 30 (13 mg, 0.009 mmol, 85%) as a white powder after freeze-drying.

HPLC-MS: t = 12.1 min, 77% purity (1 = 220 nm), m/z calcd for [C73HssCl2N4O2s]?*: 745.26,
found 745.25 [M + 2H]*".

Synthesis of compound 31:

° HWM HNL\(I
5 LT IPL

30 (11 mg, 0.007 mmol) was dissolved in degassed CH.Cl, (0.5 mL), then Pd(PPhs)s 10% mol
(0.85 mg, 0.7 umol) was added under argon atmosphere followed by morpholine (4 drops). The
resulting mixture was stirred for 1 h at RT under argon protection. The reaction progress was
monitored by HPLC-MS. After 1 h, solvent was removed under reduced pressure (bath at RT),
and the crude material was purified by RP-HPLC using Method M2 to afford the deprotected
conjugate 31 (6.32 mg, 0.005 mmol, 71%) as a white powder after freeze-drying.

HPLC-MS: t; = 10.3 min, 96% purity (A = 220 nm), m/z calcd for [CssH71CI2N4O19]*: 1197.41,
found: 1197.36 [M + H]".
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Synthesis of compound 3:

CggH114CloN16027 O

Exact Mass: 1896,7416 kn/
g0

MW: 1898,8650
2
H,N
2 NH

31 (2.58 mg, 2.15 umol), 33 (1.63 mg, 2.36 umol), CuSO4- 5 H20 (0.26 mg, 1.05 umol), and
sodium ascorbate (0.25 mg, 1.26 umol) were dissolved in a mixture of anhydrous DMF/H.O
(200 pL, 1:1) previously degassed with argon flow. The solution was stirred at 35 °C for 24 h
under argon atmosphere. The reaction progress was monitored by HPLC-MS. The crude was
purified by RP-HPLC using Method M2 to afford the final compound 3 (1.76 mg, 0.93 umol,
43%) as a white powder after freeze-drying.

HPLC-MS: t, = 7.7 min, 90% purity (1 =220 nm), m/z calcd for [CgsH115Cl2N16027]*: 1897.75,
found: 1897.76 [M + H]*; m/z calcd for [CssH116CI2N16027]%": 949.38, found: 949.39 [M +
2H]?*. HRMS (ESI-MS): m/z calcd for [CasH116CI2N16027]%": 949.3781, found: 949.3773 [M
+ 2H]?".

Synthesis of compound 4:

Cl
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Exact Mass: 1910,7573 NH

MW: 1912,8920 (6] 0
HNSZ’
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31 (2.9 mg, 2.4 pmol), 34 (2 mg, 2.9 umol), CuSO4 - 5 H20 (0.30 mg, 1.2 pmol), and sodium
ascorbate (0.28 mg, 1.44 pmol) were dissolved in a mixture of anhydrous DMF/H20 (200 pL,

1:1) previously degassed with argon flow. Then, the solution was stirred at 35 °C for 24 h under
argon atmosphere. The reaction progress was monitored by HPLC-MS. The crude was purified
by RP-HPLC using Method M2 to afford the final compound 4 (3.3 mg, 1.73 umol, 72%) as a
white powder after freeze-drying.

HPLC-MS: t, = 7.7 min, > 99% purity (A = 220 nm), m/z calcd for [CgoH117Cl2N16027]*:
1911.76, found: 1911.78 [M + H]"; m/z calcd for [CsoH118Cl2N16027]**: 956.39, found: 956.40
[M + 2H]?*. HRMS (ESI-MS): m/z calcd for [CeoH118Cl2N16027]**: 956.3859, found: 956.3845
[M + 2H]?.

General procedure for Boc/tBu deprotection

To a CH2ClI> solution of the N-Boc-protected compound TFA was added until 1:1 mixture was
reached, and the reaction was stirred at RT for 1 h. The solvent was removed in vacuo and the
residue was re-dissolved in CH.Cl; followed by evaporation in vacuo again, to afford the amine
TFA salt.

Synthesis of Fmoc-Lys(COCH2CH2N3)-OH (32):

(0]

o} H
' R
N Fmoc™ ™ OH
Fmoc” \;)kOH O o H
+ N. —_—
K q A,
o}
HN N
NHs N
CF,C00™ * o)

Fmoc-Lys-OH trifluoroacetate salt (1.627 g, 3.37 mmol), obtained quantitatively following the
general Boc deprotection procedure, 3-azidopropanoate-NHS ester (715 mg, 3.37 mmol) and
DIPEA (1.17 mL, 6.74 mmol) were placed under argon atmosphere and dissolved in DMF (14
mL). The solution was stirred for 48 h at RT. After the removal of DMF under reduced pressure,
the residue was dissolved in EtOAc (100 mL) and HCI 1 M was added, the layers were
separated, and the aqueous phase was further extracted with EtOAc (2 x 50 mL). The combined
organic layers were dried over MgSO4 and the solvent was removed under reduced pressure.
The dipeptide 32 (1.52 g, 3.27 mmol, 97%) was obtained as a yellow oil and was used without
further purification. *H NMR (500 MHz, CDCls) 8: 7.76 (d, J = 7.6 Hz, 2H, ArH), 7.60 (dd, J
= 6.6, 6.6 Hz, 2H, ArH), 7.39 (dd, J = 7.5, 7.5 Hz, 2H, ArH), 7.30 (dd, J = 7.5, 7.5 Hz, 2H,
ArH), 5.94 (br s, 1H, ®NH), 5.62 (d, J = 7.9 Hz, 1H, K-NH), 4.45 — 4.34 (m, 3H, Fmoc-CH-
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CH2-0, K-"H), 4.21 (t, J = 6.9 Hz, 1H, Fmoc-CH-CH2-0), 3.59 (t, J = 6.4 Hz, 2H, CH2-CH2-
N3), 3.32 —3.23 (M, 2H, °CH>), 2.39 (t, J = 6.4 Hz, 2H, CH2-CHa-N3), 1.97 — 1.90 (m, 2H), 1.77
~1.71 (m, 2H), 1.65 — 1.53 (m, 3H), 1.37 — 1.29 (m, 2H), 1.25 — 1.16 (m, 2H). ESI-MS: m/z
calcd for [C2sH2sNs0s]": 466.21, found: 466.22 [M + H]".

Solid Phase Peptide Synthesis (SPPS)

The compounds were synthesized manually on 2-chlorotrityl resin (1.5 mmol g* loading
capacity) using the Fmoc protocol. The resin (1.5 g, 2.25 mmol) was previously activated by
treatment with thionyl chloride (1.5 eq, 0.25 mL, 3.34 mmol) in CH2Cl; for 1 hour at RT. After
this, coupling of the first amino acids was carried out.

Synthesis of c[RGDfK(COCH2CH2N3)] (33)

H
NGWN
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HN
NH
Attachment of the 1° amino acid (Fmoc-Gly-OH)

The resin (790 mg, 1.26 mmol) was placed in a flame dried round bottom flask and swollen
with anhydrous CH2Cl, for 15 min under argon. In another flame dried vial, Fmoc-Gly-OH
(752 mg, 2.53 mmol) and DIPEA (1.10 mL, 6.32 mmol) were dissolved in anhydrous CH2Cl>
(6 mL) and then added to the preactivated resin. The mixture was gently stirred for 3 h at RT,
then a solution of MeOH/DIPEA (9:1) was added to the resin and stirred for an additional 10
min to perform the capping of the unreacted sites. The solvents were removed by filtration and
the resin was washed with DMF, CHxCl,, and Et;O (3 x 5 mL).

Peptide chain elongation
The resin was swollen in DMF for 15 min and the Fmoc group was removed with 25%
piperidine in DMF (1 x 5 min + 1 x 10 min) then washed with DMF and CH2Cl> (3 x 5 mL).
The peptide sequence was elongated with Fmoc-Arg(Pbf)-OH (1.54 g, 2.37 mmol), Fmoc-D-
Phe-OH (918 mg, 2.37 mmol), Fmoc-Asp(tBu)-OH (975 mg, 2.37 mmol) activated in a separate
vial with DIC (367 uL, 2.37 mmol) and OxymaPure (337 mg, 2.37 mmol) in DMF (4 mL) for
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10 min, then added to the resin and gently stirred for 3 h at RT. While, 32 (970 mg, 2.09 mmol)
was activated with HATU (793 mg, 2.09 mmol) and DIPEA (728 pL, 4.18 mmol) in DMF (4

mL) for 10 min before adding to the resin. After each coupling, the resin was washed

sequentially with DMF and CHCl (3 x 5 mL) Coupling reactions and Fmoc removals were

monitored by Kaiser test.

Cleavage from the resin

Cleavage of the linear peptide was carried out by adding a 25% solution of HFIP in CH2Cl> on
the resin previously swelled with CH,Cl, and stirred for 5 min at RT. The solution is filtered in
a Falcon tube and the cleavage was repeated twice, in the same manner. The collected solvents
were removed under air flow and the residue precipitated with Et>O and then centrifugated. The
crude peptide was purified by RP-HPLC using Method M3, to afford the linear peptide (180
mg, 0.175 mmol, 33%) as a white powder after freeze-drying. ESI-MS: m/z calcd for
[Ca7H71N12012S]*: 1027.50, found: 1027.57 [M + H]*; m/z calcd for [C47H72N120125]%*: 514.26,
found: 514.27 [M + 2H]*".

Cyclization in solution
The azido-functionalized linear peptide was cyclized in pseudo-high dilution condition using a
syringe pump. A solution of peptide (180 mg, 0.175 mmol, 1 eq) in 10 mL DMF, was slowly
added within 16 h using a syringe pump (flow rate = 0.01 mL - min), to a solution of 20 mL
DMF containing HATU (200 mg, 0.525 mmol, 3 eq), HOAt (71 mg, 0.525 mmol, 3 eq) and
DIPEA (183 uL, 1.05 mmol, 6 eq). Once the addition was complete, the reaction was stirred
for additional 2 h, then the solvent was removed, and the crude peptide purified by RP-HLPC
(Method M3) to give the cyclic protected peptide (80 mg, 0.079 mmol, 45%) as a yellow solid
after freeze-drying. ESI-MS: m/z calcd for [C47HsoN12011S]": 1009.49, found: 1009.52 [M +
H]*. Finally, the cyclic peptide was dissolved in 5 mL of TFA/TIS/H20 (95/2.5/2.5) and stirred
for 3 hat RT. The solvents were removed under air flow, the residue was precipitated with cold
EtO which was then decantated. The crude solid was purified by RP-HPLC (Method M4) to
yield 34 as colorless powder (36 mg, 0.0513 mmol, 65 %) after freeze-drying. HPLC-MS: tr
= 4.8 min, 90% purity (1 = 220 nm), m/z calcd for [C3oHsN120g]": 701.35, found: 701.38 [M
+ H]*. *H NMR (600 MHz, DMSO-ds) 8: 12.27 (s, 1H, D-COOH), 8.42 (dd, J = 7.7, 4.4 Hz,
1H, G-NH), 8.09 (d, J = 8.6 Hz, 1H, D-NH), 8.04 (d, J = 7.4 Hz, 1H, K-NH), 8.00 (d, J = 7.3
Hz, 1H, f-NH), 7.97 (t, J = 5.6 Hz, 1H, K-*NH), 7.62 (br s, 1H, R-NH), 7.48(br s, 1H, R-°NH),
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7.25(t,J = 7.5 Hz, 2H, f-Ph), 7.18 (d, J = 7.4 Hz, 1H, f-Ph), 7.15 (d, J = 7.0 Hz, 2H, f-Ph), 4.65
—4.60 (m, 1H, D-°CH), 4.44 (ddd, J = 7.4 Hz, 7.3 Hz, 7.3 Hz, 1H, f-*CH), 4.16 (dd, J = 8.3,
7.8 Hz, 1H, R-°CH), 4.04 (dd, J = 15.0, 7.7 Hz, 1H, G-*CH>), 3.96 — 3.90 (m, 1H, K-*CH), 3.50
(t, J = 6.4 Hz, 2H, CH,-CH2-N3), 3.24 (dd, J = 15.0, 4.2 Hz, 1H, G-°CH>), 3.15 — 3.04 (m, 2H,
R-CH,), 3.04 — 2.89 (m, 3H, f-’CH,, K-*CHy), 2.81 (dd, J = 13.4, 6.0 Hz, 1H, f-’CH,), 2.72 —
2.63 (m, 1H, D-PCH,), 2.42 — 2.38 (m, 1H, D-PCHy>), 2.36 (t, J = 6.4 Hz, 2H, CH2-CH>-N3),
1.75 — 1.66 (m, 1H, R-PCHy), 1.57 — 1.46 (m, 2H, R-PCHy, K-PCHy), 1.43 — 1.23 (m, 5H, R-
YCHj,, K-*CHz, K-PCH>), 1.08 — 1.00 (m, 2H, K-"CH,).

Synthesis of c[RBADfK(COCH2CH2N3)] (34)

/////

NH

Attachment of the 1° amino acid (Fmoc-Asp-OAllyl)
As previously described, the preactivated 2-chlorotrityl resin (780 mg, 1.17 mmol) was charged
with Fmoc-Asp-OAllyl (924 mg, 2.34 mmol) in anhydrous CHCl; (6 mL) and DIPEA (1.09
mL, 6.24 mmol). After the addition of MeOH/DIPEA (9:1) for the capping of the unreacted
sites, and the washing step with DMF, CH2Cl>, and Et2O (3 x 5 mL).

Peptide chain elongation
The resin was swollen in DMF for 15 min and the Fmoc group was removed with 25%
piperidine in DMF (1 x 5 min + 1 x 10 min) then washed with DMF and CH2Cl; (3 x 5 mL).
The peptide sequence was elongated with Fmoc-B-Ala-OH (728 mg, 2.34 mmol), Fmoc-
Arg(Pbf)-OH (1.518 g, 2.34 mmol), Fmoc-D-Phe-OH (905 mg, 2.34 mmol), activated in a
separate vial with DIC (362 uL, 2.34 mmol) and OxymaPure (333 mg, 2.34 mmol) in DMF (4
mL) for 10 min, then added to the resin and gentle stirred for 3h at RT. 32 (970 mg, 2.09 mmol)
was activated with HATU (793 mg, 2.09 mmol) and DIPEA (728 pL, 4.18 mmol) in DMF (4
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mL) for 10 min before adding to the resin. After each coupling, the resin was washed with DMF

and CH2Cl2 (3 x 5 mL). Coupling reactions and Fmoc removals were monitored by Kaiser test.

On resin allyl removal

The dried resin was placed under argon atmosphere and swelled with anhydrous CH.Cl, (6
mL). In a flame dried flask, PhSiH3 (3.37 mL, 27.36 mmol, 24 eq) was dissolved in anhydrous
CH2Cl; (2 mL) and was added to the resin and mixed for 5 min. Then, Pd(PPhs)4 solution (263
mg, 0.23 mmol, 0.2 eq) in anhydrous CH2Cl. (2 mL) was added and the reaction was gentle
stirred for 40 min at RT under argon atmosphere. After washing the resin with CH2Cl, (8 x 5
mL) the removal was repeated once more. The progress of the deprotection step was confirmed
by cleavage test on 1 mg of resin (1% TFA inCH2Cl>, 3 x 1 mL) and the resulting residue was
analyzed using HPLC-MS (Method A).

On resin cyclization
The cyclization was obtained by treating the resin swelled in DMF with DIC (882 pL, 5.7 mmol,
5 eq) and OxymaPure (810 mg, 5.7 mmol, 5 eq) dissolved in DMF (6 mL) and stirred for 48 h
at RT. The resin was washed with DMF, CH:Cl>, and Et2O (3 x 5 mL) and the cyclization
progress was monitored by Kaiser test and cleavage test on 1 mg of resin (1% TFA in CH2Cl,
3 x 1 mL) using HPLC-MS (Method A).

Cleavage from the resin
Cleavage of the cyclic peptide from the resin and final deprotection was obtained by adding a
mixture of TFA/H.O/TIS (95/2.5/2.5) on the resin previously washed with CH.Cl (3x) and
stirred for 3 h at RT. The solution was filtered in a Falcon tube, the resin washed with CH»Cl>
(3 x 5 mL) and the solvent was collected in the same tube. The solvents were removed under
air flow and the residue precipitated with Et,O and then centrifugated. The crude material was
purified by RP-HPLC using Method M4, to afford 34 (8 mg, 0.011 mmol, 16%) as a white
powder after freeze-drying. HPLC-MS: tr = 4.6 min, 95% purity (4 = 220 nm), m/z calcd for
[C31H47N120g]*: 715.36, found: 715.44 [M + H]*. *H NMR (600 MHz, DMSO-ds) &: 12.36 (s,
1H, D-COOH), 8.60 (d, J = 5.2 Hz, 1H, f-NH), 8.38 (d, J = 6.1 Hz, 1H, K-NH), 8.11 (d, J = 7.7
Hz, 1H, D-NH), 7.94 (t, J = 5.5 Hz, 1H, K-*NH), 7.65 (d, J = 8.9 Hz, 1H, R-NH), 7.49 (t, J =
5.3 Hz, 1H, R-°NH), 7.28 (t, J = 7.5 Hz, 2H, f-Ph), 7.21 (t, J = 7.4 Hz, 1H, f-Ph), 7.18 (d, J =
7.2 Hz, 2H, f-Ph), 6.72 (ddd, J=7.9, 4.4 Hz, 1H, BA-NH), 4.66 (ddd, J=8.1, 8.1, 8.1 Hz, 1H,
D-“CH), 4.32 (ddd, J = 8.9, 5.7, 5.7 Hz, 1H, f-“CH), 4.08 (ddd, J = 10.3, 10.3, 4.3 Hz, 1H, K-
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“CH), 3.70 (ddd, J = 10.2, 6.1, 3.7 Hz, 1H, R-“CH), 3.61 (ddd, J = 11.9, 3.7, 3.7 Hz, 2H, BA-
CO-CH2CHy), 3.50 (t, J = 6.4 Hz, 2H, CH2-CH»-N3), 3.05 (g, J = 6.8 Hz, 2H, K-*CH>), 3.03 -
2.90 (m, 4H, BA-CO-CH2CHj, f-’CH,), 2.85 (dd, J = 13.3, 9.0 Hz, 1H, f-*CH,), 2.61 (dd, J =
16.5, 5.9 Hz, 1H, D-PCH>), 2.49 — 2.43 (m, 1H, D-PCH,), 2.36 (t, J = 6.4 Hz, 2H, CH2-CH>-
N3), 2.23 (td, J = 13.6, 3.5 Hz, 1H, R-°CH,), 2.07 (dd, J = 10.5, 3.2 Hz, 1H, R-*CH,), 2.02 —
1.93 (m, 1H, K-PCH,), 1.65 — 1.55 (m, 2H, K-PCH2, R-’CH,), 1.55 — 1.47 (m, 1H, K-°CHy>),
1.45 — 1.35 (m, 1H, K-*CHy), 1.35 — 1.29 (m, 1H, R-PCHy), 1.29 — 1.17 (m, 2H, R-"CHy, K-
YCHy), 0.95 — 0.82 (m, 2H, R-"CH2, K-'CHy).
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8. GREEN SYNTHESIS OF BIOACTIVE OLIGOPEPTIDES
PROMOTED BY RECYCLABLE NANOCRYSTALLINE
HYDROXYAPATITE

The work described in this Chapter was recently submitted to Future Medicinal Chemistry
journal.

— Anselmi M., Stavole P., Boanini E., Bigi A., Juaristi E., and Gentilucci L., Future Med. Chem.,
2020, manuscript accepted, in press.

8.1. Introduction

Despite their tremendous potential,[*>3 for long time bioactive peptide drugs have been
generally considered as a specialists’ niche area.®'% The reason for this reputation largely stems
from their limited in vivo stability and rather low to null bioavailability. These limitations can
be for the most part circumvented by the “peptidomimetic” approach, i.e. by introducing
properly designed structural modifications in the active peptide.l*54 Otherwise, one may
consider the adoption of alternative routes of administration, e.g. subcutaneous, nasal,
pulmonary, and others.*1% Consequently, in the last years there has been renewed interest in
the development of more effective therapeutic peptides, in particular for the treatment of
metabolic diseases (e.g. liraglutide), autoimmune diseases (e.g. glatiramer) and in oncology
(e.g. octreotide).31% Yet, the accessibility to peptidic drugs is still hampered by their expensive
production and challenging purification. While sizeable peptides and proteins can be obtained
by recombinant technologies, short and medium size peptides are usually prepared by chemical
synthesis, being the recourse to enzymatic synthesis more limited.** Unfortunately, the solid-
phase synthesis of peptides on insoluble polymeric supports makes use of a large excess of
amino acids and of coupling agents. On the other hand, in-solution synthesis of medium size
peptides requires tedious isolation steps. Furthermore, both solid-phase and solution synthetic
methods  require  extensive  protection/deprotection  strategies.  Finally, each
coupling/deprotection cycle generally makes use of large volumes of hazardous organic
solvents, such as dichloromethane (DCM), dimethylformamide (DMF), N-methylpyrrolidone,
or methanol, producing a huge amount of wastes.B!2l As a consequence, the chemical
preparation of peptides is among the most problematic synthetic procedures in terms of atom

economy and environmental sustainability.[%?]
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One opportunity for making peptide synthesis more sustainable %1 consists in the use of

non-toxic reagents, for example by the replacement of standard organic solvents with green
alternatives.[ 3151 |n this context, some protocols have been developed to perform amino acid
coupling in an aqueous environment.3161 A complementary alternative consists in a drastic
reduction of the involved volumes of solvent used.*"1 Coupling reactions can be performed
under mechanochemical solvent-free conditions, in particular by means of high speed ball-
milling.318-32%1 To improve the homogeneity of the solid-state reactions, minimal amounts of
solvents can be added (Liquid-Assisted Grinding, LAG), resulting in increased yields and
shorter reaction times.29-%22 Finally, toxic bases as trimethylamine, iPr,NEt, or lutidine,
typically utilized in peptide synthesis, can be replaced by inorganic salts, e.g. NaHCO3 (38 3211

or hydrotalcite.[320: 2%l

Herein we present the expedient solvent-free peptide bond formation between N-protected
amino acids and amino ester or amide counterparts, using a ball-mill and the standard N-ethyl-
N’-(3-dimethylaminopropyl)carbodiimide (EDC)-HCI/hydroxybenzotriazole (HOBt) coupling
agents, promoted by nanocrystalline hydroxyapatite, Cai0(PO4)s(OH)2, (HAp), as a bio-
compatible base that can be reused without substantial loss of efficacy after easy regeneration.
We also report the optimization of LAG reactions under very mild conditions, i.e. in a standard
glass round bottom flask equipped with a common polytetrafluoroethylene (PTFE)-coated

magnetic stirring bar.

8.2. Results and Discussion

EDC-HCI is among the most utilized coupling agents for in-solution peptide synthesis, since
the resulting urea by-product is easily removed from the reaction mixture by washing with
acidic aqueous solutions. Besides, EDC-HCI has proved to be very efficient in solvent-free
reactions. EDC-HCI exists exclusively in cyclic form, and easily undergoes transformation to
a pseudocyclic stable intermediate in reaction with carboxylic acids forming a low-melting
phase.l®?4l A base is necessary to activate this coupling agent. Recently, inorganic bases have
been regarded as a valid alternative to the classic but toxic organic bases generally employed

in peptide chemistry.[318-3231

Hydroxyapatite, a totally biocompatible inorganic base. In the present work, we turned our

attention to hydroxyapatite, one of the most usual forms of calcium phosphate, as a convenient
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inorganic base for potential activation of peptide synthesis. HAp is highly biocompatible,
thanks to its chemical and structural similarity to the mineral phase of bone tissues. In this
regard, synthetic HAp differs from natural apatites, which display much lower crystallinity and
poor stoichiometry. HAp powders can be synthesized following different procedures, i.e. by
means of direct synthesis in aqueous solution, under microwave or ultrasound irradiation,
through mechanochemical, hydrothermal, sol-gel, as well as phase transition methods. 2% 32
The properties of HAp vary depending on the method of preparation, thus enabling their use in
diverse applications, including heterogeneous catalysis (cross-couplings, condensations,
oxidations, photocatalysis, etc).[3?7]

The structure of hexagonal HAp, space group P63/m, shows a compact assembly of
tetrahedral PO4 groups, and two crystallographically independent cation sites, Ca(l) and Ca(ll).
The four Ca(l) are strictly aligned in columns parallel to the crystallographic c-axis, whereas

the six Ca(ll) are positioned at the apexes of staggered equilateral triangles. These triangles

form the walls of channels parallel to the c-axis and filled by the OH" ions. Thus, HAp displays
an “open” and flexible structure, that tolerates a large number of anionic and cationic

substitutions. Stoichiometric HAp has been indicated as an efficient base-catalyst for many

reactions.[327- 3281 potential Lewis basic sites, such as PO4® and OH" groups, together with Ca?*
Lewis acid sites and POH Brgnsted acid sites, have been recognized on the surface of HAp.2%-
3301 The use of HAp as a base may offer numerous advantages in peptide synthesis, due to its
low solubility, high thermal stability and relatively weak basic character that may prevent side
reactions promoted by the support itself. Moreover, HAp displays a great affinity for amino
acids, especially in the carboxylate form which interacts with the exposed Ca?* ions.!*3! Starting
from these premises, we utilized HAp nanocrystals synthesized by a co-precipitation method to
catalyze peptide bond formation in solvent free and minimal solvent-assisted conditions.

The XRD pattern of the synthesized powder (Figure 57) shows the presence of a number of
diffraction peaks indicating the presence of HAp (PDF 9-432) as unique crystalline phase. The
lattice constants are a = 9.421(3) A and ¢ = 6.885(2) A.
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Figure 57. Powder X-ray diffraction patterns of HAp samples prior to (red) and after (blue) 5 cycles of catalyzed
peptide bond formation.

The FTIR spectrum (see Appendix, Figure S1) shows the characteristic absorption bands due
to phosphate groups, i.e. the anti-symmetric stretching at 1043 and 1091 cm, the symmetric
stretching at 962 cm™, and the bending modes at 601 and 570 cm™%, together with the absorption

bands at 3572 and 630 cm™ due to OH- stretching and bending modes, respectively. The
sharpness of the absorption bands confirms the good crystallinity of the powder. In agreement,
HAp displays also a good stoichiometry as indicated by the value of the Ca/P ionic ratio of
1.67. The TEM micrograph (Figure 58) showed tiny plate-shaped HAp crystals with mean
dimensions of about 100 nm (length) x 30 nm (width). The nanocrystals exhibit a surface area

of 56 m?/g and are negatively charged (zeta potential = -12.5 mV).

Figure 58. TEM image of HAp nanocrystals; bar = 200 nm.

Initially, this synthetic HAp was employed as a base in a model coupling reaction in solution
under standard conditions. N-Boc-Val-OH (50 mg, 0.23 mmol) was stirred for 10 min in the
presence of the coupling agent EDC-HCI and HOBt as racemization inhibitor (1.2 equiv each),
in 10 mL of 4:1 DCM/DMF and a suspension of HAp (50 mg), under inert atmosphere at rt. H-
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Phe-OMe-HCI (25 mg, 0.23 mmol) was then added and the resulting mixture was stirred under
the same conditions for an additional four hours (Scheme 15).

o . EDC - HCI (1.2 eq) o R
H o HOB (1.2 oq) H ' . Ro=OMe, OFt OBy, OBn. NH,
_N + 2 - > N 2
PG %OH HzN/Hf HAp PG %H/Sf PG = Boc, Fmoc (Cbz)
R (0] R (6]
3

1 2

Scheme 15. Peptide bond formation, general conditions.

Following evaporation of the solvent at reduced pressure, the residue was diluted with EtOH
and the resulting solution was centrifuged to recover the HAp catalyst. The supernatant was
separated and concentrated at reduced pressure, and the residue was diluted with EtOAc and
washed in sequence with 1M HCI, sat. Na,COs, and brine. This protocol afforded 65 mg of the
desired dipeptide N-Boc-Val-Phe-OMe (72% yield), as confirmed by the ESI MS, in a purity
of 80%, as determined by RP-HPLC.

Solvent-free mechanochemistry. Next, peptide coupling reactions were performed under
solvent-free conditions, in an agate jar (¢ = 7.5 cm) containing 3 agate balls ( = 2.0 cm), at the
speed of 8-10 Hz. In order to determine the scope of the method, the general ball milling
procedure was carried out with a variety of amino acids (Table 8). Mechanical milling was
interrupted after 1 h, and the crude product was diluted with EtOH, to recover the HAp catalyst
by centrifugation. The supernatant was subjected to the same work-up procedure as discussed
before. Gratifyingly, most reactions gave the dipeptide in good yield (up to 86%) and high
purity (up to 94%, Cf. see Appendix, Figure S3). The possibility of epimerization in the peptide
forming reaction was excluded on the basis of RP-HPLC ESI-MS and *H-NMR analyses (see
Appendix, Cf. Figure S4), which is in line with observations reported in the literature.[*32

In the coupling between N-Boc-Val-OH and H-Phe-OMe-HCI, the yield was only slightly
improved when the reaction was repeated with increasing amounts of HAp (Table 8, entry 1 vs.
entry 2), while the reduction of the amount of HAp to 25 mg led to a significant drop of the
yield (entry 3 in Table 8).
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Table 8. Mechanosynthesis of peptides 3 (see Scheme 15) from the N-protected amino acid 1 and the amino
ester/amide partner HCI salts 2 (0.23 mmol each), after 1h, in the presence of EDC-HCI/HOBt (0.25 mmol each)
and HAp (25-100 mg).

Hap 3 3
Entry 1 2-HCI (mg) Ylelda Pu”?{,
(%) (%) *
1 Boc-Val-OH H-Phe-OMe 50 79 90
2 Boc-Val-OH H-Phe-OMe 100 82 90
3 Boc-Val-OH H-Phe-OMe 25 68 88
4 Boc-Val-OH H-Phe-OEt 50 80 94
5 Boc-Val-OH H-Phe-OEt 46° 78 92
6 Boc-Val-OH H-Phe-OEt 44° 73 94
7 Boc-Val-OH H-Phe-OEt 41° 70 93
8 Boc-Val-OH H-Phe-OEt 38¢ 68 90
9 Boc-Phe-OH H-Gly-OEt 50 75 91
10 Boc-Phe-OH H-D-Val-OMe « 85 93
11 Boc-Phe-OH H-Gly-NH; “ 76 88
12 Boc-Phe-OH H-Leu-OtBu “ 72 93
13 Boc-Phe-OH H-D-Ser-OMe “ 80¢ 74¢
14 Boc-Trp-OH H-Phe-NH; « 86 94
15 Boc-Tyr-OH H-Phe-OEt « 73 90
16 Boc-Tyr-OH H-Gly-OEt « 78 85
17 Boc-Ser(OBn)-OH H-Pro-OBn « 70 80
18 Fmoc-Phe-OH H-D-Val-OMe « 65° 8re
19 Fmoc-Asp(OtBu)-OH H-D-Val-OMe «“ 62 ° 93¢
20 Fmoc-Lys(N-Cbz)-OH H-D-Ser-OMe « 55d¢ 70d¢
21 Fmoc-Lys(N-Chz)-OH H-Ser-NH, « 60%¢ 73de
22 Boc-Pro-OH H-Trp-Phe-NH; «“ 65 77
23 Boc-Tyr-OH H-Pro-Trp-Phe-NH, « 6° 85°

2 Determined after agueous workup. ® Determined by RP HPLC. ¢ Recovered from the preceding entry. ¢ The
presence of depsi-tripeptides was also detected by RP-HPLC and ESI-MS. ¢ After filtration through a pad of silica
gel.

Recycling of HAp for 5 cycles. Similar results were obtained for the reaction between N-Boc-
Val-OH and H-Phe-OEt-HCI (Table 8, entry 4). Following work-up, the recovered crystalline

HAp powder was dried for 12 h at 40 °C and reused in four subsequent cycles of reactions
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between the same partners (see entries 5-8 in Table 8). After each cycle, the amount of
recovered HAp decreased slightly, which might explain the progressive, moderate drop of
peptide yields, from 80% to 68%.

The observed loss of catalyst can be attributed to its incomplete recovery after centrifugation,
rather than by degradation or solubilization. Indeed, the overall morphology and dimensions of
the crystals are preserved after recycling, as shown in the TEM image reported in Figure 59.
Moreover, X-ray diffraction analysis of the HAp powder isolated from entry 8 showed the same
X-ray diffraction patterns as the original material (see Appendix, Figure 57), indicating that the
crystalline structure was preserved. This is in contrast to the behavior of HAp in a wet HCI
atmosphere, where both the chemical integrity and particle morphology of HAp are modified.
Carbonated domains of HAp appear to facilitate the destabilizing effect of HCI, which results
in the elimination of phosphate and OH species and the generation of deep structural groves

and voids in the material.[3?]

Figure 59. TEM image of HAp nanocrystals after 5 cycles; bar = 200 nm.

Amino acids scope. As mentioned above, the generality of the procedure was confirmed by
coupling diverse amino acids, carrying either the N-Boc, N-Fmoc or N-Cbz protecting groups,
with amino ester (Me, Et, tBu, Bn) or primary amide partners (Scheme 15 and Table 8). In
general, the N-Fmoc protected amino acids gave inferior results (Table 1, entries 18-21) relative
to N-Boc protected analogs (Table 8, entries 9-17 and 22-23). Furthermore, the usual aqueous
work up procedure failed to efficiently remove the unreacted N-Fmoc-amino acids from the
crude reaction mixtures. Therefore, the mixtures were filtered through a short pad of silica gel
using 1:1 cyclohexane/EtOAc as mobile phase, affording the dipeptides in moderate yield (55-
65%) but acceptable purity (Table 8, entry 18, 87%; entry 19, 95%). In any case, the N-Fmoc
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group proved to be stable during the grinding process; indeed, the analysis of the crude reaction

mixture did not reveal the presence of the deprotected amino acids, nor condensation products
originated by their reaction at the N-terminus.

Even the secondary amine in H-Pro-OBn readily reacted with N-Boc-Ser(OBn)-OH (entry
17 in Table 8), affording the anticipated dipeptide in good yield (70%) and purity (80%) (see
Appendix, Figure S6), appearing in the *H-NMR in CDClIs as a mixture of cis/trans rotamers
about the Ser-Pro peptide bond (see Appendix, Figure S7).

In addition, amino acids with functionalized side chains have been utilized: H-(D)-Ser-OMe
(entries 13 and 20 in Table 8), N-Boc-Trp-OH (entry 14 in Table 8), N-Boc-Tyr-OH (entries 15
and 16 in Table 8), N-Boc-Ser(OBn)-OH (entry 17 in Table 8), N-Fmoc-Asp(OtBu)-OH (entry
19 in Table 8), N-Fmoc-Lys(Cbz)-OH (entries 20 and 21 in Table 8), and H-Ser-NH> (entry 21
in Table 8). Notably, the reaction was tolerant to the unprotected phenol group of Tyr (entries
15 and 16 in Table 8), and analysis of the corresponding reaction mixtures did not show the
formation of any depsipeptide. By contrast, the hydroxy group in H-Ser-NH; and H-(D)-Ser-
OMe gave rise to the formation of significant amounts of the following depsitripeptides: entry
13 in Table 8, N-Boc-Phe-D-Ser(N-Boc-Phe)-OMe (22% yield); entry 20 in Table 8, N-Fmoc-
Lys(N-Cbz)-D-Ser[N-Fmoc-Lys(N-Cbhz)]-OMe (20%); entry 21 in Table 8, N-Fmoc-Lys(N-
Cbz)-Ser[N-Fmoc-Lys(N-Cbz)]-NH2 (20%) (see Appendix, Figure S8).

Solvent-free synthesis of H-Tyr-Pro-Trp-PheNH> (EM1). The optimized reaction conditions
in the previous section are in line with the requisites of green chemistry. For example, the only
organic solvents utilized for the work up procedure were the green solvents EtOH and
EtOAC. 334Hence, we envisaged the opportunity to utilize the protocol described herein for
the preparation of a relevant bioactive peptide. We opted for the tetrapeptide H-Tyr-Pro-Trp-
Phe-NH2 (EM1), the endogenous ligand of the p-opioid receptors, currently regarded as a lead
for the discovery of painkillers devoid of harmful side effects.*3 Thus, dipeptide N-Boc-Trp-
Phe-NH: (Table 8, entry 14) was treated with gaseous HCI for the removal of the N-Boc
protecting group,?* to give the expected H-Trp-Phe-NH: hydrochloride salt in quantitative
yield, which was coupled to Boc-Pro-OH (entry 22 in Table 8). After the usual work up,
tripeptide N-Boc-Pro-Trp-Phe-NH2 was obtained in satisfactory yield (65%) and purity (77%).
The removal of N-Boc protecting group and subsequent coupling with N-Boc-Tyr-OH afforded
N-Boc-protected EM1 (entry 23 in Table 8) in good yield and purity after rapid filtration
through a short pad of silica gel (68% yield, 85% pure, see Appendix, Figure S9).

202



GREEN SYNTHESIS OF BIOACTIVE OLIGOPEPTIDES PROMOTED BY RECYCLABLE
NANOCRYSTALLINE HYDROXYAPATITE

Ultra-mild grinding. The great utility of the mechanochemical approach is somewnhat
diminished by the need of a milling device specifically designed for mechanosynthesis.[!3 318
3201 |n this respect, we decided to exploit the peculiar nanometric structure of HAp (see above)
to design a mild synthetic protocol adaptable to common, inexpensive laboratory equipment.
With this purpose, we performed the coupling between N-Boc-Phe-OH and H-Gly-OEt-HCI
(0.23 mmol each) in the presence of EDC-HCI/HOBt (0.25 mmol each), and HAp (50 mg), in
a 100 mL two-necked glass round bottom flask equipped with a standard olive-shaped FTFE-
coated stirring bar (I = 3.0 cm), under inert atmosphere. The gently grinded mixture maintained
a powdery appearance throughout the reaction process, and after 2 hours the expected dipeptide
was obtained in modest yield (39%), albeit in fairly good purity (85%) after the usual work up.
Increased reaction time had little impact on the yield (not shown), while conventional heating
at 50°C led to a modest increase in yield (45%) (Table 9, entry 1).

Minimal solvent-assisted reaction. To increase the homogeneity of the mixture, the same
reaction was performed in the presence of a minimal amount (80-200 uL) of a liquid additive
(Table 9, entries 2-6), i.e. commonly-used DMF, and the green solvents EtOAc, tBuOAc, y-
valerolactone, N,N'-dimethylpropylene urea (DMPU).314 3153211 After 2 h, the reaction was
quenched and HAp was recovered according to the work up procedure described previously.
While EtOAc, tBUOAC gave hardly satisfactory results (entries 2 and 3 in Table 9), the use of
80 uL of DMF (entry 4) or 100 uL. DMPU (entry 5) gave the desired dipeptide in good yields
(91%, 86%, respectively) and purities (94%, and 90%). Following aqueous work up, to remove
the residual DMPU the mixture was filtered through a short pad of silica gel using 1:1

cyclohexane/EtOAc as mobile phase.
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Table 9. Minimal solvent-assisted synthesis of peptides 3 (Scheme 15) from amino acids 1 and amino ester/amide
HCI salts 2 (0.23 mmol each), after 2h at rt, in the presence of EDC-HCI/HOBt (0.25 mmol each) and HAp (50
mg), in a round bottom flask equipped with a PTFE-coated magnetic stirring bar.

Vol 3 3
Entry 1 2-HCI Solvent (uL) Yielcg Puri?t/)
(%) (%) *
1 Boc-Phe-OH H-Gly-OEt = = 45¢ 85
2 Boc-Phe-OH H-Gly-OEt EtOAC 200 48 78
3 Boc-Phe-OH H-Gly-OEt tBuOAc 100 52 80
4 Boc-Phe-OH H-Gly-OEt DMF 80 91 94
5 Boc-Phe-OH H-Gly-OEt DMPU 100 86¢ 90¢
6 Boc-Phe-OH H-Gly-OEt y-valerolactone 100 89 64
7 Boc-Phe-OH H-Gly-NH: y-valerolactone 100 88 84
8 Boc-Phe-OH H-D-Val-OMe DMF 80 91 96
9 Boc-Trp-OH H-Phe-NH; DMF 80 93 95
10 Boc-Trp-OH H-Phe-NH: DMF 80 86° 92¢
11 Fmoc-Lys(Cbz)-OH H-Ser-NH> DMF 100 709f 914f

2 Determined after aqueous workup. ? Determined by RP-HPLC. ¢ Conducted at 50°C. ¢ After filtration through a
pad of silica gel. ¢ With HAp (48 mg) recovered from the preceding entry. f Traces of depsi-tripeptides (< 5% yield)
were detected by RP-HPLC and ESI-MS.

To our surprise, the reaction in y-valerolactone (entry 6) gave the expected N-Boc-Phe-Gly-
OEt dipeptide in low purity (64%). As it turned out, the reaction mixture presented significant
amounts of various oligomers at the N-terminus, tripeptide N-Boc-Phe-Phe-Gly-OEt (18%) and
tetrapeptide N-Boc-Phe-Phe-Phe-Gly-OEt (5%), as revealed by RP-HPLC ESI-MS analysis
(see Appendix, Figure S10). Possibly, these by-products are the consequence of partial removal
of the acid-labile N-Boc protecting group. Lewis and Brgnsted acid sites coexist with basic sites
on the surface of HAp.[328 3291 A recent study on the HAp-catalyzed transformation of ethanol
to n-butanol revealed the key role played by the cooperation between the acid and basic sites,

and the importance of the simultaneous presence of two weak acid-base pairs, namely Ca?* -

OH- and POH - OH-, on the catalytic properties of HAp.E!
On the other hand, the reaction between N-Boc-Phe-OH and H-Gly-NH: in y-valerolactone
(entry 7 in Table 9) gave the expected N-Boc-Phe-Gly-NH> protected dipeptide with better
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purity (84%), being the unwanted oligomer N-Boc-Phe-Phe-Gly-NH: a side product (2% yield)
(see Appendix, Figure S11).

The efficacy of using DMF as solvent was confirmed by reacting N-Boc-Phe-OH with H-
(D)-Val-OMe-HCI (entry 8), and N-Boc-Trp-OH with H-Phe-NH2-HCI under the same
conditions (Table 9, entry 9). As it turned out, these reactions afforded better yields (91%, 93%,
respectively) and purity (> 95%) when compared with solvent-free reaction conditions
(compare Tables 9 and Table 8). As it was the case in the solvent-free protocol, the HAp powder
recovered after the work-up from the reaction corresponding to entry 9 in Table 9 proceeded
with little loss of efficiency, when reused to promote the reaction between the same, fresh
reagents (compare with entry 10 in Table 9).

Finally, the reaction between N-Fmoc-Lys(N-Cbz)-OH and H-Ser-NH; (Table 9, entry 11)
proceeded with slightly higher yield (70%) with respect to the solvent free variant (Cf. entry 21
in Table 8); nevertheless the desired dipeptide was obtained with much higher purity (91%). In
particular, the analysis of the reaction mixture by RP-HPLC and ESI-MS showed only traces
(< 5%) of the depsitripeptide N-Fmoc-Lys(N-Cbz)-D-Ser[N-Fmoc-Lys(N-Cbz)]-OMe (see
Appendix, Figure S12).

8.3. Conclusion

In conclusion, we optimized the unprecedented use of nanocrystalline HAp powder as
inorganic, totally non-toxic base, to activate the reaction between N-protected amino acids and
a variety of amino-HCI partners, in the presence of the coupling agents EDC-HCI/HOBt. The
peculiar structure of HAp allowed smooth mechanochemical solvent-free condensation
reactions under mild conditions, as well as minimal solvent-assisted reactions conducted in
common laboratory glassware. Interestingly, the catalytic mineral powder could be reutilized
for several cycles with little loss in efficiency. Plausibly, HAp acts as a sort of chemical sponge
capable to passively absorb anhydrous HCI into its channels, leaving its crystalline structure

intact, as confirmed by the comparison of the X-ray analyses of fresh and recycled powders.
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Experimental Section

8.4. Experimental Section

General methods

All purchased reagents were used without further purification. Ball milling was carried out
in a Fritsch Pulverisette, using an agate jar (g = 7.5 cm) equipped with 3 balls of the same
material (¢ = 2.0 cm). Purities were assessed by analytical RP-HPLC on an Agilent 1100 series
apparatus, using a RP column Phenomenex mod. Gemini 3p C18 110 A 100 x 3.0 mm;
stationary phase: octadecyl carbon chain-bonded silica (C1g) with TMS endcapping, fully
porous organo-silica solid support, particle size 3 um, pore size 110 A, length 100 mm, internal
diameter 3 mm; DAD 210; mobile phase: from 9:1 solvent A/solvent B to 2:8 solvent A/solvent
B, in 8 min, at a flow rate of 0.5 mL min, followed by 10 min at the same composition; for
the analysis of crude reaction mixtures, the solvent system was: A = 0.5% HCOOH in H20, B
= 0.5% HCOOH in CH3CN; for the analyses of the mixtures after work-up, the solvent system
was: A = H>O, B = CH3CN. Filtration of crude reaction mixture was done through a short pad
of on silica gel (230-400 mesh), using a mixture of distilled solvents. ESI-MS was done on a
MS single quadrupole HP 1100MSD detector, drying gas flow of 12.5 L min, nebulizer
pressure 30 psgi, drying gas temp 350 °C, capillary voltage 4500(1) and 4000(2), scan 50-2600
amu. *H-NMR was performed at 400 MHz on a Varian Gemini 400 in 5 mm tubes at rt, using
the solvent CDCls; chemical shifts are reported as 6 values relative to residual CHCl3 (61 = 7.26
ppm).

Hydroxyapatite nanocrystals. The procedure was performed under N2 atmosphere and using
CO»-free distilled water as reported in the literature.®?¢! The synthesis of hydroxyapatite was
carried out using 50 ml of 0.65 M (NH4).HPO4 solution at pH adjusted to 10 with NH4OH. The
solution was heated to 90 °C and 50 ml of 1.08 M Ca(NOz3).-4H20 solution, pH 10 adjusted
with NH4OH was added dropwise under stirring. The resulting suspension was stirred for 5
hours at 90 °C, the precipitate that formed was isolated by centrifugation at 10000 rpm, and
repeatedly washed with CO»-free distilled water. The product was dried at 37°C overnight.

FTIR analysis was done on a Bruker Alpha FTIR spectrophotometer; 1 mg of the powdered
HAp was mixed with 300 mg of KBr (infrared grade) and pelletized at the pressure of 10 tons

in 2 minutes. The pellets were analyzed in the range 4000-500 cm™, 32 scans, resolution 4 cm
1
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GREEN SYNTHESIS OF BIOACTIVE OLIGOPEPTIDES PROMOTED BY RECYCLABLE
NANOCRYSTALLINE HYDROXYAPATITE

Powder X-ray diffraction patterns were recorded using a PANalytical-X'Pert PRO powder
diffractometer equipped with a fast X'Celerator detector (A = 0.154 nm, 40 mA, 40 kV). For
phase identification the 20 range was investigated from 10 to 60 26° with a step size of 0.1° and
time/step of 100 s. For evaluation of cell parameters, X-ray powder data were collected with a
fixed counting time of 400 s for each 0.033/step. The Rietveld routine of the HighScore Plus
software package (PANalytical) was used to process data.

For TEM investigations, a small amount of powder was dispersed in ethanol and submitted
to ultrasonication. A drop of the calcium phosphate suspension was transferred onto holey
carbon foils supported on conventional copper microgrids. A Philips CM 100 transmission
electron microscope operating at 80 kV was used.

Caand P contents in HAp were measured by means of an ICP spectrometer (ICP-AES, Horiba
Jobin Yvon). Sample was prepared by dissolving 20 mg of powder in 70% nitric acid solution
(4 mL) and diluting to final volume of 100 mL.

Zeta potential was measured using Electrophoretic Light Scattering (ZetasizerNano; Malvern
Instruments). 5 mg of HAp was suspended in 50 mL of MilliQ water after sonication for 2 min.
The analysis was performed in triplicate.

The surface area was measured using a Carlo Erba Sorpty 1750 BET analyser using constant
volume N absorption with desorption at 80°C.

Solvent-free milling. The general procedure is as follows: A mixture of the N-protected-amino
acid (0.23 mmol), EDC-HCI/HOBt (0.25 mmol each) and hydroxyapatite (HAp, 50 mg) was
grinded in an agate jar (g = 7.5 cm) equipped with 3 balls of the same material (g = 2.0 cm), at
the speed of 8-10 Hz, at rt for 10 min. Then the amino ester/amide counterpart (0.23 mmol) was
added at rt, and the mixture was grinded for 1 h under the same conditions. The mechanical
milling was interrupted, the waxy residue was diluted with EtOH (10 mL), and HAp was
recovered by centrifugation (10000 rpm). The precipitated crystals were washed with EtOH
and centrifuged once more and stored overnight at 40°C prior to reuse. The collected
supernatant from centrifuged samples were combined and concentrated at reduced pressure, the
residue was diluted with EtOAc (30 mL), and the organic layer was washed in sequence with
1M HCI, sat. Na2COg, and brine (5 mL each).

N-Boc solvent free removal. N-Boc deprotection was accomplished under solvent free
conditions as reported in the literature.[®2!1 Briefly, the protected dipeptides were placed on a

Gooch filter inside a fume hood, and HCI gas was blown through for 3 h.
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Experimental Section

Minimal solvent-assisted grinding. General procedure: A mixture of the N-protected-amino
acid (0.23 mmol), EDC-HCI/HOBLt (0.25 mmol each), HAp (50 mg), and the solvent (80-200

uL), was grinded in a two-necked glass round bottom flask equipped with an olive-shaped

PTFE-coated stirring bar (I = 3.0 cm), under inert atmosphere at rt for 10 min. Then the amino
ester/amide counterpart (0.23 mmol) was added at rt, and the mixture was grinded for 2h under
the same conditions. Then the smooth amalgam was diluted with EtOH (10 mL), and HAp was
recovered by centrifugation (10000 rpm). The produced crystals were washed with EtOH and
centrifuged once more and stored overnight at 40 °C prior to reuse. The collected supernatants

from centrifuged samples were treated as discussed for the solvent-free ball milling conditions.
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9. APPENDIX

A. Representative NMR data for Chapter 4

MA192/199: *H-NMR and 3C-NMR (400 MHz, 101 MHz, DMSO-de)
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=W Representative NMR data for Chapter 4

MA204/206: *H-NMR and 3C-NMR (400 MHz, 101 MHz, DMSO-de)
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APPENDIX

MAG63/158: *H-NMR and *C-NMR (400 MHz, 101 MHz, DMSO-ds)
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=W Representative NMR data for Chapter 4

MA154/161: *H-NMR and 3*C-NMR (400 MHz, 101 MHz, DMSO-de)
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APPENDIX

MA28/30: *H-NMR and **C-NMR (400 MHz, 101 MHz, DMSO-ds)
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=W Representative NMR data for Chapter 4

MA200/198: *H-NMR and *C-NMR (400 MHz, 101 MHz, DMSO-de)
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Representative NMR data for Chapter 5

'H-NMR and *C-NMR (400 MHz, 101 MHz, DMSO-ds)
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Representative NMR data for Chapter 5

'H-NMR and *C-NMR (400 MHz, 101 MHz, DMSO-ds)
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APPENDIX

'H-NMR and *C-NMR (400 MHz, 101 MHz, DMSO-ds)
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Representative NMR data for Chapter 5

'H-NMR and *C-NMR (400 MHz, 101 MHz, DMSO-ds)
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'H-NMR and *C-NMR (400 MHz, 101 MHz, DMSO-ds)

Representative NMR data for Chapter 5

MA264

veru
0690
ESL0
0LE0
b6L 0
T80
w0
8580
[lint
aho._k
60 1—
W T~

65717
SEE'T
€567

TLE'T

0ET'T
§9TT
9T
£89T°T

S0E'T-"
OSWP GELT.

58°T¢
085'Z
£65°C
a1y
69L°T
88T
OQH STEE—

89
869E~%
e’
LS E_
LUEE~

Trr—5
LA
E9T'b
18T'p

TRE'b
LPE'b
0LE' b
88E°F

016'9
869
b9

150°L
oL
LOT'L
LT LNE

se1 LT
SE\
32*..
VaE'L
SLL
PrYYAS

gL,
Sm.h\

0008
a:.w*
6218
09E'8

va

160°6—

"

M
WA

o
J

it

B0t

EE'T
w\.mm,a
0E'T

et
Fare

ooz

S0
p -
160
N
660
e
=890

(80

9.0 85 8.0 75 7.0 6.5 6.0 565 5.0 45 4.0 35 3.0 25 20 15 1.0 05 0.0
1 (ppm)

95

5991
56 D%.
£29°81—
67617
T nW
£90'E2 \
BOLET

0b6" 87 —

€096 —

S60°05—
6615~
ST6'bS—

05865 —

8SE°99—

PEGLTI~_
860121
_wm.NNuy
rezi
2§ LT
va.mN_.W
SSTOETy
:N‘am—

LIS LET~
B6EBET~"

PLITST—

0LL691
wmm‘mm_/
EPT LI~
LBFTLT
hnn.HDN

08§°ZTLT

10

20

30

40

80 70 60 50

90

1 (ppm)
222

170 160 150 140 130 120 110 100

180




100 90 80 70 60 50 40 30 20

110

f1 (ppm)

223

=S
X L9570 mﬂmw—u/
=~ nmha/ © ey
o L180 P yog 215
=z %néW Ee.z%
9880 29661
L K0T o osger
[a 901> - orrE—
o 11
A 98T 85408 —
~N
POK T+ I
- oL SE~,
zor9e~"
8T
b1~ - - ——
62T o
05WP 005
7857
oG.N% w BEE' 05~
6992 2 BEL0
Mmm.w g s
7 88555~
mmmw“. ps L5895~
vesr
—~
wo OQH 95£'E— -
! ©
O 066'E
) 1805\, °
M W'y P
mmNéW
) T
E'L ©
- 60Ky A
N
I -
= ©
i 5m.
- =
i 8989 =
- +169 =
N €69 o
T 1569 ©
o'
M 190°£
e P
0T L
m ST J .
NJ il -==, ¥ | o 8oL TI—
~ e .
88E°L = R | ™ 20T1ZI~_
. 5 AL SL6TTI~C
SOF £ J 0E'Z
o 0Ib L _— TsE1 080921
M 86b L7 =2 I-zg0 R 829L21-\
; 2 ]
o - ) e
z  u £ I
1 gL (=}
O = o Z 2 = =160 [ e
%) 8 NE | 105261~ o
< /J\jm | £10861— o WL/,\AO
I3 2 ~ | © Z4x
nU aLsa— = o e @ W g3
@ 2
3+ o0\ 5 .z /3( %) .
R - \.\H | o I= o
£90°6— r =~ o] -= =0 [ o . -
M 18re— wr/H dnl\ . = 80 59T5T— o m 5T
" Y ° 2 4 © W/:\\ f“O
- | | ©
z . | 5 T
T zT | // /
O | (=} ==
- | Fo T
.- =T | - 885°991~_ 0= 2T
Lo o= | 6L91L1 =
© ,f\ ) | © Lerin— / T
AN se501— & -= w60 | 2 191241 Ay
A | 965LT~— 1 /m
| ° 99p9c1-" Y

170 160 150 140 130 120

180




Supplementary images for Chapter 6

C. Supplementary images for Chapter 6
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Figure S3. Characterization of disk-shaped Zeolite L crystals: (a) SEM; (b) XPS; (c) size distribution diagram
derived from SEM images; (d) powder XRD diffraction pattern. The flat disk-shaped zeolite L crystals utilized
for this study showed a size comprised between 600 and 1000 nm in width and about 250 nm in height.
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Figure S4. Characterization of DXP-zeolite L crystals; (a) XPS; (b) ATR; for TGA analysis, see Figure S5.
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Figure S5. Characterization of isocyano-DXP-zeolite L crystals: (a) XPS; (b) ATR; (c) SEM; (d) TGA analysis
of the native and the derivatized zeolites: DXP-zeolites and isocyano-DXP-zeolites showed increasing weight
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loss, and hence increasing amounts of organic molecules, 1.7% and 5.7% respectively, after removing the
contribution of the water present in the zeolite materials (native zeolites used as reference)
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Figure S6. (a) ATR of a plate after functionalization with APTES; characterization of isocyano-DXP-zeolite
SAMs: (b) XPS; (¢c) SEM; confocal image of 3@SAM visualized in red.
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Figure S7. Characterization of 3@SAM: (a) XPS; (b) comparison of the high resolution XPS analysis of N(1s)
of the isocyano-zeolite-SAMs (dashed line) and 3@SAM (full line); (c) ATR; (d) confocal microscopy (red

channel).

Figure S8. Confocal microscopy images of 3@plates after 15 min incubation at 37°C with 5x10° Jurkat (left) or
HEK-293 (right) cells visualized in green; the white bar corresponds to 50 pum.
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Representative NMR data for Chapter 7
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Representative NMR data for Chapter 7

'H NMR and C NMR
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Representative NMR data for Chapter 7

'H NMR and C NMR
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Representative NMR data for Chapter 7

'H NMR and C NMR
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'H NMR and C NMR
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Representative NMR data for Chapter 7

!H NMR and °C NMR
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17: HPLC chromatogram (A = 220) and MS spectra
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18: HPLC chromatogram (A = 220) and MS spectra
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Representative NMR data for Chapter 7

1: HPLC chromatogram (A = 220) and HRMS spectra
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Representative NMR data, HPLC ESI-MS and supplementary images for Chapter 8

E. Representative NMR data, HPLC ESI-MS and supplementary images for Chapter 8
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Figure S1. Infrared adsorption spectra of fresh HAp (top) and HAp after 5 cycles (bottom), pellets in KBr

| N
Figure S2. Grinded reaction mixture in an agate jar (¢ = 7.5 cm) containing 3 agate balls (g = 2.0 cm), at the speed

of 8-10 Hz.
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DAD1 A, Sig=210,4 Ref=380,40 (SPQIW.D)
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Figure S3. RP-HPLC and ESI-MS analyses of Boc-Val-Phe-OMe obtained by solvent free ball-milling.
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Figure S4. *H-NMR (CDCls, 400 MHz) of Boc-Val-Phe-Phe-OMe obtained by solvent free ball-milling.
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Representative NMR data, HPLC ESI-MS and supplementary images for Chapter 8
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Figure S6. RP-HPLC and ESI-MS analyses of Boc-Ser(OBn)-Pro-OBn obtained by solvent free ball-milling.
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Figure S7. 'H-NMR (CDCls, 400MHz) of Boc-Ser(OBn)-Pro-OBn obtained by solvent free ball-milling, showing
two sets of resonances, corresponding to the cis/trans rotamers about the secondary amide bond.
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DAD1 A, Sig=210,4 Ref=380,40 (SPQ39WNO.D)
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Figure S8. RP-HPLC and ESI-MS analyses of the coupling between N-Fmoc-Lys(N-Cbz)-OH and H-Ser-NH;
obtained by solvent free ball-milling. The peak at 8.237 min accounts for dipeptide N-Fmoc-Lys(N-Cbz)-Ser-NH,
(m/z): 1222.0 [2M+Na], 611.6 [M+Na], 589.6 [M+H]. 12.656 min, depsitripeptide N-Fmoc-Lys(N-Cbz)-Ser[N-
Fmoc-Lys(N-Cbz)]-NH (m/z): 1096.0 [M+Na], 1074.8 [M+H].

DAD1 A, Sig=210,4 Ref=380,40 (SPQ24CRO.D)
mAU ﬂ
500 I
4003
300 H
200 H
100 [l
3 / \
o4 e R ————— - |
— —— . — — —
0 2 4 6 8 10 12 14 mi
"MSD1 SPC, time=7.450 of SPQ24CRO.D API-ES, Pos, Scan, Frag: 30, "Scan Positivo"
100 ;’ Max: 44336
80
60 S
40
] 4,
20 § ¢ © < © +« o <
1 o N o T oo © © o ¥ S =
B o D ~ @@ I~ 8 g — ~ D c’;
ol % ¢ 3| LEg8s = L &
- T T 7

Figure S9. RP-HPLC and ESI-MS analyses of Boc-EM1 obtained by solvent free ball-milling.
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Representative NMR data, HPLC ESI-MS and supplementary images for Chapter 8
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Figure S10. RP-HPLC and ESI-MS analyses of the coupling between N-Boc-Phe-OH and H-Gly-OEt in vy-
valerolactone. The peak at 8.304 min accounts for dipeptide N-Boc-Phe-Gly-OEt (m/z): 723.4 [2M+Na], 373.2
[M+Na], 295.2 [M-tBu], 251.2 [M-Boc]. 9.637 min, N-Boc-Phe-Phe-Gly-OEt (m/z): 520.2 [M+Na], 498.2 [M+H],
442.2 [M-tBu], 399.2 [M-Boc]. 10.489 min, N-Boc-Phe-Phe-Phe-Gly-OEt (m/z): 645.4 [M+H], 589.4 [M-tBu].
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DAD1 A, Sig=2104 Ref=380,40 (SPQ33W.D)
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Figure S11. RP-HPLC and ESI-MS analyses of the coupling between N-Boc-Phe-OH and H-Gly-NH; in -
valerolactone. The peak at 4.687 min accounts for dipeptide N-Boc-Phe-Gly-NH; 665.6 [2M+Na], 344.4 [M+Na],
222.2 [M-Boc]. 7.145 min, N-Boc-Phe-Phe-Gly-NH; (m/z): 961.0 [2M+Na], 491.4 [M+Na], 469.4 [M+H], 413.4

[M-tBu].
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Figure S12. RP-HPLC and ESI-MS analyses of the coupling between N-Fmoc-Lys(N-Chz)-OH and H-Ser-NH,
obtained by minimal solvent-assisted grinding, showing the formation of traces of depsitripeptide N-Fmoc-Lys(N-

Cbz)-Ser[N-Fmoc-Lys(N-Cbz)]-NH- (13.493 min).
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Representative NMR data, HPLC ESI-MS and supplementary images for Chapter 8
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