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Abstract

This thesis deals with the design, synthesis, and applications of short peptidic sequences
capable of mimicking some behaviors of larger protein entities. Indeed, peptides can represent
the minimalist functional, bioactive portion of a protein, while being more stable, less
expensive, and less immunogenic. Besides, peptides have the potential to penetrate further into
tissues owing to their smaller size.

In the first part of the thesis, peptides have been designed to investigate the
interactions between integrins and their protein ligands. Integrins are heterodimers
composed of non-covalently bound o and P subunits, and their ligands are glycoproteins
expressed on cell surface, or the extracellular matrix proteins. In humans, the combination of
18 a and 8 P subunits generates 24 distinct af3 heterodimers. These receptors represent the
most important family of transmembrane receptors that “integrate” extracellular with
intracellular environments via transmission of signals. Indeed, integrins mediate bi-directional
signaling across the cell membrane (inside-out and outside-in signaling), hence controlling
diverse cellular functions, such as spreading, shape, survival, proliferation, apoptosis, etc.

Besides the normal physiological functions, excessive integrin activation can lead to
various pathological conditions, encompassing the onset and advancement of cancer, coronary
diseases, inflammatory and autoimmune pathologies, etc. For such diseases, anti-integrin
antibodies or small-molecule antagonists that prevent receptor activation can be regarded as
potential therapeutic options. The RGD-binding integrins, e.g. owps, asP1, ovPs, have garnered
significant attention since their discovery in the 1980s, particularly due to their abnormal
expression in cancer cells. However, many clinical trials conducted on the RGD-based
antagonists have faced repeated failures. Up to now, only a bunch of integrin-based drugs have
entered the market as antithrombotic agents, for inflammatory bowel disease, multiple
sclerosis, and dry eye disease. This is largely attributed to the fact that ligands proposed as
antagonists may also act as partial agonists at low concentrations, which can induce the high-
affinity, extended-open conformation of integrins. This triggers outside-in signaling,
paradoxically leading to adhesion and unfavorable outcomes in patients. Hence, a deeper
understanding of the structural determinants for receptor activation and blockage is currently
of the utmost interest.

For a4f1 integrin expressed on leucocytes, the situation is even more challenging, since
the exact crystal structure has not yet been reported. In addition, very few potent and selective
agonists are currently available for investigating the mechanisms underlying receptor
activation. In this context, the first effort of this thesis addresses these challenges. To this aim,
we started with a systematic analysis of a4f1 integrin, integrating receptor-ligand interactions
of RGD-binding integrins and computational simulations performed with homology or hybrid
a4f1 receptors to explain agonism versus antagonism. Subsequently, we constructed a series of

LDV-containing cyclopeptides, leading to the identification of several potent ligands against
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a4 integrins. Computational methods were also employed to elucidate possible models for
receptor activation or blockage.

In the second part of the thesis, peptide-nanoparticle conjugates are utilized for
targeted therapy. As anticipated, despite good initial results in vitro and in animal models,
most of clinical trials conducted for integrin antagonists have not met the expectations.
Nevertheless, peptidic integrin ligands still maintain noteworthy appeal, when conjugates
either covalently or noncovalently to nanoparticles, for targeted drug delivery systems, or to
functionalized surfaces, self-assembled monolayers and finally to smart and cell responsive
materials. These peptide-material conjugates are expected to allow a range of applications in
theranostics, disease monitoring, regenerative medicines, and tissue engineering. In this frame,
various nanoplatforms decorated with different integrin-targeting motifs, e.g. LDV- and RGD-
based peptides, were prepared, aiming to expand the application of the developed ligands in
tumor-targeted therapies.

In the third part of the thesis, peptides have been designed to prevent the assembly
of a functional protein. Cancer cells can be selectively targeted also by interfering with
specific signaling pathways. The enzyme human lactate dehydrogenase isoform 5 (ALDH 5)
plays an essential role in cancer metabolism, by catalyzing the final step of glycolysis, that is
the conversion of pyruvate to lactate. Since the enzyme is catalytically active only as tetramers,
targeting the protein-protein interactions (PPIs) involved in the oligomerization represents a
promising strategy to disrupt their function. In this regard, peptides are particularly attractive,
as their larger size enables them to effectively target the large flat interfaces of PPIs, which is
unlikely to be inhibited by small molecules. Thus, this part focuses on synthesizing peptides
capable of inhibiting the tetramerization of /LDH 5. As a result, several linear and cyclic
peptide inhibitors were identified, demonstrating selective inhibitory efficacy in cancer cells.

In the last part, hybrid peptide-phosphate nanocrystals have been validated as mini-
enzymes. Beyond the application as bioactive molecules, peptides can be utilized in
organocatalysis. Unlike single amino acids, such as proline, commonly used in 1,2-conjugate
addition reactions, peptides present a longer distance between catalytic sites, facilitating also
1,4-addition reactions. However, to be able to rival with the catalytic efficacy of an enzyme,
peptide organocatalysts must be easily recycled and reused. Catalysts recycle and reuse is a
fundamental issue also from a green and sustainable chemistry perspective. To address this, we
explored the in-situ absorption of peptide catalysts using nanocrystalline hydroxyapatite, a fully
biocompatible material, which serves as an insoluble solid support for peptides recovery. This
strategy was validated in the 1,4-conjugate addition of aldehydes to nitrostyrene, resulted in

high enantioselectivity.

Keywords: integrin, receptor-ligand interaction, agonist, peptidomimetics, nanoparticle, lactate

dehydrogenase, protein-protein interaction, organocatalysis, hydroxyapatite.
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Chapter 1. Introduction

Drug discovery generally focuses on four major categories of biological macromolecules
that serve as pharmacological targets: receptors, enzymes, ion channels, and transporters.
Among them, the most predominant targets are receptors and enzymes.!!!

Receptors are the proteins within the cytoplasm or on the cell surface membrane that
recognize and bind with specific ligands, thereby regulating cellular processes. Molecules upon
interaction with their receptor may activate or inactivate a receptor. Agonists activate receptor
and produce functional response, while antagonists prevent receptor activation.

Enzymes, on the other hand, are biological catalysts which speed up various biochemical
reactions and play a key critical role in numerous cellular activities. Similar to receptor
activation or blockage, there are also two possibilities for enzyme-targeted drug design:
activation or inhibition of an enzyme. Molecules that increase the activity of an enzyme are
called activators, whereas those that decrease the enzymatic activity are termed inhibitors.

The following discussion will primarily focus on these two types of drug targets: receptors,
with a specific emphasis on integrin receptors, and enzymes, particularly lactate
dehydrogenases (LDHs).

1.1 Integrin Receptors

Integrins are heterodimeric, noncovalently bound proteins expressed on cell surfaces that
mediate cell-cell and cell-matrix adhesion.>*! Sequencing of the human genome has identified
18 a and 8 B subunits, from which 24 different functional integrins are currently known to be
formed. Integrins regulate cellular growth, proliferation, migration, signaling, and cytokine
activation and release and thereby play important roles in cell proliferation and migration,
apoptosis, tissue repair, as well as in all processes critical to inflammation, infection, and
angiogenesis.

Based on ligand specificity, Integrin heterodimers often can be divided into two groups:
RGD (Arg-Gly-Asp) binding receptors and non-RGD binding receptors. (Table 1.1)

Table 1.1 Classification of integrin family, based on ligand specificity.

Integrin Receptors

RGD binding

receptors o By @By o By o B By 0P, 0B, By
Collagen receptors B, oy, o B, o B
Non-RGD Laminin receptors a B, 0B, o B, 0B,

binding receptors

Leukocyte receptors 0B, o,B,, a,Bo. af, a B, o B,, 0B, a B,
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The RGD-binding integrins have a common ay chain or B1 chain. The minimal recognition
motif RGD peptide sequence was first discovered in fibronectin but was later found in several
other ECM (extracellular matrix) proteins, such as fibronectin (FN), vitronectin, laminin and
osteopontin.'*> Among the 24 integrin subtypes known to date, 8 integrin heterodimers
recognize the tripeptide RGD motif within ECM proteins, namely: avfi, ovps, avPs, avPs, avPs,
asPi, osPi, and amPs. Non-RGD receptors are further subdivided into three categories:
leukocyte-specific, collagen-binding and Ilaminin-binding integrins. Leucocyte-specific
integrins have a common [, chain that is linked to CD18 and bind receptors such as ICAMs
(intercellular adhesion molecules) and plasma proteins such as complement components C3b
and C4b. Collagen-binding integrins share a common [ chain that binds various a chains in
integrins oP1, 02P1, aoP1, and a1fi. Laminin-binding integrins (03P1, oePi, o7B1, and osP4)

mediate the adhesion of cells to basement membranes in various tissues.!°!

1.1.1 Integrin structure

As aforementioned, integrins are heterodimeric transmembrane cell adhesion molecules
made up of a and B subunits arranged in numerous dimeric pairings. Structurally, in both o and
f subunits, a large N-terminal extracellular domain, a single transmembrane region, and a C-

terminal intracellular cytoplasmic tail, can be identified (Figure 1.1).!"!

Extracellular domain

Cytoplasmic tail

Figure 1.1 Integrin structure. (A) Closed structure of full B3 integrin (PDB code: 8T2V),®! densities are not
visible for the cytoplasmic tails. (B) NMR model of o3 integrin TM/cytoplasmic domain (PDB code: 2KNC).
(C) Homology model of full-length integrin amBs (PMDB code: PM0076386).1!"]

a-subunit

The o subunit consists of a seven-bladed B-propeller head domain, a thigh domain, two
calf domains, a single transmembrane domain, and a short cytoplasmic tail (Figure 1.2 A).!!!]
Nine of the 18 known Integrin o subunits (a1, o2, a0, 011, O, 0L, M, 0D, and ox) contain an
additional portion called aA or I-domain, which is a domain of approximately 200 amino acids,
inserted between blades 2 and 3 in the B-propeller. The I-domain is crucial because it contains

the “metal-ion-dependent adhesive site” (MIDAS), which is the main domain responsible for
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ligand binding (Figures 1.2 B, C).['*l The al-domain-containing integrins show fairly high
homology within their al domains, which adopts a Rossman fold with five B-sheets surrounded
by seven a helices, while the cytoplasmic domains of a chain are highly divergent, only sharing
the conserved GFFKR sequence at the membrane-proximal region.!'?!

p-subunit

The extracellular region of B subunit (Figure 1.2 A) contains a plexin-sempahorin-integrin
(PSI) domain, a hybrid domain, a BI domain, four cysteine-rich epidermal growth factor (EGF)
repeats, and a P tail domain (BTD).l'4

The BI domain is structurally homologous to the al domain of a subunits sharing the same
overall fold and, it is inserted into the hybrid domain to form the 8 head of all integrin 3 subunits.
Additionally, the BI domain features an Mg®" coordinating MIDAS, which is directly involved
in the ligand binding in al-less integrins or indirectly involved in the al-containing integrins
via coordination of Mg?* ion by the Asp/Glu residues; a second site adjacent to MIDAS
(ADMIDAS) binding an inhibitory Ca®" ion. and this ADMIDAS site also binds the Mn?* ion
leading to a conformational change resulting in an active integrin;!'> and a third site, which is
a Ca®’-binding site termed SyMBS (synergistic metal ion-binding site), exerting a positive
synergic effect on ligand binding (Figures 1.2 B, D).l

In contrast to the o Integrin subunit tails, the B chains share homology in the cytoplasmic
tail, with highly-conserved NPX/Y motifs able to bind proteins containing phosphotyrosine
binding (PTB) or PTB-like domains.['®)

A C 780
. Qa . S139/ cr
al domain pl-domain P Q \
) Hybird domain M9 -
B-propeller P ' L
T206
Thigh Il N Satey
D137 BN
Calf-1 EGF repeats
Calf-2 . <
B-tail (B | N2o7 (‘\
A - S114 S116
TM region V. 7; @ E212@ p \

‘ 4
Cytoplasmic tail p-propeller

D243)

'D112 @
": P A
5 ‘) -
MIDAS

?//; hS’blrd

Figure 1.2 Detailed Integrin structure. (A) Schematic structure of Integrin aff subunits. (B) Representative o>
headpiece structure (PDB code: SE6U). (C) The arl-domain MIDAS of a3, headpiece. (D) The fI-domain metal

ion binding sites of oy f3; headpiece. Mg?*, Ca®*, and CI™ are shown as green, gold, and silver spheres, respectively.

1.1.2 Integrin activation and signal transduction
Integrin activation is a process of reversible and flexible conformational changes. The

solved crystal structures of integrin ectodomains and I domains revealed that integrins exist
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during activation in the dynamic equilibrium of at least three major conformers: bent-closed
(BC, inactive), open-closed (OC, active, low affinity), and open-extended (OE, active, high
affinity). Three conformers are schematically shown in Figure 1.3. The delicate balance

between different integrin conformations can regulate cell adhesion affinity and signaling

strength.
Outside-in signaling
Cell adhesion and migration K .
ECM assembly and remodeling = Active

Clustered Integrins

]

]

]

|

¢ Active, high affinity
Primed., low affinity Open Extended

]

]

]

Open Closed
Inactive
Bent Closed

o

o Talin Kindlin
Talin \ Kindlin ’/‘,:\\
[ ]

FAK/Src, PI3K/Akt Erk/MAPK...

Cell polarity, survival, and proliferation

Inside-out signaling :
cytoskeletal structure and gene expression

Figure 1.3 Schematic overview of Integrin activation-associated signaling cascades.

As a family of unique transmembrane receptors, integrins can activate bi-directional
signaling, referred to as “inside-out” signaling and “outside-in” signaling (Figure 1.3).

Integrins are initially transported from the endoplasmic reticulum to the plasma membrane
with the extracellular domains of a- and B-subunits displaying a bent and inactivated or “closed”
conformation, while the cytoplasmic domains are linked and stabilized by a salt bridge.

In “inside-out” signaling, intracellular activators like talins or kindlins bind to the
cytoplasmic tail of their B-subunits, triggering the conformational changes of integrins and
recruiting multivalent protein complexes clustering, which increases their affinity for ligands
and thus promotes cell migration and ECM assembly and remodeling (Figure 1.3).117:18]

Conversely, during “outside-in” signaling, ECM components and other ligands, such as
growth factor receptors (GFRs), urokinase plasminogen activator receptor, and transforming
growth factor-f (TGF-P) receptor, bind to the external integrin domains, leading to integrin
clustering and sending signals into the cells, changing the cell polarity and cytoskeletal structure,
inducing gene transcription, and promoting cell survival and proliferation (Figure 1.3).[!"]
Moreover, recent studies have found that endocytosed integrins also have certain functions as

“inside-in” signaling, which can exert a specific role by recruiting focal adhesion kinase (FAK)
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(20211 In summary, integrins enable cells

or enhancing the signaling of the co-trafficking GFRs.
to respond to changes in the extracellular environment and, in turn, affect the extracellular

environment itself through bi-directional signaling.

1.1.3 Integrin roles in physiology and pathology

As mentioned earlier, integrins regulate cellular growth, proliferation, migration, signaling,
and cytokine activation and release. Consequently, they play critical roles in both physiological
processes-such as embryogenesis, organogenesis, the normal growth and tissue development,
and pathogenic ones, including tumor metastasis, tumor invasion, angiogenesis, inflammation,
ocular diseases, restenosis, and autoimmune diseases, i.e. multiple sclerosis (MS), rheumatoid
arthritis (RA), and Crohn’s disease./?22?]

Integrin roles in cancer

Integrins have been found to play multiple key functions in practically every stage of
cancer progression, including cancer initiation and proliferation, local invasion and
intravasation into the vasculature, survival of circulating tumor cells, priming of the metastatic
niche, extravasation into secondary sites and metastatic colonization of new tissues (Figure
1.4).2% The expression of integrins can differ considerably between normal and tumor tissue
and is also associated with cancer types and organotrophic metastasis. For example, integrins
ovP3, ovPs, avPs, 0uPi and asP; are usually expressed in most normal epithelia at low or
undetectable levels but can be highly upregulated in multiple tumors. In addition, their
expressions are thought to correlate with metastasis and poor patient prognosis.!*’! The crucial
roles of integrins in tumor progression provide valuable clues for cancer diagnosis and targeted
therapy. Currently, numerous integrin antagonists/agonists and integrin-targeting nano-
therapeutics are under investigation in clinical trials to explore effective regimens and
minimize side effects.

It is important to note, however, that in spite of compelling preclinical results
demonstrating that the inhibition of integrin avps/avPBs and asP1 has therapeutic potential,
clinical trials with integrin inhibitors targeting those integrins have repeatedly failed to
demonstrate therapeutic benefits in cancer patients, and no inhibitors have been registered as
anti-cancer drugs.

Nevertheless, it is still widely acknowledged that integrins remain a promising and valid
target for cancer therapy, with some key contributions to cancer progression, in particular
metastasis, being well-established. Future developments could consider new approaches
targeting integrins in other cells of the tumor microenvironment, e.g., cancer-associated
fibroblasts and inflammatory/immune cells, rather than focusing solely on tumor cells and
vascular cells. Additionally, a deeper understanding of the pharmacological properties of
integrin inhibitors, as well as the heterogeneity and redundancy of integrin functions, is

essential before advancing novel integrin-targeting agents into clinical trials.
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a) Primary tumor and the tumor microenvironment

* Upregulation of pro-tumorigenic integrins

* Increased outside-in signaling (e.g. FAK, SRC, PI3K-AKT and MAPK)

* Synergy with RTKs and oncogenes

* In stromal cells, increased ECM secretion and organization (desmoplasia)

Cancer cells

Basement / j .

membrane

b) Migration and invasion

> Normal g * Increased cancer cell migration

[ysylioxidase 1w fibrobla% (e.g. increased integrin trafficking
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Altered ECM
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gradients support invasion
» TGFB signaling and EMT
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independent survival
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e) Resistance
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* Drugs and radiation induce integrin expression,
resulting in resistance

f) Therapeutic targeting

* Antibody blockade of integrin function

« Integrin-directed delivery of therapeutics
* Inhibition of latent TGF activation

* Vascular promotion therapy

Figure 1.4 Illustration of the multiple roles that integrins play in cancer progression.*

Integrin roles in inflammation and infection

Activated integrins are involved in leukocyte extravasation from blood to inflamed tissues.
This process consists of a series of sequential molecular interactions known as leukocyte
adhesion cascade (Figure 1.5).[2¢)

In order to home to a site of inflammation, circulating leukocytes roll along the activated
endothelial surface via interactions with selectins and chemokines. These interactions trigger
inside-out and outside-in signaling cascades® that result in the activation of integrins on the
leukocytes into high-affinity conformations that facilitate the binding of integrins to their
coordinate ligands (e.g., aLB2/ICAM-1; a4f1/VCAM-1 (vascular cell adhesion molecule 1)) and
firm adhesion of leukocytes to the endothelial wall. Thereafter, leukocytes move slowly along
the surface of the endothelium in a process termed crawling, which ensures the location of an
appropriate extravasation site for said leukocytes. Crawling is predominantly mediated by the
integrin orP2 or ampP2 depending on the leukocyte subtype. Subsequently, integrins orB2, omp2,
and o3P interact with various ligands, including ICAM-1/2 and junctional adhesion molecules

(JAMs), to facilitate transendothelial migration and detachment of leukocytes (Figure 1.5).[2627]
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Figure 1.5 Illustration of leukocyte adhesion cascade. "

1.1.4 Timeline of milestones in integrin research

The discovery of integrins began in the 1980s, and the term “integrin” was coined in 1986
to highlight their critical roles in maintaining the integrity of the cytoskeletal-ECM linkage.*®!

Among the integrin family, ampP3 was the first identified family member. Subsequently,
the first integrin-targeting drug, Abciximab, was approved in 1994 as an o33 antagonist. After,
the first three-dimensional structure of the extracellular domains of oyf33 was reported by Xiong
in 2001,*! providing early evidence for conformational changes in integrins. In 2003, a nano-
therapeutic agent with an ayf3-targeting ligand was developed to selectively target angiogenic
blood vessels in tumor-bearing mice. The o antagonist Efalizumab was approved in 2003 but
withdrawn in 2009 due to progressive multifocal leukoencephalopathy (PML).2% In 2004, the
pan-o4 antagonist Natalizumab was approved for multiple sclerosis. However, a gap in the
market followed due to the failure of ayf; antagonist Cilengitide in clinical phase III trials for
the treatment of glioblastoma,!! impacting oy-integrin drug discovery. Paradoxically,
Cilengitide was found to enhance angiogenesis at low concentrations by inducing
conformational changes in ayf33, which is associated with increased tumor growth in vivo. To
date, despite oy-integrin having been explored as a therapeutic target for nearly 40 years, no
drugs targeting this integrin have been marketed. In 2014 and 2016, Vedolizumab and
Lifitegrast, targeting a4f7 and o3> respectively, were approved for inflammatory bowel disease
and dry eye disease. CAR T-cell therapy targeting integrins was explored in 2017. A significant
breakthrough occurred in 2022 with the approval of Carotegrast by Japan’s PMDA as the first
oral anti-integrin drug, the success of the 99mTc-3PRGD2 imaging agent in phase III trials, and
positive phase Ila results for the oral avBe/avp1 antagonist PLN-74809.021 In 2024, FDA has
approved ENTYVIO® (Vedolizumab) subcutaneous (SC) administration for maintenance
therapy in adults with moderately to severely active Crohn’s disease; Meanwhile, Morf-57, an

oral small molecule inhibitor of integrin o437, is undergoing phase Il clinical trials for Ulcerative

7



Universita di Bologna

Colitis, with two trials completed and two ongoing; Another promising candidate, 7HP349,
works as an allosteric agonist of the integrins VLA-4 (integrin a4p1) and LFA-1 (integrin arf32).
The FDA has granted fast track designation to 7HP349 based on the successful completion of
a phase I study that assessed the safety, tolerability and pharmacokinetics in healthy male
subjects (Figure 1.6).[*]

To date, the FDA has approved seven drugs targeting various integrins and there are
approximately one hundred of integrin-targeting therapies currently in clinical trials, including
small molecules, antibodies, peptidomimetics, ADCs, CAR T-cell therapies, and imaging
agents. The key lesson from past integrin drug discovery efforts is that success depends on a

deep understanding of integrin regulatory mechanisms and addressing unmet clinical needs.*?

2020s
2022: The Lasker Awards Integrins

1980s: Emergence of ‘Integrin field’ Oral o, antagonist Carotegrast approved in Japan

1984: Identification of short RGDS fragments 2024: Vedolizumab SC administration approved

1985: Identification of the first ‘Integrin receptor” GPIIb/Illa Morf-57 promising phase Il trial, ongoing -

1986: Proposal of the name ‘Integrin’ 7HP349 agonist of VLA-4 phase 1b/2a trial, recruiting
i . I

1990s : 2010s

1994: The first o/, antagonist 2014: Cilengitide phase 111 trial failure

i 2000s ) !
1998: E ﬁg%‘;:?: l;naé) proved 2000: Identification 24 Integrin heterodimers o, antagonist erqollzumab approved
=P 2001: Crystal structure of o g, 2016: o B, antagonist Lifitegrast approved

Tirofiban approved . .
PP 2002: Crystal structure of o 8, with an RGD ligand ~ 2017: CAR T cells targeting integrin o g,

Nanoparticle- o B, ligand conjugate
2003: Efalizumab approved (withdrawn in 2009)
2004: Natalizumab approved

Figure 1.6 Timeline of the historical milestone for the study of integrin.

1.2 Lactate Dehydrogenases (LDHs)

Lactate dehydrogenase (LDH), also known as lactic acid dehydrogenase with an Enzyme
Commission Number (EC)® of 1. 1. 1. 27, is an intracellular oxidoreductase enzyme that can
transfer electrons.*! LDH plays a central role in several metabolic pathways and is mainly
involved in the catalysis of the reversible conversion of pyruvate into lactate, coupled with the
oxidation of cofactor NADH to NAD" (Figure 1.7).

0 OH
)H(O_ + NADH + H* ho_ + NAD*
o) o)
Pyruvate Lactate

Figure 1.7 The interconversion of pyruvate and lactate, along with the associated conversion of NADH to NAD",

is mediated by the enzyme lactate dehydrogenase (LDH).
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1.2.1 LDHs structure and activity

In humans, lactate dehydrogenase (ALDH) is a tetrameric molecule (140 kDa) that exists
in different isoforms (isozymes) composed of two main types of subunits (35 kDa each): the
M-type (LDH-A) and the H-type (LDH-B). These subunits are encoded by different genes: /dh-
a for the M (muscle) subunit and /dh-b for the H (heart) subunit. The two subunits can assemble
into homo- or hetero-tetramers, resulting in five major isoforms of functional LDH: H4, H3M1,
H2M2, HIM3 and M4, corresponding to five isoforms LDH 1 to LDH 5, respectively. An
additional sixth isoform is known as LDH 6 or LDH C. This isoform is mainly found in mature

testis and sperm and plays a part in male fertility (Figure 1.8).5!

LDH 1 LDH 2 LDH 3 LDH 4 LDH 5 LDHC
e 88 88 88 88 88 gg
Heart Kidneys . .
Tissue Locations Red tljlsz(rjt cells Red blood cells Lungs Pancreas Skeletlz:\llvriruscles ;es;:;
White blood cells White blood cells P
o @ O &
LDH-H/B LDH-M/A LDH-C

Figure 1.8 The homo- and tetrameric isoforms of lactate dehydrogenase (LDH).

The ALDH 5 and ALDH 1 subunits are similar in size and share 75% sequence identity,
but exhibit different catalytic properties. For example, ZLDH 5 kinetically favors the conversion
of pyruvate to lactate, such as that often found in skeletal muscle and hypoxic tumors. Therefore,
hLDH 5 is an important isoenzyme under hypoxic conditions and can play a vital part in the
development and progression of malignancies. By contrast, ZLDH 1 has a high capacity in the
catalysis of the reverse reaction from lactate to pyruvate, which predominantly occurs in heart
and other well-oxygenated tissues.>%3"]

Among all the isoforms, ZLDH 5 has garnered great interest in recent years, as it was found
to be overexpressed in a variety of highly glycolytic human cancers. Although LDH was
purified in crystalline form for the first time in 1940 from a heart muscle sample, it was not
until 2001 that Brady and co-workers reported the first X-ray structure of ZLDH A and ALDH
B in a ternary complex with NADH and oxalate, a structural isostere of pyruvate and a well-
known pyruvate competitive inhibitor.?’! Since then, numerous studies using X-ray
crystallography, NMR spectroscopy, cryogenic electron microscopy, molecular modeling, and
molecular dynamics simulations have been conducted to solve the structures of ZLDH A and
hLDH B in their apo, ternary, and inhibitor-bound forms, in order to understand the main
binding modes of ZLDH A [8-42]

From a structural viewpoint, ALDH 5 tetramer shows a D> symmetry and comprises 331

amino acids per subunit (Fig. 1.9 A, B). In each monomer, it contains an N-terminal tail that
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provides a linkage with the C-terminal of the adjacent subunit, which is critical to allow the
oligomeric assembly of the tetramer,*>**! together with two binding sites. The larger one
(residues 21-162 and 248-266), characterized by a “Rossmann” domain, is the NADH binding
site (also referred to as the cofactor-binding site, Fig. 1.9 D).*® At this site, NADH cofactors
chiefly bind to four residues (Asp'®®, Arg!”!, and Thr?*’ and the catalytic His'*) located in a
groove of the central B-sheet and these residues make key contributions to the catalytic activity
of hLDH 5. In proximity to the nicotinamide moiety of NADH, a mixed o/ structure forms the
substrate-binding site, referred to as the pyruvate-binding site (residues 163-247 and 267-331,
Fig. 1.9 C).’® The substrates, such as pyruvate, interact with three residues (Arg'’! and Thr?¥
along with Ala?*®). The two domains form a sort of bilobed structure where a central groove

defines the enzyme active site. In addition, residues 95-110 form the so-called “active-site loop”,

which is involved in the catalytic process and can adopt either an open or a closed conformation,
37, 45]

thus regulating the accessibility of substrate and cofactor to the enzyme active site.

A C
Arg 105 C-terminus

1 20 95 a 110 162 247 267 331 R168
- NADH binding domain substrate g nNapH substrate

Figure 1.9 Structure and binding modes of ALDH 5. (A) Schematic representation of ALDH 5 monomer. (B)
Crystal structure of an ALDH-A subunit. (C) Interactions between oxalate and the LDH-A substrate-binding site.
(D) Interactions between NADH and the co-substrate-binding site.%

Mechanistically, Z/LDH 5 follows an ordered sequence of events occurring in the
millisecond time scale in which NADH binds to the cofactor-binding site with the active-site
loop adopting an open conformation, then pyruvate binds to the substrate binding site and, lastly,
the active-site loop closes up to provide a largely desolvated ternary complex.!*®! Arg!% in the
active-site loop clamps down on the bound pyruvate. Then a hydride ion is transferred from the
nicotinamide ring of NADH to the carbonyl C-atom of the pyruvate.

The observed differences in catalytic activity between ZLDH A and ALDH B mentioned

above are thought to be, from a mechanistically viewpoint, the result of altered electrostatic
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interactions between binding sites and ligands. In fact, the pKa of the active residue His'*
increases from 7.3 in ALDH A (likely protonated at physiological pH) to 8.3 in ZLDH B (non-
protonated),’*”) representing a potentially exploitable distinction for rational design of ALDH

A-specific inhibitors.

1.2.2 Targeting LDH for cancer therapeutics

Cancer cells adapt their metabolism to sustain the high energy demand of continuous
proliferation. Instead of relying on oxidative phosphorylation as their primary energy source,
they shift to glycolysis even in the presence of oxygen phenomenon, known as aerobic
glycolysis or the Warburg effect, which is a metabolic hallmark of cancer (Fig. 1.10).*”] By
doing this, cancer cells produce energy at a faster rate than with oxidative phosphorylation,
obtain intermediates for biosynthesis of macromolecules, and secrete the glycolysis end-
product lactate to the extracellular media. Lactate generates an acidic microenvironment that
facilitates tumor-associated inflammation, angiogenesis, and immunosuppression, all
contributing to tumor survival.[*** In addition, reduced oxidative phosphorylation results in
lower levels of reactive oxygen species (ROS) and better survival of cancer cells. Therefore,
targeting the Warburg effect is an attractive strategy for cancer therapy. As discussed previously,
human lactate dehydrogenase (/LDH), and more specifically the isoform 5 (LDH 5), plays an
essential role in the Warburg effect by catalyzing the final step of glycolysis, i.e., the conversion
of pyruvate to lactate, coupled with the regeneration of NAD" from NADH.

Glucose

Glycolysis
{
Normal cells Cancer cells
Pyruvate
OXPHOS NADH  ‘Aerobic’ Glycolysis
(oxidative phosphorylation
oo ——— | NAD*
| ATP & CO, | 504 85%

Lactate =) Intracellular acidosis 1}
Cell viability 1}
Metastasis 1

Inhibitors
Target for cancer therapy

Figure 1.10 Metabolic pathway in normal and cancer cells.

Extensive studies have shown that LDH A is directly or indirectly involved in various
aspects of tumor growth, migration, invasion, maintenance, and is associated with poor
prognosis in a wide range of tumors. High serum LDH concentrations are also associated with

radio-resistance in both primary and metastatic brain tumors. Moreover, multiple studies on

11
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various cell lines have shown that attenuation of LDHA increases apoptosis and reduces
migration and invasion ability. Notably, human genetic defects in the LDH A gene are
nonlethal.®Y Taken together, these studies suggest that LDH A inhibition could be a suitable,

safe, and well-tolerated therapy that will impede tumor growth and metastasis.
1.3 Peptide and Peptidomimetics

1.3.1 Peptidomimetics definition and commonly used synthetic strategies

Peptides, typically serving as receptor agonists or antagonists, enzyme substrates or
inhibitors, as well as hormones and neurotransmitters, modulate cell-cell signaling pathways in
a range of biochemical research and pathological processes.

The use of peptides as therapeutic drugs, however, is complicated by their bioavailability
and biostability. Rapid degradation by proteases, poor oral availability, difficult transportation
through cell membranes, and nonselective receptor binding are the major limitations of peptides
as active pharmaceutical ingredients.®!! Hence suitable chemical modification of native
peptides is necessary to bypass the above-mentioned challenges and make them a better drug
candidate, which has led to the development of more drug-like molecules known as
peptidomimetics.

By definition, peptidomimetics are ‘“compounds whose essential elements
(pharmacophore) mimic a natural peptide or protein in 3D space and which retain the ability to
interact with the biological target and produce the same biological effect”. Peptidomimetics
overcome the inherent obstacles of native peptides by exhibiting higher metabolic stability and
improved receptor affinity and selectivity.

The commonly used strategies for designing peptidomimetics include cyclization,
replacing peptide bonds with their isostere equivalents, and the incorporation of unnatural
amino acids or dipeptide surrogates (Figure 1.11). Among them, macrocyclization can be
achieved by lactamization, lactonization, disulfide bridge formation, azide-alkyne
cycloadditions or ring-closing metathesis (RCM). Additionally, unnatural amino acids are
obtained by several modifications such as D-amino acids, side chain substitution, N-alkylation,

isosteric replacement within peptide backbone, and cyclization.[5-]

12



Universita di Bologna

side chain to side chain

lactamization

5N
head to side chain ( o ‘\ tail to side chain lactonization
H disulfide bridge
FiN N\)LN ring-closing metathesis
H o H H o azide-alkyne cycloaddition

head to tail
yoo * o R 0O
fy N%Nﬁ% Cyclization £\ NQLN
H o H 0 R iR O

i o)
D-amino acid \ ‘ o 3 / N-alkylation
Un-natural side chain ! H '
' N '
: fiu QLH :
: o ~ o
/ Natural Peptides ‘ \
R l | o
i i ‘){N/}(N\)kNﬁ%
P 4 Hﬂ é ! é o
N - R
Spacial pharmacophore Alignment H = Peptoid
(0] [¢]

Isostere Replacement
X=0,S,NOH
R=N,0,S,CH,

Figure 1.11 Various synthetic strategies of peptidomimetics.

1.3.2 Application in drug discovery and asymmetric catalysis

Peptides/peptidomimetics have emerged as versatile tools in a wide range of fields,
including biotechnology, medicinal chemistry, material science, and catalysis. Generally, the
design of peptidomimetics begins with an exhaustive structure-activity relationship (SAR)
investigation of the parent peptides or proteins to identify the minimal segments or key residues
responsible for bioactivity. This is followed by determining the most active 3D arrangement of
these key residues using conformationally rigid analogues. Based on the resulting 3D model,
the pharmacophores are then recombined using non-peptidic scaffolds. Finally, the synthesized
compounds are tested to evaluate their biological activity, enzymatic stability, bioavailability,
conformational stability, and ADMET (Absorption, Distribution, Metabolism, Excretion, and
Toxicity) profiles.

Here are several selected examples of peptidomimetic strategies applied in the field of

Integrins, LDH, and asymmetric catalysis:

Peptidomimetic strategy applied in Integrins

Since RGD was first identified as the minimal recognition sequence in fibronectin by
Pierschbacher and Ruoslahti in 1984,[*) numerous peptidic and non-peptidic RGD-based
integrin ligands, with various degrees of specificity, have been extensively explored by
researchers.

Notably, Kessler and co-workers conducted a systematic study known as spatial screening,
which allowed to investigate the 3D disposition of the pharmacophoric groups of the RGD

[56,57

sequence.>®7] In this context, the potent pentapeptide cyclo(RGDfV) was identified, showing
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improved receptor affinity and selectivity.®® Further optimization in their group yielded

another two important molecules: c[RGDf-N(Me)V] and ¢[RGDfK] (Figure 1.12). Notably,
c[RGDf-N(Me)V], or cilengitide, was renowned for its outstanding affinity for awps integrins
(ICs0= 0.65 nM) with improved biostability and oral availability.>**!l On the other hand, the
incorporation of Lys in c[RGDfK]!6%] facilitated its linkage to other molecules, nanoparticles,
or fluorescent tags, thus enabling the development of drug delivery or diagnostic systems.
Starting from these cyclic structures, the retro (DGR), inverso (rGd), retro-inverso (dGr), and

other peptidomimetic strategies were extensively adopted.[>33-55:63]

/. cilengitide

[ O cyclo(RGDf-N(Me)V)

Figure 1.12 (A) Crystal structure of the RGD in fibronectin bound to the o.f33 integrin (PDB code: 4AMMX). (B)
Chemical structure of the cilengitide and crystal structure (PDB code: 1L5G) superimposed with fibronectin
RGD.F]

Peptidomimetic strategy applied in LDH

Cancer cells undergo metabolic changes compared to normal cells, which favors aerobic
glycolysis over oxidative phosphorylation pathway.[*’! This altered metabolic pathway supports
the survival and proliferation needs for tumor progression. During this metabolic process,
lactate dehydrogenase 5 (LDH 5), plays an essential role by catalyzing the conversion of
pyruvate to lactate and the regeneration of NAD" from NADH. Hence, inhibitors of LDH could
be promising candidates for cancer therapy. Currently, there are many small molecules LDH 5

[64.65] However, to date,

inhibitors that compete with pyruvate and/or NADH for the active site.
no LDH 5 inhibitor has progressed through clinical studies owing to either toxicity caused by
cross-reactivity with other NADH-dependent enzymes, or low potency in vivo caused by
limited cell penetration and stability.

Alternatively, inhibition of LDH 5 can be realized by disruption of protein-protein
interactions (PPIs) between LDH A subunits involved in the oligomerization of LDH 5, as the
enzyme is only catalytically active as a tetramer. In this regard, peptides hold great potential
because their larger size allows them to better target the PPIs large flat interfaces, which is
unlikely to be inhibited by small molecules. Moreover, peptides usually offer higher selectivity
and can be further optimized to improve their pharmacokinetic profiles by adopting a

peptidomimetic strategy.[>>3]
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In 2020, Frédérick and coworkers/®® discovered a short linear peptide, LBS, which can
weakly disrupt the tetramerization of lactate dehydrogenase B. They hypothesized that the weak
potency of LB8 was due to its poor helical folding and suggested that enhancing its
conformational stability could probably improve its potency. In order to increase helicity, they
first introduced a-methylalanine (Aib), a well-known helicogenic residue, into the parent linear
LB8 peptide, resulting in two linear Aib-containing LB8 analogues, but no improvement was
observed. Further NMR 2D ROESY analysis confirmed again the absence of helicity in these
peptides. In their second attempt to promote LBS8 helicity, the researchers focused on peptide
macrocyclization by cysteine stapling with an a-helix-promoting agent. On the basis of LB8
SAR, cysteines were introduced at various i and 1 + 4 positions, and the peptides were cross-
linked using a, o'-dibromo-m-xylene. The resulting cyclopeptides were then evaluated for their
binding affinity to LDH-Htr (a truncated version of human LDH H that lacks its 19 N-terminal
amino acids). Among these, the most potent analogue, resulting from stapling between positions
1 and 5, showed a 17-fold increase in potency (K4 = 64 uM) compared to LB8 (Kq¢=1.05 mM),
demonstrating the stapled peptide effectively competed with the N-terminal tetramerization
domain of LDHs, leading to the destabilization and disruption of the protein complex and
interfering with LDH tetramer formation (Figure 1.13).

To date, only a few examples of using peptides to disrupt the LDH 5 tetramerization have
been reported.[**¢7% This approach remains both challenging and highly promising, given its

advantages that small molecules are unlikely to provide, as previously discussed.

Linear-LB8

Figure 1.13 Chemical structures and interaction of (A) liner LB8, and (B) cyclo-LB8 analogues with the LDH-H

tetramerization site.[%0]
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Peptidomimetic strategy applied in Asymmetric catalysis

Nature has a vast repertoire of enzyme functions with high catalytic efficiency and
specificity. It is hypothesized that enzymes evolved from cooperative interactions among
peptides, where functionality emerged from the fusion and diversification of short peptide
sequences, identified today as highly conserved regions, responsible for enzyme functionality.

Indeed, peptides have been successfully employed as catalysts in various reactions,’!’?
with the field of organocatalysis showing that even single amino acids such as proline residues
are able to catalyze a chemical reaction without the need of being part of an enzyme,””
demonstrating their potential not only in drug discovery but also in asymmetric catalysis.

However, the efficiency of peptide catalysts in aqueous media remains modest and has met
considerable skepticism,”# likely due to conformational variability and the lack of stabilization
from a three-dimensional enzyme structure that allows for a more efficient substrate conversion.
Nevertheless, simpler molecules such as small peptides and amino acids can be advantageous
because they are easy to synthesize, are modular, tunable, and can act at non-standard pH and
temperature conditions. Additionally, the ongoing development of peptidomimetics offers a
powerful tool for synthesis of novel peptide-based catalysts through rational design, aiming to
precisely position the catalytic site and enhance the catalytic performance of native peptides.

Since the BINOL-derived chiral phosphoric acid (CPA) was first reported in 2004,7>76! it
has been applied to a wide range of transformations, earning its status as a privileged catalyst.
However, progress in developing alternative catalyst scaffolds has been relatively slow. The C»-
symmetric scaffold in CPA has been proposed to be crucial for effective catalysis, as this
property makes tautomerization of the phosphoric acid proton between the two phosphate
oxygens degenerate, which would otherwise provide distinct diastereomeric species with
potentially different catalytic activities.

In pursuit of an alternative to the archetypal CPA scaffold, Miller’s group postulated that
short-sequence peptides could serve as a new family of chiral Brensted acid catalysts. In this
case, catalyst rigidity would perhaps not be necessary, as noncovalent interactions between the
flexible peptide backbone and substrates could enable high degrees of selectivity. Moreover,
the modularity and tunability of the peptide sequence would enable the development of catalysts
with highly diverse structures and functions. Their investigation into phosphothreonine-based
peptidic CPA catalysts (pThr-based CPAs) started with studies on the HEH (Hantzsch Ester)-
mediated transfer hydrogenation of quinolines (Figure 1.14). Evaluation of a small library of
peptides containing an N-terminal pThr residue led to the identification of a Met-containing
phosphopeptide, which mediated the model reaction in good yields and up to 93:7 er. These
selectivities were comparable to those afforded by the known BINOL-derived CPA (13:87 er).
Such high selectivities could be attributed to: (1) the incorporation of critical secondary
structural elements into the peptide, in this case a f-turn motif, and (2) secondary interactions

between the catalyst and substrate directing group, specifically the 8-urea group.!””)
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Figure 1.14 The transfer hydrogenation of 8-aminoquinoline catalyzed by BINOL or pThr-based organocatalysts.

1.4 Aim of the Thesis

This thesis aims to design and synthesize bioactive peptides/peptidomimetics capable to
mimic, or interfere with protein behavior, with applications as integrin agonists or antagonists,
as lactate dehydrogenase inhibitors, and other aspects, such as organocatalysts.

Based on the introduction above, it is evident that integrin receptors and lactate
dehydrogenases play essential roles in regulating various physiological and pathological
processes. Their broad involvement in a wide range of diseases, including cancer and
inflammation, highlights their significant potential as validated drug targets. Furthermore, the
development of peptidomimetics strategies offers greater potential for the discovery of highly
potent and selective drug molecules.

Firstly, given the crystallographic or cryo-EM structures of asf1 integrin have not been
disclosed, and considering its important role in both physiological and pathological settings, we
will thoroughly review the few agonists and antagonists that have been reported to date. We
will also speculate on plausible models to explain agonism versus antagonism by comparison
with the well-studied RGD-binding integrins and by analysis of computational simulations
performed with homology or hybrid receptor structures.

Subsequently, a minilibrary of o/f hybrid cyclopentapeptides containing the LDV
recognition motif will be designed and subsequently subjected to biological activity evaluation,
in the hope to identify compounds with distinct pharmacological behavior and binding affinity
towards o4 integrin. Moreover, conformational analysis and molecular docking will be
performed to elucidate the correlation between secondary structure of the peptides and their
ligand-receptor interactions, possibly shedding light on the mechanisms of receptor inhibition

or activation.
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Building on the results obtained in Chapter 3, several selective and potent ouf
peptidomimetic ligands will be designed by introducing appropriate modifications for
conjugation to gold and PLGA nanoparticles, respectively, thus enabling their potential
application in integrin-targeting diagnostics and drug delivery in cancer and inflammation
diseases.

Next, recognizing the crucial role of lactate dehydrogenase (LDH) in cancer cell
metabolism and that the activity of LDHs is exclusively exerted by their tetrameric forms, we
conceive to target LDH tetramerization sites with the ambition of disrupting their oligomeric
state. To this end, we will exploit the isolation of recombinant monomeric ZLDH-A at neutral
pH, and its use to identify peptides inhibiting the assembly of the tetrameric enzyme.

Lastly, the potential application of peptides as enantioselective catalysts in a green and
sustainable context will be explored. We plan to use tripeptides in amalgam with biocompatible,
inert nanocrystalline hydroxyapatite (HAp) as a blended recyclable catalytic system in

asymmetric 1,4-conjugate addition reactions and evaluate their catalytic performance.
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Chapter II. Conjecturing about Agonistic and Antagonistic Behavior of o4f1_Integrin

Ligands: Lessons from RGD-binding Integrins

Albeit some general information about integrins structures and functions is briefly
presented in the Introduction, a systematic study of the a4f; integrin in this chapter is clearly
not redundant, particularly given that most of the research activities conducted in the thesis are
based on this receptor and many potential drug molecules in preclinical and clinical research
are associated with o4 integrins. Furthermore, the 3D structure of this receptor has not yet been
reported, so structure information inspired from other well-established integrins are of

particularly interest for guiding the synthesis of novel, potent, and selective a4f; integrin ligands.

2.1 Introduction

Integrins are heterodimeric cell-surface receptors that regulate cell-cell adhesion and

(121 On the other hand, anomalous trafficking

cellular functions through bidirectional signaling.
of integrins is also implicated in severe pathologies such as cancer, thrombosis, inflammation,
allergies, and multiple sclerosis, making them attractive drug targets. However, despite of
promising preclinical data, several anti-integrin drugs failed in late-stage clinical trials for
chronic indications, with paradoxical side effects.’) One possible reason is that, at low
concentration, ligands proposed as antagonists may also act as partial agonists.[**! This can
induce the high-affinity, extended-open conformation of integrins, triggering outside-in
signaling and paradoxically leading to adhesion and unfavorable outcomes in patients.!'” Hence,
the comprehension of the specific structural features for ligands’ agonism or antagonism is
currently of the utmost interest. For asf1 integrin, the situation is particularly obscure because
nor the crystallographic or the cryo-EM structures are known. In addition, very few potent and
selective agonists are available for investigating the mechanism at the basis of receptor
activation.

In this account, we discuss the physiological role of a4f1 integrin, the related pathologies,
and we review the reported antagonists and the few agonists. Finally, we speculate on plausible
models to explain agonism versus antagonism by comparison with RGD-binding integrins and

by analysis of computational simulations performed with homology or hybrid receptors.

2.2 Biology and Functions of a4f1 Integrin

In case of tissue injury or infection, the circulating leukocytes are triggered, and migrate
to the affected site with the principal aim of eliminating the inflammatory origin and
contributing to tissue repair. The movement of leukocytes from the blood across the

endothelium, is a well-organized cascade process (cf. Figure 1.5).[!!! Initially, selectins, which
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are expressed on both leukocytes and endothelial cells, interact with their ligands, e.g., P-
selectin glycoprotein ligand-1 (PSGL-1), allowing leukocytes to roll onto the endothelial
surface. Subsequently, chemokines released locally activate integrins via their G-protein
coupled receptors (GPCR). Integrins gain affinity for their CAM ligands, and the firm
interaction between them brings to leukocyte arrest. Finally, leukocytes extravasate to the site
of infection, and this movement is mediated by specific adhesion molecules (JAM, CD31 (also
known as platelet endothelial cell adhesion molecule, PECAM-1)).112!

The leukocyte subfamily of integrins comprises seven members: four B> integrins (apf2,
orP2, omP2 and oxP2), two a4 (ouP1 and auBy), and agP7.'¥ Their expression varies among the
subpopulations of leukocytes. The integrins of the B> family, such as the arf2 (or leukocyte
function-associated antigen-1, LFA-1) and amB2 (Mac-1), bind to their ligands ICAM-1 (CD54)
and ICAM-2 (CD102), respectively.!!l

a4Pi1 Integrin, also known as very late antigen-4 (VLA-4) or CD49d/CD29, is expressed
on most leukocytes, and is involved in their homing, trafficking, differentiation, activation, and
survival. This integrin recognizes the Leu-Asp-Val (LDV) peptide in FN, the Leu-Asp-Thr
(LDT) sequence in the mucosal addressing cell adhesion molecule-1 (MAdCAM-1), and Ile-
Asp-Ser (IDS) in VCAM-1 (Vascular cell adhesion molecule 1). The o4 subunit is also found
together with 7 subunit in the asf}7 dimer. The natural ligand of a4f7 integrin is MAdCAM-1,
whose peptide recognition motif is Leu-Asp-Thr (LDT).[!*]

Blocking a4f1 integrin could represent an opportunity for the treatment of diverse
disorders,!'®! because it is involved in the development and sustainment of inflammation, in
inflammation-related diseases, and in mobilization or retention of stem cells. This receptor is
also implicated in T cell transit through the blood-brain barrier (BBB) in autoimmune
encephalitis. In multiple sclerosis (MS), migration of autoreactive T lymphocytes into the
central nervous system (CNS) is governed by the interaction between a4f1 integrin and VCAM-
1. In allergic conjunctivitis, a4f1 integrin mediates persisting infiltration of neutrophils,
eosinophils, and T lymphocytes in the conjunctiva. In asthma and sarcoidosis, this receptor
participates in the accumulation of lymphocyte in the lung. Furthermore, a4 integrin is
expressed in different varieties of cancer, i.e. multiple myeloma, ovarian cancer, and pancreatic
cancer, and recent studies have described its potential role in cancer development and in the
formation of metastasis.[!”]

Not surprisingly, o4f; integrin has been targeted for the pharmacological treatment of
autoimmune diseases such as MS,!8 or inflammatory pathologies. The humanized anti-oup:
monoclonal antibody (mAb) Natalizumab, blocks in the CNS the interaction of the integrin with
adhesion molecules of endothelial cells, and the lymphocyte migration through the BBB, thus
effectively preventing formation of new lesions and relapses in MS.!"l However, potential
adverse effects of mAb may be severe, including secondary autoimmune diseases or

malignancies, and can necessitate treatment discontinuation. Indeed, Natalizumab was
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withdrawn from the market in 2005 due to its association with the development of progressive
multifocal leukoencephalopathy (PML) in patients with MS,?° leading to decreased
enthusiasm for o4 antagonism. Interestingly, it was readmitted the following year, with a black
box warning regarding risk of PML, and with required adherence to a special restricted
distribution program.’?!! The successful regulatory resubmission of Natalizumab has since

revitalized interest in developing o4 antagonist therapeutics.

2.3 a4f1 Integrin Antagonists

As an alternative to antibodies, small molecule antagonists can be utilized to interfere with
integrin-ligand interactions,!'®) and they generally offer advantages such as natural non-
immunogenicity, lower molecular mass, and a more cost-effective synthesis and development
process. The small-molecule antagonists of ouf; integrin reported in the literature can be
grouped into a few classes.!*?!

1. N-acylphenylalanine derivatives (Figure 2.1 A), such as TBC3486, and Firategrast, a
dual antagonist of a4f1 and a4f7 integrins, was designed to reduce trafficking of lymphocytes
into the CNS for the treatment of multiple sclerosis. While high doses of Firategrast were
significantly effective in reducing lesions, low doses proved to be harmful.[! As a result, it is
no longer in pharmaceutical development.

Surprisingly, Carotegrast-methyl (Figure 2.1 A), the first orally available antagonist of o4
integrin, was launched in May 2022 by EA Pharma Co., Ltd. and Kissei Pharmaceutical Co.,
Ltd. It exerts an anti-inflammatory effect in vivo by inhibiting both o4f1 and a4f7 integrins
expressed on lymphocytes. The efficacy and safety of Carotegrast-methyl were confirmed in
patients with moderate active ulcerative colitis.[*]

2. Peptide ligands that reproduce the integrin-binding sequences. As mentioned before, FN
binds a4f; integrin through the tripeptide sequence Leu-Asp-Val (LDV), while the integrin-
binding sequence in VCAM-1 is the tripeptide Ile-Asp-Ser (IDS).

The LDV-based peptide BIO1211 (Figure 2.1)!** demonstrated a potent antagonist effect
against o4P1 integrin. It effectively suppressed antigen-induced airway hyper-responsiveness in
allergic sheep.®! The high affinity is attributed to the well-known as-targeting diphenylurea
pharmacophore MPUPA. However, the stability of BIO1211 is rather scarce, as tested in plasma,
heparinized blood, and in homogenates of rat liver, lungs, and intestines,'**! and it undergoes
rapid clearance in vivo.l”]

3. Peptidomimetics inspired from the IDS or LDV binding sequences. The stability of the
peptide sequence can be improved by adopting a peptidomimetic strategy.[*®! Selected examples
are depicted in Figure 2.1. For instance, constraining the essential binding sequences found in
VCAM-1 (IDS) and fibronectin (LDV) have afforded a variety of potent cyclic VLA-4
antagonists, such as the Tyr-cyclopeptide 1 (Figure 2.1).[2"]
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Figure 2.1 Structures of a4f; integrin antagonists: (A) N-acylphenylalanine derivatives TBC3486, Firategrast,
Carotegrast-methyl; LDV peptide BIO1211; Tyr-cyclic peptide 1; peptidomimetics containing a -residue: DS-70,
2, and 3; (B) peptidomimetics Ds13g (pure antagonist) and Ds13d (partial agonist).

To cite another widely utilized approach, the introduction of B-amino acids allowed to
increase the enzymatic stability of peptide integrin ligands.[**3?! The minimalist MPUPA-p-
Pro-Gly DS-70 (Figure 2.1) was found to be a potent o4 integrin antagonist with noteworthy
stability in mouse serum and significant efficacy in an animal model of allergic conjunctivitis.**!
The sequence 2 containing a (R)-isoAsp B>-core showed low nanomolar affinity (Figure 2.1),
being able to prevent the adhesion of FN to Jurkat E6.1 cells, and to prevent FN-induced o4f1
integrin-dependent activation of ERK1/2, AKT, and JNK.**! Compound 3, a retro-analogue of
BIO1211 containing a dehydro-B-proline ring (Figure 2.1), was an enzymatically stable, potent
inhibitor of auBi/VCAM-1 interaction, with ICso in the nanomolar range.*>! Figure 2.1 also
reports the commercially available peptidomimetic Ds13g and the correlated Ds13d (Figure 2.1
B),%%] whose features as integrin ligands are discussed in the next section.

Other orthosteric peptidomimetic a4f1 antagonists have garnered interest as for the
treatment of dry eye disease,*’! and dry age-related macular degeneration (AMD).[*®) For a
comprehensive review of the diverse ligands of a4f: integrin, together with the affinity values

reported by the specific biological assay, see Reference!'®!.

2.3.1 a4pP1 integrin ligands in diagnostics and biomaterials

In addition to the therapeutic applications, the utilization of selective integrin ligands can
be also harnessed for diagnostic purposes!®*” and for biofunctionalization of diverse materials. !
For instance, the radionuclide peptidomimetic **Cu-CB-TE1A1P-PEG4-LLP2A (**Cu-LLP2A)
targeting VLA-4 was proposed as a positron emission tomography (PET) imaging biomarker

of vaso-occlusive episodes.[*!]
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Moreover, selective o4 integrin peptidomimetic ligands have been grafted onto monolayers
of fluorescent nanoparticles and yielded cell-adhesive devices for detection and quantification
of leucocytes expressing active integrins, which can be utilized for monitoring the severity and
evolution of diseases such as asthma.[*?! Additionally, a nanostructured surface coated with a
a/B hybrid peptide derived from compound 2 (Figure 2.2 A) was able to replicate the high-
density multivalency binding between integrin clusters and VCAM-1, displaying notable
selectivity for auf; integrin-expressing Jurkat cells.[**]

A biomaterial was prepared by direct coating expanded polytetrafluoroethylene (ePTFE)
with fibronectin-derived LDV peptide.[**) For its flexibility, biostability, and non-adhesiveness,
this polymer is widely utilized in clinical applications, such as in the manufacture of blood-
contacting implantable devices.

The ligands LLP2A and LXW?7 of integrins a4f1 and avf33, respectively, have been utilized
to modify collagen-based materials. The peptide-modified biomaterial (Figure 2.2 B) improved
the adhesion of mesenchymal stem cells (MSCs), osteoblasts, human endothelial progenitor
Cells (EPCs), and endothelial cells (ECs). In an adult rat model of calvarial bone defect, the
peptide-modified biomaterial increased bone formation and vascularization by synergistically
regulating endogenous cells with osteogenic and angiogenic potentials. Similarly, in a fetal
sheep model of spinal bone defect, the LLP2A/LXW7-biomaterial promoted bone formation

and vascularization, without adverse effects.**]

o]
A B
NH, O /\(—QNmpeptide
[e] o] (o]
:g \\\\ /V\N H H H
(S)

HN N | "o i NM” N NH,
@ o u 20:0 N O H H 0 l o

X m V\/cho H

i H 0 N NH
o i NH SN LLP2A
Q
(0 2
NH HN_NH
O:< /Q—«Nmpeptlde 2 \,7
o NH
( v :g “““ N LXW7
N CO,H V4
3
zeolite L microcrystal _g; N Nﬂ Hﬂ H o Y H o
e SILY HaN N N N ﬁNHz
- H o) H o) H o)
. ¢ collagen -based scaffold CO,H s

Figure 2.2 (A) Fluorescent zeolite L microcrystal biofunctionalized with an integrin ligand derived from
peptidomimetic 2. (B) Collagen-based scaffold functionalized with integrin ligand peptides LLP2A or LXW7;
SILY (RRANAALKAGELYKSILY-NH,) is a high-affinity collagen-binding peptide.

2.4 Small-molecule Agonists of a4p1 Integrin

Very few potent and selective asP integrin agonists are available currently (Figure 2.3).146]
The urea THI0019 (Figure 2.3) was obtained via two structural modifications of the selective
antagonist TBC3486 (Figure 2.1). THI0O019 was found to be an agonist, being able to promote
cell retention and engraftment.[*”] 7HP349, an analog of lead compound THI0019, is a first in

class allosteric agonist of integrins a4 and arp2 which promotes both T-cell extravascular
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trafficking and antigen priming (Figure 2.3).[*8] The small ureas 4 and 5, featuring as B-lactam
derivatives, are ouf; integrin ligands which showed agonistic behavior.[*>>° Recently, the
cyclopeptide 6 was designed by connecting the LDV sequence to a 4-amino-L-proline (Amp)
scaffold equipped with MPUPA moiety. Unexpectedly, this compound was able to increase the
adhesion of aup1 integrin-expressing cells (Figure 2.3).°! Their features as an agonistic integrin

ligand are discussed in the next sections.
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Figure 2.3 Chemical structures of integrin agonists: THI0019; 7HP349; small ureas 4 and 5; retro-sequence
cyclopeptide c[Amp (MPUPA)VDL] (6).

Concerning other leukocyte integrins, small-molecule agonists of integrin amP> were
described by Faridi et al.l®** while the first small molecule agonist of integrin orf> was

discovered by Yang et al.[>>]

2.5 Therapeutic Opportunities of a4f1 Integrin Agonists

Agonists of a4f1 integrin could present alternative therapeutic opportunities. The
activation of a4P1 integrin might represent an innovative strategy to disturb the migration of
leukocytes. After adhesion, leukocyte detachment is required to consent their rolling on the
endothelial surface. In this perspective, agonists can preclude the detachment of adherent cells
by improving the interaction with integrins.*®

Activation of the integrins on progenitor cells may be a feasible approach to increase the
efficacy of stem cell-based therapies by strengthening cell adhesion and engraftment. Agonists
can be useful in the treatment of osteoporosis and for the promotion of bone growth due to their
specificity for the 4B integrin on mesenchymal stem cells and for bone surface.!”)

The activation of a4f}1 integrin could represent a strategy against other diseases. The small
molecule a4 integrin agonist THIO019 (Figure 2.3) favored cell retention and engraftment in
stem cell-based therapies.[*”! 0uf; integrin was presumed to play a tumor-protective role in an
animal model of colon adenocarcinoma. Indeed, a4p: depletion led to rapid tumor growth,
pointing at small molecule agonists to influence aup1 expression level in cancer.*® Furthermore,

both a4P1 and ar B2 seem to be involved in the localization of cancer-specific CD8+ effector T
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cells to the local environment of tumor. Thus, activation of both a41 and ar B2 integrin by means
of the small-molecule agonist 7HP349 (Figure 2.3) augmented the accumulation of anticancer
T cells to the tumor, improving their efficacy. This effect was boosted by concomitant
administration of an anti-cytotoxic T-lymphocyte-associated protein 4 agent (anti-CTLA-4).[5"]
The same small molecule agonist of 0P and or > integrins reported above was also tested in
combination of a DNA vaccine in a model of Chagas disease. The agonist enhanced both
preventive and therapeutic vaccine efficacy, suggesting to adopt integrin agonists to boost
immune response mediated by T cells to different types of vaccines.[®) Moreover, 7HP349 has
a very safe acute and chronic preclinical toxicity profile.

Pertaining to the other leukocytic integrins, recent evidence supports that am (CD11b)
integrin is deeply involved in the modulation of proinflammatory signaling. Accordingly, om
allosteric modulators stimulating the anti-inflammatory activities of am integrin, can be
exploited in the cure of lupus nephritis, a serious illness of systemic lupus erythematosus,
marked by penetration of leukocytes to the kidneys.[®! Lastly, the activation of amf, integrin
can reduce hypertrophy and mineralization of chondrocytes, therefore agonists of amf2 integrin
have been proposed for the therapy of osteoarthritis since they could lead to reduced
inflammatory response.[¢?

The B-lactam derived agonist 4 discussed above (Figure 2.3) was utilized for coating
biomaterials to stimulate cell adhesion and promoting tissue repair. For instance, Integrin
agonist 4-loaded Strontium-substituted hydroxyapatite (SrHAp) materials significantly
enhanced human mesenchymal stem cell (AMSC) adhesion and viability, as well as
differentiation towards osteoblastic lineage.*! Merlo et al. further analyzed the effect of the
agonist 4 on cell adhesion of equine adipose tissue and mesenchymal stem cells derived from
Wharton’s jelly, and studied their adhesion to the agonist incorporated in a poly L-lactic acid
(PLLA) matrix.!®¥ Moreover, the same agonist was combined with PLLA nanofibers to consent
a controlled release of this molecule, resulting in a medication especially appropriate for skin

wounds.[®]

2.6 Ligand-integrin Interactions and Conformational Implications

As anticipated, investigation of a4f: agonists could provide information about the
structural requirements for receptor activation. Up to now, there are over 100 solved structures
concerning various heterodimers or a- or f-domains, alone or in complex with different ligands.
The large majority of structural analyses performed by X-ray, cryogenic electron microscopy
(cryo-EM), NMR, and computations, have been conducted for oyf3 and o3 integrins, and
contributed to the comprehension of their activation and function. Hence, in the absence of any
data for the ouPi integrin, some deductions can be extrapolated by comparison with RGD-
binding integrins, and by analyzing the subunits o4 and 1 taken separately from osf37 and asfi

integrins.
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In general, the a and B subunits consist of a large extracellular ectodomain, a single-span
helical transmembrane (TM) domain, and a generally short cytosolic tail. The four domains of
the a-chain ectodomain and the seven domains of the B-chain are shown in Figure 1.2 A
(Chapter 1, Introduction).

As previously mentioned, in many integrins, including a4f1, the ligand-binding pocket is
in a groove at the interface between o and B subunits. A metal-ion-dependent-adhesion-site
(MIDAS), is situated in the B-subunit in the absence of an al domain. For other integrins,
including the B>, MIDAS resides in an extra al domain in the o subunit. In RGD-binding
integrins, the ligand-binding site comprises a pocket to host Arg located in the propeller domain
of o subunit, and a pocket for Asp carboxylate containing the MIDAS, normally occupied by
pro-adhesive Mg?" ion in the BA domain. There are also two extra regulatory metal binding
sites in the B-subunit, a ligand associated metal binding site (LIMBS or SyMBS), and an
adjacent to MIDAS (ADMIDAS), each normally occupied by a Ca** ion (Figure 2.4).

In the following sections, structural features of the well-studied integrins ouwP3 and owfs
are discussed and compared with integrins asBi and osf37. What stands out is that o4 and B

subunits show marked differences and specificities as compared to other heterodimers.

2.6.1 axmpPs integrin

For integrin ouf33, there are almost forty entries in the Protein Data Bank. Despite of being
the most investigated, there is still some debate about the precise full structure and orientation
of the ectodomain relative to the plasma membrane,'®>®”) due to the adoption of diverse
experimental procedures, e.g. the use of detergents or averaging over heterogeneous
conformational states.

By default, integrins on cell surface are in their resting state, so platelets are free to
circulate in blood vessels. In the absence of ligands, this state predominates on cell surfaces
(>98%).1% Acting through their receptors, physiologic agonists stimulate the intracellular
binding of talin and kindlin to the cytoplasmic tail of the B-subunit, producing structural
rearrangements in the transmembrane (TM) domains that trigger a conformational switch of the
ectodomain, generating the active state, competent for extracellular physiologic ligands
(“inside-out” activation). Initiation of signals occurs when these ligands bind, and these signals
are then transduced through the TM domains to the cytoplasmic tails. This process regulates
cell adhesion and various other functions (“outside-in” signaling).

Figure 2.4 shows the detailed structures of PI domain metal coordination sites in
unliganded-closed aunPs (3FCS, Figure 2.4 A)%°! and liganded-open conformation in the
presence of peptide LGGAKQRGDV (2VDR, Figure 2.4 B),[% respectively. It is clear that in
the liganded-open state, the carboxylate of the Asp residue coordinates with Mg?* by expelling
a water molecule in the MIDAS. Details of the ligand binding sites for the complexes amnp3/UR-

2922 and aupB3/tirofiban are also discussed in the next parts.
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Figure 2.4 (A) Metal ion coordination sites in the Bl domain in unliganded-closed omB3 (3FCS) and (B) liganded-
open oipPs (2VDR). Ca?' ions are gold and Mg?* ions are green. Note that only the ligand Asp carboxyl is depicted.

Springer et al. observed eight distinct RGD-bound conformations of the anf3 integrin
headpiece, by soaking crystals with diverse concentrations of RGD peptides and divalent
cations: the closed BI domain conformation, six intermediate I conformations, and finally the
fully open BI with upright hybrid domain. During the extension, diverse regions of the BI
domain experienced significant movements, starting with the f1-al backbone that hydrogen
bonds to the Asp side chain of RGD, followed by ADMIDAS Ca®*, al helix, al’ helix, p6-07
loop, a7 helix, and hybrid domain.!”! In essence, ligand binding at the MIDAS in the BI domain
produces a conformational reorganization, transmitted to the opposite end of the I domain by
a7 helix pistoning at the C-terminal connection to the hybrid domain, resulting in its extension.

Using cryo-electron microscopy, Hainein et al. determined 3D structures of full-length
human integrin ounPs embedded in a lipid bilayer of nanodiscs, while bound to domains of the
cytosolic regulator talin and to extracellular ligands. The authors observed four main
conformational states in equilibrium, ranging from compact/bent to two partially extended
intermediate conformers and finally to a fully extended state. The results indicate that extension
of the ectodomain is possible without separating the legs or extending the hybrid domain, and
that the ligand-binding pocket is not occluded in any conformations.[”*!

Recently, full-length structure obtained by cryo-EM in native cell-membrane nanoparticles
(cf. Figure 1.1 A), surprising features were a fully accessible ligand-binding site and the
remarkable distance of the ouy TM domain from that of 3. Another finding was that the FDA-
approved anti-trombotic, ounPs inhibitor Eptifibatide, prescribed for myocardial infarction and
acute coronary syndromes, induces pseudo-agonist, large conformational rearrangement in the
full-length oumPBs, plausibly accounting for impaired hemostasis.!”*!

These studies allow to depict a detailed model of the activation process. In ligand-free
conditions, Ca*" at ADMIDAS stabilizes the position of a1 helix at the N-terminus and of o7
helix at C-terminus of the BA domain in the closed conformation. Upon inside-out activation,
the Ca?*-mediated connection between the al and a7 helices is broken, allowing an RGD ligand
to access into the binding site. Thereafter, the carboxylate of the RGD peptide makes a salt
bridge with Mg?* in MIDAS by displacing a water molecule from the coordination sphere of
the cation, and by introducing the Arg side chain into the propeller (Figure 2.4).
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Binding the ligand’s carboxylate to MIDAS seems to be fundamental to integrin activation,
while pulling by the o subunit may be not mandatory.’ During receptor opening, the al helix-
ADMIDAS portion undergo a large movement (3.9 A) toward MIDAS, provoking the
reorganization of the adjacent loops and the lowering of the a7 helix, pushing the hybrid domain
positioned beneath (Figure 2.4). The swap of Ca*" with Mn?" at ADMIDAS also separates
helices al and a7, enabling the switch of BA into the ligand-competent state, but the integrin

does not attain the extended conformation.

2.6.2 ovPBs3 integrin

The first crystal structure of the ectodomain of an al-absent heterodimer in complex with
a ligand was reported in 2002 for ayPs/Cilengitide, c[RGDfMeV] (Ca?").["! So far, almost
twenty structures related to diverse domains of o3 have been deposited in Protein Data Bank.

Arnaout et al described the first crystal structure of o33 bound to a physiologic ligand, the
10" type I1II RGD domain of wild-type FN (wtFN10, 4MMX), or to a high-affinity mutant, the
pure antagonist (AFN10, 4MMZ). Comparison of these structures revealed a central n-n
interaction between Trp'#¢ in the RGD-containing loop of the antagonist AFN10 and Tyr!?? (B3)
of the receptor, that blocks conformational changes and traps the integrin in an inactive
conformation (Figure 2.5).

In the complex with wild-type FN (4MMX), Pro'*? is the closest residue to Tyr'??, but in

1496 2

this case the distance is significantly larger. Removing the Trp'*® or Tyr!*? side chains or

reorienting Trp'**® away from Tyr'?? converted #ZFN10 into a partial agonist.’®! For AFN10, the
hydroxyl oxygen of Tyr'**® of FN also coordinated the Mn?" at ADMIDAS through a water
molecule.

1496 and Tyr'?* was crucial for blocking

Apparently, the m-n interaction between Trp
conformational changes induced by the binding of ligand, as shown in mutational studies. This
hypothesis was substantiated by subsequent work, aimed at converting the partial ayf3 agonist
MK-429 into the pure antagonist TDI-4161. The structure of MK-429 was modified by

introducing a large bicyclic benzo[d]thiazole, capable to inducing a n-x stacking with Tyr!?2.["7]

avp3/hFN10 - 4MMZ

Trp1496
av3/wtFN10 - 4AMMX

Asp126
.

'/ Serl2l kuzzo
-\szzo
Figure 2.5 Simplified sketch of the binding site of wild-type FN/of3 (4MMX) and of the binding site of a,f3

integrin hosting the 10™ type IIT domain of mutant FN (4AMMZ), showing the stacking between Trp'4%® of FN and
Tyr!?? of the B-subunit which seems to prevents the dislocation of B1-al loop and subsequent receptor extension.
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2.6.3 04pB7 integrin

As said for a4, also a4f7 integrin is involved in leukocytes rolling and adhesion, as well
as in their firm adhesion on blood vessels. asB7 integrin mediates rolling adhesion in Ca?*, while
in Mg?* or Mn?", leukocytes adhesion becomes firm.

Springer et al. have reported the structures of the headpiece of asf37 with the antibody
Natalizumab (4IRZ),[’®! or with the antibody Fab ACT-1 (3V4P), or with both the small
molecule RO0505376 and Fab ACT-1 (3V4V)." The inspection of the crystal structure of
Natalizumab (4IRZ) with o047 revealed that Natalizumab binds to the B-propeller of a4 subunit
in a position which is close but alternative to the orthosteric ligand-binding site (Figure 2.6 A).
In contrast, the ACT-1 antibody binds to an extended, disulfide-bonded loop in 7 subunit,
known as the specificity-determining loop (SDL), located in the proximity the ligand-binding
site (3V4P, Figure 2.6 B). This difference explains why Natalizumab inhibits both 0431 and 0437
integrin subfamilies, while ACT-1 only selectively inhibits a4ff7. As it turns out in clinical
results, Natalizumab is associated with the development of PML when used in patients with
multiple sclerosis.?>2!) In contrast, Vedolizumab, the humanized form of the RM-Act-1 mAb,
binds exclusively to 04f7 integrin. This selective binding preserves its ability to bind with the
ligand VCAM-1, allowing continued immune surveillance within the central nervous system
and theoretically eliminating the risk of PML.["

RO0505376 is an antagonist of ouP1 and ousP7 integrin with 1Cso values of 32 nM and 42
nM, respectively. The ternary complex formed by a4f7/RO0505376/Fab ACT-1 is contained in
3V4V (Figure 2.6 C).[””! The shape of the binding cleft is clearly dissimilar from that of the
RGD-binding integrins. The carboxylate of RO0505376 interacts with the MIDAS cation
forming two NH backbone H-bonds (Tyr!** and Asn** of B7). The amide NH of the inhibitor
forms an H-bond with backbone carbonyl of Asn*** with an orthogonal 2,6-dichlorophenyl
moiety in the proximity of the specificity-determining loop. The pyridine ring forms n-n
stacking with Phe?!* and Tyr'®’ of o4 and a strong 2.6 A hydrogen bond with Ser?*® of f.

C

A o,B/RO0505376/Fab ACT-1 (3V4V)
4/ Fab ACT-1

Phe214 Ser238

Figure 2.6 (A) Natalizumab Fab bound to a4 headpiece (4IRZ). (B) Fab ACT-1 in complex with a4f7 headpiece
(3V4P). (C) Sketch of the binding site of RO0505376 in auf7integrin/Fab ACT-1 (3V4V).
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2.6.4 asP1 integrin

Compared to the other RGD-binding integrins, the Bi transmit quite different types of
signals into cells. Integrin a4f:1 and RGD-binding avpi and osPi require markedly different
tension thresholds to support cell spreading.®!! Nine X-ray crystal structures related to asp1 in
PDB have been reported so far. The inspection of these structures underlines some structural
distinctive features worthy of notice. The comparison between the i and B3 subunits shows

214 216 in B—”

in B1. Unlike the resting structures of 3 integrins,

that the former adopts an expand binding pocket, because the residues Arg
217 219

and Arg
subunit are replaced with Gly~'" and Leu
s integrin exhibits a half-bent conformation.!®>33] The integrin headpiece of asp; is more
stable in the closed state than the ectodomain and is thus more difficult to activate.[®%

In 2012, Nagae et al. reported two structures of aspi headpiece bound to the allosteric
inhibitory antibody SG/19 Fab, i.e., a ligand-free form (3VI3), and a RGD complex (3VI4).[%]
The latter was characterized by a conformational state intermediate between closed and open.

Subsequently, Springer at al. performed soaking experiments and obtained structures with
linear or cyclic RGD peptides (4WKO0, 4WK2, 4WK4, plus 4WIK with no peptide).'*s] While
the linear RGD peptide induced no movement in the f1-al loop (4WKO, Figure 2.7), in the
absence of added Ca®" the same ligand produced a measurable movement of the 1-al loop and
al-helix, while Ser!** displaced a water molecule at the MIDAS (4WK2), On the other hand,
binding of a disulfide-cyclized RGD peptide with 20-fold higher affinity in Ca**, produced a
noteworthy conformational change in the PBi-subunit BI domain, as well as the movement of
Ser'3* side chain into direct coordination with the MIDAS, a conformation that is intermediate

between low affinity/closed and high affinity/open (4WK4, Figure 2.7).

a5B1/RGD - 4WKO a5B1/RGD - 4WK4

Tyr133 0157

Leu225
Asn224,

Asp138

Mg 24 g
_7% “Ser132
< Asp259 Glu229 l

Figure 2.7 Sketches of the metal-ion-dependent adhesion sites for the complexes asp; with a linear RGD peptide
(4WKO), and with a RGD cyclopeptide (4WK4). The latter differs in particular for the repositioning of Ser'** to
displace water 1 at MIDAS.

These results support the role of ADMIDAS as a negative regulatory site responsible for
integrin inhibition by high concentration of Ca?" and for activation by Mn?*. It has been

proposed that during the process of extension/activation of P integrins, Ca** at the ADMIDAS
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site becomes highly instable, until it is removed from the site, whereas the cations of LIMBS
and MIDAS maintain their positions. ]

On resuming, ADMIDAS seems to be an important factor in the transmission of
conformational changes between the BI and hybrid domains. While the MIDAS Mg?* ion binds
the Asp side chain of the RGD motif, the nearby Ca®" ions in the ADMIDAS and SyMBS
regulate ligand affinity. Studies with diverse integrins confirmed that low concentrations of
Ca*" (~50 pM) enhance binding and higher concentrations of Ca*" (in the range 1-10 mM)
inhibit binding. Replacement of the cations with Mn?" has the net effect to substantially enhance
integrin binding.

The roles of Mn?* and ADMIDAS in regulating integrin affinity in integrin asp1 have been
studied using antibody Fab fragments specific for the open conformation. As it turned out, Mn**
seems to markedly increases both the population of the extended state and the intrinsic affinity
of the asP1 extended state for the ligand. However, the extended state is populated only partially.
That is, Mn?" modifies the conformational ensembles only in part. The study also confirmed
the role of ADMIDAS in enlarging the difference in affinity of the low-affinity, of the extended-
closed, and the high-affinity extended-open states.®”]

In 2021, Mizuno et al. reported the cryo-EM structures of native human integrin asf; in
its open conformation in complex with FN and the stabilizing antibody TS2/16 (7NWL), and
in its half-bent conformation (7NXD).®® The complex of integrin asfBi with FN shows three
simultaneous interactions critical for the stabilization of integrin opening, namely, (i) at the
synergy site, (ii) at the RGD loop, and (iii) a newly identified binding site proximal to
ADMIDAS, specifically centered at R'*** and Y'*¢ of FN and D'*” of ADMIDAS in B BI
domain, inducing the translocation of helix al to secure integrin opening (Figure 2.8 A). This
model explains the conundrum why the binding of RGD peptides was not sufficient for integrin
opening in previous studies of aspi. For the FN receptor asp1, the extended, open conformation
was observed only when both Mn?* and FN were present.!®¢ That indicates that FN binding
does not require prior integrin opening, but instead, the open conformation of asfB; becomes
dominant as a result of the FN binding. Without Mn?", integrin cannot stably capture FN, as the
interaction is transient and short-lived in vitro in the absence of Mn**. In the resting state,
integrin asf1 uses a unique, incompletely bent conformation. The incomplete bending does not
sterically hinder the access of FN to the integrin head.®®!

More recently, David Baker determined the structure of asp1 in complex with NeoNectin
(9CKY, Figure 2.8 B), a de novo osPi-specific modulating miniprotein binders favoring an
extended-open conformation.®! According to their study, and in comparison to previous
research, FN binds to both the as-B1 interface and a synergy site on os, while NeoNectin only
binds to the interface between as and P1, suggesting that the synergy site binding is not essential

for the conformational switching of integrin osp.

35



Universita di Bologna

(€
L‘\e NeoNectin

RG D Ioo

Figure 2.8 (A) Overview of the integrin asfi-FN interface, including RGD loop, FN synergy site, and a new site
near the ADMIDAS centered on R!#4 and Y446 (7NWL). (B) Cryo-EM map of 0sf; bound to NeoNectin (9CKV).

2.6.5 Agonism or antagonism and dynamics nature of MIDAS

Very recently, Springer et al. reconsidered the role of the water molecules present in
MIDAS as discussed above, and proposed a simple but robust theory to explain why small-
molecule inhibitors previously regarded as potential therapeutic entities failed in late-stage
clinical trials for chronic indications. Plausibly, this may be caused by partial agonism at low
concentration, namely the stabilization of the high-affinity, extended-open integrin
conformation. The authors utilized diverse techniques, including size-exclusion
chromatography in the absence or in the presence of ligands, to measure any increase of the
hydrodynamic radius, relatable to extension of the whole structure.!'” In addition, the effects
of the ligands on the conformation of the receptor were examined by means of MBC319.4
antibody, specific for the extended states of B3 integrins.

As a result, failed small-molecule inhibitors in clinic trials of integrins aunP3 appear to
stabilize the open/high-affinity conformation. The reasons of this behavior have been
investigated by analyzing the crystal structures of the a3 headpiece in complex with a variety
of ligands, such as the “opening” ligands Roxifiban, Lotrafiban, Tirofiban, and many others, in
Mg?* or Mn?*, in comparison with “closing” ligands such as UR-2922, Gantofiban, etc. During
headpiece extension, the key early step is the movement of the Bl-al loop toward the oumn
subunit. In the absence of a ligand, the sidechain oxygen of Ser'? in the MIDAS motif hydrogen
bonds to water 1 (Figure 2.4 A). Whereas in the subsequent open states, movement of the 1-
al loop repositions the Ser'?® sidechain oxygen to take the place of water 1 (Figures 2.4 B and
2.9 B). Plausibly, the pure “closing” inhibitors might be longer and more rigid than RGD and
block this movement.

An extensive analysis of the crystal structures of the a3 headpiece in complex with
inhibitors that either stabilized integrin headpiece opening, closure, or were conformationally
neutral (in Mg?* or Mn?"), support a simple structural feature present in diverse ompPs

antagonists that stabilizes integrins in their bent-closed conformation. Closing inhibitors
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contain a polar nitrogen that directly stabilizes water 1 (Figure 2.9 A). Other closing antagonists
such as BMS4 indirectly stabilizes water 1 through another water 2 by means of the protonated
piperazine nitrogen N1, which is closest to the carboxylic acid group of the ligand. Closing
inhibitors have no potential for agonism since their binding does not induce integrin
conformational change toward the open state. Additionally, and in contrast to both
conformationally neutral RUC-4 and opening inhibitors, they stabilize the closed conformation
by suppressing conformational change toward the active integrin state.

In contrast, with opening ligands, including Tirofiban, Eptifibatide, Lotrafiban, and EF-
5154 in Mg*" and Roxifiban in Mn?*, the movement of B1-a1 loop brought the Tyr'?? backbone
into position to hydrogen bond to the drug carboxyl group, while Ser'?* displaced water 1 to
coordinate directly to the MIDAS metal ion (Figure 2.9 B).!!"]

allbB3/pure antagonist UR2922 ’

- 7UIE allbB3/partial agonist tirofiban

-7TD8

B

Arg214
\

4
Asp126 Aspl26

: . Aspl27
N ser121

Or=
Glu220 ~(Asp119)

Figure 2.9 (A) The “closing” antagonist UR-2922 stabilizes water 1 between the MIDAS metal ion, the nitrogen

Asp127 \'\
¢ (Asp119)

N2 of the 1H-pyrazole ring, and Ser!?* sidechain. (B) With the “opening” ligand tirofiban, f1-01 loop movement
brings Ser!? to displaced water 1 to coordinate directly to the MIDAS.

It was proposed that expulsion of this water 1 molecule is a requisite for transition to the
open conformation also for a4 integrins. The experiments were carried out for the dual oufi1/04f7
integrin antagonist Firategrast, the commercially available peptidomimetics Ds13g and the
correlated Ds13d (for the chemical sketches, see Figure 2.1).¢! Respect to the piperidine ring
in Ds13d, Ds13g contains an extra basic nitrogen in the piperazine ring. While Firategrast and

Ds13d stabilize the open integrin conformation, Ds13g stabilizes the closed conformation.

2.7 Simulations with Homology or Composite Models of a4f1 Integrin

2.7.1 Simulations of a4P1 integrin antagonists

As anticipated in the previous paragraph, the detailed structure of o1 integrin is not yet
accessible. An alternative to conduct pharmacodynamics investigations is to perform molecular
docking simulations. To the purpose, either homology or composite models can be built. Initial
attempts by the homology modelling approach required extensive optimization steps.

In 2002, Dixon et al. obtained a homology model of the 1 subunit based on the I domain
of the integrin CD11b (om) subunit and analyzed the binding of the LDV cyclopeptide and
compound TBC3486 (Figure 2.1).°°! Subsequently, Macchiarulo et al. simulated the binding of
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the N-acylphenylalanine derivative TR-14035 using a homology model based on the crystal
structure of ayP3. The so-obtained complex closely reproduced the binding of RO0505376 in
asP7 (Figure 2.6 C).° More recently, the deep-learning method AlphaFold was used to generate
an optimized homology model of the integrin oufp;.[

Frequently, simulations with osf1 models have been conducted for in-silico screening to
select potential inhibitors of the same integrin®>*! or other Bi integrins.”®! For instance,
molecular docking was used to assist in the design of a blocking polypeptide (antifibrotic 38-
amino-acid polypeptide, AF38Pep) for specific inhibition of extra domain A-FN associations
with the fibroblast-expressed o4 integrins.[*®!

The availability of the crystallographic structures of a4f7 and osP; integrins allowed for
obtaining the structure of the heterodimer by merging the a4 and the 1 subunits. To create the
chimeric receptor, the crystal structure of asf7 headpiece in complex with Fab ACT-1 and
R0O0505376 (3V4V)" is generally utilized. For asf, the situation is more complicated. There
are diverse high-resolution crystal structures available of headpiece domains with an RGD
peptide (see above). The binding modes of the RGD peptides with respect to the f1-al loop are
somewhat different, since they refer to closed/inactive or partially open conformations. In two
out of four structures (4WK2 and 4WK4), Mg?"-bound water is replaced by Ser!3*.[8¢]

Besides, it must be stressed that the assembly of the separate subunits requires a precise
optimization of the contacting regions. Finally, simulations of integrins remain particularly
challenging because the typical molecular mechanics force fields employed to simulate ligand-
receptor interactions fail in the calculation of the metal coordination sphere.

In summary, the receptor models as reported in the literature for performing molecular
docking greatly vary, depending on the homology modelling or chimeric approach, of the
specific PBi crystal structure selected, the level of heterodimer optimization, and the
computational method, which can range from specialized molecular mechanics, to ab initio

2] For these reasons, it is not completely unexpected

quantum mechanics, to hybrid methods.
that structurally correlated compounds or even the same molecule, such as BIO1211 (for the
chemical structure, see Figure 2.1), yielded rather diverse receptor-bound structures, as
reviewed in the next paragraphs.

In a very recent study, Baiula et al. analyzed by molecular docking a minilibrary of
minimalist analogues of BIO1211, in which the MPUPA-LDVP sequence was reduced to
MPUPA-B-residue-Gly, including the previously mentioned MPUPA-B-Pro-Gly (DS-70)
(Figure 2.1).3% This strategy generated a bunch of pure antagonists with ICso affinity values in
a low nanomolar range, such as MPUPA-(R)-isoAsp(N-propyl)-Gly (2, Figure 2.1). These
compounds reduced the adhesion of integrin-expressing cells to the natural ligands, without
inducing receptor open conformation, nor activation of intracellular signaling pathways.

To obtain the inactive structure of the receptor, the authors paired by protein-protein
docking the o4 and 1 monomers taken from PDB ID 3V4V and PDB ID 4WKO, respectively.
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In the so-obtained model (Figure 2.10 A), the putative ligand binding site resides in a vertical
crevice at the o/p interface, as shown for a4f7 integrin. This groove can be partitioned into
subpockets of different size, shape, and composition of delimiting residues: the middle
subpockets A-E, plus lower (L) and upper (U) subpockets (Figure 2.10 B).34%7]

R ik

a-subunit

Figure 2.10 (A) Ribbon image of the chimeric asf; model. (B) detail of the binding site rendered by the solvent

accessible surface, showing subpockets A-E, U, L; the positions of relevant residues are also shown.

In general, in the predicted poses the ligands lie vertically along the a4f:1 crevice, with
ligand’s carboxylate well inserted into subpocket C, so that the main interaction is the salt bridge
with Mg?". As prototypical examples, the sketches of the bioactive conformations of DS-70 and
2 are shown in Figure 2.11. For both, the diphenylurea group finds place in the lower subsite L
of the receptor, while the peptide portions attain interactions with the Pi subunit. For the
minimalist peptide 2, the propyl substituent is allocated in subpocket D. Unfortunately, this
structure has the fatal flaw that Asp residue appears to be in the R absolute configuration.

The bioactive conformation of 2 and DS70 can be compared to that obtained by da-Silva
et al. for MPUPA-LDVP (BIO1211) using a homology model of the asp: integrin.®*! In the
calculated pose for BIO1211, ligand’s backbone folds in a reverse S-shape, and AspCOO™ of
the peptide makes a salt bridge with Mg?" at MIDAS. The C-terminal Pro occupies a space
between subsites B and U on the top of the cavity, while the N-terminal MPUPA finds its
position into subpockets E and L (Figure 2.11).

An alternative display of MPUPA-peptides was calculated by Sartori et al.’!! Using the
osP1 integrin complex (3VI4)[33] as a template, the ou subunit extrapolated from aup7 (3V4V)7!
was aligned with as, and the model was validated for docking with eight known a4f1 integrin
antagonists, including BIO1211 and 3 (for the chemical structures, see Figure 2.1). The analysis
of these binding poses revealed that both compounds can interact with Mg?* cation in the B
subunit and share a similar disposition within the binding pocket of the receptor, with the
common functional groups interacting with the same amino acid residues in the o subunit.
Interestingly, for these compounds, the MPUPA group occupied the upper subsite U, which

differs from the aforementioned models developed by Baiula and da Silva et al.?*** Figure
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2.11 reports the binding pose for ligand 3. This model was further validated with the designed
prototype ligand c[Amp(MPUPA)LDVG], which successfully reproduced the ligand-receptor
interactions. In particular: (i) the carboxylate group of the Asp residue coordinate with Mg?*;
(ii) Key residues Tyr'®’, Lys'*¢, and Glu'?* are involved in the ligand-receptor interaction; (iii)
Val residue adopts a favorable spatial orientation similar to that observed for BIO1211; and (iv)
the MPUPA moiety of both compounds occupies the upper subsite (Figure 2.11). Unfortunately,
this compound was found to be inactive in the subsequent 041 integrin-mediated cell adhesion
assay. Further structural modifications led to the unexpected identification of a retro-sequence
agonist c[Amp(MPUPA)VDL], which demonstrated submicromolar activity (for the chemical
structures, see Figure 2.3, 6). To better characterize the agonistic behavior, competition
experiments were conducted, revealing that the respective agonist 6 and antagonist BIO1211
behavior were not reciprocally modified. These results seem to exclude the competition
between the cyclopeptide 6 and BIO1211 for the same binding site, and the agonist activity
could be ascribed to an interaction of this compound in a different region of the receptor.l*!]
Apparently, further investigations are necessary to elucidate the ligand-receptor interactions for

the agonist 6.

N

N
N, MIDAS

7, DS70

Figure 2.11 Comparison of the predicted binding poses obtained by molecular docking for the MPUPA -antagonists
DS-7084 and 2834, 31531, BIO1211P4, and c[Amp(MPUPA)LDVG]S!,

% BIO1211 3 c[Amp(MPUPA)LDVG]

2.7.2 Simulations of a4P:1 integrin agonists

Limited research has been devoted to agonists of leukocyte integrins. The binding poses
of small amP2 agonists composed of a 3-benzylthiazolidine-2,4-dione scaffold connected to a
4-(furan-2-yl)benzoic acid were studied by molecular docking. According to the simulations,
the ligands were projected to identify a hydrophobic cleft near the ligand-binding site,
indicating the possibility of an allosteric mechanism.>?!

Molecular docking analysis was also performed for the antagonist TBC3486 and related
agonists, including urea THIO019, which obtained by the replacement of the carboxylic acid
group with a methyl ester, and 7HP349, featuring 2-bis(arylmethyl)carbamate groups in a
symmetrical fashion) (Figure 2.12). The o431 receptor model was assembled based on the ouf37
and osPi crystal structures (3V4V!7?! and 3VI4[® respectively). The predicted binding site

40



Universita di Bologna

partially overlaps the classic binding pocket. Thus, proposed the hypothesis that for the natural
ligand to bind, the compounds such as THIO019 would need to be displaced from this site. In
addition, neither of the agonists induced the binding of LIMBS mAbs, which bind the B subunit.
This finding indicated that the compounds does not engage the MIDAS site, which is consistent
with the lack of a carboxylic acid group in their structures. Therefore, it can be concluded that
they do not essentially function as ligand mimetics and may induce subtle conformational

changes, with their primary effects potentially mediated through the a subunit.[*”]
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Figure 2.12 The predicted binding modes obtained by molecular docking for the antagonist TBC3486, urea
agonists THI0019 and 7HP349 in asf1.>”! Their chemical sketches are also shown for comparison.

2.8 Conclusion

Inhibitors of intracellular signaling and cell adhesion mediated by o4f; integrin are
regarded as real or promising tools for the treatment of inflammatory diseases, multiple
sclerosis, asthma, allergic conjunctivitis, dry eye disease. On the other hand, the agonists of
a4fB1 Integrins have attracted attention for their potential to impede the recruitment of circulating
leukocytes by consistently inhibiting their rolling onto the endothelial surface, thereby
hindering their ability to reach sites of inflammation. Also, the activation of a4f1 seems to be a
promising strategy to improve cell retention and engraftment in stem cell-based therapies.

At present, very few effective and selective agonists of the a4 integrins have been reported.
As a consequence, very little is known about ligands’ characteristics at the basis of receptor
blockade or activation. The situation is particularly unclear as the exact structure of the auf:
integrin has not been disclosed. Extensive crystallographic studies conducted for RGD-binding
integrins avf3 and aupPs led to a quite precise depiction of the activation mechanism. However,
the proposed models cannot be simply translated to the non-RGD-binding a4f1 integrin. Indeed,
unlike RGD-dependent integrins, the binding regions of a4 integrins have been described as

long and wide crevices, open at both ends and capable of the lengthwise accommodation of
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1.7 Nevertheless, some valuable structural insights can be inferred

differently shaped binders.
in light of the crystallographic data above reported for RGD-binding integrins.

In summary, it is generally accepted that small-molecules bind to the integrins without
inducing the conformational transition necessary for activation. However, there is evidence that
at low concentration several small ligands regarded as antagonists act as partial agonist and
promote active conformation of the integrin. Other small-molecules acting as pure antagonists
appear to stabilize the inactive conformation by freezing the reorganization of the dynamic
interactions about MIDAS, and the dislocation of the p1-al loop and ADMIDAS.U677%81 The
extended conformation of the receptor is better stabilized by ligands with comparatively larger
structures, e.g. peptides or cyclopeptides,*® capable to attain significant interactions with the
receptor with high affinity. The discussion presented here emphasizes the urgent need to design
and synthesize novel a4f: integrin ligands to thoroughly explore receptor activation or
inhibition. It also can be inferred that, in order to stabilize the extended conformation, agonistic
ligands may bind more tightly to the o subunit, as demonstrated by the reported agonist
THP349.1>7]

Note: The work described in this chapter has been published in Biomedicines with slight

modification and has been reproduced here with the permission of the copyright holder.

He, T.; Giacomini, D.; Tolomelli, A.; Baiula, M.; Gentilucci, L.* Conjecturing about Small-
Molecule Agonists and Antagonists of asf1 Integrin: From Mechanistic Insight to Potential
Therapeutic Applications. Biomedicines 2024, 12 (2), 316.
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Chapter III. Design and Synthesis of LDV-based 0481 Integrin Cyclopeptides

3.1 Introduction

In light of the comprehensive discussion above, it is evident that as4p; integrin plays a
significant role in both physiological and pathological conditions, especially in inflammation
and cancer diseases. However, very few a4 integrin agonists (e.g. B-lactam derivatives 1, 2,
Figure 3.1)!!] have been discovered so far, and the reported antagonists, such as BIO1211
(Figure 3.1), suffer from enzymatic stability problem, thus limiting the investigation of their
potential therapeutic efficacy.[*!°! Hence, there is an urgent need to design and synthesize novel
potent o4P; integrin ligands, which can enrich the existing a4 small molecule library and
enable the computational characterization of the ligands’ structural determinants for agonism
and antagonism, since the crystal structure is not revealed yet.

In this context, we conceived a mini-library of LDV o/ hybrid cyclopentapeptides (CPPs)
3 and related sequences (Figures 3.1). This approach yielded integrin agonists with diverse
affinity for o4 integrins. Also, the CPPs were utilized as 3D probes for investigating the
preferred bioactive conformations, and to analyze a4f: integrin-ligand binding behavior.

For convenience and clarity, the chemical structures of BIO1211, and 1, 2 are shown again
in the Figure 3.1, as they will be later used as reference compounds in this study. For a more

detailed discussion on aspects such as activity and application, please refer to Chapter 2.
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Figure 3.1 Structures of o4f; integrin ligands. Antagonists: the LDV peptide-urea BIO1211. Agonists: the small
urea-derivatives 1 and 2. Cyclic analogues of BIO1211-3, including LDV and the phenylalanine-urea (Phu) residue.

3.2 Results and Discussion

3.2.1 Synthesis of CPPs (3a-3d)
To obtain LDV CPPs equipped with os-targeting MPUPA moiety, the diphenylurea moiety
was anchored at the 4-position of (S)- or (R)-Phenylalanine, giving (S)- or (R)-p[3-(o-

IL121 The sequence was complemented with the B-amino acid

tolyl)urea]phenylalanine (Phu).!
(S)- or (R)-isoAsp, to consent macrolactamization while maintaining a free carboxylic group,

as at the C-terminus of BIO1211 (Scheme 3.1).
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Scheme 3.1 Synthesis of CPPs 7a-7d via macrolactamization. Alternative routes A and B are also shown. For

9

simplicity, part of Phu can be omitted.

The CPPs of general structure c[(S/R)-Phu-Leu-Asp-Val-(S/R)-isoAsp] (3a-3d) were
prepared from linear precursors, obtained in turn by standard solid phase peptide synthesis
(SPPS) on Wang resin, with Fmoc-protected amino acids (Scheme 3.1).

The identification of the strategic amide bond for final head-to-tail cyclization was not
trivial.['*! Initially, we opted for the convenient cyclization A between the residues isoAsp and
Val (Scheme 3.1, cyclization A). However, this approach resulted in poor yields of 10a
(Appendix A: Table S1), which is consistent with the results obtained by Kessler and Marinelli
for the cyclization of isoDGR peptides.l'*! These authors noted that the presence of isoAsp
strongly influenced the conformation of linear peptide precursors and recommended that
cyclization could only be achieved if isoAsp was positioned in the middle of the sequence. In
contrast to the expectations, the cyclization between Asp and Leu (Scheme 3.1, cyclization B)
also gave a negligible yield (Appendix A: Table S1). Much better results were obtained in our
case for the ring-forming reaction between Phu and isoAsp (Scheme 3.1, ring closure C).

Hence, the linear sequences 9a-9d were prepared by standard Fmoc chemistry on a Wang
resin (Scheme 3.1, Appendix A: Table S1). The crude precursors 9a-9d (75-85% pure) were
utilized directly for the macrolactamization step under pseudo-high-dilution conditions,!!
giving 10a-10d (>95% pure after semipreparative RP HLPC). Final deprotection proceeded
quantitatively affording the CPPs 3a-3d (96-98% pure, Table 3.1). The structures were carefully
confirmed by ESI-MS, 'H, *C NMR, and 2D gCOSY spectroscopy.

3.2.2 Cell adhesion assay and competitive solid-phase binding assay (3a-3d)

In vitro experiments were carried out to detect any effects of 3a-3d on a4f31-mediated cell
adhesion, and their selectivity towards a4f7, arp2, and amp2 integrins. Although not expressed
on leukocytes, asp1 integrin was also chosen as it shares 1 subunit with the heterodimer oup;.
Cells were seeded in 96-well plates coated with the specific natural human recombinant ligands
(Table 3.1) and allowed to adhere in the presence of increasing concentrations (1071 to 10 M)

of the synthesized CPPs before the determination of the number of adherent cells.
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Table 3.1 Effect the LDV CPPs 3a-3d, and the related 11a, 11¢, 12a, 12¢, 13-16, and reference BIO1211, 1a, 1b,
on integrin-mediated cell adhesion. Data are presented as ICs for antagonists and as ECso for agonists (nM).*

Compd ) FN VCAM-1 MAdCAM-1 TG ICAM-1
pd. PUMY  jurkatE61  /JurkatE6L  /RPMISS66 ° /JurkatE6.1  FN/KS62
Sequence (%) amp2 aspy
4P 4P oap7 aLf2
BI101211 5+40°¢ 6+30°¢ 4+4349
= 35 4(.) 46 3(.) nd nd 84 4? >5000
MPUPA-LDVP-OH antagonist antagonist antagonist
e + +|
la® 97 156215 13008 >5000 >5000 >5000 >5000
non peptide, Figure 1 agonist agonist
e +|
_1 b . 96 >5000 >5000 >5000 >5000 >5000 37 _9'5
non peptide, Figure 1 agonist
3a 50.5+7.8 35.0+5.9 31.8+55 98.2+9.8
98 >5000 >5000
c[(S)-Phu-LDV-(S)-isoD] agonist agonist agonist agonist
156 + 1.8+9.7 2.1 +5. 1110 +34
3 . 97 56 .33 818 .9 3 .5 3 >5000 0 3 0 >5000
c[(S)-Phu-LDV-(R)-isoD] agonist agonist agonist antagonist
3c 97 726 +28 177 £57 495 +89 5000 710 £65 19504290
c[(R)-Phu-LDV-(S)-isoD] antagonist antagonist antagonist antagonist agonist
3d 409 +4.3 190 £30 353 £32 53.9+5.1
. 99 . . >5000 . . >5000
c[(R)-Phu-LDV-(R)-isoD] agonist agonist antagonist antagonist
1la
7 > - - o - -
c[(S)-Phu-LDV-(R)-BAla] o 5000
1lc
> o o o o o
c[(R)-Phu-LDV-(R)-B°Ala] % 5000
12a 55.6 +2.9 1.78 +£0.32 53.4 +54 168 +61
95 >5000 >5000
c[(S)-Phu-LAV-(S)-isoD] agonist agonist antagonist agonist
12c 97 1720 +556 _ ) i - -
c[(R)-Phu-LAV-(S)-isoD] agonist
13
98 >5000 - - - - -
c[(S)-Phu-LDV-(S)-isoD(NHPr)]
14 97 >5000
c[(S)-Phu-FDV-(S)-isoD]
15 98 1061 +134 ) ) ) ) )
c[(S)-Phu-FAV-(S)-isoD] agonist
1
6 96 >5000 - - - - -

c[(R)-Phu-LD-Phg-(S)-isoD]

* a4p1 integrin-mediated cell adhesion was evaluated by assaying Jurkat E6.1 cell adhesion to FN or to VCAM-1;
for arf, integrin, Jurkat E6.1 cells to ICAM-1; asP; integrin, K562 cells to FN; amP: integrin, HL60 cells to
fibrinogen (Fg); o4f; integrin, RPMI8866 cells to MAdCAM-1. Values represent the mean + SD of three
independent experiments carried out in quadruplicate. ® Determined by RP HMLC (General Methods). ¢ Reference

10. ¢ Reference 9. ¢ Compounds previously characterized as integrin agonists; see ref. 2. nd: not determined.

The results of cell adhesion assays are summarized in Table 3.1 and Figure 3.2; the latter
reports the heatmaps of adhesion index, a convenient illustration of agonistic or antagonistic
behavior of the new synthesized compounds. On the basis of this parameter, an agonist is
defined by adhesion index > 1 (displayed in shades of blue), an antagonist by adhesion index <
1 (displayed in shades of orange), and integrin ligands not significantly altering cell adhesion
by adhesion index approximately = 1. In addition, concentration-response curves are provided
in Appendix (A: Figures S2-S7).
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Figure 3.2 Heatmaps of adhesion index: agonist compounds are shown in blue whereas antagonists are displayed
in orange. The adhesion index is calculated as the ratio between the number of adhered cells in the presence of the

highest CPP concentration (10 M) and the number of adhered vehicle-treated cells. X: not determined.

To better characterize integrin-ligand interaction, competitive solid-phase ligand binding
assays were performed on purified asf1, auf7, amP2, arP2 and osPi integrins, using receptor-
specific ligands (Table 3.2) in the presence of increasing concentrations (10'%to 10 M) of the
CPPs.™

In the cell adhesion experiments, no significant cell adhesion was observed for bovine
serum albumin (BSA)-coated plates (negative control). The reference antagonist BIO1211
inhibited the adhesion of a4f: integrin expressing Jurkat E6.1 cells to FN and VCAM-1 (ICso
5.5 nM and 4.6 nM, respectively, Table 3.1). In the competitive binding assay on purified o4
integrin, BIO1211 confirmed a low nanomolar affinity as previously reported (Table 3.2).11%

Table 3.2 Binding affinities (ICso Values, nM)* of LDV CPPs and BIO1211 on purified integrins.

CPP asPr/FN asp/VCAM-1 osf7/MAACAM-1 amp2/Fg aLB2/ICAM-1 asPy/FN
Bl0O1211 8.6 +5.1° 89 %31 >1000 >1000 52x21 >1000
3a 43535 335+44 41 7 >1000 83.3 8.7 >1000
3b 133 45 101 £35 22.7 6.1 >1000 897 +230 >1000

3c 602 +32 707 £75 183 £22 >1000 652 +47 193 £65
3d 38.2+8.1 285 =*3.1 >1000 244 £71 46.7 £7.9 >1000

12a 46.1 +4.7 41131 >1000 472 %31 >1000 203 +43
12¢ 1567 £344 >5000 >5000 >5000 >5000 >5000
15 976 +168 899 +198 >5000 >5000 >5000 >5000
la°® 13.3+6.3 10.1 +4.9 >5000 >5000 >5000 >5000
1b¢ >5000 >5000 >5000 >5000 >5000 49 +7

2 ICso values were determined by a competitive solid-phase binding assay to specific ligand (FN for aspi, VCAM-
1 or FN for o4f, fibrinogen for amBz, MAACAM-1 for asB; and ICAM-1 for orBs). ® Reference 10, Mean + SD of
three independent experiments in triplicate. * Compounds previously characterized as integrin agonists, see Ref. 2.
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Moreover, previously synthesized and characterized integrin agonists 1a and 1b were
employed as reference ligands; these compounds were able to increase oufi- or aspi-mediated
cell adhesion, respectively.””) As expected, only 1a increased the adhesion of Jurkat E6.1 cells
(Table 3.1), with high affinity towards the isolated integrin (Table 3.2), while 1b was completely
ineffective. Regarding the CPPs, cell adhesion experiments revealed compounds capable to
reduce the number of adherent cells promoted by the natural ligands, referred to as antagonists,
whereas other ligands increased cell adhesion and therefore were considered to be agonists
(Figure 3.2).

The CPPs 3a, 3b, and 3d were able to increase cell adhesion in a concentration-dependent
manner (Table 3.1). Remarkably, 3a showed potency in the nanomolar range (ECso/VCAM-1
35x10° M, 1Cso/FN 50.5%10° M), while 3b and 3d displayed a comparatively lower activity
(3b, ECso/VCAM-1 81.8x10° M, ECso/FN 156x10° M; 3d, ECso/VCAM-1 190x10° M,
ECso/FN 40.9x10° M), Notably, 3¢ was found to be an antagonist with moderate potency
(ICs0/VCAM-1 177x10° M, and ICs¢/FN 726x10°° M).

These results were confirmed by a4 affinity evaluation in competitive solid-phase ligand
binding: 3a and 3d displayed nanomolar ICso values whereas 3b and 3¢ showed a lower affinity
for a4 (Table 3.2). Binding curves are provided in Appendix (A: Figures S8-S12).

To determine the extent to which experimentally determined binding affinity of CPPs
correlates with their potency in modulating integrin-mediated cell adhesion, Pearson (rp)
correlation coefficient was calculated. As regards to auf31, there was a high positive correlation
between binding affinity and FN-mediated cell adhesion potency for all compounds tested (rp
=0.9990, Appendix A: Figure S13), meaning that the highest is the affinity for a4f1 and the
highest is the potency in FN-mediated cell adhesion assays.

Notably, regarding the correlation between binding affinity and VCAM-1-mediated cell
adhesion potency, a quite low correlation coefficient was determined (rp = 0.5920, Appendix A:
Figure S13); for most compounds a correlation was found but some exceptions were identified
as those CPPs with the lowest potency for a4pi/VCAM-1 (3¢ and 3d).

Cell adhesion assays upon different integrin-expressing cell lines were also performed to
determine compounds’ selectivity (Table 3.1 and Figure 3.2). Nanomolar agonist activity was
observed in adhesion experiments with RPMI8866 cells expressing a4f7 integrin to the ligand
MAJdCAM-1 for the compounds 3a (ECso 31.8x10 M) and 3b (ECso 32.1x10 M). Ligand
binding assays on purified a4f}7 integrin confirmed excellent affinity of 3a and 3b (Table 3.2).
Therefore, they were considered a4f1/04f7 integrin dual agonists. On the other hand, 3¢ was
found to be a dual, moderate antagonist of a4fi/04f7 integrins (for au4f7 integrin, ICso 4.95%10"
7' M) with a lower affinity (Table 3.2). The reference compounds BIO1211 and 1a were found
to be inactive in the same assays (Tables 3.1, and 3.2), as reported.[>!%]

In the tests for a2 integrin, the reference BIO1211 and the CPPs 3b, 3¢ and 3d, behaved

as antagonists with diverse potency in cell adhesion experiments, the most potent among the
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CPPS being 3d (ICso 53.9x10 M) (Table 3.1). In contrast, 3a was identified as a potent arp2
integrin agonist (ECso 98.2x10 M, Table 3.1). Regarding affinities for isolated oL integrin,
BIO1211, 3a and 3d showed excellent affinity values, while 3b and 3¢ were able to bind a2
integrin with modest affinity (Table 3.2). As described for a4f1, a very high positive correlation
between ligand binding affinity and cell adhesion potency was observed also for arf2, being
the correlation index 0.9969 (Appendix A: Figure S13). This means that compounds with a low
potency towards ar B2 is able to bind it with a low affinity, and vice versa.

Concerning omp2 integrin, the only modestly active compound was the antagonist 3d, with
an ICso of 3.53x107 M in the integrin-mediated cell adhesion assay (Table 3.1). In terms of
affinity for purified awmp: integrin, 3d showed moderate binding with an 1Cso of 2.44x107 M
(Table 3.2).

Finally, while 3¢ showed a scarce but measurable agonistic activity towards asf; integrin
(ECso 1.95x10°° M), BIO1211, 3a, 3d, and 3b were found to be inactive (Table 3.1) and not
able to bind to isolated asfp: integrin (Table 3.2). Not unexpectedly, 1b was a potent agonist of

this integrin with nanomolar affinity as previously reported (Tables 3.1 and 3.2).1

3.2.3 Synthesis of CPPs (11a-c, 12a-c, 13-16)

To better distinguish the pharmacodynamic role of the two carboxylate groups and of some
relevant side-chains in receptor binding and in determining agonism or antagonism behavior,
the most potent agonist 3a and the antagonist 3¢ were selected for modifications.

The CPP 3a was modified either by replacing isoAsp’ with (R)-B*>-homoAla, giving c[(S)-
Phu-LDV-(R)-BAla’] (11a), or by replacing Asp® with Ala, giving the peptide c[(S)-Phu-LAV-
(S)-isoAsp’] (12a). Topologically, the (R) configuration of B>-homoAla corresponds to the (S)
configuration of isoAsp (Figure 3.3). Alternatively, the isoAsp® carboxylate side chain in 3a
was derivatized to the corresponding propylamide, giving 13, or the Leu? in 3a was replaced
with aromatic Phe, yielding 14. Peptide 15 was further modified based on 12a by replacing
Leu’ with Phe.

Similarly, the structure of 3¢ was modified by replacing isoAsp> with (R)-B*-homoAla,
giving c[(R)-Phu-LDV-(R)-pAla’] (11¢), or Asp® was replaced with Ala, giving c[(R)-Phu-LAV-
(S)-isoAsp] (12¢). The (R) configuration of B*-homoAla corresponds to the (S) configuration of
isoAsp (Figure 3.3). Alternatively, the Val* in parent 3¢ was substituted with an aromatic
Phenylglycine (Phg), yielding 16.

The CPPs were prepared from the linear precursors 9e-91 (Appendix A: Table S1) as
reported for 3a-3d. To this purpose, Fmoc-(R)-p3-homoAla-OH was synthesized by adapting a
procedure reported in the literature;'®! Fmoc-Asp-propylamide was readily prepared from
Fmoc-(R)-Asp(O'Bu)-OH and n-propylamine. Subsequently, cyclization under pseudo-high-
dilution conditions afforded 10d-101 (Appendix A: Table S1); the CPPs 11a, 11¢, 12a, 12¢, 13-
16 were obtained after final deprotection. The structures were well-identified by ESI-MS and

NMR spectroscopy. For all the detailed chemical sketches of CPPs, see Figure 3.3.
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Figure 3.3 Sketches of the CPPs 3a-3d, and the related 11a, 11¢, 12a, 12¢, and 13-16, the mutated residues are

shown in red. For simplicity, part of Phu is omitted.

3.2.4 Cell adhesion assay and competitive solid-phase binding assay (11a-c, 12a-c, 13-16)

The effects of the new CPPs derived from 3a and 3¢ on the adhesion of a4f; integrin-
expressing Jurkat E6.1 cells to the ligand FN were assayed as discussed above (Table 3.1 and
Figure 3.2). Apparently, the replacement of the isoAsp> with *-homoAla in both 3a and 3¢ was
not tolerated for the activity towards a4f1 integrins, since 11a and 11¢ became inactive in Jurkat
E6.1 cell adhesion assay (ICso > 5000 nM, Table 3.1). In a similar way, the derivatization of
isoAsp® carboxylate into amide in peptide 13 led to a complete loss of activity (Table 3.1).

In contrast, the substitution of Asp® by introduction of Ala to give 12a, 12¢ was much
better tolerated, albeit 12¢ showed a decrease of activity as compared to the parent 3¢ (ECso
1.72x10° M vs 7.26x107 M). Similar results were confirmed by binding affinity towards
purified o4P1 integrin (Table 3.2). Besides, the moderate antagonist behavior of 3¢ was
converted to agonism in 12¢ (see also Computational studies and Appendix A: Figure S20).
Intriguingly, CPP 12a maintained the nanomolar agonist activity of the parent 3a (ECso
55.6x10° M, Table 3.1) and excellent binding affinity (ICso/VCAM-1 41.1x10° M, ICs¢/FN
46.1x10°° M, Table 3.2).
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The CPPS 14-16 showed very modest or null activity in the cell adhesion assay (Table 3.1),
with only 15 giving a measurable increase of cell adhesion (ECso 1.06 uM, Table 3.1), and
micromolar affinity for the isolated receptor (Table 3.2), confirming the importance of residues
Leu and Val.

Further cell adhesion assays using cell lines expressing different integrins and competitive
solid-phase binding assays on purified integrins were performed to better characterize the
activity of 12a (Table 3.1), while the other CPPs were neglected, for the scarce to null activity
towards a4 integrins.

The CPP 12a showed significantly improved potency as compared to 3a in the adhesion
of Jurkat E6.1 cells to VCAM-1, with an outstanding ECso 1.78x10 M (Table 3.1). Notably,
while 3a was a dual agonist of aufi/04P7 integrins with similar potency (Table 3.1), 12a
completely lost any activity and binding ability for o4f7 integrins (Tables 3.1 and 3.2, see also
the Computational studies and Appendix A: Figure S18). On the other hand, 12a resulted to be
inactive towards .32 integrin (Tables 3.1 and 3.2), while becoming a modest agonist for osp:
integrin (ECso 1.68x1077 M, Table 3.1), with affinity in the submicromolar range for the isolated
integrin (Table 3.2). Finally, 12a was able to bind to and activate omf> integrin as antagonist,
with an interesting ICso in the nanomolar range (ICso 53.4x10® M, Table 3.1) and noteworthy
nanomolar affinity (ICso 47.2x10° M, Table 3.2).

3.2.5 Effects of the CPPs on integrin-mediated ERK1/2 phosphorylation

To confirm the agonist or antagonist behavior, the effect of the reference compound
BIO1211, 3a-3d and 12a on phosphorylation of ERK1/2 (extracellular signal-regulated kinases
1 and 2) in Jurkat E6.1 cells was determined (Figure 3.4). Intracellular signaling generated by
the interaction of ECM components with a4f: integrin produces an increase in the
phosphorylation of cytoplasmatic second messengers such as ERK1/2 that contribute to o4
integrin-mediated cell functions.

The endogenous ligand FN (10 pg/uL), employed as positive control, induced a significant
increment of ERK1/2 phosphorylation in comparison to vehicle-treated Jurkat E6.1 cells
(Figure 3.4 A). The reference compound BIO1211 (107-10 M), which is defined as a potent
a4 integrin antagonist, significantly prevented ERK1/2 activation induced by FN (Figure 3.4 B).

Similarly to BIO1211, the CPP 3¢ (107-10° M) significantly reduced FN-induced
intracellular signaling activation, confirming to act as an antagonist (Figure 3.4 A). To further
confirm the antagonist behavior, 3¢ was administered alone to Jurkat E6.1 cells. In this
experimental setting, 3¢ did not influence ERK1/2 activation (Figure 3.4 B), thus probably
binding to asf1 without inducing its activation and the resulting downstream signaling.

In contrast, a significant concentration-dependent increase of ERK1/2 phosphorylation
was produced by the a4f1 agonists 3a (Figure 3.4 A), 3b, 3d, and 12a (Figure 3.4 C), confirming

their ability to bind the receptor and to induce its activation.
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Figure 3.4 Effects of FN (10 pg/mL), the reference compound BIO1211 and 3a-3d, 12a on ERKI1/2
phosphorylation mediated by ouf; integrin expressed on Jurkat E6.1 cells. (A, B) The antagonists BIO1211 and 3¢
were able to prevent ERK1/2 phosphorylation induced by FN. The antagonist 3¢, administered alone to Jurkat
E6.1 cells, did not modify phosphorylation levels of ERK1/2. On the contrary, the agonists 3a (A), and 3b, 3d,
12a (C), induced ERK1/2 activation in a concentration-dependent manner. Representative western blot shows that
Jurkat E6.1 cells plated on FN had a stronger signal for pERK1/2 than vehicle-treated cells (vehicle). The graphs
represent densitometric analysis of the bands (mean + SD; 3 independent experiments); the amount of pERK1/2
is normalized to that of totERK1/2. * p<0.05, ** p<0.01, *** p<0.001 vs vehicle; ## p<0.01, ### p<0.001 vs FN
(Newman-Keuls test after ANOVA).

3.2.6 In vitro enzymatic stability of 3a, 3¢

To estimate any increase in enzymatic stability conferred by the o/f hybrid cyclic
structure,!'”) the representative 3a and 3¢ were incubated in mouse serum in comparison to the
reference antagonist BIO1211 (Appendix A: Figure S1). Consistent with other reported
studies,'®”1 BIO1211 was found to be poorly stable when added to mouse serum, being almost
completely hydrolyzed after 2 h, as determined by RP HPLC analysis. In contrast, 3a and 3c

appeared significantly more stable, and after 3 h, the remaining amount was estimated at >85%.

3.2.7 Conformational analysis of the CPPs

Apparently, the LDV CPPs 3a-3d showed diverse integrin affinities and cell adhesion
effects to ligand-coated plates, albeit differing only in the absolute configuration of the residues
Phu and/or isoAsp. This suggested that the overall geometry exerts a clear impact on ligand-
receptor interactions and binding. Hence, we analysed the 3D conformations of 3a-3d in
solution by NMR spectroscopy and molecular dynamics (MD) simulations.

The NMR analysis was conducted in 8:2 mixtures of DMSO-ds/H>O, a highly viscous
solvent system recommended as an excellent biomimetic environment.!'3!] For each peptide,
"H-NMR spectra showed a single set of resonances, indicating conformational homogeneity or
a rapid interconversion between the conformers. gCOSY analyses allowed the unambiguous
assignment of the resonances. Variable temperature (VT) 'H-NMR experiments were used to
determine if the amide protons were plausibly involved in intramolecular hydrogen bonding or
were solvent exposed (Appendix A: Table S2).[2%

The analyses of the experimental AS/AT (ppb K') parameters (Appendix A: Table S2)
suggest the occurrence of strong hydrogen bonds for Val* NH and isoAsp® NH in 3a, while a
strong hydrogen bond was supposed for Asp> NH in 3¢ and 3d (Figure 3.5).
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2D ROESY analyses were performed in the same solvent system (DMSO-ds:H>0O, 8:2).
Cross-peaks intensities were ranked to infer plausible interproton distances (Figure 3.5, and
Appendix A: Tables S3-S7).

i~ COyH
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3a, (S)-Phu, (S)-isoAsp 3b, (S)-Phu, (R)-isoAsp 3¢, (R)-Phu, (S)-isoAsp 3d, (R)-Phu, (R)-isoAsp

Figure 3.5 Sketches of the structures of the cyclic LDV peptides 3a-3d showing meaningful proton-proton
correlations indicated by arrows, as determined by 2D ROESY in DMSO-ds/H>0. The amide protons characterized
by low |AS/AT| values (Appendix A: Table S2) are shown in red; predicted hydrogen bonds are shown as red
dashed line. For clarity, part of the Phu moiety has been omitted.

The estimated distances were analyzed by simulated annealing and restrained MD
simulations, using the AMBER force field?!! in explicit water. In brief, random geometries of
each peptide were sampled during a high-temperature unrestrained MD simulation in a box of
TIP3P models of equilibrated water molecules./?”) For each random structure, the interproton
distances deduced by ROESY were introduced as constraints. As the absence of Ha(1)-Ha(i+1)
cross-peaks reasonably excludes the occurrence of cis-peptide bonds, the amide bonds angles
(w) were set at 180°.

The structures were subjected to restrained high-temperature simulation with a scaled
force field, followed by a period with full restraints, then the system was slowly cooled. The
resulting structures were minimized, and the backbones of the structures were clustered by rmsd
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 analyzed. The ROESY-derived structures of 3a and 3b (Figure 3.6)
show explicit hydrogen-bonds as predicted by VI-NMR analysis. Peptide 3a is characterized
by a clear type II B-turn (BII) centered on Leu?-Asp’. In 3b, Leu?-Asp® appeared to be embedded
within an inverse type II B-turn (BII'), plausibly due to the reversal of stereochemistry of the -
residue isoAsp°. The structures of 3¢ and 3d show similar overall geometries, each showing an
inverse y-turn (y') centered on Leu? (Figure 3.6).

To investigate the dynamic behavior of the LDV CPPs, the structures were analyzed by
unrestrained MD simulations at 298 K in a box of explicit TIP3P equilibrated water molecules.
During the simulations, the structures of the backbones were maintained, indicating that these

conformations plausibly represented stable minima (data not shown).
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The secondary structure elements observed for the o/f hybrid 3a-3d were foreseeable;
indeed, B-amino acids are well-known to favor defined secondary structures when introduced

in CPPs.*! These residues exert a significant conformational bias on backbone conformations,

and preferably adopt a pseudo-y-turn at the central position and tend to stabilize y-turn
[24]

secondary structures at the opposite side of the macrocycle.

Rec-bound 3b

Rec-bound 3¢

Rec-bound 3d

Figure 3.6 Representative lowest energy structures of peptides 3a-3d, calculated by ROESY restrained MD. The

receptor-bound poses as predicted by molecular docking (see Computational studies) are shown for comparison.

As for the other related CPPs, the comparison of the 'H NMR spectra support that 11a and
13-15 maintain conformations similar to the parent compound 3a, since the chemical shifts of
the resonances for the unaltered residues were practically the same (Appendix A: Figures S22-
S33). Similarly, the compounds 11¢, 12¢ and 16 showed NMR spectra comparable to the parent
compound 3c¢. VI-NMR analysis showed for all CPPs the same trends of Ad/At parameters,
suggesting that the hydrogen-bonding patterns and secondary structure elements were
maintained (Appendix A: Table S2).

Unexpectedly, 12a displayed differences respect to 3a in the '"H NMR spectra relative to
the resonances of Leu and Phu. In particular, Phu! NH and Leu® NH in 12a appeared downfield
(0=9.1 and 10.6 ppm, respectively), as compared to the parent peptide 3a (6 = 8.2 and 8.6 ppm,
respectively, Figure 3.7 A). Besides, VI-NMR analysis (Appendix A: Table S2) showed for
Leu? NH an atypical positive AS/AT (+1.6 ppb K!). As a consequence of the NMR evidence,
the structures 11a, 11¢, 12¢, 13-16, were not investigated further, while the 3D structure of 12a
in solution was analyzed by 2D ROESY analysis and restrained MD, as reported for 3a-3d.
Eventually, this procedure confirmed that 12a still maintains a similar conformation of 3a
(Figure 3.6 vs Figure 3.7 B). Possibly, the diverse chemical fields for Phu, Leu resonances
might be due to peculiar deshielding effects exerted e.g. by the urea group, rather than to the
occurrence of different overall 3D geometries.
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Figure 3.7 Conformational analysis of 12a. Meaningful proton-proton ROESY correlations are indicated by
arrows; the amide protons characterized by low |AS/AT| values are shown in red; hydrogen-bonds are shown as
red dashed lines. (A) Comparison of the amide-NH regions for 3a and 12a. (B) Representative lowest energy
structure for 12a, calculated by ROESY-restrained MD in a 30x30x30 A box of standard TIP3P water molecules;
the MPUPA moiety is rendered in sticks for clarity.

3.2.8 Computational studies

The mechanism by which an agonist such as 3a is able to increase, while the antagonist 3¢
decreases the adhesion of the receptor to the native ligands, appears particularly puzzling. As
reviewed in Chapter 2, very few studies have been dedicated to the leukocyte integrin

25271 One example was the dual agonist 7HP349, capable to enhance the adhesion of

agonists.!
cultured cell lines expressing a4 integrin to the natural ligands. Docking of this agonist into
the homology model of a4f1 indicated that the ligand binds at a site that partially overlaps the
ligand binding pocket. Further experiments showed that 7HP349 did not induce the binding of
ligand-induced binding site Abs, which bind the B subunit, supporting a mode of binding in
which 7HP349 does not engage the metal ion-dependent adhesion site and does not act like a
ligand mimetic.””] For the CPPs 3, whose activities are sensitive to the replacement of
AspCOO" that expected to coordinate with Mg?", another model must be considered.

To investigate the structural elements at the basis of the agonist or antagonist behavior,
molecular modeling of the prototypic 3a and 3¢ was performed with Autodock 4.0.%%! In
addition, the analysis was extended to the stereoisomers 3b, 3d, and to the derivatives 12a, 12¢
and 15. These CPPs have been selected for their at least measurable affinity for isolated integrin,
and clear effects on the adhesion of Jurkat E6.1 cells to the natural ligands (Tables 3.1-3.2).

Simulations of a4 integrin are particularly challenging since the precise structure of this
integrin is not yet available. In addition, molecular mechanics force fields generally utilized to
analyze ligand-receptor interactions lack in descriptions of the highly directional nature of metal
coordination. For this reason, the region containing the ligand, MIDAS and the receptor
residues in the binding site were treated by hybrid Density-Functional Theory (DFT) combined
QM/MM calculation. The auf integrin receptor model (Appendix A: Figure S16) was obtained
by combining the crystal structures of the a4 subunit (PDB ID: 3V4V, Crystal structure of ouf37
headpiece complexed with Fab ACT-1 and RO0505376)*°! and of the B; subunit (PDB ID:

4WK4, osp1, Metal ion and ligand binding of integrin).*"!
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The receptor is expected to coordinate a carboxylic group of the ligands through the Mg?*
ion of the MIDAS in the al and BI domains.?***1 Other metal ion binding sites close to MIDAS
are present, i.e. Ca** ions coordinated by residues in the ADMIDAS, and SyMBS, in the BI
domains. SyMBS and ADMIDAS have important roles in regulating ligand binding affinity. In
B1 integrins, the ADMIDAS seems to be a negative regulatory site responsible for integrin
inhibition by high concentration of Ca**, and for activation by Mn?".53%

In the resulting model of as4P: integrin, the plausible ligand-binding pocket appears
characterized by a long binding groove at the o/f interface, as reported for as4f; integrin
(Appendix A: Figure S14).°! This shape is clearly different from that of the Arg-Gly-Asp
(RGD)-binding integrins ovB3! or ampPs.*?! In particular, the ou subunit completely lacks in
the cavity deputed to hosts Arg. Besides, the comparison between the 1 and 33 subunits reveals
that the former contributes to expand the binding pocket of a4 integrin on the 3 subunit side,

214 and Arg?!® in B3 subunit are replaced with Gly*'” and Leu?'? in Bi.

since the residues Arg

The best binding conformations of 3a and 3¢ are shown in Figure 3.8, along with 3b and
3d, for comparison. The interactions have been analyzed with BIOVIA DSV2021 and with
PacVIEW tool in PacDOCK web server.**! For brevity, herein only the most relevant features
of the complexes are discussed; all specific stabilizing interactions and alternative views are
discussed in the Appendix A. The calculated poses of 12a, 12¢, and 15 (Appendix A: Figures
S18-S21), and the detail of RO0505376 (Appendix A: Figure S14) into the binding site of a.4f37
headpiece (PDB 3V4V), are shown in the Appendix A. The calculated AGpina nicely fit the
experimental affinities for the isolated integrin: (kcal mol') 3a, -15.81; 3b, -14.08; 3¢, -15.08;
3d, -14.72; 12a, -15.28; 12¢, -12.84; 15, -13.53.

All CPPs appear to occupy the same location into the crevice between the subunits, in
proximity of the MIDAS center. With the only exception of 3d, within the binding site the Phu'-
LDV-isoAsp’ sequence of all CPPs can be read in a clockwise direction (Figure 3.8).
Interestingly enough, for all CPPs but 3d the coordination to Mg?" in the MIDAS of the B
subunit involves the carboxylate side chain of isoAsp°. For the prototypic 3a and 3e, this is in
line with the experimental observation described above that isoAsp® carboxylate rather than
that of Asp® was strictly necessary for receptor binding (3a vs 11a, 12a, 13; 3¢ vs 11c, 12¢).

As anticipated, in the docked pose of the agonist 3a, c[(S)-Phu'-LD*V-(S)-isoAsp’],
isoAsp® COO is coordinated to Mg?" in MIDAS, while Asp®> COO" interacts with Lys'>” NHZ"
(04 subunit) by salt bridge. The large majority of the stabilizing interactions of 3a involve
residues of the o subunit (Figure 3.8, and Appendix A: Figure S17). The aryl rings of Phu' lean
against the residues Tyr'%” and Phe?!* (ou), and urea C=0 is hydrogen-bonded to Lys>!* NH. The
branched isopropylmethyl side chain of Leu? finds place in the upper hydrophobic pocket of
the a/B-groove, delimited by Leu??*, Tyr'®’, Lys!*’, all belonging to the a4 subunit, a cavity
which is not utilized by RO0505376 (Appendix A: Figure S14).12°) Val* adopts a pseudo axial

disposition, perpendicular to the macrocycle plane, making no relevant interactions.
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While the antagonist 3e¢, c[(R)-Phu!-LD*V-(S)-isoAsp’], diastereoisomer of 3a for the
reversal of configuration at Phu', shows fewer interactions with the a subunit, compensated by
tight interactions with residues of the § subunit (Figure 3.8, and Appendix A: Figure S17). As
for 3a, is0Asp>COO" in 3¢ is coordinated to Mg?" in MIDAS. Of particular interest is the ionic
bond of Asp?’COO" in 3a with Lys'® NH{" (B1), an interaction which pulls the CPP scaffold
against the i subunit (see for comparison 12¢, c[(R)-Phu-LAV-(S)-isoAsp], Appendix A:
Figure S20). This is in sharp contrast to 3a, in which Asp® interacts with Lys'>” NH{" (o). The
pose of Phu! is stabilized by interactions with Phe**! (n-n staking), Ser??’ and Asp**® (B1).
Interestingly, Val* is in contact with Tyr133 (B1), as shown in Figure 3.8.

Figure 3.8 Calculated binding conformations of 3a-3d (right) within the a4f; integrin binding site. Ligands are

rendered in stick and colored by atoms. The integrin binding site is represented by its partially transparent, solid
solvent-accessible surface, colored by the atomic interpolated charge. Key receptor residues are represented in tiny

stick and non-bonding interactions are indicated as dashed lines. Images were obtained using BIOVIA DSV2021.

The CPP 3b, c[(S)-Phu'-LDV-(R)-isoAsp], differs from 3a for the inversion of the
stereochemistry of isoAsp’, thus producing a rearrangement of the interactions around MIDAS.
Clearly, 3b shows more balanced interactions with both subunits (Figure 3.8). As for 3a,
isoAsp’COO" is coordinated to Mg?" (MIDAS), and Asp>COO" forms a salt bridge with Lys'%’
NHC (o). Val* isopropyl makes some contacts with Ser'3* (B1) and Tyr!** (B1). Phu! interacts

187 213 260

with residues of the a4 subunit, i.e. Tyr , as well as residues of the B subunit, Ala™",

Phe?!, and Pro®%.

, Lys
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As for 3b, also 3d seems to lean against residues of both subunits alike (Figure 3.8). Albeit
the docked structure of 3d occupies the same cleft, the pentapeptide ring appears turned over
as compared to the other CPPs. The 3d c[(R)-Phu'-LD*V-(R)-isoAsp°] sequence can be read in
anticlockwise direction within the binding site, upon 180° rotation along an axis passing
through Val* and Phu', so that these residues maintain the same positions. However, because of
the rotation, Val* adopts a pseudo-equatorial position, in tight contact with Cys'®” (B1). The
rotation also produces the swap between isoAsp® and Asp®, therefore Mg?* in MIDAS is
coordinated to the carboxylate of Asp?, while isoAsp® carboxylate forms a salt bridge with
Lys!'>” NH(" (o). Plausibly, this alternative disposition of the macrolactam ring is dictated by
the reversal of configuration at both Phu' and isoAsp’ residues. As for Phu!, this residue is in
contact with Tyr!87, Phe?!*, Lys?!® of the a4 subunit, and with Pro®?, Ser??’ of the B subunit.

Concerning the calculated poses of 12a, 12¢ and 15, these appear similar to those of the
parent peptides 3a and 3¢ (Appendix A: Figures S18-S21). Also for these derivatives, the trend
of theoretical binding AGs is nicely consistent to the experimental binding affinities.

The in-solution and the bioactive conformations of 3a-3d are presented in Figure 3.6. The
inspection of the structures supports the utility of the o/f hybrid CPP scaffolds as
conformationally stable probes for investigating integrin binding in the absence of the crystal
structure of the receptor.*¥ Indeed, the overall geometries are generally maintained at the
receptor, with minor differences. For instance, the receptor-bound structure of 3a shows the
intramolecular hydrogen-bond between Phu! C=0 and Val* NH as observed in solution, and a
second hydrogen-bond between Phu' C=O and Asp® NH (Figure 3.6). More pronounced
differences can be perceived for 3d.

For all CPPs, in the bioactive conformation the diphenylurea moiety resides into the lower
side of the longitudinal cleft between the a and B subunits, consistent to the specificity of
MPUPA for o4 integrins.[*! This observation aligns with the docking poses reported by da Silva
et al.,] as discussed in Chapter 2. In the calculated pose for BIO1211, the peptide adopts a
reverse S-shape, spanning across the interface between the a4 and B subunits. The N-terminal
MPUPA is allocated within the lower side of the o/ groove, as observed for the CPPs (Figure
2.11, BIOI211 and Figure 3.8, CPPs), while the C-terminal Pro is positioned on top of the
groove. These authors predicted the interaction of AspCOO™ with the divalent cation in MIDAS.
Val occupies the same position as seen for the CPPs, but its position is pseudo-equatorial, so
that the branched isopropyl points against the B1 subunit. Additionally, the side chain of Leu is
directed towards the i subunit, and the LDVP sequence presents itself in anticlockwise
direction. In this perspective, the geometry of BIO1211 reported by da Silva et al. seems having
something in common with the docked pose of 3d, rather than those of 3a-3c and the other
CPPs, which display the LDV sequence in a clockwise manner.

In a separate docking computation performed by Sartori et al.*> for BIO1211 and
cyclopeptide c[Amp(MPUPA)LDVG] (Figure 2.11), alternative results were obtained, with the
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MPUPA group occupying the upper subsites, which differs from our CPPs (Figure 2.11 vs
Figure 3.8). However, the LDV sequence was oriented in a clockwise direction, consistent with
our observations in 3a-3¢, but not for 3d.

It is important to reiterate that, the reported receptor models for molecular docking may
exhibit significant variability. Consequently, it is not entirely surprising that structurally related
compounds (c[Amp(MPUPA)LDVG] vs our CPPs 3), or even the same compound (BIO1211,
conducted by Sartori and by da Silva et al., respectively, see Figure 2.11), have resulted in
diverse receptor-bound structures, as discussed in Chapter 2 and throughout this section.

With all due caution, the computations with our homology receptor model, which
combined hybrid DFT and QM/MM calculations, aroused some structural speculations. Despite
a certain similarity, the predicted receptor-bound poses of the most potent agonist 3a and the
antagonist 3¢ indeed show some differences, possibly responsible for the alternative behavior
of the two compounds in the integrin-mediated cell adhesion to the natural ligands.

In summary, the macrocycle of 3¢ appears flattened into the binding site within the
propeller and the fI-domain on the integrin head, making many contacts with the i subunit.
The computations support the role of the ionic bond Asp> COO™-Lys!® NH(" (B1), an interaction
which pulls the CPP scaffold against the B subunit, in determining antagonism (Appendix A:
Figure S20). Indeed, the substitution of Asp® for Ala transformed the antagonist 3¢ into the
modest agonist 12¢ (Tables 3.1-3.2). Besides, the simulations highlight the role of the aryl rings

of Phu! in the interactions of 3¢ with residues adjacent to Glu*?’

, a key residue of the B1 subunit
which belongs to the coordination sphere of both MIDAS and SyMBS.

The characteristics of complexes shown in Figure 3.8 can be interpreted in light of the
crystallographic data reported for RGD-binding integrins. In general, it has been established
that the mechanism of extension and activation requires a specific reorganization of pre-existing
interaction networks around Tyr'*® in the B1-al loop of the B subunit, in the proximity of the
ligand recognition site.*®3”! In this perspective, antagonism by 3¢ might be the result of the
combined compacting effects of Phu!, that clings to elements of MIDAS and SyMBS, and the

3

bulky isopropyl group of 3c, that packs against the Tyr!'3, therefore freezing domain

translocation and hinge opening. Consequently, the transmission of the activation signal
through o7-helix downward movement and the hybrid domain swing out in i cannot occur.[**!

On the other hand, the opposite absolute configuration at Phu'! forces 3a to log into the
binding site lopsided (Appendix A: Figure S15), making fewer contacts with elements of the 3
subunit. In particular, Asp> COO™ makes a salt bridge with Lys!>” NH{" (ou), and Phu! is in

contact only with residues of the o4 subunit. Nor Tyr!3

aryl ring or other residues of the f1-al
loop are tightly packed against the ligand, giving room to the dislocation of B1-al loop of the
BI domain necessary for receptor activation.

Also 12a, which shares the same stereochemistry array of 3a, maintains the lopsided

orientation within the receptor, therefore having few contacts with the B; subunit (Appendix A:
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Figures S18-S19), and indeed proved itself to be a good promoter of cell adhesion (Table 3.1).
The other CPPs adopt bioactive conformations which are intermediate between the flat 3¢ and
the lopsided 3a, in general making interactions with both subunits, plausibly accounting for
their inferior agonist effects (Table 3.1).

Interestingly, in the asPi-3a complex, the distance between the cations at MIDAS and
ADMIDAS appears slightly increased by around 0.8 A as compared to the a4fi-3¢ complex.
This seems in contrast to the crystallographic evidence for B3 integrin. In the inactive
conformation, the latter shows an acutely bent conformation. During agonist-induced headpiece
opening, movements occur mainly in the 3 subunit, and the distance between B1-al loop
elements and the o subunit decreases.!*”! The interaction of ligand’s carboxylate with MIDAS
seems to be necessary for receptor activation, while pulling by the o subunit may be not
fundamental.**! During the conformational transition the ADMIDAS experiences a noteworthy
movement towards MIDAS of 3.9 A, as discussed in Chapter 2.57]

On the other hand, a moderate increase of the distance between MIDAS and ADMIDAS,
as calculated for the agonist 3a, might make more sense for B; integrins. Unlike the resting
structures of s integrins, asP; integrin exhibited only a half-bent conformation.**4!l In B,
integrins, Ca*" in the ADMIDAS seems to be a negative regulatory site responsible for integrin
inhibition.*”) Plausibly, the presence in the calculated model of Ca** at ADMIDAS could
contribute to prevent a larger conformational transition. It has been supposed that during
receptor activation of B integrins, Ca** at the ADMIDAS site becomes highly mobile and
eventually is expelled from the site, whereas that of LIMBS (SyMBS) and MIDAS remain
unchanged. Consistent to this, the inspection of the solid, close water-accessible surface of o4f31-
3a complex (Figure 3.8) shows that Ca?* of ADMIDAS is more exposed respect to the oufi-3¢
complex.

Finally, there is evidence that in asf: integrin the binding of small peptide ligands is not
sufficient for full integrin opening.*®! The extended, open conformation is observed only when
both Mn?** and FN are present,[**) while Ca** binding to the ADMIDAS seems to stabilize the
closed conformation.

In this scenario, our data for a4f; integrins seem to suggest that ligand binding and the
overall integrin conformation are less tightly coupled than for other integrins. The small agonist
3a alone at the binding site seems capable of activating intracellular signaling as an agonist.
However, this interaction is not sufficient to induce full receptor opening.!*") Nevertheless, this
agonist might act as a promoter of protein-protein interactions (PPIs),!*’ being capable to
predispose the receptor to adopt a semi-activated conformation and to facilitate Ca®" depletion.
The large reorganization of integrin structure would be possible only as a result of subsequent
FN binding.
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3.3 Conclusion

The CPPs described herein were proposed as potential ligands of a4 integrin. In particular,
the CPP 3c, ¢[(R)-Phu-LDV-(S)-isoAsp], resulted to be an antagonist of o4 integrins with
moderate potency, while 3a, c[(S)-Phu-LDV-(S)-isoAsp], appeared to be a potent agonist
capable to increase both o1 and a4f7 integrin-mediated cell adhesion. In addition, 12a, c[(R)-
Phu-LAV-(S)-isoAsp], was an agonist which selectively promoted the adhesion of a4 with
low nanomolar potency but not that of ausf7 integrin-expressing cells. Furthermore, these o/f3
hybrid cyclopeptides demonstrated excellent enzymatic stability, as evidenced by incubation in
mouse serum.

In addition, the constrained cyclic LDV peptides could represent suitable probes to explore
the structural requirements with respect to the 3D arrangement of the pharmacophoric groups
and the interactions with a4 integrin. To the purpose, we assembled a homology model of the
receptor and optimized it by DFT combined QM/MM calculation to predicted ligands’
conformations within the receptor. The binding geometries of 3a and 3¢ showed modest
differences, despite of significantly different functions. Albeit speculative, the simulations are
suggestive of a possible role of the agonist 3a as small-molecule PPIs stabilizer, capable of
prearranging the receptor in a semi-activated conformation. While the inhibition of PPIs by
means of small-molecule drugs that disrupt or prevent a binary protein complex represents a
classic approach in pharmacology, the opposite strategy to stabilize PPIs with small molecules
is still regarded as an “exotic” approach, scarcely explored in the integrin field.*4]

Further developments might stem from potential applications of the agonist ligands in
diagnostics or theranostics. These CPPs might serve as equivalents of the well-known integrin
ligand c[RGDfK] which found a wide range of applications for targeting cancer cells, for cell

growth and regenerative medicine, etc.[*34"]

3.4 Experimental Section

General Procedures. Unless otherwise stated, standard chemicals and solvents were
purchased from commercial sources and used as received without further purification. Target
compounds were determined to be =95% pure by analytical HPLC analyses, performed on
Agilent 1100 series apparatus, using a reverse-phase column Phenomenex mod. Gemini 3 pm
Cis 110 A 100 x 3.0 mm (No 00D-4439-Y0); column description: stationary phase octadecyl-
carbon-chain-bonded silica (Cig) with trimethylsilyl endcap, fully porous organosilica solid
support, particle size 3 um, pore size 110 A, length 100 mm, internal diameter 3 mm; mobile
phase for neutral compounds: from H>O/CH3CN (9:1) to HoO/CH3CN (2:8) in 20 min at a flow
rate of 1.0 mL-min™!, followed by 10 min at the same composition; DAD (diode-array detection)
210 nm; mobile phase for ionisable peptides: from 9:1 H>O/CH3CN/0.1% HCOOH to 2:8
H,O/CH3;CN/0.1% HCOOH in 20 min, flow rate of 1.0 mL min'; DAD 254 nm.
Semipreparative RP HPLC was carried out with an Agilent 1100 series apparatus, using reverse-
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phase column ZORBAX mod. Eclipse XDBCI18 PrepHT cartridge 21.2 x 150 mm 7 pum (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; XSelect Peptide CSH C18 OBD column (Waters), 19 X 150 mm 5 pm (no. 186007021).
column description: stationary phase octadecyl-carbon-chain-bonded silica (Cisg), double
endcapped, particle size 5 um, pore size 130 A, length 150 mm, internal diameter 19 mm; DAD
210 nm, DAD 254 nm; gradient mobile phase from H,O/CH3CN (8:2) to CH3CN (100 %) in
10 min at a flow rate of 12 mL'min’!, isocratic mobile phase 1:1 H,O/CH3CN /0.1 % TFA in 8
min at a flow rate of 10 mL'min"!. Routine 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.
High resolution mass spectrometry (HRMS) was performed with a Xevo G2XS QTof apparatus.
NMR spectra were recorded on Varian Gemini apparatus (‘H: 400 MHz, '3C: 100 MHz) or
Bruker BioSpin GmbH ('H: 600 MHz, *C: 150 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 (J) and referenced to
residual nondeuterated solvent signal as internal standard (CDCls 'H: 7.26 ppm, '*C: 77.16 ppm;
(CDs),S0: 'H: 2.50, '3C: 39.52 ppm). The unambiguous assignment of 'H NMR resonances
was based on 2D gCOSY experiments. 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.

General procedure for SPPS of linear peptides 9. The linear peptides were assembled
manually on Wang resin (0.3 g, 1.1 mmol/g loading capacity) using standard procedures. Prior
to use, the resin was swollen in DMF (3 mL) for 15 min. In a separate vial, (S)- or (R)-Fmoc-
Asp-OBn (0.3 mmol) and HOBt (0.3 mmol) were dissolved in DMF (4 mL). After 20 min the
mixture was added to the resin, followed by DCC (0.3 mmol) and a catalytic amount of DMAP,
and the resin was gently shaken for 3 h at RT. Thereafter, a mixture of Ac2O (10 mmol) and
pyridine (10 mmol) was added and shaken for additional 30 min to endcap the unreacted 4-
hydroxybenzyl alcohol linkers. The resin was filtered and washed alternatively with DMF,
MeOH, and DCM, (3%4 mL each).

Fmoc cleavage was carried out using 20% (v/v) piperidine in DMF (5 mL), while gently
shaking at RT for 10 min. After washing with DMF and DCM (5 mL), the deprotection was
repeated. The resin was then washed sequentially with DMF, MeOH, and DCM, (3x4 mL each).
The subsequent coupling reactions were performed by dissolving in a separate vial Fmoc-
protected amino acids (0.3 mmol) and HOBt (0.3 mmol) in DMF (4 mL) for 20 min. The last
introduced residue was Boc-Phu-OH. The mixture was poured into the reactor followed by
DCC (0.3 mmol), and the suspension was shaken for 3 h at RT. Coupling efficacy was

monitored by Kaiser test.
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Cleavage from the resin and simultaneous removal of Boc protecting group was performed
by using a 95:2.5:2.5, v/v/v mixture of TFA/TIPS/H>0 (10 mL) while shaking for 2.5 h at RT.
The mixture was filtered and the resin washed twice with Et2O/DCM containing a small portion
of TFA. The filtrates were collected and solvents were removed under reduced pressure, and
ice-cold Et,0O was added to precipitate the crude peptides as TFA salt, which were recovered by
centrifuge and used for the cyclization without further purification. Peptide identity was
confirmed by ESI MS (Appendix A: Table S1).

General procedure for Synthesis of the CPPs. The cyclization of the crude peptide was
performed under pseudo-high dilution condition. A solution of the linear peptides (0.15 mmol)
in DMF (10 mL) was added over 16 h using a syringe pump, to a mixture of of HBTU (0.45
mmol), HOBt (0.45 mmol) and DIPEA (0.9 mmol) in DMF, at RT. Once the addition was
complete, the reaction was stirred for additional 2 h. Then, the solvent was distilled at reduced
pressure, and the crude peptides were isolated by RP HPLC on a semipreparative C18 column
(General methods). Compound’s identity was confirmed by ESI MS, in reasonable yield
(Appendix A: Table S1).

Removal of benzyl protecting groups was performed by catalytic hydrogenation. A stirred
suspension of the protected cyclopentapeptide 10 (0.1 mmol) and a catalytic amount of 10%
w/w Pd/C in absolute EtOH (10 mL) was stirred under Hz atmosphere for 12 h at RT. Thereafter,
the catalyst was filtered off over Celite® and the solvent was distilled under reduce pressure, to
afford the final products 3a-d in quantitative yield. The purity (Table 3.1) and the identity of
the products were determined to be >95% by RP HPLC coupled to ESI MS, and by 'H and *C
NMR, and 2D gCOSY experiments in 8:2 DMSO-ds/H>0.

Cell adhesion assays. For adhesion assays on Jurkat E6.1, RPMI8866, HL60 cells, black
96-well plates were coated overnight at 4 °C with VCAM-1 or ICAM-1 or MAdCAM-1 (5
pg/mL) or Fg (10 pg/mL). The cells were counted, stained with CellTracker green CMFDA
(12.5 uM, 30 min at 37 °C, Life Technologies) and after three washes, were preincubated with
increasing concentrations of new CPP (1071°-10 M) or with the vehicle (methanol) for 30 min
at 37 °C. Then, cells were plated (500000/well) on coated wells and incubated for 30 min at
37 °C. After three washes, adhered cells were lysed with 0.5% Triton X-100 in PBS (30 min at
4 °C) and fluorescence was measured (Ex 485 nm/Em 535 nm) in an EnSpire Multimode Plate
Reader (PerkinElmer, Waltham, MA, USA). For adhesion assays mediated by asp1 integrin, 96-
well plates were coated by passive adsorption with FN (10 pg/mL) overnight at 4 °C. K562
cells were counted and preincubated with various concentrations of the peptides or with the
vehicle (methanol) for 30 min at RT. Afterwards, the cells were plated (50,000 cells/well) and
incubated at RT for 1 h. The wells were then washed with 1% BSA in PBS (phosphate-buffered
saline) to take off nonadherent cells, and 50 pL of hexosaminidase substrate was added; after
addition of 100 pL of stopping solution the plates were read at 405 nm. In both types of adhesion

assay, the number of adherent cells was determined by comparison with a standard curve made
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in the same plate. Experiments were carried out in quadruplicate and repeated at least three
times. Data analysis and ECso or ICso values were calculated using GraphPad Prism 5.0
(GraphPad Software, San Diego, CA, USA) and concentration-response curves are provided in
Appendix A: Figures S2-S7. In addition, to depict agonistic or antagonistic behaviour of the
new synthesized compounds, we calculated the adhesion index (Figure 3.2), which is calculated
as the ratio between the number of adhered cells in the presence of the highest CPP
concentration (10* M) and the number of adhered vehicle-treated cells. Based on the adhesion
index value, it is possible to distinguish between: agonist (adhesion index >1, cell adhesion is
increased), antagonist (adhesion index <I, cell adhesion is decreased), compounds not
significantly modifying integrin-mediated cell adhesion (adhesion index =1, cell adhesion is
not altered).

Competitive binding assay on purified integrins. Solid-phase ligand binding assays on
purified integrin were conducted as previously described? with the following modifications.
Regarding asp: and ar B2 integrins, black 96-well plates were coated by passive adsorption with
FN (0.5 pg/mL) for aspi or with ICAM-1 (10 pg/mL, R&D Systems) for arf2 in carbonate
buffer (15 mM Na;COs, 35 mM NaHCOs, pH 9.6) overnight at 4 °C. The following day, wells
were blocked with TSB buffer (20 mM Tris-HCL, 150 mM NacCl, 1 mM CaCl,, 1 mM MgCla,
1 mM MnCl, pH 7.5, 1% BSA) for 1 h at room temperature. Purified asB; (10 pg/mL) or arp2
(7 ng/mL) was incubated with the new synthesized compounds, at different concentrations (10~
-107'° M), in coated wells for 1 h at RT. Then, after three washes with PBS buffer, primary
antibody (anti-aspi, BD Bioscience, 1:100 dilution or anti-ar, Abcam, 1:200 dilution) was
added for 1 h at RT. Then, anti-rabbit AlexaFluor488-secondary antibody (ThermoFisher
Scientific, 1:400 dilution) was added after three washes with PBS buffer and incubated 1 h at
room temperature. After washing three times, fluorescence was measured (Ex 485 nm/Em 535
nm) in Multimode Plate Reader (PerkinElmer, Waltham, MA, USA).

For the evaluation of binding affinity to purified a4f1, ompB2 and 047 integrins, competitive
solid-phase ligand binding assays were performed as follows. Black 96 well plates were coated
overnight at 4 °C with the following endogenous ligands: FN or VCAM-1 (10 pg/mL) for a4f1,
MAdCAM-1 (2 pg/mL) for asf7, and fibrinogen (10 pug/mL) for ampz, in PBS +2mM MgCl +
0.5% BSA. Afterwards, each well was washed and blocked for 1 h at RT. Purified integrins
(04P1: 0.5 pg/mL; a4fB7: 0.5 pg/mL; amPa: 0.5 pg/mL; R&D Systems) were pre-incubated with
serial dilutions of new compounds (107*-107' M) for 30 min at RT and then plated into coated
wells for 1 h at RT. After 2 washes, primary antibody (for a1 and ouf37: rabbit anti-o4, Abcam,
1:100 dilution; for amp2: rabbit anti-am, Abcam, 1:100 dilution) was added and incubated for 1
h at RT. The plate was washed twice and then was incubated with anti-rabbit AlexaFluor488
secondary antibody (1:400 dilution, ThermoFischer Scientific) for 1 h at RT. After washing

three times, fluorescence was measured as described in the previous section.
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Experiments were carried out in triplicate and repeated at least three times. Data analysis
and ICso affinity values were calculated using GraphPad Prism 9 (GraphPad Software, San
Diego, CA, USA) and binding curves are shown in Appendix A: Figures S8-S12.

Western blot analysis. Western blot analysis was performed as previously described, with
the following modifications. Jurkat E6.1 cells were cultured for 16/18 h in RPMI medium
containing 1% PBS; then, 4 x 10° cells were incubated for 1 h with different concentrations of
the most effective cyclic peptides (1077, 10, 10 M), which were identified as agonists in cell
adhesion assays mediated by ouf3; integrin. On the other hand, after 1 h incubation with integrin
antagonists, the cells were then seeded on FN (10 pg/mL) coated plates for 1 h. Integrin agonists
were not incubated with FN. At the end of the incubation time, Jurkat E6.1 cells were lysed on
ice using a mammalian protein extraction reagent (M-PER; Pierce, Rockford, IL, USA)
supplemented with a phosphatase inhibitor cocktail. Protein extracts were quantified using a
BCA protein assay kit (Pierce, Rockford, IL, USA), separated by 12% SDS-PAGE gel,
transferred onto nitrocellulose membranes and immunoblotted with anti-phospho-ERK1/2
(1:1000) (Cell Signalling Technology, Danvers, MA, USA) or anti-total ERK1/2 antibodies
(1:2500) (Cell Signalling Technology). Protocols for digital image acquisition and analysis have
been previously described.!*®] Densitometric analysis of the bands is reported (mean + SD; n=3);
the amount of phosphorylated ERK1/2 (pERK1/2) is normalized to that of total ERK1/2
(totERK1/2). Experiments were replicated independently at least three times. Statistical
analyses were performed using one-way ANOVA and post hoc Newman-Keuls test.

In Vitro Enzymatic Stability. Enzymatic stability tests were carried out in triplicate and
repeated three times using mouse serum (Sigma-Aldrich). Peptides was dissolved in Tris buffer
pH 7.4 to a 10 mM concentration, and 10 mL aliquots were added to 190 mL of serum.
Incubations were maintained at 37 °C, and 20 mL aliquots were sampled from the incubation
mixtures at the indicated times of 0, 0.15, 0.5, 1.0, 2.0, 3.0 h. Samples were diluted with 90 mL
CH;CN, and enzymatic activity was definitively stopped by adding 90 mL of 0.5% AcOH. After
centrifugation (13,000xg for 20 min), the supernatants were separated and the amount of
remaining peptide was assessed by RP HPLC.

Conformational Analysis of CPPs. Peptide samples were dissolved in 8:2 DMSO-
ds/H>O in 5 mm tubes to the final concentration of 0.01 M. At this concentration, the
intramolecular aggregation in mixtures of DMSO-ds 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 through gCOSY. VT 'H-NMR experiments were recorded over
the range of 298-348 K. 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
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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™! A2).

Molecular dynamics 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 A3 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™! A, 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 100 ns at 298 K using periodic boundary conditions, at constant temperature and
pressure (Berendsen scheme, bath relaxation constant of 0.2). For 1-4 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 modelling. The ligand molecules were obtained using a systematic
conformational search followed by geometry optimization of the lowest energy structure with
MOPAC7 (PM3 Method, RMS gradient 0.01).[*°! Since the precise structure of the oup; integrin
is not yet available, the ouf1 integrin receptor model was obtained by combining the
Crystallographic structures of the o4 subunit (PDB ID: 3V4V) and of the i subunit (PDB ID:
4WK4). This decision was made considering the better homology of the pair B1/B7 (52.80%)
compared to o4/as (34.22%). The structural superposition was obtained using the “MatchMaker”
procedure implemented in UCSF-Chimera.*®! The pair-wise sequence alignments of the protein
fragments were achieved using the blocks substitution matrix 62 (BLOSUM-62) by the

(51 The coordinates of the subunits were aligned using residue

Needleman-Wunsch algorithm.
pairs from the sequence alignments. The superposition/alignment steps were iterated until
convergence to perform one or more cycles of refitting of the structures using the sequence
alignment and generating a new sequence alignment from the adjusted superposition. The
residues at the ouP interface were checked and any clashes/overlaps were removed using the
Dunbrack 2010 rotamer library, a backbone-dependent rotamer library composed of rotamer

frequencies, mean dihedral angles and variances as a function of the backbone dihedral
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angles.!*?l Hydrogen atoms were added with respect of hydrogen bonding network by Reduce
software!>! and the PROPKA program!®*>*1 was employed to estimate the protonation states of
the titratable residues. The final model was then validated using the ligands present in the two
crystallographic structures used as models (RO0505376 in 04f7 and the cRGD peptide in asp1).
Even considering the obvious differences due to the new combination of the subunits, the
complexes resulting from the molecular docking simulations are consistent with the
conformations of the original complexes. Molecular docking experiments were performed with
Autodock 4.0. 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 Tools (ADT) software.*8! Gasteiger PEOEP]
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 favourable free energy
of binding. The poses thus obtained were equilibrated by a 5.0 ns of partially restrained MD
simulation using the CUDA® version of the GROMACS package!*® with a modified version of
the AMBER ff03 force field, a variant of the AMBER f{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. Amber Tools?***" was applied to
generate the Generalized Amber Force Field (GAFF) files for the unusual residues. The
GROMACS molecular topology files (*.gro and *.top) were obtained from the Amber files by
Acpype.[!] The MD consisted of 100 ps heating dynamics from 0 to 300 K, followed by
equilibration dynamics performed for 5 ns. The MD simulation was performed at constant
temperature and volume, with the application of constrained harmonic potentials for the metal
ions. After the above-described MD simulations, a combined QM/MM calculation between the
ligand and the protein environment was performed using the NWChem 6.1.1 package.!°?! The
QM region contained the ligand atoms, the MIDAS 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!®! exchange-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
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field (B3LYP-D3/6-31G(d) | Amber ff99). Hydrogen link atoms were used for the QM/MM
boundary and the non-bonded QM/MM interactions were calculated with a cut-off of 10 A.

Interactions of QM atoms with all MM charges were included in calculations.

NMR/HRMS-ESI Characterization

c[(S)-Phu-Leu-Asp-Val-(S)-isoAsp] 3a. *H-NMR (400 MHz, 8:2 DMSO-de/H,0) & 8.98 (s, 1H, PhuNHb), 8.65
(d, J =6.0Hz, 1H, LeuNH), 8.22-8.14 (m, 2H, AspNH + PhuNH), 7.90 (s, 1H, PhuNHa), 7.80 (d, J = 7.6 Hz, 1H,
ArHg), 7.75 (d, J=9.2 Hz, 1H, ValNH), 7.37 (d, J=7.6 Hz, 2H, ArHy¢), 7.22-7.09 (m, 5H,
ArHs-s+ArHs s+isoAspNH), 6.94 (dd, J = 7.2, 6.8 Hz, 1H, ArHa), 4.60-4.53 (m, 1H, isoAspHa), 4.38-4.31 (m,
1H, PhuHa), 4.29-4.24 (m, 1H, AspHa), 4.16 (dd, J = 9.2, 4.0 Hz, 1H, ValHo), 3.79-3.68 (m, 1H, LeuHa), 2.97-
2.89 (m, 2H, PhuCHp+AspHp), 2.87 (dd, J = 14.0, 7.6 Hz, 1H, AspHp), 2.74 (dd, J = 14.0, 2.0 Hz, 1H, PhuCHp),
2.69 (dd, J = 14.4, 2.4 Hz, 1H, isoAspHp), 2.61 (dd, J = 14.4, 4.0 Hz, 1H, isoAspHp), 2.34-2.25 (m, 1H, ValHp),
2.23 (s, 3H, ArCH3), 1.73-1.62 (m, 1H, LeuHp), 1.55-1.43 (m, 1H, LeuHp), 1.40-1.30 (m, 1H, LeuHy), 0.91-0.76
(m, 12H, ValCHs+LeuCHg); *C-NMR (100 MHz, DMSO-dg) § 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. HRMS-ESI/QTOF m/z calcd. for [CssH4sN7010]* 738.34627,
found 738.34654 [M+H]*.

c[(S)-Phu-Leu-Asp-Val-(R)-isoAsp] 3b. *H-NMR (400 MHz, 8:2 DMSO-d¢/H,0) 6 9.02 (s, 1H, PhuNHDb), 8.49
(br.d, 1H, AspNH), 8.38 (d, J = 8.4 Hz, 1H, LeuNH), 8.32 (d, J = 8.4 Hz, 1H, PhuNH), 8.20 (br.d, 1H, ValNH),
8.01 (br.d, 1H, isoAspNH), 7.94 (s, 1H, PhuNHa), 7.80 (d, J = 8.0 Hz, 1H, ArHg), 7.36 (d, J = 8.0 Hz, 2H, ArHy¢),
7.18 — 7.11 (m, 4H, ArHs-s+ArHs5), 6.93 (dd, J = 7.6, 7.2 Hz, 1H, ArH,), 4.40-4.32 (m, 2H, AspHa+PhuHa),
4.27-4.17 (m, 2H, isoAspHo+LeuHa), 3.96 (dd, J = 9.2, 8.8 Hz, 1H, ValHa), 3.03 (dd, J = 14.2, 3.8 Hz, 1H,
PhuHB), 2.80-2.68 (m, 4H, PhuHpB+isoAspHB+AspHp), 2.38 (dd, J = 15.2, 1.6 Hz, 1H, isoAspHp), 2.23 (s, 3H,
ArCHs), 2.13-2.05 (m, 1H, ValHp), 1.72-1.61 (m, 1H, LeuHp), 1.50-1.48 (m, 2H, LeuHB+LeuHy), 0.87-0.85 (m,
12H, ValCHs+LeuCHs); *C-NMR (100 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. HRMS-ESI/QTOF m/z calcd. for [C3sHasN7O10]* 738.34627, found 738.34599
[M+H]".

c[(R)-Phu-Leu-Asp-Val-(S)-isoAsp] 3c. *H-NMR (400 MHz, 8:2 DMSO-ds/H,0) & 9.04 (s, 1H, PhuNHb), 8.30
(br.d, 1H, PhuNH), 8.25-8.15 (m, 2H, isoAspNH+LeuNH), 8.02 (br.d, 1H, VaINH), 7.93 (s, 1H, PhuNHa), 7.79
(d, J = 8.4 Hz, 1H, ArHs), 7.70 (d, J = 6.4 Hz, 1H, Asp-NH), 7.34 (d, J = 8.0 Hz, 2H, ArHy¢), 7.17 — 7.11 (m,
2H, ArHss), 7.06 (d, J = 8.0 Hz, 2H, ArHss), 6.93 (t, J = 7.2 Hz, 1H, ArHy), 4.48-4.42 (m, 1H, AspHa), 4.38-
4.35 (m, 1H, PhuHa), 4.32-4.25 (m, 1H, isoAspHa), 4.02-3.92 (m, 1H, LeuHa), 3.58-3.49 (m, 1H, ValHa), 2.79-
2.73 (m, 3H, PhuHpB+AspHp), 2.68-2.55 (m, 3H, isoAspHB+AspHp), 2.36-2.26 (m, 1H, ValHp), 2.22 (s, 3H,
ArCHg), 1.38-1.28 (m, 2H, LeuHp), 1.02-0.92 (m, 1H, LeuCHy), 0.83 (d, J = 6.4 Hz, 3H, LeuCHj3), 0.79 (d, J =
6.4 Hz, 3H, LeuCHs), 0.72 (d, J = 6.0 Hz, 3H, ValCHs3), 0.64 (d, J = 6.4 Hz, 3H, ValCHj3); 3C-NMR (100 MHz,
DMSO-dg) 0172.3,172.0,171.8,171.1,170.1, 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. HRMS-
ESI/QTOF m/z calcd. for [C3sHasN7O10]* 738.34627, found 738.34688 [M+H]*.
c[(R)-Phu-Leu-Asp-Val-(R)-isoAsp] 3d. *H-NMR (400 MHz, 8:2 DMSO-ds/H20) ¢ 8.99 (s, 1H, PhuNHDb), 8.55
(d, J=6.4 Hz, 1H, ValNH), 8.51 (d, J = 4.8 Hz, 1H, PhuNH), 8.42 (d, J = 6.8 Hz, 1H, isoAspNH), 8.24 (d, J =
8.4 Hz, 1H, LeuNH), 7.90 (s, 1H, PhuNHa), 7.80 (d, J = 7.6 Hz, 1H, ArH6), 7.35 (d, J = 7.6 Hz, 3H,
AspNH+ArH2’6), 7.19-7.10 (m, 2H, ArH3,5), 7.09 (d, J = 8.0 Hz, 2H, ArH3’5"), 6.94 (dd, J = 7.6, 7.2, Hz, 1H,
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ArH4), 4.54 (dd, J = 12.4, 4.4 Hz, 1H, AspHa), 4.42-4.35 (m, 1H, isoAspHa), 4.29-4.21 (m, 1H, PhuHa), 3.97-
3.89 (m, 1H, LeuHa), 3.24-3.17 (m, 1H, ValHa), 2.84-2.69 (m, 3H, PhuHB+AspHp), 2.682.54 (m, 3H,
iSOASpHB+ValHp), 2.46-2.42 (m, 1H, AspHp), 2.23 (s, 3H, ArCHs), 1.40-1.31 (m, 1H, LeuHp), 1.30-1.22 (m, 1H,
LeuHp), 0.84 (d, J = 6.4 Hz, 7H, ValCHs+LeuHy) 0.68 (d, J = 6.4 Hz, 3H, LeuCHj3), 0.58 (d, J = 5.6 Hz, 3H,
LeuCHjs); **C-NMR (100 MHz, DMSO-ds) 6 172.0, 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. HRMS-ESI/QTOF m/z calcd. for [CssHasN7O10]* 738.34627, found 738.34701
[M+H]".

c[(S)-Phu-Leu-Asp-Val-(R)-5*homoAla] 11a. *H NMR (400 MHz, 8:2 DMSO-ds/H20) & 9.01 (s, 1H, PhuNHb),
8.71 (d, J = 6.8 Hz, 1H, LeuNH), 8.07 (d, J = 7.2 Hz, 1H, AspNH), 7.92 (s, 1H, PhuNHa), 7.81 (d, J = 8.4 Hz,
2H, PhuNH+ArH®6), 7.59 (d, J = 9.6 Hz, 1H, ValNH), 7.37 (d, J = 8.8 Hz, 2H, ArH2’6"), 7.17 (d, J = 8.8 Hz, 3H,
ArH3’5°+ArH3), 7.12 (d, J = 8.4 Hz, 1H, ArH5), 7.03 (d, J = 7.6 Hz, 1H, B3AlaNH), 6.93 (dd, J = 8.0, 7.2 Hz,
1H, ArH4), 4.41 (dd, J = 15.2, 7.2 Hz, 1H, PhuHa), 4.24 (dd, J = 12.8, 7.2 Hz, 1H, AspHa), 4.16-4.14 (m, 1H,
BEAlaHpB), 4.11 (dd, J = 9.6, 5.6 Hz, 1H, ValHo), 3.66-3.60 (m, 1H, LeuHa), 2.91-2.84 (m, 3H, PuHB+AspHp),
2.76 (dd, J = 12.8, 8.0 Hz, 1H, PhuHB), 2.50 (m, 1H, B*AlaHa), 2.23-2.20 (m, 4H, ArCHs+ValHp), 2.01 (dd, J =
13.2, 6.4 Hz, 1H, B*AlaHa), 1.76-1.69 (m, 1H, LeuHp), 1.501.43 (m, 1H, LeuHp), 1.23-1.18 (m, 1H, LeuHy), 1.11
(d, J=6.4 Hz, 3H, B*AlaCHs), 0.86 (d, J = 7.2 Hz, 6H, ValCH3), 0.82 (d, J = 6.4 Hz, 3H, LeuCHs), 0.78 (d, J =
6.0 Hz, 3H, LeuCHs); 3C NMR (101 MHz, DMSO-dg) 6 172.5, 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. HRMS-ESI/QTOF m/z calcd. for [CssHsoN;Og]* 708.37209, found
708.37190 [M+H]*.

c[(S)-Phu-Leu-Ala-Val-(S)-isoAsp] 12a. *H-NMR (400 MHz, 8:2 DMSO-ds/H20) 6 10.56 (br.d, 1H, LeuNH),
9.18 (s, 1H, PhuNHDb), 9.06 (br.d, 1H, PhuNH), 8.58 (br.d, 1H, AlaNH), 8.05 (s, 1H, PhuNHa), 7.80 (d, J = 7.6
Hz, 1H, ArH6), 7.51 (d, J = 9.6 Hz, 1H, ValNH), 7.40 (d, J= 8.4 Hz, 2H, ArH2’6"), 7.18-7.09 (m, 2H, ArH3,5),
7.05 (d, J= 8.0 Hz, 2H, ArH3’5"), 6.93 (dd, J = 7.6, 7.2, Hz, 1H, ArH4), 6.86 (d, J = 6.0 Hz, 1H, isoAspNH), 4.40
(d, J = 8.8 Hz, 1H, ValHa), 4.26 (dd, J = 7.2, 6.4 Hz, 1H, AlaHo), 4.12-4.05 (m, 1H, isoAspHa), 4.04-3.92 (m,
2H, PhuHa+LeuHa), 2.94-2.80 (m, 2H, PhuHB+isoAspHp), 2.69-2.56 (m, 2H, PhuCHp+isoAspHp), 2.56-2.49
(m, 1H, ValHp), 2.24 (s, 3H, ArCHs), 1.87-1.76 (m, 1H, LeuHp), 1.40 (d, J = 7.6 Hz, 3H, AlaCH3), 1.15-1.01 (m,
4H, LeuHp+ValCHs), 0.92-0.79 (m, 4H, ValCHs+LeuCHy), 0.73 (s, 3H, LeuCHs), 0.57 (s, 3H, LeuCHs); *C-
NMR (100 MHz, DMSO-ds) 6 176.5,175.9, 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.
HRMS-ESI/QTOF m/z calcd. for [CssHasN7Og]* 694.35644, found 694.35596 [M+H]*.
c[(S)-PhU-Leu-Asp-Val-(S)-isoAsp(nPr)] 13. *H NMR (400 MHz, 8:2 DMSO-ds/H,0) 6 9.08 (br s, 1H, PhuNHDb),
8.73 (d, J = 7.2 Hz, 1H, LeuNH), 8.25 (d, J = 5.2 Hz, 1H, AspNH), 7.99 (br s, 1H, PhuNHa), 7.96 (br d, 1H,
PhuNH), 7.82 (d, J = 8.0 Hz, 1H, ArH6), 7.71 (d, J = 8.8 Hz, 1H, VaIlNH), 7.46-7.41 (m, 1H, propyl-NH), 7.38
(d, J = 8.4 Hz, 2H, ArH2’6’), 7.22-7.10 (m, 5H, ArH3’5’+ArH3,5+isoAspNH), 6.93 (t, J = 7.2 Hz, 1H, ArH4),
4.44 (dd, J = 12.4, 7.6 Hz, 1H, isoAspHa), 4.32-4.25 (m, 2H, PhuHa+AspHa), 4.15 (dd, J = 8.8, 6.0 Hz, 1H,
ValHa), 3.72-3.64 (m, 1H, LeuHa), 3.01-2.94 (m, 2H, propylCHy), 2.91-2.80 (m, 4H, PhuCHp+AspHp), 2.65 (dd,
J=14.0, 4.0 Hz, 1H, isoAspHa), 2.55-2.50 (m, 1H, isoAspHa), 2.34-2.25 (m, 1H, ValHp), 2.24 (s, 3H, ArCHz),
1.72-1.63 (m, 1H, LeuHp), 1.52-1.43 (m, 1H, LeuHp), 1.42-1.32 (m, 3H, propylCH,+LeuHy), 0.90-0.74 (m, 15H,
ValCHs+LeuCHs;+propylCHs;); *C-NMR (100 MHz, DMSO-dg) § 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, 23.5, 22.2, 21.0, 20.0, 18.0, 17.9, 11.2. HRMS-ESI/QTOF m/z calcd. for
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[CagHs5NgOg] " 779.40920, found 779.40883 [M+H]*.

c[(R)-Phu-Leu-Asp-Val-(R)-s*homoAla] 11c. *H NMR (400 MHz, 8:2 DMSO-ds/H20) 6 9.05 (s, 1H, PhuNHb),
8.39 (d, J = 4.8 Hz, 1H, PhuNH), 8.15 (d, J = 8.4 Hz, 1H, LeuNH), 7.93 (s, 1H, PhuNHa), 7.88 (d, J = 7.2 Hz,
1H, B*AlaNH), 7.85 (d, J = 8.4 Hz, 1H, VaINH), 7.82 (d, J = 8.0 Hz, 1H, AspNH), 7.79 (d, J = 8.0 Hz, 1H, ArH6),
7.36 (d, J = 8.4 Hz, 2H, ArH2’6), 7.15 (t, J = 8.2 Hz, 1H, ArH5), 7.09 (d, J = 8.4 Hz, 3H, ArH3’5’+ArH3), 6.93
(t, J=7.2 Hz, 1H, ArH4), 4.60 (dd, J = 15.2, 8.0 Hz, 1H, AspHa), 4.28 (dd, J = 13.6, 6.4 Hz, 1H, PhuHa), 4.01
(dd, J = 11.6, 8.0 Hz, 1H, LeuHa), 3.95-3.92 (m, 1H, B*AlaHp), 3.63 (t, J = 7.2 Hz, 1H, ValHa), 2.91 (dd, J =
14.0, 8.4 Hz, 1H, AspHp), 2.87 (dd, J = 12.0, 5.6 Hz, 1H, PhuCHp), 2.76 (dd, J = 14.4, 8.8 Hz, 1H, PhuHp), 2.55-
2.50 (m, 1H, AspHpB), 2.39 (dd, J = 13.6 5.6 Hz, 1H, B*AlaHa), 2.28 (dd, J =, 14.0, 6.8 Hz, 1H, ValHp), 2.23 (s,
3H, ArCHs), 2.16 (dd, J = 13.2, 3.6 Hz, 1H, p3AlaHo), 1.37 (dd, J = 19.2, 6.8 Hz, 2H, LeuHp), 1.26-1.10 (m, 1H,
LeuHy), 1.05 (d, J = 6.8 Hz, 3H, B*AlaCHs), 0.84 (d, J = 6.8 Hz, 3H, VValCHs3), 0.80 (d, J = 6.4 Hz, 3H, ValCHjs),
0.70 (d, J = 6.0 Hz, 3H, LeuCHg), 0.62 (d, J = 5.6 Hz, 3H, Leu-CHj3); 3 C-NMR (100 MHz, DMSO-dg) 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. HRMS-ESI/QTOF m/z
calcd. for [CssHs0N70sg]* 708.37209, found 708.37287 [M+H]*.

c[(R)-Phu-Leu-Ala-Val-(S)-isoAsp] 12c. *H NMR (400 MHz, 8:2 DMSO-d¢/H,0) 6 9.09 (s, 1H, PhuNHDb), 8.36
(brs, 1H, PhuNH), 8.12 (d, J = 6.8 Hz, 1H, LeuNH), 8.00 (s, 1H, PhuNHa), 7.93-7.88 (m, 2H, VaINH+isoAspNH),
7.80(d, J=8.0 Hz, 1H, ArHe), 7.76 (br d, 1H, AlaNH), 7.35 (d, J = 7.6 Hz, 2H, ArHy¢), 7.18-7.09 (m, 2H, ArHsjs),
7.06 (d, J = 7.6 Hz, 2H, ArHys), 6.93 (dd, J = 7.2, 6.8 Hz, 1H, ArHy), 4.41-4.30 (m, 2H, PhuHa+isoAspHa), 4.16
(dd, J=7.2, 6.8 Hz, 1H, AlaHa), 4.00-3.92 (m, 1H, LeuHa), 3.71 (dd, J = 8.0, 6.4 Hz, 1H, ValHa), 2.78 (d, J =
7.2 Hz, 2H, PhuHp), 2.62-2.52 (m, 2H, isoAspHp), 2.33-2.24 (m, 1H, ValHp), 2.23 (s, 3H, ArCH3), 1.39-1.31 (m,
2H, LeuHp), 1.25 (d, J = 6.8 Hz, 3H, AlaCH3), 1.12-1.03 (m, 1H, LeuHy), 0.85 (d, J = 6.4 Hz, 3H, ValCHs), 0.80
(d, J=6.4 Hz, 3H, ValCHs), 0.76 (d, J = 6.4 Hz, 3H, LeuCHj3), 0.68 (d, J = 6.0 Hz, 3H, LeuCHs); *C-NMR (100
MHz, DMSO-dg) 6 172.6,171.7,171.5,171.1, 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. HRMS-
ESI/QTOF m/z calcd. for [CasHagN7Og]* 694.35644, found 694.35665 [M+H]*.
c[(S)-Phu-Phe-Asp-Val-(S)-isoAsp] 14. 'H-NMR (600 MHz, 8:2 DMSO-de¢/H20) ¢ 8.93 (s, 1H, PhuNHDb), 8.72
(d, J=7.2 Hz, 1H, PheNH), 8.21-8.16 (m, 2H, AspNH+PhuNH), 7.89 (s, 1H, PhuNHa), 7.82 (d, J = 7.8 Hz, 1H,
ArHg), 7.70 (d, J = 9.5 Hz, 1H, ValNH), 7.32 (d, J = 8.5 Hz, 2H, ArH,'), 7.29 (t, J = 7.6 Hz, 2H, PheArH), 7.21-
7.15 (m, 4H, PheArH+ArHs), 7.13 (t, J = 7.7 Hz, 1H, ArHs), 7.08 (d, J = 8.4 Hz, 2H, ArHs:5), 7.06 (d, J = 8.2 Hz,
1H, isoAspNH), 6.93 (dd, J = 7.8, 7.2 Hz, 1H, ArHa), 4.57 (dt, J=8.2, 5.5 Hz, 1H, isoAspHa), 4.31 (td, J = 7.6,
5.4 Hz, 1H, PhuHa), 4.26-4.19 (m, 2H, AspHa+ValHa), 4.02 (ddd, J=11.3, 7.1, 4.6 Hz, 1H, PheHa), 3.22 (dd, J
=13.8, 4.6 Hz, 1H, PheHp), 3.06-2.96 (m, 2H, PheHp+PhuHp), 2.86 (dd, J = 16.6, 7.8 Hz, 1H, PhuHp), 2.69 (dd,
J =146, 5.1 Hz, 1H, isoAspHp), 2.59-2.52 (m, 3H, isoAspHB+AspHB), 2.37-2.32 (m, 1H, ValHp), 2.23 (s, 3H,
ArCH3), 0.95-0.87 (m, 6H, ValCH3); *C-NMR (150 MHz, DMSO-dg) 6 172.6, 172.1, 170.6, 170.5, 170.3, 169.7,
152.6, 138.5, 138.2, 137.4, 133.5, 131.1, 130.2, 129.6, 129.3, 129.1, 128.2, 127.4, 126.3, 126.1, 122.6, 121.0,
117.9, 57.6, 55.7, 55.5, 51.8, 48.4, 40.1, 36.9, 35.8, 35.1, 34.7, 30.7, 29.2, 19.8, 17.9, 17.5. HRMS-ESI/QTOF
m/z calcd. for [CagHasN7O10]* 772.33062, found 772.33004 [M+H]".

c[(S)-Phu-Phe-Ala-Val-(S)-isoAsp] 15. 'H-NMR (400 MHz, 8:2 DMSO-ds/H20) 6 8.94 (s, 1H, PhuNHb), 8.51
(d, J = 7.2 Hz, 1H, PheNH), 8.21-8.09 (m, 2H, AlaNH+PhuNH), 7.90 (s, 1H, PhuNHa), 7.86-7.75 (m, 2H,
ArHg+ValNH), 7.35-7.25 (m, 4H, ArH,-s-+PheArH), 7.23-7.17 (m, 3H, PheArH), 7.16 (d, J = 8.0 Hz, 1H, ArHj3),
7.14-7.08 (m, 2H, ArHs+isoAspNH), 7.04 (d, J = 8.2 Hz, 2H, ArHss), 6.93 (t, J = 7.4 Hz, 1H, ArH,), 4.60 (dt, J
=9.3,5.0 Hz, 1H, isoAspHa), 4.22-4.12 (m, 2H, ValHo+PhuHa), 4.12-4.04 (m, 1H, PheHa), 3.98 (t, J = 7.1 Hz,
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1H, AlaHa), 3.22-3.15 (m, 1H, PheHB), 3.07-2.98 (m, 1H, PheHp), 2.64 (t, = 5.7 Hz, 2H, isoAspHp), 2.57 (d, J
= 7.5 Hz, 2H, PhuHp), 2.38-2.30 (m, 1H, ValHB), 2.23 (s, 3H, ArCH3), 1.40 (d, J = 7.1 Hz, 3H, AlaCHs), 0.90
(dd, J = 6.9 Hz, 6H, ValCHs); **C-NMR (100 MHz, DMSO-ds) ¢ 172.1, 172.02, 172.00, 170.6, 170.5, 169.9,
152.7,138.4,138.2,137.4, 131.1, 130.2, 129.3, 129.1, 128.2, 127.4, 126.3, 126.1, 122.6, 121.0, 117.9, 57.5, 55.8,
55.7, 50.7, 48.1, 36.8, 36.0, 35.2, 29.2, 19.8, 17.9, 17.5, 16.7. HRMS-ESI/QTOF m/z calcd. for [C3sHasN7Os]*
728.34079, found 728.34111 [M+H]".

c[(R)-Phu-Leu-Asp-Phg-(S)-isoAsp] 16. *H-NMR (400 MHz, 8:2 DMSO-ds/H-0) 6 8.95 (s, 1H, PhuNHb), 8.57
(d, J = 8.3 Hz, 1H, PhuNH), 8.46 (d, J = 6.3 Hz, 1H, PhgNH), 8.14-8.09 (m, 2H, AspNH+LeuNH), 8.04 (d, J =
8.7 Hz, 1H, AspNH), 7.88 (s, 1H, PhuNHa), 7.81 (d, J = 8.2 Hz, 1H, ArHg), 7.35 (d, J = 8.1 Hz, 2H, ArHy),
7.33-7.18 (m, 5H, PhgArH), 7.17-7.10 (m, 2H, ArHs+ArHs), 7.05 (d, J = 8.2 Hz, 2H, ArHss), 6.94 (td, J = 7.4,
1.3 Hz, 1H, ArHg), 5.15 (d, J = 6.3 Hz, 1H, PhgHa), 4.56-4.47 (m, 2H, PhuHo+isoAspHa), 4.46-4.41 (m, 1H,
AspHa), 3.97 (ddd, J = 10.4, 7.2, 4.9 Hz, 1H, LeuHa), 2.82 (d, J = 7.4 Hz, 2H, isoAspHp), 2.76-2.69 (m, 2H,
AspHB), 2.64-2.52 (m, 2H, PhuHp), 2.23 (s, 3H, ArCH3), 1.38-1.23 (m, 2H, LeuHp), 1.21-1.13 (m, 1H, LeuHy),
0.75 (dd, J = 29.4, 6.5 Hz, 6H, LeuCH3); *C-NMR (100 MHz, DMSO-ds) 6 172.3, 172.1, 171.6, 170.6, 169.7,
169.0, 168.7, 152.6, 138.33, 138.28, 137.5, 130.21, 130.18, 129.6, 129.5, 127.9, 127.5, 126.8, 126.1, 122.6, 121.0,
117.6,57.7,54.4, 52.3, 51.5, 49.7, 40.4, 37.3, 37.15, 37.14, 36.1, 23.7, 23.0, 21.3, 17.9. HRMS-ESI/QTOF m/z
calcd. for [CasHasN-O10]* 772.33062, found 772.33102 [M+H]".

Note: The work described in this chapter has been published in the Journal of medicinal
chemistry with slight modification and has been reproduced here with the permission of the
copyright holder.

Anselmi, M.; Baiula, M.; Spampinato, S.; Artali, R.; He, T.; Gentilucci, L.* Design and
Pharmacological Characterization of a4f: Integrin Cyclopeptide Agonists: Computational
Investigation of Ligand Determinants for Agonism versus Antagonism. J. Med. Chem. 2023,
66 (7), 5021-5040.

References

[1] Galletti, P.; Soldati, R.; Pori, M.; Durso, M.; Tolomelli, A.; Gentilucci, L.; Dattoli, S.D.; Baiula, M.;
Spampinato, S.; Giacomini, D. Targeting integrins a3 and asp; with new B-lactam derivatives. Eur. J. Med. Chem.
2014, 83,284-293.

[2] Baiula, M.; Galletti, P.; Martelli, G.; Soldati, R.; Belvisi, L.; Civera, M.; Dattoli, S.D.; Spampinato, S.;
Giacomini, D. New B-Lactam Derivatives Modulate Cell Adhesion and Signaling Mediated by RGD-Binding and
Leukocyte Integrins. J. Med. Chem. 2016, 59, 9721-9742.

[3] Martelli, G.; Baiula, M.; Caligiana, A.; Galletti, P.; Gentilucci, L.; Artali, R.; Spampinato, S.; Giacomini, D.
Could Dissecting the Molecular Framework of B-Lactam Integrin Ligands Enhance Selectivity? J. Med. Chem.
2019, 62, 10156-10166.

[4] Lin, Kc.; Ateeq, H.S.; Hsiung, S.H.; Chong, L.T.; Zimmerman, C.N.; Castro, A.; Lee, W.C.; Hammond, C.E.;
Kalkunte, S.; Chen, L.L.; Pepinsky, R.B.; Leone, D.R.; Sprague, A.G.; Abraham, W.M.; Gill, A.; Lobb, R.R;
Adams. S.P. Selective, tight-binding inhibitors of integrin a4f; that inhibit allergic airway responses. J. Med. Chem.
1999, 42, 920-934.

76



Universita di Bologna

[5] Abraham, W.M.; Gill, A.; Ahmed, A.; Sielczak, M.W.; Lauredo, I.T.; Botinnikova, Y.; Lin, K.C.; Pepinsky, B.;
Leone, D.R.; Lobb, R.R.; Adams, S.P. A small-molecule, tight-binding inhibitor of the integrin a4f; blocks antigen-
induced airway responses and inflammation in experimental asthma in sheep. Am. J. Respir. Crit. Care. Med. 2000,
162, 603-611.

[6] Karanam, B.V.; Jayra, A.; Rabe, M.; Wang, Z.; Keohane, C.; Strauss, J.; Vincent, S. Effect of enalapril on the
in vitro and in vivo peptidyl cleavage of a potent VLA -4 antagonist. Xenobiotica 2007, 37, 487-502.

[7] Fisher, A.L.; DePuy, E.; Jayaraj, A.; Raab, C.; Braun, M.; Ellis-Hutchings, M.; Zhang, J.; Rogers, J.D.; Musson,
D.G. LC/MS/MS plasma assay for the peptidomimetic VLA 4 antagonist I and its major active metabolite II: For
treatment of asthma by inhalation. J. Pharm. Biomed. Anal. 2002, 27, 57-71.

[8] Singh, J.; Van Vlijmen, H.; Liao, Y.; Lee, W.C.; Cornebise, M.; Harris, M.; Shu, L.; Gill, A.; Cuervo, J.H.;
Abraham, W.M.; Adams, S.P. Identification of Potent and Novel a4fi Antagonists Using in Silico Screening. J.
Med. Chem. 2002, 45, 2988-2993.

[9] Qasem, A.R.; Bucolo, C.; Baiula, M.; Sparta, A.; Govoni, P.; Bedini, A.; Fasci, D.; Spampinato, S. Contribution
of a4f integrin to the antiallergic effect of levocabastine. Biochem. Pharmacol. 2008, 76, 751-762.

[10] Dattoli, S.D.; Baiula, M.; De Marco, R.; Bedini, A.; Anselmi, M. Gentilucci, L.; Spampinato, S. DS-70, a
novel and potent a4 integrin antagonist, is an effective treatment for experimental allergic conjunctivitis in guinea
pigs. Br. J. Pharmacol. 2018, 175, 3891-3910.

[11] Sugg, E.E.; Kimery, M.J.; Ding, J.M.; Kenakin, D.C.; Miller, L.J.; Queen, T.J. Rimele. K.L. CCK-A Receptor
Selective Antagonists Derived from the CCK-A Receptor Selective Tetrapeptide Agonist Boc-Trp-Lys(Tac)-Asp-
MePhe-NH,; (A-71623). J. Med. Chem. 1995, 38, 207-211.

[12] At present, L-Boc-4-amino-phenylalanines is commercially available; at the time of the syntheses of our
cyclopeptides, its commercialization was discontinued.

[13] White, C.J.; Yudin, A.K. Contemporary strategies for peptide macrocyclization. Nat. Chem. 2011, 3, 509-524.
[14] Bochen, A.; Marelli, U.K.; Otto, E.; Pallarola, D.; Mas-Moruno, C.; Di Leva, F.S.; Boehm, H.; Spatz, J.P,;
Novellino, E.; Kessler, H.; Marinelli, L. Biselectivity of isoDGR peptides for fibronectin binding integrin subtypes
asBi1 and a.Pe: Conformational control through flanking amino acids. J. Med. Chem. 2013, 56, 1509-1519.

[15] Malesevic, M.; Strijowski, U.; Béachle, D.; Sewald, N. An improved method for the solution cyclization of
peptides under pseudo-high dilution conditions. J. Biotechnol. 2004, 112, 73-77.

[16] Caputo, R.; Longobardo, L. Enantiopure B3-amino acids-2,2-d, via homologation of proteinogenic a-amino
acids, Amino Acids 2007, 32, 401-404.

[17] Gentilucci, L.; De Marco, R.; Cerisoli, L. Chemical modifications designed to improve peptide stability:
incorporation of non-natural amino acids, pseudo-peptide bonds, and cyclization. Curr. Pharm. Des. 2010, 16,
3185-3203.

[18] Temussi, P.A.; Picone, D.; Saviano, G.; Amodeo, P.; Motta, A.; Tancredi, T.; Salvadori, S.; Tomatis, R.
Conformational analysis of an opioid peptide in solvent media that mimic cytoplasm viscosity. Biopolymers 1992,
32,367-372.

[19] Borics, A.; Toth, G. Structural comparison of p-opioid receptor selective peptides confirmed four parameters
of bioactivity. J. Mol. Graph. Model. 2010, 28, 495-505.

[20] Smith, J.A.; Pease, L.G.; Kopple, K.D. Reverse turns in peptides and Protein. Crit. Rev. Biochem. 1980, &,
315-399.

[21] Cornell, W.D.; Cieplak, P.; Bayly, C.1.; Gould, I.R.; Merz, K.M.; Ferguson, D.M.; Spellmeyer, D.C.; Fox, T.;
Caldwell, J.W.; Kollman, P.A. A second generation force field for the simulation of proteins, nucleic acids, and
organic molecules. J. Am. Chem. Soc. 1995, 117, 5179-5197.

77



Universita di Bologna

[22] Jorgensen, W.L.; Chandrasekhar, J.; Madura, J.D.; Impey, R.W.; Klein, M.L. Comparison of simple potential
functions for simulating liquid water. J. Chem. Phys. 1983, 79, 926-935.

[23] Frank, A.O.; Otto, E.; Mas-Moruno, C.; Schiller, H.B.; Marinelli, L.; Cosconati, S.; Bochen, A.; Vossmeyer,
D.; Zahn, G.; Stragies, R.; Novellino, E.; Kessler, H. Conformational control of integrin-subtype selectivity in
isoDGR peptide motifs: A biological switch. Angew. Chem. Int. Ed. 2010, 49, 9278-9281.

[24] Schuman, F.; Miiller, A.; Koksch, M.; Miiller, G.; Sewald, N. Are B-amino acids y-turn mimetics? Exploring
a new design principle for bioactive cyclopeptides. J. Am. Chem. Soc. 2000, 122, 12009-12010.

[25] Sartori, A.; Bugatti, K.; Portioli, E.; Baiula, M.; Casamassima, I.; Bruno, A.; Bianchini, F.; Curti, C.; Zanardi,
F.; Battistini, L. New 4-aminoproline-based small molecule cyclopeptidomimetics as potential modulators of a4
integrin. Molecules 2021, 26, 6066.

[26] Vanderslice, P.; Biediger, R.J.; Woodside, D.G.; Brown, W.S.; Khounlo, S.; Warier, N.D.; Gundlach IV, C.W.;
Caivano, A.R.; Bornmann, W.G.; D.S. Maxwell, McIntyre, B.W.; Willerson, J.T.; Dixon, R.A.F. Small Molecule
Agonist of Very Late Antigen-4 (VLA-4) Integrin Induces Progenitor Cell Adhesion. J. Biol. Chem. 2013, 288,
19414-19428.

[27] Hickman, A.; Koetsier, J.; Kurtanich, T.; Nielsen, M.C.; Winn, G.; Wang, Y.; Bentebibel, S.E.; Shi, L.; Punt,
S.; Williams, L.; et al. LFA-1 activation enriches tumor-specific T cells in a cold tumor model and synergizes with
CTLA-4 blockade. J. Clin. Invest. 2022, 132 (13), e154152.

[28] Huey, R.; Morris, G.M.; Olson, A.J.; Goodsell, D.S. A semiempirical free energy force field with charge-
based desolvation. J. Comput. Chem. 2007, 28, 1145-1152.

[29] Yu, Y.; Zhu, J.; Mi, L.Z.; Walz, T.; Sun, H.; Chen, J.; Springer, T.A. Structural specializations of o437, an
Integrin that Mediates Rolling Adhesion. J. Cell Biol. 2012, 196, 131-146.

[30] Xia, W.; Springer, T.A. Metal ion and ligand binding of integrin asPi. Proc. Natl. Acad. Sci. USA. 2014, 111,
17863-17868.

[31] Xiong, J.P.; Stehle, T.; Zhang, R.; Joachimiak, A.; Frech, M.; Goodman, S.L; Arnaout, M.A. Crystal structure
of the extracellular segment of integrin ayf; in complex with an Arg-Gly-Asp ligand. Science. 2002, 296, 151-155.
[32] Springer, T.A.; Zhu, J.; Xiao, T. Structural basis for distinctive recognition of fibrinogen yC peptide by the
platelet integrin amwPs. J. Cell Biol. 2008, 182, 791-800.

[33] Carbone, J.; Ghidini, A.; Romano, A.; Gentilucci, L.; Musiani, F. PacDOCK: A Web Server for Positional
Distance-Based and Interaction-Based Analysis of Docking Results. Molecules 2022, 27, 6884.

[34] Modlinger, A.; Kessler, H. Spatial screening for the identification of the bioactive conformation of integrin
ligands. Top. Curr. Chem. 2006, 272, 1-50.

[35] Vasconcelos, D.; Chaves, B.; Albuquerque, A.; Andrade, L.; Henriques, A.; Sartori, G.; Savino, W.; Caffarena,
E.; Martins-Da-Silva, J.H. Development of New Potential Inhibitors of i Integrins through In Silico Methods-
Screening and Computational Validation. Life 2022, 12, 932.

[36] Van Agthoven, J.F.; Xiong, J.P.; Alonso, J.L.; Rui, X.; Adair, B.D.; Goodman, S.L.; Arnaout, M.A. Structural
basis for pure antagonism of integrin avf; by a high-affinity form of fibronectin. Nat. Struct. Mol. Biol. 2014, 21,
383-388.

[37] Zhu, J.; Zhu, J.; Springer, T.A. Complete integrin headpiece opening in eight steps. J. Cell Biol. 2013, 201,
1053-1068.

[38] Paladino, A.; Civera, M.; Belvisi, L.; Colombo, G. High Affinity vs. Native fibronectin in the modulation of
oyP3 integrin conformational dynamics: insights from computational analyses and implications for molecular
design. PLoS Comput. Biol. 2017, 13, €1005334.

78



Universita di Bologna

[39] Lin, F-Y.; Zhu, J.; Eng, E.T.; Hudson, N.E.; Springer, T.A. B-Subunit Binding Is Sufficient for Ligands to
Open the Integrin anpPs Headpiece. J. Biol. Chem. 2016, 291, 4537-4546.

[40] Miyazaki, N.; Iwasaki, K.; Takagi, J. A systematic survey of conformational states in B; and P4 integrins using
negative-stain electron microscopy. J. Cell Sci. 2018, 131, jcs21675.

[41] Su, Y.; Xia, W.; Li, J.; Walz, T.; Humphries, M.J.; Vestweber, D.; Cabaifias, C.; Lu, C.; Springer, T.A. Relating
conformation to function in integrin asfi. Proc. Natl. Acad. Sci. USA. 2016, 113, E3872-E3881.

[42] Schumacher, S.; Dedden, D.; Vazquez Nunez, R.; Matoba, K.; Takagi, J.i; Biertiimpfel, C.; Mizuno, N.
Structural insights into integrin osf; opening by fibronectin ligand. Sci. Adv. 2021, 7, eabe9716.

[43] Bier, D.; Thiel, P.; Briels, J.; Ottmann, C. Stabilization of Protein-Protein Interactions in chemical biology
and drug discovery. Prog. Biophys. Mol. Biol. 2015, 119, 10-19.

[44] Andrei, S.A.; Sijbesma, E.; Hann, M.; Davis, J.; O'Mahony, G.; Perry, M.W.D.; Karawajczyk, A.; Eickhoff,
J.; Brunsveld, L.; Doveston, R.G.; Milroy, L.G.; Ottmann, C. Stabilization of protein-protein interactions in drug
discovery. Expert Opin. Drug Discovery 2017, 12, 925-940.

[45] Zhao, J.; Santino, F.; Giacomini, D.; Gentilucci, L. Integrin-Targeting Peptides for the Design of Functional
Cell-Responsive Biomaterials. Biomedicines 2020, 8, 307.

[46] Kantlehner, M.; Finsinger, D.; Meyer, J.; Schaffner, P.; Jonczyk, A.; Diefenbach, B.; Nies, B.; Kessler, H.
Selective RGD mediated adhesion of osteoblasts at surfaces of implants. Angew. Chem. Int. Ed. 1999, 38, 560-
562.

[47] Greco, A.; Maggini, L.; De Cola, L.; De Marco, R.; Gentilucci, L. Diagnostic implementation of fast and
selective integrin-mediated adhesion of cancer cells on functionalized zeolite L monolayers. Bioconj. Chem. 20185,
26, 1873-1878.

[48] Bedini, A.; Baiula, M.; Spampinato, S. Transcriptional activation of human mu-opioid receptor gene by
insulin-like growth factor-I in neuronal cells is modulated by the transcription factor REST. J. Neurochem. 2008,
105,2166-2178.

[49] Stewart, J.J. MOPAC: a semiempirical molecular orbital program. J. Comput. Aided. Mol. Des. 1990, 4, 1-
105.

[50] Meng, E.C.; Pettersen, E.F.; Couch, G.S. et al. Tools for integrated sequence-structure analysis with UCSF
Chimera. BMC Bioinformatics 2006, 7, 339.

[51] Needleman, S.B.; Wunsch, C.D. A general method applicable to the search for similarities in the amino acid
sequence of two proteins. J. Mol. Biol. 1970, 48, 443-453.

[52] Shapovalov, M.V.; Dunbrack, R.L. Jr. A smoothed backbone-dependent rotamer library for proteins derived
from adaptive kernel density estimates and regressions. Structure 2011, 19, 844-858.

[53] Word, J.M.; Lovell, S.C.; Richardson, J.S.; Richardson, D.C. Asparagine and glutamine: using hydrogen atom
contacts in the choice of side-chain amide orientation. J. Mol. Biol. 1999, 285, 1735-1747.

[54] Sendergaard, C.R.; Olsson, M.H.; Rostkowski, M.; Jensen, J.H. Improved Treatment of Ligands and Coupling
Effects in Empirical Calculation and Rationalization of pKa Values. J. Chem. Theory Comput. 2011, 7, 2284-2295.
[55] Olsson, M.H.; Sendergaard, C.R.; Rostkowski, M.; Jensen, J.H. PROPKA3: Consistent Treatment of Internal
and Surface Residues in Empirical pKa Predictions. J. Chem. Theory Comput. 2011, 7, 525-537.

[56] Morris, G.M.; Goodsell, D.S.; Halliday R.S.; Huey, R.; Hart, W.E.; Belew, R.K.; Olson, A.J. Automated
docking using a Lamarckian genetic algorithm and an empirical binding free energy function. J. Comput. Chem.
1998, 19, 1639-1662.

[57] Gasteiger, J.; Marsili, M. Iterative partial equalization of orbital electronegativity-a rapid access to atomic
charges. Tetrahedron. 1980, 36, 3219-3228.

79



Universita di Bologna

[58] Lindahl, E.; Hess, B.; Spoel, D.V.D. GROMACS 3.0: A package for molecular simulation and trajectory
analysis. Mol. Model. Annu. 2001, 7,306-317.

[59] Wang, J., Wolf, R.M.; Caldwell, J.W.; Kollman, P.A.; Case, D.A. Development and testing of a general amber
force field. J. Comput. Chem. 2004, 25, 1157-1174.

[60] Wang, J.; Wang, W.; Kollman, P.A.; Case, D.A. Automatic atom type and bond type perception in molecular
mechanical calculations. J. Mol. Graph. Model. 2006, 25, 247-260.

[61] Sousa da Silva, A.W.; Vranken, W.F. ACPYPE-AnteChamber PYthon Parser interfacE. BMC Res. Notes
2012, 5, 367.

[62] Apra E.; Bylaska, E.J.; de Jong, W.A.; et al. NWChem: Past, present, and future. J. Chem. Phys. 2020, 152,
184102.

[63] Valiev, M.; Bylaska, E.J.; Govind, N.; Kowalski, K.; Straatsma, T.P.; Van Dam, H.J.J.; Wang, D.; Nieplocha,
J.; Apra, E.; Windus, T.L.; de Jong, W.A. NWChem: A comprehensive and scalable open-source solution for large
scale molecular simulations. Comput. Phys. Commun. 2010, 181, 1477-1489.

80



Universita di Bologna

Chapter 1IV. Fabrication and Characterization of Versatile _Integrin-targeted

Nanoplatforms for Diagnostic and Therapeutic Applications

4.1 Introduction

Nanoparticles (NPs) are defined as solid colloidal particles ranging in size from 10 to 1000
nm.M However, particles > 200 nm are not practically pursued and nanomedicine often refers
to devices < 200 nm, which are comparable to the width of microcapillaries. In particular, for in
vivo applications, such as imaging and drug delivery, nanomaterials, which are mostly in the
range of 10-200 nm, provide unigue properties and advantages, including: 1) enabling micro-
scale or surface chemistry that integrates multiple functions on a single platform; 2) delivering
large payload of imaging or therapeutic agents; 3) prolonging blood circulation or altering
pharmacokinetics and biodistribution for improved delivery; and 4) introducing target
specificity to a molecular biomarker or diseased tissue.

NPs accumulate preferentially in tumors or inflammatory sites via passive drug targeting
due to the well-known enhanced permeation and retention effect (EPR) and impaired lymphatic
drainage in diseased tissues.l”) However, unfunctionalized, native NPs often struggle in the
complex environment of the human body.! The cellular uptake of naked particles can be very
limited, because the cell membrane serves as a semi-permeable barrier, which efficiently
protects the cell interior from the environment. In addition, proteins are known to adsorb onto
the NP surfaces (so-called “protein corona™) in biological environments due to the high surface
free energy, these protein coronas may alter the biological distribution, effects, and toxicity of
the NPs.[*]

Interestingly, the accumulation of nanoparticles in tumors can be dramatically increased
by adopting active targeting strategies.[®! An actively targeted nanoparticle is usually obtained
by functionalizing NP surfaces with ligands for recognition by specific receptors/antigens on
target cancer cells. In this regard, integrins may play a pivotal role in tumor targeting because
of their overexpression on many tumor cell types and neo-angiogenic vessels. As previously
mentioned, integrins are heterodimeric, noncovalently bound transmembrane glycoproteins that
mediate cell-cell and cell-matrix adhesion. They regulate a diverse array of cellular functions
such as cell proliferation, death, differentiation, and migration. As a result, integrins play an
essential role in both physiological and pathological conditions, and notably, disease
progression in various tumor types is correlated with the overexpression of the a3, avfs, aspu,
0P and o Pe.!

Moreover, nanoparticles can be tailor-made to achieve a wide range of biomedical
purposes.t>>78l For example, different nanomaterials, such as gold, silver, silica, or polymers,
can impart unique optical, magnetic, or conductive properties, making nanoparticles highly
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effective in imaging or therapeutic applications. On the other hand, NPs can enhance drug
targeting, increase circulation time, and effectively penetrate biological barriers via surface
chemical modifications.

In this chapter, three different types of nanoparticles are discussed: metallic gold
nanoparticles (AuNPs), poly(lactic-co-glycolic acid) based nanoparticles (PLGA NPs), and
silica core/PEG shell nanoparticles (Si-PF127 NPs). For clarity, the chapter is organized into
two parts based on the integrin-targeting recognition motifs employed: LDV-based NPs (part
1, AuNPs and PLGA NPs) and RGD-based NPs (part 2, silica core/PEG shell NPs).

Part 1: Preparation and Characterization of Gold and PLGA Nanoparticles, Coated with
LDV-based a4 Integrin Ligands

As discussed in Chapter 2 and 3, integrin a4f1 belongs to the leukocyte-specific receptors
and plays a crucial role in the development and sustainment of inflammation, in several
inflammation-related diseases. In addition, several types of tumor cells express asf1 integrin,
i.e. melanoma, multiple myeloma and ovarian cancer. Its interaction with VCAM-1 increases
transendothelial migration and contributes to metastasis to distant organs.[®! Therefore, the
routine blockade of this receptor by drug molecules has been implemented in the
pharmaceutical industry, exemplified by the marketed drug, Natalizumab, for the treatment of
multiple sclerosis.

Alternatively, the activation of asf1 integrin could represent a promising therapeutic
strategy in specific pathological conditions. In contrast to the blockade of integrin functions by
antagonists, the activation of asf1 integrin might represent an alternative strategy to perturb the
progression of cell migration. Hence, agonists can be utilized to prevent the release of adherent
cells.’I However, very few potent agonists are currently available, and their use in vivo may be
limited due to issues such as poor enzymatic stability and bioavailability. By adopting a
peptidomimetic strategy, the enzymatic stability can be significantly improved, as demonstrated
in Chapter 3. Besides, by using appropriate linkers, integrin-targeting peptides can be anchored
onto a variety of organic or inorganic nanomaterials, surfaces, or polymers to enrich diverse
applications in diagnostics and therapeutics, see selected examples in Chapter 2.

In recent years, metal nanoparticles have generated much interest in biomedicine due to
their unique physical and chemical properties and have widely been employed in tumor
targeting. Among them, gold nanoparticles (AuNPs) are particularly interesting for cancer
diagnosis and therapy. Their relatively easy preparation, tunable size, and facile surface
chemistry render AuNPs very attractive as carriers for drug delivery. More importantly, their
surface plasmon resonance (SPR) enhanced light scattering and absorption make colloidal
AuNPs highly appealing candidates for optical imaging and hyperthermia therapy.™%
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On the other hand, poly(D,L-lactic-co-glycolic acid) (PLGA) is composed of varying
ratios of lactic acid and glycolic acid monomer units which plays an important role in drug
release. It is the most widely used as a versatile and clinically approved polymer for the
preparation of nanoparticles.[*] It is approved for use in drug delivery by Food and Drug
Administration (FDA) and European Medicine Agency (EMA). PLGA is metabolized through
the kerbs cycle to form H>O and CO; with the nontoxic end products. It is soluble in various
organic solvents such as acetone, dichloromethane, tetrahydrofuran, ethyl acetate, and
chloroform which is synergistic advantageous for nanoparticle synthesis. Moreover, it has some
exceptional properties such as wide range of degradation rates, stability during long-term
storage, and high encapsulation efficiency. As a result, PLGA NPs are well-suited drug delivery
vehicles, providing sustained and controlled release of therapeutic agents.

Taken together, the conjugation of peptides to NPs represents an effective approach to
addressing the intrinsic drawbacks of the peptides, allowing the access to a variety of
biomedical uses. And in turn the tumor-targeting precision of NPs can be strongly improved by
conjugation with peptide ligands addressing integrin receptors overexpressed by cancer cells.

In this part, we address the design and synthesis of linkable a4p1 integrin agonist/antagonist
ligands, their conjugation to Au/PLGA nanoparticles, as well as the biological evaluation of the
resulting nanostructures for their potential applications in diagnostics and theranostics.

4.2 Results and Discussion

4.2.1 Design and synthesis of linkable a4p1 integrin agonist/antagonist ligands

As discussed in Chapter 3, a minilibrary of LDV-containing cyclopentapeptides decorated
with os-targeting moiety MPUPA was constructed. Notably, peptide 3a was identified as a
potent agonist with an ECso of 35.0 nM in the cell adhesion assay on osf1-expressing Jurkat
E6.1 cell. Moreover, structure-activity relationship studies revealed that isoAsp® carboxylate,
rather than Asp?, is strictly necessary for receptor binding. This allows for the modification and
conjugation of Asp® to nanomaterials, enabling its potential application in integrin targeted
therapy. Accordingly, peptide-alkynes 1 and 2, varying different carbon lengths of spacers, and
amine peptide 3, obtained by replacing the Asp® in parent 3a with Lys, were designed for
conjugation purposes (Figure 4.1).

As for the design of the antagonistic peptide, MA158 (MPUPA-(R)-isoAsp(NHPr)-Gly-
OH), previously developed by our group and already discussed in Chapter 2, served as the
parent modal. MA158 exhibited high affinity in the nanomolar range in asf1 integrin-mediated
cell adhesion assay and demonstrated high enzymatic stability in vitro when incubated in mouse
serum.*?! Consequently, the antagonistic peptide ligand 4 was derived from MA158, featuring
an alkyne group in order to facilitate anchoring onto the nanoparticles’ surface via CUAAC
(copper-catalyzed azide-alkyne cycloaddtion) chemistry (Figure 4.1).
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Figure 4.1 Chemical structures of linkable ligands used in this study.

The linear peptides were prepared by standard solid phase peptide synthesis, with Fmoc-
protected amino acids. Asp was modified to corresponding alkyne-substituted amino acids prior
to use in the solid-phase synthesis. And the cyclization was carried out under pseudo-high-
dilution conditions.[*®! For detailed synthesis procedures, see Experimental Section. Finally, the
structures were carefully confirmed by ESI-MS and NMR spectroscopy (Appendix B).

4.2.2 Preparation and characterization of peptide-nanoparticle conjugates

Synthesis of peptide-AuNPs conjugates

Firstly, spherical, citrate-capped AuNPs were obtained via the sodium citrate reduction
method,*¥ with an average diameter of 14 nm. The successful formation of AuNPs was
primarily assured by color changes from yellow to clear to black and finally to dark red during
the synthesis. The AuNPs were further characterized by UV-vis and DLS analysis.
Subsequently, the citrate ions on the AuNPs surface were replaced by HS-PEGso00-COOH
through a ligand exchange process. The obtained PEG-AuNPs were characterized by UV-vis,
DLS, and TEM analysis. Finally, the peptide conjugation was accomplished either by
carbodiimide (CDI) chemistry or by CuAAC reaction, depending on the anchor groups
presented on the peptidic ligands. For conjugation via CUAAC, the resulting PEG-AuNPs were
further modified with a bifunctional amine-azide spacer via CDI chemistry, introducing a
reactive azide group necessary for the final conjugation with alkyne-bearing peptides. Namely,
these reactions yielded Pep 3-AuNPs, Pep 1-AuNPs, Pep 2-AuNPs and Pep 4-AuNPs,
respectively. The peptide capped conjugates were well-characterized by using UV-vis
spectroscopy, DLS, and TEM. The schematic synthesis route and the representative structures
of the conjugates are shown in figure 4.2.
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Figure 4.2 (A) Schematic synthesis of Pep-AuNPs. (B) Representative structures of Pep-AuNPs.

Characterization of peptide-AuNP conjugates

As widely reported, small AuUNPs (1-20 nm) typically show a strong SPR band at around
520-530 nm in the visible region. The UV-visible spectra of synthesized particles indeed
displayed SPR peaks within this range, confirming the formation of the stable AuNPs without
aggregations (Figure 4.3). Additionally, a gradual red shift in the absorption maximum was
observed for all peptide-AuNP conjugates as compared to the PEGylated AUNPS (Amax = 523
nm) and bare AuNPs@cit (Amax = 522 nm), which is an indication of successful loading of
peptides over the surface of the AuNPs (Figure 4.3).
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Figure 4.3 UV-Vis spectra monitoring the SPR band of AuNPs.
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Further, the hydrodynamic diameter (dn) and zeta potential ({ potential) were measured
by DLS before and after functionalization. DLS confirmed the hydrodynamic size of the bare
AUNPs and PEG-AuUNPs to be 17 nm and 31 nm, respectively. Following functionalization with
peptides, the hydrodynamic diameters increased from 31 nm to 45 nm for Pep 3-AuNPs, and
47 nm for Pep 4-AuNPs, respectively (Figure 4.4). This increase in size is representative of
desired conjugations. Moreover, (-potential measurements were conducted to further
characterize the functionalzition. Bare AUNPs and PEG-AuUNPs exhibited {-potential of -30 mV
and -45 mV, respectively. Similarly, an increase in zeta potential was observed for all peptide-
capped conjugates (-27 mV for Pep 3-AuNPs, -29 mV for Pep 4-AuNPs) when compared to
naked PEG-AUNPs (-45 mV), as shown in figure 4.4. Overall, DLS measurements both in size

and zeta potential confirmed the successful attachment of peptides to gold nanoparticles.
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Figure 4.4 Size and zeta potential of AuUNPs measured by DLS.
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TEM images showed that all the AuNPs indeed exhibited a spherical shape with an average
core size of 14 nm (Figure 4.5). It is important to note that the discrepancy in particle size
measured by DLS and TEM is likely due to the coatings on the particle surface. Indeed, DLS
measures the overall hydrodynamic diameter, which includes the nanoparticle core, the
surrounding PEG layer, peptide coating, and any associated solvent molecules, generally
leading to larger values. In contrast, TEM measures the core size of the nanoparticles in their
dry state, typically showing smaller diameters than DLS. Interstingly, in the TEM images, the
peptide-conjugates displayed an organic halo around the AuNPs surface respected to the PEG-
AuNPs (Figure 4.5), further confirming the successful conjugation.5-%°!

B C

Figure 4.5 TEM images of A) PEG-AuUNPs, B) Pep 3-AuNPs, and C) Pep 4-AuNPs. Scale bar =50 nm.

Next, the number of peptide molecules loaded onto AuNPs was determined by
fluorometric quantification method. As for Pep 3-AuNPs conjugates, obtained by EDC/sulfo-
NHS chemistry, fluorescamine assay was conducted for quantification of primary amines on
the Lys side chain of peptide 3. Mechanistically, fluorescamine is not intrinsically fluorescent;
however, fluorescence appears immediately after it reacts with primary amino groups at room
temperature in a basic aqueous solution; and the excess reagent is subsequently hydrolyzed,
yielding a water-soluble, nonfluorescent hydrolyzed product (Figure 4.6). These features and
the great sensitivity attainable in the fluorescence measurement have made fluorescamine
increasingly popular in peptide analysis.%
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Figure 4.6 Mechanism of fluorescamine assay.
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To quantify the amount of nonconjugated peptides, the reaction mixture after conjugation
was centrifuged and the supernatants were collected, which contained the unreacted peptide 3,
and later treated with excess of fluorescamine in borate buffer. The resulting in-situ produced
fluorescent solution was analyzed by a fluorophotometer. In addition, the calibration curve was
obtained by increasing concentrations of standard peptide 3 (0-400 ppm) against fluorescamine
under the same condition (Figure 4.7). Finally, the amount of conjugated peptides was evaluated
based on the calculation of unloaded peptides in the supernatant and the total peptides added to
the reaction. Accordingly, the difference showed that there are ~ 742 Pep 3 molecules per
particle, which corresponds to approximately 1.2 Pep 3 molecules per nm=of surface area.
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Figure 4.7 Fluorescence emission spectra of fluorescamine interacts with Pep 3 and the relative calibration curve.

On the other hand, for conjugates obtained via CUAAC reactions, the amount of
conjugated alkyne-peptide was indirectly determined using a similar fluorescent molecule,
FAM-alkyne (Figure 4.8).

FAM-alkyne, a modified fluorescein derivative, was selected as a fluorescent probe to
ascertain the effective binding of the alkyne linker to the nanoparticles’ surfaces and evaluate
the percentage of functionalization (Figure 4.8).12Y) Moreover, as the linker bearing the alkyne
function are very similar to that of peptide-alkyne derivatives, we thought it could be a suitable
study compound to verify the applicability of our conjugation protocol. Thus, the conjugation
was conducted between the azide modified AuNPs and fluorescent probe FAM-alkyne under
the same conditions used for alkyne peptides 1, 2, and 4.

After conjugation, the resulting FAM-AuUNPs were characterized by UV-vis and DLS
analysis. Likewise, the SPR band was shifted to a longer wavelength as compared to PEG-
AUNPS (Amax = 527 VS Amax = 523) (Figure 4.3). Furthermore, the hydrodynamic diameter was
increased to 34 nm, with a zeta potential of -31 mV, as detected by DLS (Figure 4.4). As a
result, we believe that the conjugation was successful. However, due to the fluorescence
quenching effect of the gold nanoparticles,’?? the resulting FAM-AuNPs conjugates were
temporarily non-fluorescent. Therefore, the FAM-AuUNPs were digested using KCN, which
released the surface-bound ligands thiol-PEG-FAM into solution. The fluorescence intensity of
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the released FAM derivatives was then measured using a fluorophotometer (Figure 4.8). Known
concentrations of standard FAM-alkyne were used to generate the calibration curve (Figure 4.8).
Accordingly, it is estimated that there are ~ 1119 FAM-alkyne molecules per particle, which
corresponds to approximately 1.8 FAM-alkyne molecules per nm=2of surface area. The
conjugation is superior to that obtained by carbodiimide chemistry, likely due to the fact that
CUAAC reaction is generally more efficient than CDI chemistry for bioconjugation.
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Figure 4.8 Top: mechanism of fluorometric quantification of FAM-AuNPs. Down: Fluorescence emission spectra
of released FAM derivative and the relative calibration curve.

Synthesis of peptide-PLGA NPs conjugates

PLGA NPs are advantageous in terms of their sustained release property, protection of the
drug from degradation and well-described formulations to deliver various therapeutics with
favorable drug release profiles.'Y] Hence, the use of biocompatible and biodegradable
poly(D,L-lactic-co-glycolic acid) nanoparticles (PLGA NPs) as a drug delivery system has been
widely investigated. Herein, we propose the synthesis of LDV-containning integrin ligands
functionalized PLGA NPs, encapsulated with an anticancer drug curcumin, aiming to enhance
precisely targeted cancer therapy.

To develop LDV-decorated PLGA NPs, we explored both in-synthesis and post-synthesis
functionalization strategies.!?®! In pre-functionalization method, the conjugation was carried out
between carboxylic group of pristine PLGA and amino group of LDV peptide 3 by using
EDC/sulfo-NHS chemistry prior to NP formation. In contrast, the post-functionalization
approach involved forming the nanoparticles first and then installing the integrin ligands
afterward, by using the same EDC/sulfo-NHS chemistry. Both strategies are widely used in the
surface modification of NPs. The pre-functionalization approach has advantages such as ease

of direct characterization using techniques like NMR and FT-IR.?4 However, a drawback of
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this method is that the ligand can be buried within the nanoparticle matrix, potentially reducing
its accessibility. On the other hand, post-functionalization allows the conjugated ligands to
remain more accessible on the NP surface, improving their targeting efficiency.

For nanoparticle fabrication, single emulsification-solvent evaporation method was
adopted with some modifications (Figure 4.9).12°! In brief, the drug is co-dissolved with polymer
(with or without peptide) in an organic phase, subsequently, the resulting organic solution was
added dropwise to the aqueous phase containing the surfactant PVA, then the mixture was
emulsified via a sonicator probe. After, the organic solvent was slowly evaporated under stirring
at room temperature. Finally, particles were washed with MilliQ water and collected via ultra
centrifugation for lyophilization and long-term storage.

Cur + PLGA in EA/DCM
Organic phase

i ==
’ } " > ‘7 » >
J L =
0.5% PVA Addition of PLGA to Solvent Purification
Aqueous phase aqueous phase Emulsification evaporation

Figure 4.9 Schematic representation of the preparation of PLGA nanoparticles by single emulsification-solvent
evaporation method.

The various formulations of PLGA nanoparticles were presented as following (Figure
4.10), which can be functionalized with either targeting peptide, anticancer drug curcumin, or
a combination of both.
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@ a8 ~ )
Curcumin Peptide PLGA Pep 3-PLGA

Figure 4.10 Schematic representation of different formulations of PLGA nanoparticles.

Characterization of peptide-PLGA NPs conjugates

As discussed in the last paragraph, we explored both pre- and post-functionalization
strategies for surface decoration. In the initial experiment, we used convenient post synthesis
functionalization method, as we did for the preparation of peptide grafted gold nanoparticles.
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The hydrodynamic diameter and zeta potential of obtained nanomaterials were analysed by
DLS measurement (Figure 4.11). For naked PLGA and curcumin encapsulated PLGA
nanoparticles, the dn were determined to be 157 nm and 167 nm, respectively. After conjugation
of LDV Pep 3 to carboxylate PLGA nanoparticles via EDC/sulfo-NHS chemistry, a significant
increase in size was detected by DLS (468 nm vs 157 nm), while the zeta potential remained
almost unchanged, as compared to the bare PLGA NPs (-12.7 mV vs -13.9 mV). In contrast,
for Pep 3-PLGA NPs, obtained by pre-functionalization approach, both size and zeta potential
were increased ( dw= 231 nm, zeta potential = -3.9 mV), which is consistent with the results
obtained for peptides functionalized AuNPs. Consequently, pre-functionalization method was
adopted for further preparations. As for Cur-Pep 3-PLGA NPs, a hydrodynamic diameter of
239 nm was detected, with a zeta potential of -2.59 mV (Figure 4.11).
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Figure 4.11 Size and zeta potential of PLGA NPs measured by DLS.
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4.2.3 Drug loading assay

Encapsulation efficiency (EE%) and drug loading capacity (DL%) of curcumin in Cur-
PLGA nanoparticles and Cur-Pep 3-PLGA NPs were determined by UV spectrometry. Briefly,
lyophilized NPs were dissolved in acetonitrile (1 mg/mL) using an ultrasonic water bath and a
magnetic stirrer. The absorbance at 420 nm was measured in 4-fold diluted samples and the
concentration of Curcumin was calculated using a standard curve of Cur constructed in
acetonitrile (0-100 pg/mL) (Figure 4.12).
The EE% and DL% of NPs were calculated using following equations:

amount of Cur encapsulated in NPs

x 100

EE% =

initially added amount of Cur

amount of Cur encapsulated in NPs

DL% = 100

weight of NPs after lyophilization

Accordingly, the encapsulation efficiency and drug loading of unconjugated Cur-PLGA
NPs were calculated to be 80% and 11%, respectively, while for Cur-Pep 3-PLGA NPs, which
were formed by assembling pre-functionalized Pep 3-PLGA polymer and curcumin in one-pot,
exhibited encapsulation efficiency and drug loading of 74% and 10%, respectively (Figure
4.12). As a result, the encapsulation efficiency and drug loading were not significantly affected
before and after peptide conjugation. In contrast, when the peptide conjugation procedure is
applied to a drug-loaded nanocarrier (post-functionalization), the encapsulation efficiency of
the nanocarrier typically decreases at the end of the process. These reductions are probably the
result of drug leakage from the nanocarrier during the additional washing and shaking steps
required for the peptide conjugation process.?®!
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Figure 4.12 The calibration curve of standard curcumin in ACN within 0-100 pg/mL range and the canculated
encapsulation efficiency and drug loading of PLGA NPs.

To summarize, in this part, we discussed the design and synthesis of linkable o431 integrin
agonist/antagonist ligands and their conjugation to Au/PLGA NPs. These nanostructures were
thoroughly characterized by UV-vis, DLS, and TEM analyses. Currently, a comprehensive
biological evaluation of the resulting particles is underway to assess their potential applications
in o4P1 integrin-targeted diagnostics and theranostics.
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Part 2: Synthesis and Characterization of Silica-Core/PEG-Shell Nanoparticles,
Multifunctionalized with RGD Integrin-Targeting and Antitumor Peptides

As the most studied integrin recognition motif, the tripeptide Arg-Gly-Asp (RGD) is
recognized by a wide range of integrin superfamily members, including integrins ovfs3, ovps,
avPs, asPi, and anpPs, most of which are implicated in tumor progression. Hence, the RGD-
based integrin ligands have been extensively investigated as potential antiangiogenic agents for
cancer treatment. However, the failure of o3 antagonist Cilengitide in clinical phase III trials
for the treatment of glioblastoma dampened enthusiasm for this strategy.?”! Alternatively,
RGD-conjugates and RGD-based nanoparticles have garnered growing attention as targeting
ligands for drug delivery and precision therapy, providing a renewed focus in the field of
integrin-targeted therapeutics.[8!

In addition, the target-specific nanoparticles can also be functionalized with a drug peptide
ligand, with the aim to improve not only the selectivity of the conjugates, but also their
antitumor activity over the free antitumor peptide. Since NPs conjugated to a targeting ligand
have a higher capacity to enter cells, carrying the antitumor peptide and thus increasing its local
concentration will, in turn, enhance the antitumor activity. In this regard, the retinoblastoma
tumor suppressor protein (Rb) plays a vital role in regulating mammalian cell cycle progression
and inactivation of this protein is required for entry into the S phase. Rb is inactivated by
phosphorylation upon growth factor stimulation of quiescent cells, thereby facilitating the
transition from G1 to S phase.?® Previous studies have shown that the signaling kinase c-Raf
(Raf-1) physically and functionally interacts with Rb and contributes to its inactivation, thereby
facilitating cell proliferation.% Drug peptide ligand Raf analogue which inhibits Rb-Raf-1
binding and therefore inhibits tumor growth and cell proliferation, and vascular endothelial
growth factor-mediated capillary tubule formation.

In this context, we designed nanoplatforms with a tumor-homing RGD integrin ligand
peptide and/or a cytotoxic peptide ligand Raf analogue, based on inorganic fluorescent NPs
coated with a biocompatible organic shell.

We opted for micellar NPs composed of the tri-block surfactant copolymer Pluronic®F127
(PF127, PEGa100-PPOgs-PEG100) and a dye-doped silica core. The PEG-PPO-PEG block
copolymers alone can form micelles in agueous media with a hydrophobic core, which can be
used to non-covalently encapsulate hydrophobic dyes with minimal leakage.%2 Micelles are
self-organized systems, and the encapsulation of dyes and drugs in these systems is
straightforward from the preparation point of view. However, they are dynamic systems, and
their stability is strongly influenced by their local concentration, pH, and the presence of other
molecules or proteins.[*3233 To increase the stability, the hydrophobic core of the micelles was
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trapped into a silica frame by polymerization of TEOS/TMSCI, giving silica-core/PEG-shell
NPs (Si-PF127 NPs).

These particles synergistically combined the features of micelles and silica nanoparticles
to address the multiple challenges of targeted delivery. On the other hand, silica NPs as tools
to develop targeting probes have several advantages over other nanomaterial and self-organized
systems.®¥ In particular, silica is photophysically inert, intrinsically non-toxic, and numerous
synthetic approaches exist to tailor these nanosystems in terms of size and functionalization.
The luminescence emission of these systems depends on the doped dye, allowing for a wide
range of emission properties simply by selecting the appropriate doping dyes.

4.3 Results and Discussion

4.3.1 Design and synthesis of linkable cRGD and Raf peptide ligands

As mentioned in the introduction part, the cyclopentapeptide, c([RGDfK], developed by
Kessler and co-workers, is a good targeting probe for conjugation to nanoparticles, with an 1Csg
of 2.25 nM towards integrin ovps; subfamily.>%1 An alkyne linker was introduced to the side
chain of Lys to allow the conjugation via CUAAC reaction. Similarly, for the cytotoxic peptide
ligand Raf analogue which inhibits Rb-Raf-1 binding in vivo and therefore inhibits tumor
growth and angiogenesis,’* the N-terminus was exploited for the introduction of alkyne spacer
(Figure 4.13).
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Figure 4.13 Chemical structures of peptide ligands used in this study.

The linear peptides were elongated by using a Fmoc/'Bu solid-phase synthetic strategy.
Cyclization was conducted under high-dilution condition[*®! via DPPA/NaHCO3 as catalytic
system. Alkyne acid linker was introduced just prior to final global deprotection. For detailed
synthesis procedure, see Experimental Section. The identities were confirmed by NMR and ESI
MS analysis (Appendix B).

4.3.2 Synthesis and characterization of peptide copolymers

The dimesylate derivative of Pluronic®F127, obtained in turn by the treatment of PF127
surfactant with trimethylamine/methanesulfonyl chloride, was subsequently reacted with NaNs,
yielding azide derivitized PF127-Ns (Figure 4.14).3"] The resulting polymer was confirmed by
the changes of proton peaks before and after modifications in NMR spectra, as well as the
appearance of characteristic azide peak at 2105 cm™ in FT IR analysis (Figure 4.15).
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Figure 4.14 Derivatization of Pluronic®F127 copolymer and conjugation to peptides via CUAAC reaction.
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Figure 4.15 Characterization of PF127-Nz by 'H NMR and FT IR.

Subsequently, the resulting azide-modified PF127 polymer was coupled with the Raf-
alkyne peptide using copper-catalyzed-azide-alkyne cycloaddition (CUAAC) chemistry in the
presence of bipyridine and a catalytic amount of Cul,® yielding the Raf peptide-conjugated
PF127 polymer (Raf-PF127). The obtained Raf-PF127 conjugates were purified by dialysis
against water in 5 kDa cutoff tubes and dried thoroughly before use.

The successful conjugation was confirmed by *H NMR analysis, where the appearance of
a set of tiny peaks corresponding to the aromatic and amide protons (in the 7.0-8.5 ppm region)
and o/p protons, as well as other side chain protons (in the aliphatic 0.5-4.5 ppm region) were
observed in Raf-PF127, indicating the presence of the Raf peptide, while these peaks were
completely absent in the unconjugated PF127-Ns (Appendix B: Figure S7). Moreover, the FT
IR spectrum of Raf-PF127 polymer revealed the presence of characteristic peaks of the peptide
bonds in the region 1600-1700 cm™ and that the disappearance of the IR signal ascribable to
azide at around 2100 cm?, further confirming the successful attachment of Raf peptide to PF127
polymer (Figure 4.16). A similar pattern in both *H NMR and FT-IR spectra can be observed
in the cRGD-PF127 polymer. In the *H NMR spectrum, the peaks at 1.14 ppm and 3.40-3.60
ppm were attributed to -CHs of PPO and -CH2CHO of PPO and PEO in PF127, respectively.
Moreover, characteristic peaks attributed to the cRGD peptide, appear in the expected regions,
confirming the successful conjugation of cRGD to the PF127 polymer (Appendix B: Figure S6).
Additionally, in the FT-IR spectrum, peptide bond absorption bands of the cRGD peptide were
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present (Amide vc—o at 1640 cm™, Amide dn.u at 1535 cm™!, and vnn at 3280 cm™) (Figure
4.16), consistent with desired conjugations. All these analyses demonstrated that CUAAC
chemistry is a robust strategy for the efficient conjugation of peptides to polymeric PF127.
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Figure 4.16 FT IR spectra of cRGD-alkyne (purple line), Raf-alkyne (green line), PF127-N3 (blue line), cRGD-
PF127 (red line) and Raf-PF127 (black line) copolymer.

4.3.3 Synthesis of silica-core/PEG-shell nanoparticles

Monodispersed fluorescent silica-core/PEG-shell NPs functionalized with peptide
moieties and incorporating the dye rhodamine B triethoxysilane (RhB-TES)®! were
expediently obtained using a direct micelle-assisted method.*l These nanostructures were
formed by the condensation of the silica precursor TEOS in an aqueous acid environment in the
presence of co-aggregates composed by a mixture of the native Pluronic polymer PF127 and
peptide conjugated PF127 (Figure 4.17).141 These reactions yielded bare Si-PF127 NPs, cRGD-
Si-PF127 NPs, Raf-Si-PF127 NPs, and cRGD/Raf-Si-PF127 NPs, respectively. The resulting
NPs were purified by dialysis against water at RT using cellulose dialysis tubes (cutoff >12
kDa). The condensation of RhB-TES within the silica core of the NP conferred the desired
fluorescent properties to this nanosystem, preventing also the leaking of the fluorophore in the
external environment.
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Figure 4.17 Preparation of fluorescent peptides functionalized silica-core/PEG-shell NPs.

4.3.4 Characterization of silica-core/PEG-shell nanoparticles

The hydrodynamic size was analyzed by DLS. Consistent with the reported results,?43"]
the bare NPs showed a dn of 19.72 +1.478 nm, with a PDI value of 0.2 (Figure 4.18).

The effectiveness of the conjugation reaction was also indicated by DLS, since the volume
distribution after peptide conjugation increased to 22 nm for cRGD-Si-PF127 NPs, 20 nm for
Raf-Si-PF127 NPs and 33 nm for cRGD/Raf-Si-PF127 NPs, compared to that of the bare NPs
(Figure 4.18).
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Figure 4.18 DLS hydrodynamic size distribution by volume of silica-core/PEG-shell nanoparticles.

4.3.5 Cell viability assay

The in vitro cell growth inhibitory efficacy was determined for the synthesized NPs by
incubating A549, MCF7 and HDFa cells with increasing concentrations of the NPs (0.1, 1.0,
5.0 piM) for 48 h (Figure 4.19).

In general, all samples showed no toxicity at the concentration of 0.1 piM, therefore, these
data were not included. On the other hand, all the combinations tested showed negligible
toxicity towards healthy HDFa cells at all concentrations. At the concentration of 1 M, Raf-
NPs induced a decrease of viability of about only 5% in MCF7, while the effect was much
higher in A549, whose vitality was decreased by 61%. At the concentration of 5 M, Raf-NPs
showed even higher toxicity against A549, reducing their viability by 78%, while the effect was
lower in MCF7 cells, whose vitality was decreased by 30%. Similarly, 1M Raf/cRGD-NPs
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significantly inhibited the proliferation of avfs integrin-overexpressing human lung cancer
A549 about 50% while they were almost ineffective towards oyfs integrin-lowexpressing
human lung cancer MCF7. Increasing the concentration of Raf/cRGD-NPs to 5 M led in
general to higher toxicity, which inducing a decrease of viability of about 68% in A549, and of
24% in MCF7 cells (Figure 4.19).

120 1 Raf-Si-PF127 NPs 120 - cRGD/Raf-Si-PF127 NPs
= 100 A T T 3 100 A T T
Z 80 - Z 80 -
i i
5 60 4 < 60 -
E E I
S 40 A = 5 40 A
Q Q
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A549 MCF7 HDFa A549 MCF7 HDFa
1 M W5

Figure 4.19 Cell viability of peptide-NPs as % of control cells.

It is worth noting that the cytotoxicity of the multifunctional Raf/cRGD-Si-PF127
nanoparticles was slightly inferior to that of Raf-Si-PF127 nanoparticles. This is plausibly due
to the reduced amount of cytotoxic Raf peptides in the blend nanosystems, which may not fully
compensate for the targeting effect of the cRGD peptide. Indeed, when preparing the
Raf/cRGD-Si-PF127 NPs, the amount of Raf-PF127 used in the formulation was only half that
of Raf-Si-PF127 NPs. While cRGD enhances the nanoparticle’s targeting ability by improving
specificity for integrins on tumor cells, the lower concentration of Raf peptide could lead to
diminished overall therapeutic efficacy, suggesting a balance between targeting and therapeutic
payload is crucial for optimizing the performance of multifunctional nanoparticles.

In summary, we described synthetic nanoplatforms multifunctionalized with a tumor-
homing RGD integrin ligand and/or a cytotoxic Raf peptide ligand, constituted by a fluorescent
silica core doped with RhB derivative, coated with a PEG shell. Overall, the NPs showed
superior toxicity towards cancer cells in the preliminary cell viability assays.

4.4 Conclusion

Currently, there are growing preclinical and clinical studies focusing on integrin-related
nanoparticles for diagnostic and therapeutic applications in various diseases. Indeed, numerous
integrin targeted nanosystems can be designed with great versatility by optimizing two key
elements in this strategy: nanoparticles and integrin ligands. Nanoparticles, such as gold, PLGA,
lipid-based, and silica, can be tailored for specific applications like drug delivery, gene therapy,
or imaging. Surface modifications like PEGylation can further enhance drug-like properties.
On the other hand, integrin ligands can be carefully selected to target specific integrin
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subfamilies, such as cancer cell overexpressing integrin owps or leukocyte-specific integrin oupa,
ensuring precise targeting of diseased cells.

In this study, several nanoparticles carrier integrin ligands were delicately designed and
fabricated, for potential applications in diagnostics and theranostics.

Firstly, building on the results achieved in Chapter 3, several potent LDV-containing
integrin ligands decorated metallic gold nanoparticles were prepared. The functionalization was
well-characterized by TEM, DLS, and UV-vis analysis. Given the unique optical and electronic
properties of AuUNPs, they hold great potential for targeted photothermal therapy. Subsequently,
biocompatible polymeric PLGA nanoparticles coated with LDV peptides were fabricated.
Furthermore, curcumin, an anticancer drug was loaded into the NPs with a drug loading
capacity of 10%. Since curcumin is intrinsically fluorescent, this property can be advantageous
for visualizing the NPs in cells. Lastly, we also designed nanoplatforms with a tumor-homing
RGD-based ligand and/or a cytotoxic peptide Raf analogue, based on inorganic fluorescent
silica NPs coated with a biocompatible organic PEG shell. As a result, the nanoparticle
conjugates showed moderate to superior toxicity towards A549 and MCF7 cancer cells in the
preliminary cell viability assays. These findings highlight the potential of integrin-targeted
nanotherapeutics for cancer treatment. To further elucidate the roles that different nanoparticles
and integrin ligands could play, in-depth biological evaluations are necessary and currently
underway in our laboratory.

4.5 Experimental Section

Unless otherwise stated, standard chemicals and solvents were purchased from
commercial sources and used as received without further purification. Peptide purity was
assessed by analytical RP HPLC performed on an 1200 series apparatus Agilent Technologies,
Milan, Italy, using an XSelect Peptide CSH C18 column (Waters, Milford, MA, USA), 4.6 mm
x 100 mm, 130 A, 3.5 pm. MS (ESI) analysis was performed using an MS single quadrupole
HP 1100 MSD detector (Agilent Technologies, Milan, Italy). Peptides isolation was performed
by preparative RP HPLC performed on a Waters 2489 UV/visible Dual Detector equipped with
a Waters 1525 Binary HPLC pump, using reverse-phase column XSelect Peptide CSH C18
OBD column (Waters, 19%x150 mm, 5 pm, no.186007021). Column description: stationary
phase octadecyl-carbon chain-bonded silica (C18), double end-capped, particle size 5 pm, pore
size 130 A length 150 mm, internal diameter 19 mm; DAD 210 nm, DAD 254 nm. Mobile
phase for neutral compounds: isocratic 6:4 H,O/CH3CN for 2 min, then gradient from 6:4
H>O/CH3CN to 2:8 H,O/CH3CN in 10 min, then isocratic 2:8 HoO/CH3CN for 2 min; flow rate:
10 mL mint. Mobile phase for ionizable peptides: isocratic 6:4 H,O/CHsCN and 0.1 %
HCOOH for 2 min, then gradient from 6:4 H>O/CH3CN and 0.1 % HCOOH to 2:8 H,O/CH3CN
and 0.1 % HCOOH in 10 min, then isocratic 2:8 H.O/CH3CN and 0.1 % HCOOH for 2 min.
NMR spectra were recorded with a Bruker BioSpin GmbH (*H: 600 MHz, C: 151 MHz) at
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298 K in 5 mm tubes, using 0.01 M peptide. Chemical shifts are reported in ppm (J) and
internally referenced with (CD3).SO: 'H: 2.50, *C: 39.52 ppm. Fluorescence measurements
were performed with a fluorimeter Perkin EImer LS50B. DLS measurements were performed
with a Zetasizer Nano ZS (Malvern Panalytical, Malvern, UK). The UV-vis absorption
spectrum was measured with a microplate spectrophotometer (Multiskan GO, Thermo
Scientific, USA). TEM imaging and size analysis were performed using a FEI Tecnai T20
instrument at an accelerating voltage between 80-200 kV (Laboratorio de Microscopias
Avanzadas LMA, University of Zaragoza). Samples were prepared by drop casting the AuNP
suspension on carbon-coated copper grids (Electron Microscopy Sciences, 200 mesh) and dried
under ambient conditions. Particle size distribution was determined with ImageJ software. FT
IR analysis was performed on an Alpha FT IR spectrophotometer (Bruker, Billerica, MA, USA).

Synthesis of cyclic LDV peptides 1, 2, 3, and linear peptide 4. cLDV linkable peptides
1, 2, and 3 were synthesized following a similar procedure as described in Chapter 3, with minor
modifications. In brief, the corresponding linear precursors were assembled by SPPS on a 2-
chlorotrityl chloride resin using Fmoc-protected amino acids, and DCC/HOBt as activating
agents. For amine peptide 3 (c[(S)-Phu-LKV-(S)-isoAsp]), (S)-Asp was introduced as Fmoc-
Asp-O'Bu; Lys was introduced as Fmoc-Lys(Boc)OH. For peptide-alkyne 1 and 2, the (S)-Asp®
was introduced as Fmoc-Asp-O'Bu, while (S)-Asp® was pre-modified to corresponding Fmoc
protected alkyne-bearing amino acids before being incorporated into the sequence. Lastly, for
linear peptide 4, the synthesis was performed according to literature, with minor modifications.
(R)-Asp was introduced as Fmoc protected alkyne-bearing amino acids, similar to 1 and 2, but
was modified from a D-configured p-amino acid.

Synthesis of Fmoc protected alkyne-bearing Asp. A mixture of Fmoc-Asp-O'Bu or
Fmoc-(D)-Asp(O'Bu)-OH (0.25 mmol), HOBt (0.4 mmol), EDC.HCI (0.4 mmol), and TEA
(0.8 mmol), in 3:1 DCM/DMF (4 mL), was stirred at RT under N2 atmosphere. After 5 min, the
amine-alkyne (0.3 mmol) was added, and the mixture was stirred under N2 at RT overnight.
Then, the solvent was evaporated at reduced pressure, and the residue was diluted with EtOAc
(10 mL). The suspension was washed with 0.1 M HCI (5 mL), and a saturated solution of
NaHCO3z (5 mL). The organic layer was dried over Na,SOs, filtered, and the solvent was
evaporated. Purification by flash chromatography over silica gel (hexane/EtOAc 3:1) allowed
the isolation of products as white solids.

() ¢ FmocHN (¥ _COOH
(Propargylamine) FmocHN\-/COO Bu moc \-/
4-Pentyn-1-amine é z
Fmoc-Asp-O'Bu EDC-HCI/HOBt ~N ~
o TEA CONH ™~ 1 X 25% TFA/DCM cngH N
_— or >
Fmoc-(D)-Asp(O'Bu)-OH DCM/DMF _COO'Bu _COOH

X e /\/\ F ‘HN/\CONH/\/\
FmocHN”  CONH moc N
(R) % (R) \

The fully protected amino acids were treated with 25% TFA in DCM (3 mL) at 0 <C, and
the mixture was shaken at RT for 1 h. Then, the solvent was evaporated, and ice-cold Et.O was
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added to precipitate the final products as TFA salt in quantitative yield. The products were
collected by centrifuge, and used for the next step without further purifications.

General procedure for loading the first amino acid to 2-chlorotrityl chloride (2-CTC)
resin. The 2-Chlorotrityl chloride resins ((100-300 mesh, 1.20 mmol/g) were added to a syringe
peptide synthesis vessel. The resin was swelled in DCM (15 min). A solution of Fmoc-AA-OH
(1 eq.) and DIPEA (1 eg.) in DCM (approximately 10 mL per gram of resin) was added and the
resin was shaken for 5 minutes. Then, an extra 1.5 eq. of DIPEA was added and shaking was
continued for 1 h. MeOH (0.8 mL/ g of resin) was added to the mixture in order to cap any
unreacted functional groups on the resin, and shaken for 15 min. After filtering, the resin was
washed with DCM (x3), MeOH (x3), and DMF (x3).

General procedure for Fmoc Deprotection. Fmoc cleavage was carried out using 20%
(vv) piperidine in DMF (5 mL), while gently shaking at RT for 10 min. After washing with
DMF (5 mL), the deprotection was repeated. The resin was then washed sequentially with DMF,
MeOH, and DCM, (3%4 mL each).

General procedure for coupling. The subsequent coupling reactions were performed by
dissolving in a separate vial Fmoc-protected amino acids (0.3 mmol) and HOBt (0.3 mmol) in
DMF (4 mL) for 20 min. The last introduced residue was Fmoc-Phu-OH. The Fmoc-AA-OH
/HOBt mixture was poured into the reactor followed by DCC (0.3 mmol), and the suspension
was shaken for 3 h at RT. Coupling efficacy was monitored by Kaiser test.

General procedure for cleavage. Cleavage from the resin was performed by using a
mixture of ACOH/TFE/DCM, 1:1:4, v/v/v (10 mL) while shaking for 2 h at RT. The mixture
was filtered and the resin was washed twice with Et;O/DCM. The filtrates were collected and
solvents were removed under reduced pressure, and ice-cold Et2O was added to precipitate the
crude peptides as TFA salt, which were recovered by centrifuge and used for the cyclization
without further purification.

General procedure for cyclization. The cyclization of the crude peptide was performed
under pseudo-high dilution condition. A solution of the linear peptides (0.15 mmol) in DMF
(10 mL) was added over 16 h using a syringe pump, to a mixture of of HBTU (0.45 mmol),
HOBt (0.45 mmol) and DIPEA (0.9 mmol) in DMF at RT. Once the addition was complete, the
reaction was stirred for additional 2 h. Then, the solvent was distilled at reduced pressure, and
the crude peptides were isolated by RP HPLC on a semipreparative C18 column (General
methods).

Removal of acid labile tert-butyl and Boc protecting groups was performed by treatment
of a 25% TFA in DCM (x2) for 30 min at RT to afford the final products peptides 1-3 in
quantitative yield. The purity and the identity of the products were determined to be >95% by
RP HPLC coupled to ESI MS, and by NMR in 8:2 DMSO-ds/HO.

Synthesis of 14 nm AuNPs@cit. Citrate stabilized 14 nm AuNPs were synthesized via
citrate reduction method. Briefly, prior to use, all glassware was washed with aqua regia and
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rinsed thoroughly with Milli-Q water. 80.4 mg of HAuUCIs was dissolved in 185 mL MilliQ
water in a two-neck round bottom flask. The reaction mixture was stirred, heated to 100 <C on
the stirrer at 370 rpm. Once vigorously boiling, 241.8 mg of sodium citrate dihydrate in 5 mL
water was quickly added. The reaction mixture was allowed to reflux for another 30 minutes,
and the color changed from yellow to clear to black and finally to wine red. The heat and water
for the condenser were turned off, and the mixture was allowed to cool to RT. The mixture of
synthesized AuNPs was filtered with a 0.2 pmn filter to get rid of the larger aggregates of
particles. AUNPs stock solution were stored in a glass bottle covered with aluminum foil at 4 <C
for further use. The molar concentration of AuNPs was obtained from UV-vis spectroscopy
using Beer-Lambert’s law (A = ecf), where A is the absorbance at 450 nm, measured using UV-
vis spectrometry by a microDrop plate (Multiskan GO, Thermo Scientific, USA), ¢ is the
molar extinction coefficient (1.76 x 108 M-cm™), ¢ is the molar concentration of AuNPs, and f
is the path length (0.052). caunps=12.96 nM.

Synthesis of AUNPs@PEG-COOH. The heterobifunctional HS-PEG-COOH (Mercapto-
w-carboxy PEG MW. 5000 Dalton) was grafted to the AuNPs surface by the thiols (SH-)
functional groups via ligand exchange.

To 154 mL of resulting citrate-stabilized AuNPs stock solution (12.96 nM), 560 piL of 10%
SDS solution, 28 mL of aqueous HS-PEG-COOH (2 mg/mL), and 2.5 mL of 2 M aqueous
NaOH were added, bringing the total volume to 200 mL with water. The reaction mixture was
shaken for two days to allow complete exchange of citrate ions with HS-PEG-COOH.
Afterward, the mixture was centrifuged at 14,000 rpm for 30 minutes at 10 <C. The supernatant
was discarded, and the precipitate was resuspended in the same volume of Milli-Q water,
followed by two additional washing steps under the same conditions. After the final wash, the
concentrated AUNPsS@PEG-COOH stock solution was stored in a glass vial, protected with
aluminum foil, and kept at 4 <C for future use. caunrs= 88.12 nM.

Conjugation of amine LDV peptide 3 to AuUNPS@PEG-COOH via carbodiimide
chemistry.*1421 The synthesis of AuNPs functionalized with peptide 3 was based on an
EDC/sulfo-NHS coupling reaction between the amine-containing peptide 3 and carboxyl-
functionalized AuNPs. In brief, the EDC/sulfo-NHS solution were prepared by dissolving 17
pg of EDC.HCI and 43 pg of sulfo-NHS in 500 puL of 10 mM MES buffer (pH 6) and allowed
to premix for 5 minutes. Following this, 500 puL of a 0.5 mg/mL AuNPs@PEG-COOH solution
in 10 mM MES buffer (pH 6) was incubated with the prepared EDC/sulfo-NHS solution for 30
min at 37 <C to activate the carboxyl groups on the AuNPs. After activation, the AUNPs were
centrifuged at 14,000 rpm for 15 minutes at 4 <C and washed with fresh MES buffer (10 mM,
pH 6) to remove any residual EDC/sulfo-NHS. The activated AuNPs were then redispersed in
500 pL of peptide 3 solution (17.64 mM in 10 mM MES buffer, pH 6) and incubated for 3 hours
at 37 <C to allow the coupling reaction. After this process, unattached peptides were also
eliminated by washing the NPs in MES buffer (15 min, 14,000 rpm, 4 <C), the supernatant
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containing the unreacted peptides was collected and analyzed by fluorophotometry for
quantification. The obtained Pep 3-AuNPs were resuspended in MilliQ water to a final volume
of 500 uL and kept at 4 <C for further use.

Synthesis of AUNPS@PEG-CONH(CHz2)3-Ns. The synthesis procedure followed the
same steps as for the conjugation of peptide 3 to AUNPsS@PEG-COOH. After EDC/sulfo-NHS
activation, instead of the peptide 3 solution, H:N-(CH2)s-Ns in MES buffer was added. This
facilitated the coupling of the azide group to the carboxyl-functionalized AuNPs. The resulting
azide-functionalized AuNPs (azide-AuNPs) were then resuspended in Milli-Q water to a final
volume of 500 pL and stored at 4 <C for future bioconjugation via CUAAC.

Conjugation of alkyne peptides 1, 2, and 4 to azide-AuNPs via CUAAC chemistry.[*344
Stock solutions: CuSO4.5H20: 20 mM (in water), Ligand THPTA: 50 mM (in water), Sodium
ascorbate: 100 mM (make fresh before using by adding 1 mL of water to 20 mg), alkyne-peptide:
20 mg/mL, Buffer: 100 mM phosphate pH 7.

In a 2 mL eppendorf tube containing the azide-AuNPs, add the reagents in the following
order: a. 442.5 uL of 100 mM phosphate buffer pH 7; b. 25 uL of peptide solution (Pep 1, Pep
2, or Pep 4); c. 7.5 uL of premixed CuSO4 and THPTA (2.5 pl of CuSO4+ 5.0 uL of THPTA);
d. 25 ul of sodium ascorbate; e. Mix well, close the tube (to prevent more oxygen from diffusing
in), and let the reaction go for 3 hours at 37 C; f. After, centrifuge at 14,500 rpm, 15 min and
4 °C to remove the supernatants, and then two more washes with 10 mM EDTA solution to
remove any copper ions; g. Lastly, wash with Milli-Q water at 14,500 rpm, 15 min and 4 °C
and resuspend the AuNPs in Milli-Q water and keep them in the fridge for further use.

Fluoroscamine assay. Stock solutions: 1 mg/mL fluorescamine (in anhydrous ACN),
Buffer: 0.1 M borate buffer pH 8.

For fluorometric quantitative analysis of peptides on AuNPs surface, a peptide 3
calibration curve was established. Briefly, to a 2 mL Eppendorf tube, 20 uL of a known
concentration of peptide 3 solution was added, followed by 190 pL of borate buffer (pH 8).
Before measurements, 90 puL of fluorescamine solution was added to the eppendorf, and the
mixture was thoroughly mixed. Then, 150 pL of the resulting reaction mixture was transferred
to the cuvette, and the fluorescence emission was recorded rapidly (Aex= 390 nm, Aem= 480 nm,
Ex slit=7.5, Em slit=5, under emission mode). For sample measurement, 20 uL of supernatant
containing unreacted peptide 3 after conjugation was used.

Determination of FAM-alkyne functionalization. For fluorometric quantitative analysis
of FAM on AuNPs surface, a standard FAM-alkyne calibration curve was established. In brief,
the fluorescence intensity of known concentrations of FAM-alkyne was recorded (Aex= 492 nm,
Aem= 517 nm, Ex slit=5.0, Em slit=5.0, under emission mode), and the maximum absorption at
517 nm was plotted against FAM-alkyne concentrations.

FAM-AUNPs digestion: 135 uLL of FAM-AuUNPs was mixed with 15 pL. of 0.3 M KCN/0.1
M KOH, resulting mixture was incubated at 80 °C for 30 min to allow complete disassociation
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of gold nanoparticles. After digestion, the solution was subjected to fluorometric analysis, and
the maximum absorption at 517 nm was recorded and analyzed.

Synthesis of PLGA-(Pep 3)2 polymer. PLGA (lactide: glycolide = 75:25, Mn = 66,000-
107,000, 10 mg) was dissolved in 1 mL of DMSO, EDC HCI (10 eg.) and sulfo-NHS (10 eq.)
were dissolved in 500 uL of DMSO. After the mixture was stirred for 2 h at RT for activation
COOH of PLGA, LDV peptide 3 (2.5 eq.) was added to the solution. Then, the solution was
stirred overnight at RT. To remove EDC, sulfo-NHS and any non-cross-linked peptide, the
reaction mixture was washed with cold EtOH, and the PLGA-(Pep 3). polymer was precipitated,
collected by centrifuge. Finally, the functionalized polymer was obtained as a white powder
and stored under 4 °C for further use.

Preparation of curcumin loaded PLGA NPs. The nanoparticles were obtained by the
single-emulsion solvent-evaporation technique, as previously described. Briefly, curcumin (1
mg) and PLGA (10 mg) were dissolved in a mixture of ethyl acetate (0.3 mL) and methylene
chloride (0.1 mL) at RT. This organic phase was rapidly poured into 2 mL of PVA aqueous
solution (0.5%, w/v) and emulsified by sonication for 5 min (40% amplitude), resulting in an
oil-in-water (O/W) emulsion. Next, the organic solvent was slowly evaporated by stirring under
vacuum hood. The particles were then recovered by centrifugation (20,000>g, 30 min, 10 °C)
and washed twice with water to remove the surfactant. The nanoparticles were dispersed in 3
mL Milli-Q water, and the resulting nanosuspension was stored under 4 °C for further use.

Synthesis of cyclic RGD peptide and Raf peptide. cRGD peptide was synthesized
according to literature.’"] Raf peptide was assembled by standard SPPS on Rink amide resin,
Fmoc deprotection and subsequent coupling was done by general procedures, the last
introduced residue was 5-hexynoic acid, finally, cleavage from resin and simultaneous removal
of acid labile protecting groups, e.g. Boc of Lys, tert-butyl of Ser, was performed by using a
95:2.5:2.5, v/v/v mixture of TFA/TIPS/H>0 (10 mL) while shaking for 2.5 h at RT. The mixture
was filtered and the resin was washed twice with Et2O/DCM containing a small portion of TFA.
The filtrates were collected and solvents were removed under reduced pressure, and ice-cold
Et;0O was added to precipitate the crude peptides as TFA salt, which were recovered by
centrifuge and further purified by preparative HPLC.

Synthesis of PF 127-(Ns)2. Pluronic® F127 (6.3 g, 0.5 mmol, 1 eq.) was dried by
azeotropic distillation with toluene at reduced pressure. Then, the polymer was solubilized in
anhydrous DCM (25 mL) and treated with triethylamine (TEA, 140 puL, 1 mmol, 2 eq.) and
methanesulfonyl chloride (MsCl, 77 puL, 1 mmol, 2 eq.) under inert atmosphere. The mixture
was stirred at 0 <C for 3 h and then at RT overnight. The solvent was evaporated at reduced
pressure, the resulting residue was washed with ice-cold Et>O, and the solid was collected by
precipitation (>95%).

Sodium azide (122 mg, 1.88 mmol, 4 eq.) was added to a suspension of dimesylate-PF127
(6.026 g, 0.47 mmol, 1.0 eq.) in CH3CN (25 mL), and the mixture was stirred under reflux for
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48 h. Subsequently, the solvent was removed under reduced pressure. The solid so obtained
was dispersed in a 5% NaHCOs solution saturated with NaCl (20 mL). The mixture was
extracted four times with DCM (4>15 mL). The combined organic phases were dried over
Na>SOyg, filtered, and evaporated at reduced pressure, affording a white solid (95%).

Conjugation of peptides to PF 127-(N3)2 via CUAAC.® PF127-(N3)2 (0.015 mmol), the
oligopeptides (0.06 mmol), and copper iodide (0.07 mmol) were added together into a dry flask.
The glassware was capped with a septum and purged with dry argon for several minutes. Then,
bipyridine (0.14 mmol) dissolved in 2 mL of degassed N-methyl pyrrolidone (NMP) was added
via a degassed syringe. The mixture turned dark brown, indicating complexation of Cul and
Bipy. The reaction mixture was stirred for 24 h at RT. The final mixture was diluted in deionized
water and subsequently purified by dialysis against pure water (cutoff: 3500). Last, water was
removed by rotary evaporation.

Preparation of dye-doped silica core/PEG shell nanoparticles. PF127 (77 mg), PF127-
peptides (33 mg), and RhB-TES (1.5 mg) were solubilized in DCM (1 mL) in a 10 mL glass
scintillation vial. The organic solvent was evaporated from the homogeneous solution, and the
solid residue was subsequently dried under vacuum at rt. The resulting solid mixture was
solubilized at 25 <T while stirring in a 1 M AcOH/0.85 M NaCl solution (1.6 mL) for 1 h.
Subsequently, TEOS (175 ) was added after 3 h of stirring, then TMSCI (20 L) was added.
The mixture was kept under stirring for 48 h at 25 <C. The NPs were purified by dialysis against
water at RT using cellulose dialysis tubing (Sigma, MW cutoff >12 kDa, avg. diameter 33 mm),
and the solution was finally diluted to a total volume of 1.75 mL with water to the final NPs
concentration 29 pv1.[*?]

Cell viability assay. The cytotoxicity of peptide-NPs was evaluated using the cell viability
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) assay, according to the manufacturer’s instructions. Cells were seeded (1.5x10%
cells/well) and cultured for 48 h. The primary growth medium was replaced by fresh medium,
containing NPs at the concentrations of 0.1, 1.0, 5.0 pM. After 48 h, PBS (100 pL) was
supplemented with the MTS solution (20 pL/well), incubated for 2 h, and then the absorbance
was recorded at 570 nm with a 96-well plate reader. Data were analyzed by Prism software
(GraphPad) and expressed as % of controls (untreated cells).
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Chapter V. Synthesis of Peptides Inhibiting the Assembly of Monomeric Human L-lactate

Dehvdrogenase into Catalytically-active Homotetramer

5.1 Introduction

Lactate dehydrogenases are stereospecific enzymes, exclusively generating D- or L-lactate
at the expense of pyruvate.['l In particular, the repertoire of bacterial lactate dehydrogenases
(LDHs) contains representatives featuring dimeric or tetrameric quaternary structure, and
relying on B-NADH or FAD as the redox cofactor.[>*! The heterogeneity of prokaryotic LDHs
does also concern their catalytic action, which is exerted according to Michaelis-Menten or
cooperative kinetics,”>* with further complexity conferred to these enzymes by homotropic or
heterotropic activation (e.g. by pyruvate and fructose 1,6-bisphosphate, respectively).
Remarkably, the structural and functional divergence observed for bacterial LDHs is essentially
mirrored when the eukaryotic counterparts are considered. Indeed, LDHs isolated from
different eukaryotic sources were reported to be assembled as dimers or tetramers,*8 and to be
assisted by B-NADH or FAD to exert their catalytic action.”! Quite intriguingly, the
occurrence of allosteric transitions in lactate dehydrogenases expressed by eukaryotic
vertebrates was early reported,!'!) and it was recently interpreted as the outcome of dissociation-
association events affecting the tetrameric assembly of rabbit and human LDH.!13]

Concerning human lactate dehydrogenases, different homotetrameric forms were
identified: (i) the M form (LDH 5, and featuring the LDH-A subunit), prevailing in muscles
subjected to transient hypoxic conditions, and accordingly engaged in the reduction of pyruvate
to L-lactate;'*!% (ii) the H form (LDH 1, and containing the LDH-B subunit), mainly expressed
in aerobic tissues, where it is supposed to primarily catalyze the oxidation of L-lactate;!'®! (iii)

[17.18] Tn addition to

the X form (LDH-C), detected in mitochondria isolated from spermatozoa.
the enzymes responsible for the interconversion of L-lactate and pyruvate, the occurrence in
human mitochondria of a D-lactate dehydrogenase was recently shown.['”) Nevertheless, it is
important to note that LDH 5 and LDH 1 represent the forms of human lactate dehydrogenase
to which major attention was paid so far, both structurally and functionally speaking.
Importantly enough, the quaternary structural analyses of LDH 5 and LDH 1!!®) provide the
necessary information to design inhibitors targeting the subunit-subunit interactions occurring
in these enzymes. As will be later mentioned, this strategy represents an attractive alternative
to conventional competitive inhibitors, the selectivity of which is questioned when dealing with
dehydrogenases, that is, with enzymes sharing structural homology among their active sites.
Lactate is of primary importance for the energetic metabolism under conditions limiting
oxidative phosphorylation, e.g. in cells facing transient hypoxia. However, it was shown that
lactate can be produced in fully aerobic tissues,?*?!! and it was therefore proposed that
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glycolysis does always lead to the generation of lactate.?! Indeed, the cytosolic lactate
produced under fully aerobic conditions is transported to the mitochondrial intermembrane
space, where it is oxidized to pyruvate, which is subsequently used by the Krebs cycle.
Therefore, any condition limiting the oxidative catabolism of pyruvate (not necessarily oxygen
limitation) would translate into an increase of lactate level, a state which is known to take place
in cancer cells.”*) Remarkably, a decrease of intracellular pH (pHi) is usually observed when
the energetic metabolism is dominated by the glycolytic generation of lactate. It should however
be noted that the generation of lactate by LDH does not induce acidification inherently, the
reduction of pyruvate at the expense of NADH + H" being a proton-consuming reaction. Instead,
lactic acidosis represents the outcome of a net release of H" from ATP hydrolysis under hypoxic
or anoxic environments.** A peculiar situation concerns cancer cells, the energetic metabolism
of which is mainly driven by glycolysis and lactate release, and whose pHi is nevertheless

(251 Remarkably, this phenotype of cancer cells avoids the

higher than in normal cells.
dissociation of tetrameric LDH-A, thereby preserving its catalytic action of LDH-A.['!

An interesting link between the quaternary structure of LDH-A and its relevance in the
energetic metabolism of cancer cells has recently been reported.!?’! In particular, it was shown
that tyrosine 10 (Y'°) of LDH-A is specifically phosphorylated in quite a number of human
cancer cell lines. Moreover, elegant size exclusion chromatography experiments revealed that
the phosphorylation of Y'* favors the assembly of tetrameric LDH-A at the expense of the
enzyme monomeric and dimeric forms, the relative abundance of which is higher in
preparations of LDH-A bearing unphosphorylated Y'°. Remarkably, these biochemical features
do phenotypically translate in the observation that the invasive potential of different forms of
malignant cells can be inhibited by suppressing the phosphorylation of LDH-A at Y'°.[*"]
Furthermore, it was reported that pyruvate counteracts the inhibition exerted by metformin on
cancer cells proliferation.?®! This effect triggered by pyruvate is linked to the action of LDH,
which is necessary to maintain the NAD"/NADH molar ratio within values appropriate for cells
growth and duplication.

Not surprisingly, the importance of LDH-A in the glycolytic pathway of malignant cells
prompted a wide search of potent inhibitors of this enzyme. In particular, the active site of LDH-
A represents the major target selected so far, and quite a number of competitive inhibitors
mimicking pyruvate or p-NADH were synthesized and characterized.?*3% Albeit highly
effective inhibitors belonging to this class were reported (e.g. a glycolate derivative of f3-
NADH),B! they face the drawback of lacking selectivity. Structurally speaking, NADH-
dependent dehydrogenases do indeed feature a rather high level of similarity, the occurrence of
which constrains the landscape of the searchable competitive inhibitors exerting a selective
action on a particular member of this enzymatic family. In addition, the structural similarity of
the human LDH-A and LDH-B represents an additional concern to the use of competitive

inhibitors. Accordingly, to improve the selectivity of LDH antagonists, a couple of allosteric
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inhibitors (a phthalimide and a dibenzofuran derivative, respectively) were recently synthesized,
and it was shown that their ICso values against LDH-A and LDH-B lie in the nM and uM range,
respectively.*?!

Notably, a further alternative to competitive inhibitors is represented by compounds
targeting protein-protein interactions. In particular, the loss of activity related to the dissociation
of tetrameric LDH-A!'*33] prompts the search for peptides able to interfere with the quaternary
structure of this enzyme. Peptides can indeed mimic a secondary structure element supposed to
be a major determinant of the reciprocal interactions engaged by the subunits of an oligomeric
protein.?* Nevertheless, it should be noted that the effectiveness of peptides in interfering in
vivo with protein-protein interactions can be negatively affected by their high degree of
conformational freedom and by their facile degradation in host cells. Remarkably, these
complications can be overcome using conformationally-restricted cyclic peptides and by
including D-amino acids in the primary structure of peptides, respectively. Therefore, peptides
represent a promising tool to inhibit the assembly of enzymes that exclusively feature catalytic
activity in their oligomeric state. Concerning lactate dehydrogenases, this strategy was first
tested using different peptides targeting the C-terminal region of LDH-A. According to
dynamic light scattering analyses, a couple of peptides among those tested, i.e. the hexamers
IYNLLK and KVVYNYV, were found to be competent in inducing a shift of the apparent LDH-
A molecular mass from about 240 to ca. 100 kDa.l*> Soon after, very elegant work was
performed to identify peptides capable of binding human LDH 1 with high affinity.[** To this
aim, a dimeric form of LDH-B was used for testing the association of candidate peptides to the
tetramerization site of LDH-B, i.e. to the C-terminal region of each enzyme subunit. By these
means, an interesting observation was obtained: the linear peptide ATLKEKLI was found to
feature a Kp for dimeric LDH-B equal to 1 mM, whereas the corresponding constant of cyclic
derivatives of this octapeptide was found to decrease down to 25 uM.®! Moreover, when the
cyclic octapeptide best performing against dimeric LDH-B was used to target tetrameric LDH-
A and LDH-B, Kp values equal to 117 and 380 uM were determined, respectively. Interestingly,
an additional tetramerization site of LDH-B (corresponding to residues located in the E®*-F">
region of the primary structure) was identified, and a hexadecapeptide peptide directed against
this target was observed to bind dimeric LDH-B with a Kp equal to 240 pM.B7! Quite
intriguingly, the cyclic octapeptide and the linear hexadecapeptide share the capability of
inducing the dissociation of tetrameric LDH-A, according to ECso values equal to 172 and 262
uM, respectively. Remarkably, it was reported that peptides appropriately designed are
proficient in inhibiting the activity of human LDH-A.® In particular, a heptadecapeptide
(denoted cGmC9) consisting of two B-strands connected by two loops was shown to inhibit the
reduction of pyruvate catalyzed by LDH-5, and the ICso value for this antagonist action was
determined as equal to 2.5 pM. Importantly enough, the cGmC9 peptide inhibits LDH 5

independently of substrate (pyruvate) concentration, therefore ruling out a competitive
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mechanism for this peptide. It should however be noted that the inhibition of LDH 5 by the
cGmCY peptide was assayed using the tetrameric enzyme exposed to pH 2.5 (in order to
dissociate its subunits and let the peptide bind them under these conditions), and thereafter
shifting the pH to 7.4. This procedure, besides being efficient, faces the inconvenient of
exposing the target enzyme to harsh pH conditions, under which the peptide-enzyme
association is also tested.

To provide a useful tool for screening the capability of candidate peptides to inhibit LDH-
A activity, we considered of interest to attempt the isolation of homogeneous monomeric LDH-
A, the availability of which would greatly improve the robustness of assays designed to test the
assembly of LDH 5. In addition, to analyze in detail how the competence of peptides in
inhibiting the assembly and the catalytic activity of LDH-A is affected by their structure, we
synthesized quite a number of linear and cyclic peptides, containing or not D-amino acids.
Accordingly, we report here on a simple procedure to obtain purified human LDH-A monomers,
along with the synthesis and characterization of an ensemble of peptides efficiently targeting
this enzyme in vitro and in cultured cells. The implications of our observations on the use of

peptides to interfere with the assembly of oligomeric proteins are also discussed.

5.2 Results

5.2.1 Overexpression of human LDH-A and purification of its monomeric form

To attempt the overexpression of human LDH-A in Escherichia coli, we used a synthetic
gene optimized for the codon usage of the bacterial host (Appendix C: Figure S1). Notably,
protein extracts obtained from cells overexpressing the synthetic gene were found to contain
soluble LDH-A, the purification of which was pursued with standard chromatographic methods
(see Methods). In particular, the first purification step was carried out with a Cibacron Blue
column, and further separation from contaminants was obtained by means of hydrophobic
interaction chromatography. Remarkably, the purification level detected after these two
chromatographic steps was rather satisfactory (Appendix C: Figure S2). Nevertheless, we
decided to achieve further purification with the aid of gel filtration chromatography. To this aim,
we used a Superdex 200 column, conditioned with 10 mM Tris-HCI, pH 7.5. Surprisingly, we
were unable to detect any significant amount of tetrameric LDH-A in the eluted fractions,
whereas a considerable amount of the enzyme in monomeric form was recovered from the
column (Figure 5.1 A). Moreover, it should be noted that the molecular mass calculated from
the observed elution volume of LDH-A was determined as equal to 19.8 kDa, a value
significantly lower than that expected (36.6 kDa). To test if the isolation of monomeric LDH-A
was due to the particular conditions selected for gel filtration, we prepared a second batch of
enzyme. This was accomplished according to the procedure previously mentioned, except for
the size exclusion chromatography, which was performed using 10 mM HEPES, pH 7.5. Quite

intriguingly, monomeric LDH-A was again obtained, indicating that the output of the gel
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filtration chromatography is not affected by the cationic or anionic nature of the buffer selected
for this purification step (Figure 5.1 B). However, when the Superdex 200 column was
conditioned with 10 mM Tris-HCI (pH 7.5) supplemented with 125 uM B-NADH and 5 mM
oxalate (a competitive inhibitor of lactate dehydrogenases, structurally similar to pyruvate), we
recovered tetrameric LDH-A, the molecular mass of which was estimated equal to 157 kDa
(Figure 5.1 C). In addition, a very similar output was observed when 10 mM HEPES, 150 mM
NaCl (pH 7.5) was used for the size exclusion chromatography, with the peak containing
tetrameric LDH-A corresponding to a molecular mass equal to 198 kDa (Figure 5.1 D). Finally,
we tested if the addition of NaCl to previously purified monomeric LDH-A triggers its assembly
into the corresponding tetramer. Interestingly, when 150 mM NaCl was supplemented to
monomeric LDH-A and the enzyme solution accordingly obtained was loaded onto the
Superdex 200 column conditioned with 10 mM Tris-HCI (pH 7.5) containing 150 mM NaCl,
tetrameric LDH-A was obtained (Figure 5.1 E). Moreover, when the tetramer eluted by means
of this size exclusion chromatography was loaded onto the Superdex 200 column conditioned
with 10 mM Tris HCI devoid of NaCl, LDH-A was eluted in monomeric form (Figure 5.1 F).
Therefore, the purification strategy reported here for human LDH-A is useful to isolate this
enzyme in tetrameric or in monomeric form (yielding ca. 10 mg/L of purified enzyme), with
the selection between these two forms depending only on the type of buffer used to perform gel
filtration chromatography.
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Figure 5.1 Isolation of mono- and tetrameric human LDH-A. The gel filtration chromatography was performed
using: (A) 10 mM Tris-HCI (B) 10 mM HEPES (C) 10 mM Tris-HCI (black circles) or 10 mM Tris-HCI
supplemented with 125 pM B-NADH and 5 mM oxalate (white circles) (D) 10 mM HEPES, 150 mM NacCl (E) 10
mM Tris-HCI, 150 mM NaCl (F) 10 mM Tris-HCI. The white, cyan, red, magenta, blue, green, and black circles
indicate the elution volume of ferritin, catalase, aldolase, albumin, ovalbumin, chymotrypsinogen, and RNase A,

respectively. The absorption spectra of these molecular mass markers are reported in Appendix C: Figure S3.
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Considering that the deletion of few amino acids (e.g. 20) from the N-terminal of LDH-A
is responsible for the dissociation of the tetrameric enzyme into dimers,**" we analyzed by
mass spectrometry one of the fractions eluted from the Superdex 200 column that contained
monomeric LDH-A (Figure 5.2 A). Importantly enough, by these means we were able to detect
peptides that covered most of the enzyme primary structure (from Asp® to Lys**?, Figure 5.2 B),
indicating that the purification procedure reported here implies the isolation of full-length

monomeric LDH-A.
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Peptide Observed Mr Theoretical Difference Peptide Observed Theoretical Difference

(Da) Mr (Da) (ppm) Mr (Da) Mr (Da) (ppm)
6-14 1118.6367 1118.6335 2.85 172-177 767.3623 767.5656 -1.70
6-22 2073.0767 2073.0742 1.20 233-243 1263.6731 1263.6711 1.59
77-90 1494.7713 1494.7678 2.30 269-278 1182.6556 1182.6543 1.05
77-99 2389.3415 2389.3329 3.60 270-278 1026.5534 1026.5532 0.19
82-90 1010.4706 1010.4669 3.70 285-305 2288.1753 2288.1723 1.33
82-99 1905.0320 1905.0320 0.027 306-315 1133.5568 1133.5564 0.33
91-99 9125781 912.5756 2.74 306-317 1374.7363 1374.7354 0.60
91-106 1726.9308 1726.9326 -1.03 306-318 1502.8305 1502.8304 0.098
100-112 1555.8105 1555.8066 2.45 318-328 1245.6732 1245.6717 1.19
119-126 928.5752 9285.7460 0.63 318-332 1762.9252 1762.9254 -0.096
127-132 767.3294 767.3272 281 319-328 1117.5758 1117.5768 -0.89
156-169 1517.7395 1517.7369 1.77 319-332 1634.8303 1634.8304 -0.056
158-171 1550.7652 1550.7624 1.80

Figure 5.2 Analysis of monomeric human LDH-A by SDS-PAGE and mass spectrometry. (A) Electrophoretic
analysis of fractions eluted from the Superdex 200 column equilibrated with 10 mM Tris-HCI (pH 7.5) and used
to perform the last purification step of monomeric LDH-A. M: molecular mass markers (their Mr is indicated in
kDa at the left); I: input; the fraction numbers are indicated on the top. (B) Identification by mass spectrometry of

peptides obtained by in-gel tryptic digestion of monomeric human LDH-A.

5.2.2 Structural properties of monomeric LDH-A

Having observed that B-NADH and oxalate are able to promote the tetramerization of
LDH-A monomers, we considered of interest to characterize, by Dynamic Light Scattering
(DLS), the association of the enzyme subunits. First, we analyzed the distribution of particles
using monomeric LDH-A in 10 mM Tris-HCI, pH 7.5. Notably, when three consecutive DLS
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assays were carried out with this sample the observed peaks were indicative of a considerable
polydispersity of the detected particles (Figure 5.3 A). Moreover, the size distribution of LDH-
A particles revealed quite important differences among the three assays, suggesting a
considerable spreading over a wide conformational landscape. In contrast, the addition of 125
uM B-NADH to monomeric LDH-A was found to translate into a monodisperse sample (Figure
5.3 B). Furthermore, no major differences were observed among the outputs generated by three
successive DLS assays. In particular, under these conditions the molecular mass of LDH-A was
determined as equal to 212 + 35, 212 &+ 31, and 190 £ 27 kDa, respectively, yielding a mean
value equal to 205 + 13 kDa. Remarkably, when both 125 uM B-NADH and 10 mM oxalate
were added to monomeric LDH-A, the DLS peaks observed with three consecutive analyses
featured high reciprocal similarity, and are indicative of a monodisperse sample (Figure 5.3 C).
Under these conditions, the values of molecular mass of LDH-A were determined as equal to
153 £9, 153 + 14, and 138 + 16 kDa, respectively, yielding a mean value of 148 + 9 kDa, in
excellent agreement with an expected value for tetrameric LDH-A equals to 146.3 kDa.

To inspect the secondary structure of monomeric LDH-A, we compared its circular
dichroism (CD) spectrum with that of the tetrameric enzyme. It should be noted that both
spectra were obtained in PBS buffer, containing 137 mM NaCl. Therefore, the ionic strength of
the buffer should induce the association of LDH-A monomers into the tetramer (cf. Figures 5.1
D and E). Interestingly, no major differences were detected between the two samples, with the

only exception being the amplitude of molar ellipticity at 208 nm (Figure 5.3 D).
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Figure 5.3 Analysis of the quaternary and secondary structure of human LDH-A. (A-C) DLS experiments
performed with monomeric LDH-A in: (A) 10 mM Tris-HCI, (B) 10 mM Tris-HCI supplemented with 125 pM -
NADH, (C) 10 mM Tris-HCI containing 125 uM B-NADH and 5 mM oxalate. (D) Far-UV CD spectra of tetrameric
and monomeric LDH-A (green and blue line, respectively), in PBS buffer, containing 137 mM NaCl.
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5.2.3 Binding of B-NADH by tetrameric and monomeric LDH-A

To further inspect the biochemical features of monomeric LDH-A, we analyzed the
binding of B-NADH to LDH-A (at pH 7.5) by Surface Plasmon Resonance (SPR). First, we
tested the association between the tetrameric enzyme and the redox cofactor. Unfortunately,
both the binding of -NADH to tetrameric LDH-A and the subsequent dissociation of the binary
complex were found to obey a very fast kinetics, whose rate constants could not be determined
(Figure 5.4 A). Nevertheless, our observations were useful to determine the Kp of the enzyme-
cofactor complex, the value of which was evaluated by means of three independent assays as
equal to 28, 22, and 21 pM, yielding a mean value equal to 23 + 4 uM (Figure 5.4 B).
Surprisingly, when the binding of B-NADH to monomeric LDH-A was tested, the association
of the redox cofactor to the monomeric enzyme featured a much lower amplitude than that
detected in the presence of tetrameric ALDH-A (Appendix C: Figure S4, cf. Figure 5.4 A).
However, by decreasing to 7.0 the pH of the binding assay, the observed amplitude was more
than twice the corresponding response at pH 7.5 (Appendix C: Figure S4). Moreover, a further
assay performed at pH 7.0 (i.e. under the more favorable condition) revealed a linear
dependence of the SPR response up to very high B-NADH concentrations, e.g. 10 mM (Figures
5.4 C and D). Accordingly, the Kp for the monomer-coenzyme binary complex cannot be
determined, with this finding being apparently in contrast with the observations obtained by
means of DLS experiments (Figure 5.3). However, it should be considered that the DLS
experiments were carried out with free LDH-A monomers, whereas the SPR assays were
performed with immobilized enzyme which therefore is incapable to assemble into the
tetrameric form. Accordingly, we propose that the binding of B-NADH and the assembly of
monomers represent a concerted action, the occurrence of which is hampered by the
immobilization of LDH-A.
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Figure 5.4 Binding of B-NADH to tetrameric and monomeric #ZLDH-A. (A) Kinetics of the association of [3-
NADH to tetrameric ZLDH-A as detected by surface plasmon resonance. Sensorgrams were observed loading
increasing concentration of f-NADH (0.49-125 uM) on a sensor chip modified with immobilized tetrameric
human LDH-A. (B) Determination of the Kp of ALDH-A for B-NADH. The response units refer to the data shown
in panel A. The continuous lines represent the best fit of a parametric rectangular hyperbola to the experimental
observations. (C) Sensorgrams observed loading increasing concentration of -NADH (0.25-10 mM) on a sensor
chip modified with immobilized monomeric human LDH-A. (D) Linear dependence of the response units reported
in panel C on the concentration of loaded B-NADH. The continuous line represents the best fit of a linear equation

to the experimental observations.

5.2.4 Kinetics of pyruvate reduction by tetrameric and monomeric LDH-A

As previously mentioned, DLS assays revealed that the addition of B-NADH and oxalate
to monomeric LDH-A triggers the assembly of LDH-A monomers into the enzyme tetrameric
form. Accordingly, the assembled monomers should feature catalytic competence, the extent of
which would be, in turn, suggestive of monomers-to-tetramer conversion. Therefore, we
performed a set of activity assays using reaction mixtures containing 10 mM Tris-HCI (pH 7.5),
100 uM B-NADH, 500 uM pyruvate, and variable concentrations of LDH-A in monomeric or
tetrameric form. To prime this analysis, we compared the kinetics of B-NADH oxidation
catalyzed by tetrameric or monomeric LDH-A, at 7.6 nM final concentration of subunits. When
the tetrameric enzyme was used, we detected a very fast reaction, reaching equilibrium in about
2.5 minutes (Figure 5.5 A, green line). Conversely, when monomeric LDH-A was used, the
reaction rate was definitely slower, taking approximately 20 min to approach completion
(Figure 5.5 A, blue line). We propose that this sharp difference represents the outcome of two
major factors: 1) a partial assembly of monomers into the enzyme homotetramer; i1) during the
reaction the limiting substrate (B-NADH) is oxidized, therefore restraining the assembly of
monomers. Taking into account that tetrameric LDH-A faces a dilution-induced dissociation,
even under conditions of neutral pH,!3! further tests were carried out in the presence of much
lower concentrations of enzyme. We indeed reasoned that in the presence of low enzyme
concentrations the difference between the activities exerted by tetrameric LDH-A and by
assembled monomers should be less pronounced when compared to the difference observed at
higher enzyme concentrations. Therefore, LDH-A activity was assayed in the presence of
concentrations of LDH-A subunits ranging from 0.0125 to 0.2 nM. As expected, tetrameric
LDH-A outperformed the catalytic action of assembled monomers (Figures 5.5 B and C), albeit
to a lower extent compared to the difference observed in the presence of 7.6 nM enzyme (Figure
5.5 A). Quantitatively speaking, by fitting a single exponential equation to the experimental
observations larger kobs values were determined for the LDH-A tetramer, except under the
conditions of maximal dilution (0.0125 and 0.025 nM subunits, Figure 5.5 D).
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Figure 5.5 Kinetics of B-NADH oxidation catalyzed by tetrameric or monomeric human LDH-A. (A-C) Activity
assays were performed using reaction mixtures containing 50 mM Tris-HCI (pH 7.5), 100 uM B-NADH, and 500
uM pyruvate. (A) Kinetics of p-NADH oxidation detected in the presence of 7.6 nM of tetrameric or monomeric
LDH-A (green and blue line, respectively). (B, C) Time-course of B-NADH oxidation catalyzed by 12.5, 25, 50,
100, or 200 pM tetrameric (B) or monomeric (C) human LDH-A (magenta, cyan, red, blue, and dark green circles,
respectively). The time-course observed in the absence of enzyme is also reported (white circles). (D) Dependence
on enzyme concentration of the rate constants determined for the reactions catalyzed by tetrameric (white circles)
or monomeric LDH-A (black circles) are reported in panels B and C. To obtain the ko values, a single-exponential

equation was fitted to the experimental observations.

5.2.5 Kinetic parameters of tetrameric and monomeric LDH-A

To further characterize the catalytic action of monomeric LDH-A exposed to B-NADH and
pyruvate, and therefore assembled into tetramer (cf. Figure 5.5 C), we determined the enzyme
activity as a function of pyruvate or B-NADH concentration. In addition, the kinetics of
pyruvate reduction catalyzed by tetrameric LDH-A was assayed under the same conditions used
for the monomeric enzyme. Structurally and functionally speaking, the availability of
monomeric LDH-A does indeed provide an unprecedented and quite interesting tool to perform
quantitative tests of the assembly of monomers into the corresponding catalytically-active
tetramer. When reaction velocity was observed as a function of pyruvate concentration in the
presence of 125 uM B-NADH, tetrameric LDH-A outperformed its monomeric counterpart,
featuring a lower Km and a higher kcat, that is, 271 =40 vs 561 £ 74 uM and 66 = 5 vs 32 £ 3
s (Figures 5.6 A, C). In addition, the enzyme kinetic parameters were also determined testing
reaction velocity as a function of B-NADH concentration, in the presence of 500 uM pyruvate.
Under these conditions, tetrameric LDH-A was again observed to outperform the assembled
monomers, essentially featuring the same Km for the redox cofactor (9.0 £ 0.6 vs 7.7 £ 1.1 uM)
and a 3-fold higher Kcat, that is, 90 + 2 and 29 + 1 s7!, respectively (Figures 5.6 B, C).
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Figure 5.6 Catalytic action of tetrameric and monomeric human LDH-A. (A) Dependence of the initial velocity
of B-NADH oxidation observed as a function of pyruvate concentration, in the presence of 125 uM -NADH and
2.56 nM tetrameric (white circles) or 9.8 nM monomeric (black circles) human LDH-A. The continuous lines
represent the best fit of the Michaelis-Menten equation to the experimental observations. (B) Dependence of the
initial velocity of B-NADH oxidation observed as a function of B-NADH concentration, in the presence of 500 uM
pyruvate and 1.9 nM tetrameric (white circles) or 7.6 nM monomeric (black circles) human LDH-A. The
continuous lines represent the best fit of the Michaelis-Menten equation to the experimental observations. (C)
Kinetic parameters determined by performing activity assays using monomeric or tetrameric LDH-A, at the
indicated final concentrations. Under conditions of variable pyruvate concentration, B-NADH was always used at
125 uM. When reaction mixtures contained variable concentrations of the redox cofactor, pyruvate was invariably
added at 500 uM. All the assays were performed at pH 7.5 (Tris-BisTris, 10 mM each).

The divergence between the kinetic parameters determined for monomeric and tetrameric
LDH-A should be interpreted in terms of the monomers-to-tetramer assembly. In particular,
when the kcar values are considered, the ratio of their values suggests that approximately one
half to one third of monomers generates tetramer, in the presence of excess pyruvate and -
NADH, respectively. Moreover, it is interesting to note that the Km of assembled monomers
for pyruvate is about twice the value determined for tetrameric LDH-A. This observation
suggests that pyruvate is capable to stabilize tetrameric LDH-A by binding to a secondary site,
featuring low affinity for the monocarboxylic acid.

5.2.6 Design of peptides directed against LDH-A subunit-subunit interactions

The inspection of two quaternary structures available for LDH 5 (PDB codes 1110 and
40JN“1) led us to identify the N-terminal region of LDH-A as the target for inhibiting the
assembly of the enzyme tetrameric form. In particular, since LDH 5 can be considered as a
binary association of dimers, we focused on the interactions between the residues 10-20 of the
N-terminal region of one monomer, and the residues 296-303 near the C-terminus of the second

monomer (Figure 5.7 A). Accordingly, we designed the linear octapeptide TH 1 as a potential
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inhibitor of LDH-A oligomerization, featuring the primary structure GQNGISDL, the sequence
of which is identical to the stretch of residues 296-303 of the target protein. To correlate the
coordinates of peptides with those of LDH 5 as denoted in the PDB files (shifted to a -1 position
due to the lack of the methionine coded by the start codon), the positions of the amino acids in
the peptides are hereafter accordingly indicated (e.g. the residues 296-303 translate into 295-
302). Interestingly, it can be recognized that the stretch of amino acids 295-302 does clearly
feature two turns, centered on the tetrapeptides G**>QNG?***, and I*SDL3%, respectively
(Figure 5.7 B). To design cyclic peptides inspired by these turns, we performed molecular
modeling simulations. Plausible 3D structures of candidate turn mimetics were estimated by
simulated annealing and molecular dynamics (MD) simulations, using the AMBER force field
in explicit water.[*? In brief, random geometries of each cyclopeptide were sampled during a
high temperature unrestrained MD simulation in a box of TIP3P models of equilibrated water
molecules.*] Each random structure was slowly cooled, the resulting structures were
minimized, and the backbones of the structures were clustered by rmsd analysis. Only
candidates showing one major cluster comprising the large majority of the geometries were
considered. From this cluster the representative structures with the lowest energy were then
selected and their conformations compared to those of the G**>QNG**® (Figure 5.7 C) and
*SDL*? (Figure 5.7 F) turns. This procedure resulted in the in-silico selection of two
mimetics of G*QNG??, i.e. the cyclopeptides c[GQN-isoD] (TH 2, Figure 5.7 D) and [GQN-
(R)-i1soD] (TH 3, Figure 5.7 E), in which either (S)- or (R)-Asp is framed within a 13-membered

ring as a P-amino acid (isoAsp). The structures calculated for the 13-membered

cyclotetrapeptides are not unexpected. Indeed, B-amino acids are well known to stabilize
[44]

defined secondary structures, in particular y- turns or pseudo-y-turns.

Figure 5.7 Design of the peptides to be tested against monomeric LDH-A. (A) Details of the interactions between
the N-terminal region of one monomer with the residues 295-302 located at the C-terminus of a second monomer,
and (B) stick representation of the same region. Structural details of: (C) the G**>QNG?*® turn, and (D) the 13-
membered cyclopeptides c[GQN-isoD] (TH 2), and (E) ¢c[GQN-(R)-isoD] (TH 3), (F) the I*¥SDL3® turn, and the
cyclopeptides (G) c[isoKSDL] (TH 4) and (H) c[isoKSD-(R)-L] (TH 5).
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In addition, by means of this strategy two mimetics of I?SDL3*? were selected (Figure
5.7 F), namely the cyclopeptides c[isoKSDL] (TH 4, Figure 5.7 G) and c[isoKSD-(R)-L] (TH
5, Figure 5.7 H), in which isoLys is involved in the macrolactamization by the side-chain amino
group (e-NH2). The chemical sketches of the cyclopeptides and of the majority of the
intermediates are reported in Table 5.1. These cyclopeptides were prepared by cyclization of
linear precursors, obtained in turn by solid phase peptide synthesis. To this aim, the tetrapeptide
GQNG was modified into the partially protected GQND-OBn (TH 6) or GQN-(R)-D-OBn (TH
7), while ISDL was modified into Fmoc-KSD(OBn)L (TH 8) or Fmoc-KSD(OBn)-(R)-L (TH
9). These linear sequences were synthesized using standard procedures on a Wang resin using
Fmoc-protected amino acids, and DCC/HOBL as activating agents (Appendix C: Table S1). (S)-
or (R)-Asp was introduced as Fmoc-Asp(OBn)-OH, or Fmoc-Asp(OBn); Lys was introduced
as Fmoc-Lys(Boc)-OH. Fmoc deprotection was carried out using 20 % (v/v) piperidine in DMF.
Cleavage from the resin and simultaneous removal of the acid-labile protecting groups was
performed by using TFA in the presence of scavengers.

The cyclization of the partially protected linear peptides was performed under pseudo-high
dilution conditions, by slowly adding the peptide to a mixture of NaHCO3; and DPPA in DMF.
The crude cyclopeptides c[GQN-isoD(OBn)](TH 10), c[GQN-(R)-isoD(OBn)] (TH 11),
c[isoK(Fmoc)-SD(OBn)L] (TH 12), c[isoK(Fmoc)-SD(OBn)-(R)-L] (TH 13), were isolated by
RP HPLC on a semipreparative C18 column (Appendix C: Table S1). Removal of benzyl
protecting groups was performed in quantitative yield by catalytic hydrogenation, giving
c[GQN-isoD] (TH 2), c[GQN-(R)-isoD] (TH 3), while Fmoc deprotection was done as
described above, affording c[isoKSDL] (TH 4), c[isoKSD-(R)-L] (TH 5). The purities of the
final products were determined to be > 95 % by RP HPLC (Appendix C: Table S1), and their
identity was confirmed by ESI-MS, 'H and '*C NMR, and by 2D gCOSY experiments at 600
MHz in DMSO-ds.

We also prepared and tested the partially protected linear peptides GQND(OBn) (TH 14),
whose cyclization provided the 12-membered c[GQND(OBn)] (TH 15). Furthermore, starting
from the partially protected linear peptides described above, we prepared and assayed the fully
deprotected linear sequences GQND (TH 16), GQN-(R)-D (TH 17), KSDL (TH 18), and KSD-
(R)-L (TH 19) (Table 5.1, and Appendix C: Table S2).
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Table 5.1 Structural features of the linear and cyclic peptides assayed as candidate inhibitors of LDH-A activity.
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5.2.7 Peptides and inhibition of LDH-A activity

As previously mentioned, monomeric LDH-A assembles into the corresponding tetramer
when exposed to B-NADH and pyruvate (or -NADH and oxalate, see Figure 5.1 C), therefore
gaining dehydrogenase activity. Accordingly, to test the action of peptides against the assembly
of tetrameric LDH-A, we performed activity assays under steady-state conditions, in the
presence of monomeric enzyme, 125 uM B-NADH and 0.5 mM pyruvate. In particular, all the
peptides were tested at 80 uM (final concentration), and the LDH activity detected in their
presence was compared with the catalytic action observed with control samples devoid of any
peptides. First, we decided to assay the octameric peptide TH 1, the primary structure of which
(GQNGISDL) is identical to the LDH-A region spanning residues 295-302. Remarkably, the
presence of this octapeptide was found to decrease the observed LDH activity by 36 % (Figure
5.8 A, Table 5.1). Moreover, it is important to note that when the TH 1 octapeptide was tested
against tetrameric LDH-A, no significant inhibition of the enzyme activity was observed.
Indeed, the catalytic action exerted by 6 nM tetrameric LDH-A (in 10 mM Tris-HCI, pH 7.5,
containing 150 mM NaCl) was determined as equal to 433 = 11 and 452 = 19 nM/s in the

absence and in the presence of 80 uM TH 1 octapeptide, respectively. Overall, this insensitivity
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along with the significant effect elicited by TH 1 on monomeric LDH-A indicate that the
octapeptide inhibits the assembly of LDH-A monomers into the corresponding, catalytically
active, tetramer. To dissect the inhibition triggered by TH 1 on monomeric LDH-A, we decided
to evaluate: 1) whether or not the two halves of the octapeptide, i.e. GQNG and ISDL, are
equally competent in inhibiting LDH-A; ii) the action of linear and cyclic peptides, containing
or not D amino acids; iii) the effect, if any, triggered by the presence of protecting groups in the
peptides to be assayed. The structures and the distinctive features of all peptides considered are
reported in Table 5.1. It should be noted that to allow the cyclization of tetrapeptide GQNG
while maintaining a terminal carboxylic group, the sequence was modified to GQND, while for
the cyclization of ISDL, while maintaining a terminal amino group, the sequence was modified
into KSDL (Table 5.1).
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Figure 5.8 Inhibition exerted by linear and cyclic peptides on LDH-A activity detected in vitro. Activity assays
were performed with reaction mixtures containing 6.2 nM monomeric LDH-A, 125 uM B-NADH, and 500 uM
pyruvate in Tris-BisTris (10 mM each) buffer, pH 7.5 (white bar in panel A). The grey bars (in A and D) represent
the activity observed in the presence of the same volume of DMSO (1 %, v/v) carried to the assay mixtures by the
peptides to be tested. (A-C) The effect, if any, of tetrameric peptides featuring the GQND primary structure (see
also Table 1) on LDH-A activity is shown. The inhibition exerted by the octameric peptide TH1 is also reported
in panel A. The enzyme activity observed in the presence of linear or cyclic peptides is shown in panels B and C,
respectively. (D) Extent of LDH-A activity detected in the presence of linear or cyclic tetrapeptides featuring the
KSDL primary structure. Error bars represent standard deviation (n = 3). The experimental observations were
compared by Student’s t-test. The *** ** and * symbols denote P values lower than 0.001, 0.01, and 0.02,

respectively.
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Remarkably, the GQND linear tetrapeptide TH 16 was found to be a quite effective
inhibitor, being responsible for a 22 % decrease of LDH-A activity (Figure 5.8 A). In addition,
to obtain a scrambled variant of TH 16 presumably devoid of inhibitory action, we constructed
DS 105, a linear tetrapeptide featuring the NQGD primary structure. As expected, the catalytic
action of LDH-A is insensitive to the presence of DS 105 in the assay mixture (data not shown).
Furthermore, we did not detect a significant inhibition of LDH-A in the presence of TH 17,
which differs from TH 16 for the specific substitution of L-aspartate with D-aspartate (Table
5.1, Figure 5.8 B). Therefore, the replacement of a single L-amino acid with its D- counterpart
does completely suppress the interference exerted by TH 16 on the assembly of LDH-A
monomers into the corresponding catalytically active tetramer. The effect, if any, of the
presence of a protecting benzyl group in the GQND tetrapeptide was then analyzed. In particular,
the inhibitory action of different protected peptides was compared with the action of the TH 16
peptide, and the following observations were accordingly obtained: i) the TH 14 peptide,
bearing a benzyl group bound to the C-carboxyl (Table 5.1), performs less than its progenitor
TH 16 (Figure 5.8 B); ii) the TH 6 peptide, featuring a benzyl group located at the Cp-carboxyl
(Table 5.1), does weakly perform when compared to TH 16, being responsible for 14 %
inhibition of LDH-A activity (Figure 5.8 B); iii) the presence in TH 7 of a benzyl group bound
to the C-carboxyl (Table 5.1) does not confer a significant inhibitory action to this tetrapeptide,
which therefore behaves as its inactive parental unprotected peptide TH 17 (Figure 5.8 B).
Rather interestingly, when cyclic and unprotected GQND tetrapeptides were assayed, a similar
extent of LDH-A inhibition was observed with TH 2 and TH 3 (Figure 5.8 C), containing L-
and D-aspartate, respectively (Table 5.1). In addition to this, we determined that cyclic GQND
TH 10, TH 11, and TH 15 tetrapeptides, bearing a benzyl protecting group, were outperformed
by their unprotected counterparts (Figure 5.8 C).

Overall, the KSDL tetrapeptides were found less effective than their GQND counterparts
(Figure 5.8 C and D, Table 5.1). In particular, the most potent cyclic TH 4 tetrapeptide in this
series was found to inhibit LDH-A activity by 16 % only (Figure 5.8 D), which is significantly
lower than the level of inhibition exerted by TH 2 (Figure 5.8 C).

5.2.8 Molecular modeling

According to our observations, among the cyclopeptides tested c[GQN-isoD] (TH 2) and
[GQN-(R)-isoD] (TH 3), feature the highest inhibitory efficiency (Figure 5.8 C). Apparently,
the cyclic structure contributes to improve their performances, possibly by imposing a proper
3D structure mimicking the G**>QNG?*® turn. Nevertheless, the presence of a free carboxylic
group seems also quite important, as suggested by the very poor efficacy of the corresponding
benzyl esters c[GQN-isoD(OBn)] (TH 10), and ¢[GQN-(R)-isoD(OBn)] (TH 11). To ascertain
any role played by the free carboxylic group in the inhibition of LDH-A oligomerization, we

predicted by molecular modelling and molecular dynamics the possible interactions between

125



Universita di Bologna

the cyclopeptide ¢[GQN-isoD] (TH 2) and the N-terminal target sequence of the monomer
(Figures 5.7 A, B). The structures of the interacting N-terminal residues 9 to 19 and the C-
terminal residues 295-302 were obtained from the quaternary structure reported by Read et al.['®!
(PDB code 1110). To prime the analysis, the cyclopeptide TH 2 was superimposed to the
G*>QNG?* turn, then the C-terminal sequence was removed. The system accordingly obtained
was subjected to molecular dynamics simulations at 298 K in a box of explicit TIP3P
equilibrated water molecules. During this period, the geometry of the N-terminal 9-19 sequence
was restrained by applying a force field to dihedral angles and distances, while the cyclopeptide
was maintained unrestrained. This step was followed by a stage with a scaled force field, and
finally by a phase of unrestrained dynamics. During the last step, the conformation of the N-
terminal sequence 9-19 slightly changed, allowing the formation of a salt bridge between the
carboxylate of cyclopeptide TH 2 and the protonated amino side chain of Lys'3 of the target N-
terminal region (Figure 5.9).

With all due caution, the simulations seem to point out this interaction as a main

contributor of the comparatively higher inhibitory efficacy of the cyclopeptides.

Figure 5.9 Simulation of the association between the TH 2 peptide and monomeric LDH-A. Predicted interactions
between the cyclopeptide c[GQN-isoD] (TH 2) and the N-terminal sequence Y'NLLKEEQTPQ', as simulated
by molecular dynamics in a box of explicit TIP3P water molecules; grey and red dotted lines represent hydrogen

bonds and salt bridges, respectively.

5.2.9 Inhibitory action of peptides on lactate production by human cells

Having identified peptides able to interfere with the assembly of monomeric LDH-A into
catalytically-active tetramer, we considered of interest to test the action of peptides against
LDH-A expressed in human cell lines. In particular, we analyzed the lactate secreted by cultured
human cells exposed or not to the peptides better performing as inhibitors of LDH-A in vitro,
1.e. TH 1, TH 2, and TH 16. Moreover, we used two different cell lines exclusively expressing
LDH-A or LDH-B, i.e. MCF7 and BxPC3, respectively. In MCF7 cells, the [mRNALph-
A)/[mRNALpn-g] ratio is indeed equal to ca. 150 (Figure 5.10 A), whereas in BxPC3 cells the
messenger coding for LDH-A was not detected (Figure 5.10 A). Therefore, by comparing the
decrease, if any, of the lactate concentration secreted by these two cell lines the selectivity of
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peptides acting against LDH-A or LDH-B can be conveniently estimated. When the MCF7 cell
line is considered, the linear TH 16 and the cyclic TH 2 tetrapeptide performed equally, being
both responsible for a concentration of secreted lactate 20 % lower than that detected in their
absence (Figure 5.10 B). On the contrary, and rather interestingly, when BxPC3 cells were used,
no significant differences were observed between the lactate secreted by cells exposed or not to
the tetrapeptides (Figure 5.10 B). Surprisingly enough, the TH 1 octapeptide did not induce any
significant effect on lactate secretion by MCF7 and BxPC3 cells (Figure 5.10 B). We propose
that the absence of a detectable phenotype linked to the treatment of cells with TH 1 is due to
a poor import of this octameric peptide, which proved to be rather effective when tested in vitro.
It should indeed be noted that the assays with cells were performed in the presence of
lipofectamine (see Methods). In addition, it is important to mention that when tested in the
absence of lipofectamine both the TH 16 and the TH 2 tetrapeptide were found to trigger
negligible and not significant effects on lactate production by MCF7 cells. Accordingly, it
seems likely that lipofectamine is effective in assisting the penetration of the TH 16 and TH 2

peptides into cells, with this action of lipofectamine being much weaker when dealing with a
larger molecule, i.e. an octapeptide.
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Figure 5.10 Effect of peptides on the secretion of lactate by human cell lines. (A) Relative [mRNALpu-
Al/[mRNA;prg] as detected by RT-PCR in MCF7 and BxPC3 cells. (B) The amount of lactate secreted by MCF7
or BXxPC3 cells in the absence (white bars) or in the presence (yellow, orange, and cyan bars in A, B, and C,
respectively) of different peptides is shown. Error bars represent standard deviation (n = 3). The experimental
observations were compared by two-way ANOVA. The ** symbol denote a P value lower than 0.01.

5.3 Discussion

So far, the functional and structural features of human LDH-A were almost exclusively
inspected using LDH 35, i.e. the tetrameric form of this enzyme. Accordingly, we considered of
interest to isolate homogeneous monomeric LDH-A, the availability of which could be of help
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to investigate the assembly of tetrameric LDH-A. In addition to this, it should be mentioned
that the procedure reported here for the purification of monomeric human LDH-A can be
conveniently modified to isolate the corresponding tetramer. In particular, the addition of -
NADH and oxalate or 150 mM NacCl to enzyme samples being subjected to the last purification
step, i.e. gel filtration chromatography, translates into the isolation of LDH 5 (Figures 5.1, C-
E). Remarkably, these observations are in substantial agreement with those reported by Trausch
for rabbit skeletal muscle lactate dehydrogenase.[**! Tetrameric rabbit LDH-A was indeed found
to dissociate into dimers when the enzyme was loaded onto a Sephadex G-200 column under
conditions of high ionic strength (1 M NacCl), unless 100 uM B-NADH and 10 mM pyruvate
were added to the buffer used for the gel filtration chromatography. Therefore, the observations
shown here and those obtained by Trausch indicate that both the redox cofactor and the
monocarboxylic substrate are important factors promoting the stability of tetrameric LDH-A.
Quite intriguingly, by means of gel filtration chromatography we determined the molecular
mass of monomeric human LDH-A as equal to 19.8 kDa (Figure 5.1), a value considerably
lower than expected. This peculiar observation could represent the output of a particularly slow
diffusion of human monomeric LDH-A along the void volume of the chromatographic column,
implying an increase of the enzyme elution volume compared to the expected value, which is
related to the diffusion of the enzyme into the chromatographic beads. This, in turn, implies that
the conformation of monomeric human LDH-A is rather extended, conferring to the enzyme a
molecular volume larger than that of a single subunit of tetrameric LDH-A. This feature of the
enzyme could be responsible for the unexpected observations obtained when monomeric LDH-
A was analyzed by DLS. Indeed, the diameters of monomeric LDH-A molecules would be,
according to the DLS experiments, larger than those determined for the same protein in the
presence of B-NADH or in the presence of both B-NADH and oxalate (Figure 5.3). It is
important to remind that this last condition translates into the assembly of monomers into
tetramers, the molecular mass of which was estimated by DLS in excellent agreement with the
expected value.

When the competence of monomeric LDH-A in binding B-NADH was tested by surface
plasmon resonance (SPR) a weak interaction was detected, the occurrence of which did not
translate into an appreciable saturation of the binding site (Figure 5.4). This suggests that the
binding of B-NADH is severely inhibited when the mutual association of LDH-A monomers is
hampered in the immobilized state. Interestingly, when dissociated rabbit LDH-A was
immobilized and exposed to free enzyme subunits the assembly into the tetrameric form
occurred, albeit this competence was rapidly lost.[**) Conversely, when free monomeric LDH-
A is hosted in solutions containing f-NADH and pyruvate the assembly into the tetrameric
forms is triggered, conferring competence in catalytic action. Moreover, the extent of this
assembly should be mirrored by the level of catalytic activity, which can be compared with the

action exerted by the tetrameric enzyme at an equal concentration of subunits. Accordingly,
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activity assays were performed as a function of monomeric or tetrameric LDH-A concentration,
in the presence of 100 uM B-NADH and 500 uM pyruvate. Remarkably, the observed kinetics
of B-NADH oxidation suggest that 20-40 % of LDH-A monomers do assemble into tetrameric
enzyme (Figures 5.5, B-D). In addition to these tests, we also determined the kinetic parameters
of tetrameric and monomeric LDH-A. Concerning the tetrameric enzyme, kcat values equal to
65.5 and 89.9 s' were determined under conditions of variable pyruvate or P-NADH
concentration, respectively (Figure 5.6 C). The corresponding values for monomeric LDH-A
were estimated as equal to 32.4 and 29.1 s (Figure 5.6 C), suggesting that 30-50 % of
monomers do assemble into the tetrameric form of the enzyme. It should be noted that these
values are slightly higher than those (20-40 %) determined detecting the oxidation of B-NADH
under conditions exclusively yielding first-order kinetics and implying the depletion of a
considerable quantity of the redox cofactor (which with pyruvate is responsible for the assembly
of tetrameric LDH-A, Figures 5.5, B-C).

When the Km for pyruvate is considered, we determined a value equal to 560 and 271 pM
for monomeric and tetrameric LDH-A, respectively (Figure 5.6 C). It should be mentioned that
the Km value of the tetrameric enzyme is in reasonable agreement with previous observations,
yielding values equal to 252 and 398 pM.[*#") Accordingly, monomeric LDH-A features a
rather high Km for pyruvate and, as previously mentioned, we interpret this feature as indicative
of'a secondary site for pyruvate, possibly engaged in the stabilization of the assembled tetramer.

Structurally speaking, the four subunits of LDH 5 are arranged as a binary association of
dimers, with their N- and C-terminal regions reciprocally engaged in dimer-dimer
interactions.!'®! As a target of peptides hopefully able to interfere with the assembly of LDH 35,
we selected the N-terminal region of LDH-A. We indeed reasoned that any peptide identified
as competent in inhibiting the assembly of monomeric LDH-A into tetrameric LDH-5 in vitro,
could also be able to interact with the N-terminal part of the nascent LDH-A displayed by
ribosomes during mRNA translation. Moreover, it should be considered that it was previously
shown that the N-terminal region of LDH-A represents a better target than its C-terminal part.[*®!
Accordingly, we designed the TH 1 octapeptide, featuring the primary structure GQNGISDL,
which is identical to the C-terminal part of LDH-A consisting of residues 295-302. Remarkably,
the effectiveness of this octapeptide against the assembly of LDH 5 is rather satisfactory, its
presence in assay mixtures being responsible for a 36 % decrease of the observed LDH 5 activity.
This observation diverges from the output reported for a quite similar peptide tested against
LDH-A, i.e. the nonamer Ac-QNGISDLVK-NH, (denoted C1), which resulted ineffective.**!
The reason for this apparent discrepancy should reside in the different procedures used to
evaluate the action of the TH 1 and C1 peptides. Indeed, Nadal-Bufi et al. assayed the C1
nonapeptide using LDH 5 exposed to pH 2.5 to dissociate its subunits, incubating the
dissociated enzyme to the peptide for 2 minutes, and finally shifting the pH to 7.4. On the

contrary, we used monomeric LDH-A at pH 7.5 as the target of peptides selected as candidates
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to interfere with the assembly of LDH 5. Therefore, it seems quite likely that exposing both the
target and the candidate peptide to pH 2.5 could limit their mutual interactions.

As previously mentioned, we dissected the action of TH 1 using two different families of
tetrapeptides, and we attempted to identify the molecular determinants conferring to the better
performers the competence in inhibiting the assembly of LDH 5. Accordingly, we recognized
the importance of constructing unprotected peptides, and featuring a cyclic structure. In
particular, we observed that the cyclic TH 2 tetrapeptide outperformed its conjugate linear TH
16 peptide, with both of them featuring the GQND primary structure. We propose that this
difference is likely due to the conformational stability conferred by cyclization to TH 2, the
binding competence of which to monomeric LDH-A would nevertheless be supported by the
stretchy conformation of the target. According to the tertiary structure of LDH-A, the N-
terminal region spanning amino acids 9-19 is indeed arranged as a coil, therefore featuring
conformational freedom in the monomeric state. Nevertheless, the cyclic nature of TH 2 implies
that a limited number of amino acids, residing on one side of this tetrapeptide, would be able to
interact with the target. In particular, we propose that the side containing the couple of residues
QN could favorably interact with residues located in the region of the target spanning amino

[35] In addition to the difference between the action of

acids 14-19, as previously reported.
peptides TH 2 and TH 16, it is important to note further unprecedented observations that we
have shown here: 1) the inhibition exerted on LDH-A by linear peptides is sensitive to their
stereochemistry, as indicated by the finding that replacing the L-aspartate in the effective TH
16 peptide with a D-aspartate yields the ineffective conjugate TH 17 peptide (Table 5.1); i) the
inhibition of LDH-A triggered by cyclic peptides is insensitive to the presence of L- or D-
aspartate, as determined for the TH 2 and TH 3 peptides (Table 5.1). Remarkably, these
observations suggest the use of conformationally-restricted cyclic peptides, preferably
containing D-amino acids to limit their degradation in vivo.

We reported here for the first time on the inhibition of LDH-A exerted in cultured cells by
tetrapeptides. Remarkably, by means of assays detecting the lactate secreted by cell lines
exclusively expressing LDH-A or LDH-B we were able to show that the tetrapeptides TH 16
and TH 2 feature high selectivity against LDH-A. However, the octapeptide TH 1 that was
found to be the best performer in vitro did not elicit any effect in cultured cells, probably
because of a limited import of this peptide in the cellular cytosol. Accordingly, it will be of
interest to construct chimeric peptides, containing a region targeting LDH-A and an arginine-
and/or lysine-rich part, the presence of which could mimic cell-penetrating peptides.[*>% The
heptadecameric cGmC9 peptide constructed and tested by Nadal-Bufi et al. does indeed contain

about half of its primary structure designed to contain four arginines,*!

most likely favoring
its import into cells’ cytosol, the compartment where LDH-A is located and can therefore be
targeted. Moreover, and importantly, it was shown that this type of peptides can be successfully

used to inhibit the proliferation of cancer cells.>!)
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5.4 Conclusion

We have reported here on the isolation of homogeneous human LDH-A in monomeric
form by means of a simple purification procedure performed at pH 7.5. Remarkably, this finding
provides a convenient and reliable tool to assay candidate inhibitors directed against the
assembly of monomeric ZALDH-A into the corresponding, catalytically active, tetramer.
Moreover, we have shown that appropriately designed cyclic peptides can exert this inhibitory
action. Considering the relevance of LDH-A in the energetic metabolism of malignant cells, it
is our hope that the availability of monomeric ZLDH-A will be of help to the identification of
further peptides repressing glycolysis in cancer cells by means of a strong inhibition of the

protein-protein interactions essential to the assembly of tetrameric Z/LDH-A.

5.5 Experimental Section

Purification of LDH-A monomer. To obtain human LDH-A in monomeric form, a gene
coding for this enzyme and optimized for Escherichia coli codon usage was synthesized
(GenScript, Leiden, NL) and cloned into the pET9a expression vector using the Ndel and
BamHI sites (Appendix C: Figure S1). The construct accordingly obtained was used to
transform E. coli BL21 (DE3) electrocompetent cells. Transformants were selected using Petri
dishes containing LB solid medium supplemented with kanamycin (40 pg/mL), and
subsequently purified on LB-kan plates. Single colonies were then picked up to inoculate LB-
kan liquid medium, and grown for 15 h at 37 <C under shaking conditions (180 rpm). The pre-
cultures accordingly obtained were diluted (1:500) into fresh LB-kan medium and grown at
30 <T for 9 h. Then, 1 mM isopropyl-B-D-thiogalactopyranoside (IPTG) was added, and the
induced cultures were incubated at 30 <C for 15 h. Induced cells (300 mL) were harvested by
centrifugation (4,500 x g, 20 min, 4 <C), and the pellets were resuspended in 15 mL of 50 mM
Na,HPOs, 150 mM NaCl, 1 mM EDTA, pH 7.5 (buffer A). Total proteins were extracted by
sonication (Misonix-3000 sonifier, output level of 18 W for 15 s, followed by a 15 s cooling
interval, for 4 cycles). The crude protein extract accordingly obtained was centrifuged (13,000
X ¢, 30 min, 4 <C), the pellet was discarded, and the supernatant was immediately loaded onto
a HiTrap Blue column (5 mL, GE Healthcare, Piscataway, USA), previously equilibrated with
buffer A. After extensive washing of the column with buffer A, LDH-A was eluted with the
same buffer supplemented with 0.5 M NaCl. The best fractions (as determined by activity
assays and SDS-PAGE analysis) were pooled, and solid NaCl was added to increase its
concentration to 3 M in the pooled fractions. The sample accordingly obtained was loaded onto
a HiTrap Phenyl FF column, previously equilibrated with Buffer A containing 3.0 M NaCl.
After washing the column, a reverse NaCl gradient (3.0-0 M) was applied (10 column volumes),
and afterwards LDH-A was eluted with buffer A. The best eluted fractions were pooled,
concentrated to 2 mL and loaded onto a Superdex-200 column, equilibrated with 10 mM Tris-
HCI, pH 7.5 (or alternatively 10 mM HEPES, pH 7.5). After pooling and concentrating the
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fractions containing homogeneous LDH-A, aliquots of the concentrated purified enzyme were
stored at -20 <C until used. Protein concentration was determined according to Bradford.>?

Activity assays. The enzyme-catalyzed reduction of pyruvate was assayed by determining
the decrease in Absorbance at 340 nm related to the oxidation of B-NADH. The extinction
coefficient of B-NADH at 340 nm was considered equal to 6.22¢10° M cm™.I581 All the assays
were performed at 25 <C using a Cary 300 Bio spectrophotometer. To determine the Km of
monomeric or tetrameric LDH-A for pyruvate, reaction mixtures contained 125 pM 3-NADH
in 50 mM Tris-HCI, pH 7.5. Conversely, to determine the Kmn of monomeric or tetrameric LDH-
A for B-NADH reaction mixtures contained 500 M pyruvate in 50 mM Tris-HCI, pH 7.5.

The inhibition exerted by peptides on LDH-A activity was tested by incubating 6.2 nM
enzyme and 80 piM peptide in 10 mM Tris-HCI, 10 mM BisTris (pH 7.5) buffer for 5 minutes,
at the end of which the reaction was started by the addition of 125 pM B-NADH and 500 pM
pyruvate.

Dynamic light scattering. Dynamic light scattering experiments were performed with a
Malvern Panalytical (Malvern, UK) Zetasizer Nano ZS system. All the measurements were
recorded at 25 <C using solutions previously filtered with 0.2 m filters, and containing 5 M
enzyme in 10 mM Tris-HCI, pH 7.5. Scattering was evaluated at an angle of 173 degrees. Each
individual observed value of enzyme diameter represents the average output of 3 groups of
consecutive determinations. Raw data were analyzed with the Zetasizer software (Malvern
Panalyticals), release 7.11.

Circular dichroism. CD spectra were recorded over the 200-250 nm wavelength interval
at a scan rate equal to 50 nm/min, using a Jasco J-810 spectropolarimeter and a 0.5 cm path-
length cuvette. Protein samples were in PBS, and the band width was set to 1 nm. Sixteen scans
per sample were acquired and averaged.

Surface plasmon resonance. The binding of B-NADH by monomeric and tetrameric
hLDH-A was assayed using a Biacore T200 instrument (Cytiva, Marlborough, MA, USA).
Both monomeric and tetrameric LDH-A were immobilized on a Xantec CMD500 chip at a
concentration of 30 pg/mL in 10 mM HEPES, pH 7, using a standard amine coupling protocol,
yielding an observed immobilization level of 6984 and 17424 response units (Rus), respectively.
The binding of B-NADH to hLDH-A was tested in 50 mM HEPES, pH 7.5, at 25 <C, using a
flow rate of 50 pL/min, with 60 and 10 s of association and dissociation time, respectively.
Different ranges of B-NADH concentration were used, as indicated in the figures. The
elaboration of sensorgrams was achieved using the BIAevaluation software.

Mass spectrometry. To verify the identity of monomeric LDH-A, spots were excised
from SDS-PAGE gels and underwent trypsin-in-gel digestion as previously reported.®*! The
resulting peptides were analyzed by LC-MS/MS using a Q-Exactive instrument (Thermo-Fisher
Scientific, Waltham, MA, USA) equipped with a nano-ESI source coupled with an Ultimate
capillary UHPLC as reported elsewhere.[!
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Cell cultures and determination of lactate dehydrogenase expression. To evaluate the
competence of peptides in inhibiting the action of LDH-A in cultured cells, two human cell
cultures were used: MCF7 and BxPC3, isolated from breast and pancreatic adenocarcinoma,
respectively. Cultures were grown in DMEM (MCF7) or RPMI medium (BxPC3),
supplemented with 100 U/mL penicillin/streptomycin, 2 mM glutamine and 10 % (v/v) FBS.
All the components of the media used for cell culture were obtained from Merck-Millipore.
The expression of LDH subunits in both cell lines was evaluated by RT-PCR. RNA extraction,
retro-transcription and DNA amplification were performed as previously described.® For each
culture, the relative expression Idh-a/ldh-b was evaluated. The primers used for the RT-PCR
reaction were indicated:

a) for LDH-A: 5’-GCAACCCTGCAACGATTTT-3’ (forward);

5’-TTCCAGAGGACAAGATCTCAAA-3’ (reverse);

b) for LDH-B: 5’-CCAACCCAGTGGACATTCTT-3’ (forward);

5’-AAACACCTGCCACATTCACA-3’ (reverse).

Colorimetric assays of lactate secretion by cultured human cells. The competence of
peptides in inhibiting LDH in cultured cells was tested by assessing the concentration of lactate
released by MCF7 and BXPC3 cell cultures. To this aim, cells were seeded in duplicate in 24-
wells plates (2 x<10° / well) and let to adhere overnight; the culture medium was then replaced
by Krebs-Ringer buffer (300 pi/well). Stock solutions of peptides (8 mM in DMSO) were
diluted in Krebs-Ringer buffer to a final concentration of 640 M and mixed with an equal
volume of 4 % (v/v, in Krebs-Ringer buffer) Lipofectamine 2000 (Invitrogen). The final
solution was thoroughly mixed, kept for 25 minutes at room temperature, and finally 100 pL
were added to each plate well, obtaining a final peptide concentration equal to 80 M. The
concentration of lactate released in the Krebs-Ringer buffer was determined after 4 hours of
incubation at 37 <C, using the colorimetric assay previously reported.l® Each experiment was
performed in triplicate and included control samples consisting of untreated cell cultures
exposed to the same final concentration of DMSO (1 %, v/v) and Lipofectamine (0.5 %, v/v)
to which were exposed the samples treated with peptides.

Synthesis of peptides, general procedures. Unless otherwise stated, standard chemicals
and solvents were purchased from commercial sources and used as received without further
purification. The purity of target compounds was determined to be > 95 % by HPLC analyses,
performed using an Agilent 1200 series apparatus, equipped with a Phenomenex reverse-phase
column (Gemini C18, 3 pm, 110 A, 100 x 3.0 mm, no. 00D4439-Y0). Column description:
stationary phase octadecyl-carbon chain-bonded silica (C18) with trimethylsilyl end-cap, fully
porous organo-silica solid support, particle size 3 pum, pore size 110 A, length 100 mm, internal
diameter 3 mm; mobile phase for neutral compounds: from 9:1 H,O/CHsCN to 2:8 H,O/CHsCN
in 20 min at a flow rate of 1.0 mL min™?, followed by 10 min at the same composition; DAD
(diode-array detection) 210 nm; mobile phase for ionizable peptides: from 9:1 H,O/CH3CN and

133



Universita di Bologna

0.1 % HCOOH to 2:8 H,O/CH3CN and 0.1 % HCOOH in 20 min, flow rate of 1.0 mL min™%;
DAD 254 nm. Semipreparative RP HPLC was carried out with a Waters 2489 UV/visible Dual
Detector equipped with a Waters 1525 Binary HPLC pump, using reverse-phase column
XSelect Peptide CSH C18 OBD column (Waters, 19 x 150 mm, 5 pm, no.186007021). Column
description: stationary phase octadecyl-carbon chain-bonded silica (C18), double end-capped,
particle size 5 pm, pore size 130 A, length 150 mm, internal diameter 19 mm; DAD 210 nm,
DAD 254 nm. Mobile phase for neutral compounds: isocratic 6:4 H,O/CH3CN for 2 min, then
gradient from 6:4 H,O/CHsCN to 2:8 H2O/CHsCN in 10 min, then isocratic 2:8 H,O/CHsCN
for 2 min; flow rate: 10 mL min~t. Mobile phase for ionizable peptides: isocratic 6:4
H20O/CH3CN and 0.1 % HCOOH for 2 min, then gradient from 6:4 H,O/CH3CN and 0.1 %
HCOOH to 2:8 H,O/CH3CN and 0.1 % HCOOH in 10 min, then isocratic 2:8 H,O/CH3CN and
0.1 % HCOOH for 2 min. Routine ESI MS analysis was carried out using an MS single
quadrupole HP 1200 MSD detector, with a drying gas flow of 12.5 L min™%, nebulizer pressure
30 psig, drying gas temperature 350 <C, capillary voltage 4500 (+) and 4000 (-), scan 50-2600
amu. NMR spectra were recorded with a Bruker BioSpin GmbH (*H: 600 MHz, 3C: 151 MHz)
at 298 K in 5 mm tubes, using 0.01 M peptide. Chemical shifts are reported in ppm (o) and
internally referenced with (CD3)2SO: *H: 2.50, $3C: 39.52 ppm. The unambiguous assignment
of TH NMR resonances was based on 2D gCOSY experiments. Coupling constants (J) are
reported in Hz.

The NMR spectra and the HPLC chromatograms of the synthesized peptides are reported
in Appendic C: Figures S5 A-Q and S6 A-C, respectively.

General procedure for SPPS of linear peptides. Solid-phase peptide synthesis was
performed in polypropylene syringes fitted with a polyethylene porous disc. The linear peptides
were assembled manually on Wang resin (0.3 g, 1.1 mmol/g loading capacity) using Fmoc-
protected amino acids under standard procedures; (S)- or (R)-Asp was introduced as Fmoc-
Asp(OBn)-OH, or Fmoc-Asp-(OBn); Lys was introduced as Fmoc-Lys(Boc)-OH.

Prior to use, the resin was swollen in DMF (3 mL) for 15 min. In a separate sample tube,
(S)- or (R)-Fmoc-AA-OH (0.6 mmol) and HOBt (81 mg, 0.6 mmol) were dissolved in DMF (4
mL). After 20 min, the mixture was added to the resin, followed by DCC (124 mg, 0.6 mmol)
and a catalytic amount of DMAP, and the resin was gently shaken at RT for 3 h. Thereafter, a
mixture of Ac20 (0.92 mL, 10 mmol) and pyridine (0.81 mL, 10 mmol) was added and shaken
for additional 30 min to end-cap the unreacted 4-hydroxybenzyl alcohol linkers. The resin was
filtered and washed alternatively with DMF, MeOH, and DCM (3 x4 mL each).

Fmoc cleavage was carried out using 20 % (v/v) piperidine in DMF (5 mL), while gently
shaking at RT for 20 min. After washing with DMF and DCM (5 mL), the deprotection was
repeated. The resin was then washed sequentially with DMF, MeOH, and DCM (3 =<4 mL).

The subsequent coupling reactions were performed by dissolving in a separate vial Fmoc-
protected amino acids (0.6 mmol) and HOBt (81 mg, 0.6 mmol) in DMF (4 mL) for 20 min.
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The mixture was poured into the reactor followed by DCC (124 mg, 0.6 mmol), and the
suspension was shaken at RT for 3 h. Coupling efficacy was monitored by the Kaiser test. Fmoc
cleavage was carried out as reported above.

Cleavage from the resin and simultaneous removal of the acid-labile protecting groups
was performed by using a 95:2.5:2.5 v/v/v mixture of TFA/TIPS/H20 (10 mL) while shaking
for 2.5 h at RT. The mixture was filtered and the resin washed twice with 5 % TFA in Et,0 (10
mL). The filtrates were collected and solvents were removed under reduced pressure. Then ice-
cold Et2O was added to precipitate the crude peptides as TFA salts, which were recovered by
centrifuge. The linear peptide candidates were isolated by RP HPLC on a semipreparative C18
column. The purity and the identity of the products were determined to be > 95 % by RP HPLC
coupled to ESI MS, by *H and *C NMR. Linear sequences destined to cyclization were utilized
without further purifications.

General procedure for SPPS of cyclopeptides. The cyclization of the crude peptides was
performed under pseudo-high dilution conditions, by slowly adding the peptide using a
temporized syringe pump (dual-channel KD Scientific model 200). A solution of the linear
peptide (0.15 mmol) in DMF (10 mL) was added to a mixture of NaHCO3 (38 mg, 0.45 mmol)
and DPPA (65 L, 0.3 mmol) in DMF (4 mL) at RT over 16 h. Once the addition was complete,
the reaction was stirred for additional 6 h. Then the solvent was distilled under reduced pressure,
and the residue was suspended in water (5 mL), and extracted 3 times with EtOAc (20 mL).
The combined organic solvent was removed at reduced pressure, and the crude peptides were
isolated by RP HPLC on a semipreparative C18 column.

Removal of benzyl protecting groups was performed by catalytic hydrogenation. A stirred
suspension of the protected peptides (0.1 mmol) and a catalytic amount of 10 % (w/w) Pd/C in
absolute EtOH (10 mL) was stirred under H2 atmosphere at RT for 12 h. Thereafter, the catalyst
was filtered off over Celite and the solvent was distilled under reduced pressure, to afford the
products in quantitative yield. The purity and the identity of the final products were determined
to be > 95 % by RP HPLC coupled to ESI MS, by 'H and 3C NMR, and by 2D gCOSY
experiments at 600 MHz in DMSO-ds.

Molecular modeling. Plausible structures of the cyclopeptides were obtained by
simulated annealing using the AMBER force field in a 30 A <30 A %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. 100 random structures were generated by a 100 ps simulation at
1200 K; then the system was cooled in 20 ps to 50 K. The resulting structures were minimized
by 3000 cycles of steepest descent and 3000 cycles of conjugated gradient, convergence = 0.01
kcal A™* mol . The backbones of the structures were clustered by the rmsd analysis.

For the Molecular Dynamics simulations of TH2-Y’NLLKEEQTPQ?, the cyclopeptide
TH2 was initially superimposed to the GZ*QNG?® turn, then the C-terminal sequence was
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removed. The system was subjected to a 1000 ps molecular dynamics simulations keeping the
Y°NLLKEEQTPQ sequence fully restrained, force constant = 7 kcal mol™* A2, for distances,
16 kcal mol™* A2 for dihedral angles. The simulation was conducted at 300 K and 1 atm by
using the AMBER force field in a 60 A <60 A %60 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. Then the system was subjected to a 1000 ps simulation with the peptide restrained
by a 50% scaled force field, followed by a 1000 ps unrestrained simulation. The resulting
structure was minimized by 3000 cycles of steepest descent and 3000 cycles of conjugated
gradient, and convergence = 0.01 kcal A™* mol ™.

Analytical characterization of peptides.

H-Gly-GIn-Asn-Gly-Ile-Ser-Asp-Leu-OH (TH 1). *H NMR (600 MHz, DMSO-ds) & 8.56 (d, J = 7.8 Hz, 1H,
GInNH), 8.37 (d, J = 7.7 Hz, 1H, AsnNH), 8.16 (d, J = 8.2 Hz, 1H, AspNH), 8.03 (d, J = 7.6 Hz, 1H, SerNH),
7.99 (t, J = 6.0 Hz, 1H, GlyNH), 7.94 (br s, 2H, GlyNH,), 7.87 (d, J = 8.0 Hz, 1H, LeuNH), 7.85 (d, J = 8.2 Hz,
1H, IleNH),7.38 (br s, 1H, Asn-CONHy), 7.23 (br s, 1H, GIn-CONH,), 6.91 (br s, 1H, Asn-CONHy,), 6.77 (br s,
1H, GIn-CONHy), 5.10 (t, J = 6.0 Hz, 1H, SerOH), 4.62 (td, J = 7.8, 5.4 Hz, 1H, AspHa), 4.57-4.52 (m, 1H,
AsnHo), 4.36 (td, J=7.8, 5.7 Hz, 1H, GInHa), 4.32 (dt, J=7.7, 6.1 Hz, 1H, SerHo), 4.23 (dd, J = 8.8, 7.4 Hz, 1H,
IleHa), 4.20-4.15 (m, 1H, LeuHa), 3.78 (dd, J=16.9, 5.8 Hz, 1H, GlyHa), 3.71 (dd, J = 16.9, 5.8 Hz, 1H, GlyHa),
3.64-3.56 (m, GlyHo+SerHB), 3.56-3.50 (m, 1H, SerHp), 2.68 (dd, J = 16.7, 5.4 Hz, 1H, AspHp), 2.60-2.51 (m,
2H, AsnHB+AspHP), 2.43 (dd, J = 15.5, 7.7 Hz, 1H, AsnHp), 2.10 (t, J = 8.0 Hz, 2H, GlnHy), 1.88 (dt, J = 13.8,
7.5 Hz, 1H, GInHp), 1.78 — 1.70 (m, 2H, GInHp+1leHp), 1.65-1.59 (m, 1H, LeuHy), 1.53-1.46 (m, 2H, LeuHp),
1.43-1.37 (m, 1H, IleHy), 1.08-1.03 (m, 1H, IleHy), 0.88 (d, J = 6.6 Hz, 3H, LeuH8-CHs3), 0.82 (d, J = 6.6 Hz, 6H,
LeuH3-CHs+IleHy-CHs), 0.80 (t, J = 7.8 Hz, 3H, IleH8-CH3). *C NMR (151 MHz, DMSO-ds) 6 173.70, 173.64,
171.77,171.44, 171.05, 170.95, 170.70, 170.45, 169.82, 168.56, 165.85, 61.88, 56.78, 54.79, 52.21, 50.41, 49.81,
49.30,42.11, 37.06, 36.66, 35.96, 31.15, 28.29, 27.15, 24.27, 24.11, 22.85, 21.37, 15.34, 10.99. ESI MS m/z calcd.
for [Ca2H55N10014]* 803.4, found 803.3 [M+H]*.

H-Gly-GIn-Asn-Asp-OH (TH 16). 'H NMR (600 MHz, DMSO-ds) 6 8.56 (d, J = 8.0 Hz, 1H, GInNH), 8.33 (d, J
= 7.8 Hz, 1H, AsnNH), 8.01 (d, J = 8.0 Hz, 1H, AspNH), 7.35 (br s, 1H, Asn-CONH), 7.24 (br s, 1H, GIn-
CONHy), 6.89 (br s, 1H, Asn-CONH,), 6.79 (br s, 1H, GIn-CONH,), 4.58 (qd, J = 7.9, 4.9 Hz, 1H, AsnHa), 4.45
(9, J=6.9 Hz, 1H, AspHa), 4.37 (td, J=7.9, 5.6 Hz, 1H, GInHa), 3.59 (d, J = 9.4 Hz, 2H, GlyHa), 2.62-2.54 (m,
3H, AspHB+AsnHp), 2.42-2.35 (m, 1H, AsnHp), 2.11 (t, J = 8.0 Hz, 2H, GInHy), 1.89 (dq, J = 14.1, 7.2 Hz, 1H,
GInHp), 1.75 (dt, J=14.0, 7.6 Hz, 1H, GInHp). 3C NMR (151 MHz, DMSO-ds) 6 173.81, 172.48, 171.90, 171.27,
170.65, 170.63, 165.81, 52.11, 49.58, 48.70, 43.72, 37.10, 34.32, 31.21, 28.45. ESI MS m/z calcd. for
[C1sH25N6O0]+ 433.2, found 432.9 [M+H]*.

H-Gly-GlIn-Asn-D-Asp-OH (TH 17). *H NMR (600 MHz, DMSO-ds) d 8.56 (d, J = 8.2 Hz, 1H, GInNH), 8.33 (d,
J =7.9 Hz, 1H, AsnNH), 8.06 (d, J = 8.0 Hz, 1H, AspNH), 7.98 (br t, J = 5.7 Hz, 2H, GlyNH,), 7.33 (br s, 1H,
Asn-CONHy), 7.18 (br s, 1H, GIn-CONH,), 6.88 (br s, 1H, Asn-CONHy), 6.79 (br s, 1H, GIn-CONHy), 4.61 (td,
J=8.1,5.4 Hz, 1H, AsnHo), 4.51 (dt, J=8.1, 6.0 Hz, 1H, AspHa), 4.39 (td, J = 8.1, 5.5 Hz, 1H, GlnHa), 3.59 (br
d, J=5.1 Hz, 2H, GlyHa), 2.68 (dd, J = 16.7, 5.9 Hz, 1H, AspHp), 2.60 (dd, J = 16.6, 6.1 Hz, 1H, AspHp), 2.53
—2.51 (m, 1H, AsnHB), 2.35 (dd, J = 15.5, 8.2 Hz, 1H, AsnHp), 2.10 (t, J = 8.0 Hz, 2H, GInHy), 1.89 (dtd, J =
13.5,7.9, 5.6 Hz, 1H, GInHP), 1.74 (dq, J = 13.6, 8.0 Hz, 1H, GInHB). 2*C NMR (151 MHz, DMSO-ds) § 173.73,
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172.13,171.73,171.12, 170.61, 170.58, 165.73, 51.99, 49.47, 48.58, 43.73, 37.22, 36.01, 31.20, 28.51. ESI MS
m/z calcd. for [C1sH2sN6Og]* 433.2, found 432.9 [M+H]*.

H-Gly-GIn-Asn-D-Asp-OBn (TH 7). *H NMR (600 MHz, DMSO-ds) J 8.54 (d, J = 8.2 Hz, 1H, GInNH), 8.32 (d,
J=7.9 Hz, 1H, AsnNH), 8.29 (d, J = 8.0 Hz, 1H, AspNH), 7.40-7.30 (m, 6H, Bn-aromatic + Asn-CONHy), 7.20
(brs, 1H, GIn-CONHy), 6.89 (br s, 1H, Asn-CONH?>), 6.80 (br s, 1H, GIn-CONHy), 5.13 (d, J = 12.6 Hz, 1H, Bn-
CH»),5.09(d, J=12.6 Hz, 1H, Bn-CH,), 4.67-4.58 (m, 2H, AspHa+AsnHa), 4.37 (td, J=8.2, 5.5 Hz, 1H, GInHa),
3.59 (s, 2H, GlyHa), 2.73 (dd, J = 16.9, 6.1 Hz, 1H, AspHp), 2.64 (dd, J = 16.8, 6.2 Hz, 1H, AspHp), 2.49-2.46
(m, 1H, AsnHp), 2.37 (dd, J = 15.5, 8.3 Hz, 1H, AsnHp), 2.10 (t, J = 8.0 Hz, 2H, GInHy), 1.93-1.85 (m, 1H,
GInHp), 1.74 (dq, J=13.4, 8.0 Hz, 1H, GInHp). 3C NMR (151 MHz, DMSO-ds) § 173.69, 171.67, 171.05, 170.86,
170.61, 170.54, 165.81, 135.84, 128.41, 127.94, 127.57, 66.15, 52.07, 49.53, 48.74, 43.72, 37.20, 35.91, 31.24,
28.49. ESI MS m/z calcd. for [C22H31NsOg]* 523.2, found 523.2 [M+H]*.

c[Gly-GIn-Asn-isoAsp] (TH 2). *H NMR (600 MHz, DMSO-dg) 6 8.40 (t, J = 6.0 Hz, 1H, GlyNH), 8.06 (d, J =
7.7 Hz, 1H, AspNH), 7.56 (d, J = 8.6 Hz, 1H, GInNH), 7.31 (br s, 1H, Asn-CONH,), 7.22 (br s, 1H, GIn-CONH,),
6.90 (d, J=8.9 Hz, 1H, AsnNH), 6.76 (br s, 1H, GIn-CONHy), 6.74 (br s, 1H, Asn-CONHy), 4.57 (dt, J = 8.9, 5.3
Hz, 1H, AsnHa), 4.40 (td, J= 7.8, 5.6 Hz, 1H, AspHa), 4.09 (td, J = 8.6, 6.7 Hz, 1H, GInHa), 3.66 (dd, J = 14.6,
6.3 Hz, 1H, GlyHa), 3.48 (dd, J = 15.0, 6.0 Hz, 1H, GlyHa), 2.81-2.72 (m, 2H, AsnHp+AspHp), 2.56 (dd, J =
15.5, 5.1 Hz, 1H, AsnHp), 2.30 (dd, J = 15.4, 5.7 Hz, 1H, AspHp), 2.04 (dt, J = 9.0, 6.0 Hz, 2H, GlnHy), 1.79-
1.66 (m, 2H, GInHp). 3C NMR (151 MHz, DMSO-ds) 6 173.30, 172.28, 171.81, 170.93, 170.36, 169.45, 169.32,
54.04, 49.58, 48.47, 44.17, 36.87, 35.45, 31.39, 27.33. ESI MS m/z calcd. for [C1sH23NsOs]* 415.4, found 415.4
[M+H]".

c[Gly-GIn-Asn-isoAsp(OBn)] (TH 10). *H NMR (600 MHz, DMSO-dg) 6 8.45 (t, J = 6.1 Hz, 1H, GlyNH), 8.04
(d, J=7.7 Hz, 1H, AspNH), 7.62 (d, J = 8.6 Hz, 1H, GInNH), 7.38 — 7.30 (m, 6H, Bn-aromatic+Asn-CONHy),
7.23 (br s, 1H, GIn-CONHy), 7.14 (d, J = 8.9 Hz, 1H, AsnNH), 6.77 (br s, 1H, Asn-CONHy), 6.74 (br s, 1H, GIn-
CONHy), 5.13 (s, 2H, Bn-CHy), 4.76 (dt, J = 8.9, 5.5 Hz, 1H, AsnHa), 4.40 (td, J=7.8, 5.8 Hz, 1H, AspHa), 4.09
(td, J=8.7, 6.7 Hz, 1H, GlnHa), 3.72 (dd, J = 14.5, 6.5 Hz, 1H, GlyHa), 3.48-3.46 (m, 1H, GlyHa), 2.80 (dd, J =
15.5, 6.1 Hz, 1H, AsnHp), 2.74 (dd, J = 15.5, 7.9 Hz, 1H, AspHp), 2.61 (dd, J = 15.5, 4.9 Hz, 1H, AsnHp), 2.32
(dd, J=15.4, 5.8 Hz, 1H, AspHp), 2.09 — 2.00 (m, 2H, GInHy), 1.77 (ddt, J=13.6, 9.1, 6.7 Hz, 1H, GInHp), 1.70
(ddt, J=15.3, 8.9, 4.3 Hz, 1H, GInHp). 3C NMR (151 MHz, DMSO-dg) § 173.32,171.80, 171.00, 170.72,170.18,
169.56, 169.42, 135.90, 128.41, 127.94, 127.59, 64.91, 54.02, 49.71, 48.83, 44.18, 36.92, 35.40, 31.39, 27.27. ESI
MS m/z calcd. for [C22H29NsOs]* 505.2, found 505.2 [M+H]*.

c[Gly-GIn-Asn-Asp(OBn)] (TH 15). 'H NMR (600 MHz, DMSO-ds) & 8.48 (t, J = 6.2 Hz, 1H, GlyNH), 8.06 (d,
J = 7.7 Hz, 1H, AspNH), 7.65 (d, J = 8.6 Hz, 1H, GInNH), 7.38-7.30 (m, 6H, Bn-aromatic+Asn-CONH,), 7.22
(br s, 1H, GIn-CONHy), 7.13 (d, J = 8.8 Hz, 1H, AsnNH), 6.76 (br s, 1H, Asn-CONHy), 6.74 (br s, 1H, GIn-
CONHy), 5.13 (s, 2H, Bn-CHy), 4.75 (dt, J =9.0, 5.5 Hz, 1H, AsnHa), 4.40 (td, J=7.8, 5.7 Hz, 1H, AspHa), 4.09
(td, J=8.6, 6.7 Hz, 1H, GInHo), 3.71 (dd, J = 14.5, 6.5 Hz, 1H, GlyHa), 3.46 (dd, J = 14.4, 6.0 Hz, 1H, GlyHo),
2.80 (dd, J=15.5, 6.1 Hz, 1H, AsnHp), 2.74 (dd, J = 15.6, 7.8 Hz, 1H, AspHp), 2.63-2.60 (m, 1H, AsnHp), 2.32
(dd, J = 15.6, 6.0 Hz, 1H, AspHp), 2.04 (dt, J = 8.9, 6.0 Hz, 2H, GInHy), 1.79-1.67 (m, 2H, GInHp). 3C NMR
(151 MHz, DMSO-dg) 0 173.32, 171.80, 171.01, 170.71, 170.17, 169.57, 169.43, 135.91, 128.41, 127.94, 127.59,
66.12, 54.03, 49.69, 48.83, 44.18, 36.92, 35.42, 31.39, 27.27. ESI MS m/z calcd. for [C22H29NsOg]* 505.2, found
505.2 [M+H]*.

c[Gly-GIn-Asn-D-isoAsp] (TH 3). 'H NMR (600 MHz, DMSO-ds) 6 8.51 (t, J = 6.1 Hz, 1H, GlyNH), 7.70 -7.63
(m, 2H, AspNH+AsnNH), 7.61 (d, J = 9.6 Hz, 1H, GInNH), 7.44 (br s, 1H, Asn-CONHy), 7.25 (br s, 1H, GIn-
CONHy), 6.91 (br s, 1H, Asn-CONHy), 6.76 (br s, 1H, GIn-CONH,), 4.51 (td, J = 9.6, 4.8 Hz, 1H, AsnHa), 4.28
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(ddd, J=11.8, 7.4, 4.2 Hz, 1H, AspHa), 4.18 (td, J = 9.4, 7.0 Hz, 1H, GInHo), 3.67 (dd, J = 15.8, 6.0 Hz, 1H,
GlyHa), 3.55 (dd, J=15.8, 6.1 Hz, 1H, GlyHa), 2.63 (dd, J=14.2,4.2 Hz, 1H, AspHp), 2.55-2.51 (m, 1H, AspHp),
2.49-2.46 (m, 1H, AsnHp), 2.33 (dd, J = 14.8, 9.8 Hz, 1H, AsnHp), 2.04 (dt, J = 8.6, 6.0 Hz, 2H, GInHy), 1.84-
1.73 (m, 2H, GInHp). *C NMR (151 MHz, DMSO-ds) 6 173.27, 172.61, 171.60, 170.69, 169.64, 169.18, 169.14,
54.26, 50.82, 50.05, 43.47, 37.25, 36.26, 31.21, 26.73. ESI MS m/z calcd. for [C15sH23NsOs]* 415.4, found 415.4
[M+H]*.

H-Gly-GIn-Asn-Asp(OBn)-OH (TH 14). *H NMR (600 MHz, DMSO-dg) 6 8.54 (d, J = 8.0 Hz, 1H, GInNH), 8.29
(d, J=7.9 Hz, 1H, AsnNH), 8.23 (d, J = 8.0 Hz, 1H, AspNH), 7.40-7.27 (m, 6H, Bn-aromatic+Asn-CONHy), 7.23
(br s, 1H, GIn-CONHy), 6.89 (br s, 1H, Asn-CONHy), 6.79 (br s, 1H, GIn-CONHy), 5.10 (br d, J = 2.3 Hz, 2H,
Bn-CH,), 4.64 (q, J = 6.5 Hz, 1H, AspHa), 4.59 (td, J=28.1, 5.1 Hz, 1H, AsnHa), 4.33 (q, J = 7.4 Hz, 1H, GInHua),
3.57 (s, 2H, GlyHa), 2.65 (d, J = 6.0 Hz, 2H, AspHp), 2.55-2.52 (m, 1H, AsnHp), 2.38 (dd, J = 15.4, 8.6 Hz, 1H,
AsnHp), 2.10 (t, J = 8.0 Hz, 2H, GInHy), 1.88 (dq, J = 14.3, 7.6 Hz, 1H, GInHp), 1.74 (dt, J = 14.1, 7.8 Hz, 1H,
GInHp). 3C NMR (151 MHz, DMSO-ds) § 173.74, 171.81, 171.18, 170.96, 170.75, 170.65, 165.94, 135.89,
128.42, 127.95, 127.60, 66.11, 54.92, 52.16, 49.47, 48.82, 37.07, 36.09, 31.22, 28.39. ESI MS m/z calcd. for
[C22H31NsOg]* 523.2, found 523.2 [M+H]*.

c[Gly-GIn-Asn-D-isoAsp(OBn)] (TH 11). *H NMR (600 MHz, DMSO-ds) 6 8.53 (t, J = 6.1 Hz, 1H, GlyNH), 7.83
(d, 3 =7.2 Hz, 1H, AspNH), 7.72 — 7.60 (m, 2H, AsnNH+GInNH), 7.45 (br s, 1H, Asn-CONHy), 7.39-7.24 (m,
6H, Bn-aromatic+GIn-CONHy), 6.92 (br s, 1H, Asn-CONH,), 6.76 (br s, 1H, GIn-CONH), 5.15 (d, J = 12.6 Hz,
1H, Bn-CHy), 5.12 (d, J = 12.6 Hz, 1H, Bn-CHy), 4.52 (td, J = 9.4, 4.9 Hz, 1H, AsnHa), 4.41 (ddd, J = 11.7, 7.2,
4.0 Hz, 1H, AspHa), 4.18 (q, J = 8.6 Hz, 1H, GInHa), 3.68 (dd, J = 15.8, 6.1 Hz, 1H, GlyHa), 3.53 (dd, J = 15.9,
6.2 Hz, 1H, GlyHo), 2.67 (dd, J = 14.2, 4.1 Hz, 1H, AspHp), 2.59-2.54 (m, 1H, AspHp), 2.48-2.45 (m, 1H, AsnHp),
2.31 (dd, J = 14.8, 9.5 Hz, 1H, AsnHp), 2.03 (q, J = 6.9 Hz, 2H, GInHy), 1.77 (q, J = 7.9 Hz, 2H, GInHp). *C
NMR (151 MHz, DMSO-dg) ¢ 173.25, 171.76, 170.91, 170.72, 169.71, 169.13, 168.83, 135.83, 128.45, 128.06,
127.77,66.17, 54.23, 50.78, 50.27, 43.52, 37.13, 36.06, 31.20, 26.71. ESI MS m/z calcd. for [C22H29NsOg] " 505.2,
found 505.2 [M+H]".

H-Gly-GIn-Asn-Asp-OBn (TH 6). *H NMR (600 MHz, DMSO-ds) & 8.54 (d, J = 8.1 Hz, 1H, GInNH), 8.33-8.25
(m, 2H, AsnNH+AspNH), 7.42-7.27 (m, 6H, Bn-aromatic+Asn-CONHy), 7.22 (br s, 1H, GIn-CONH>), 6.90 (br s,
1H, Asn-CONH), 6.80 (br s, 1H, GIn-CONH), 5.11 (d, J = 12.6 Hz, 1H, Bn-CH,), 5.09 (d, J = 12.6 Hz, 1H, Bn-
CHy),, 4.65 (dt, J=8.1, 6.2 Hz, 1H, AspHa), 4.60 (td, J = 8.1, 4.9 Hz, 1H, AsnHa), 4.36 (td, J = 8.0, 5.6 Hz, 1H,
GlInHa), 3.58 (s, 2H, GlyHa), 2.67 (qd, J = 16.8, 6.1 Hz, 2H, AspHp), 2.54-2.51 (m, 1H, AsnHp), 2.38 (dd, J =
15.7, 8.5 Hz, 1H, AsnHp), 2.10 (t, J = 8.0 Hz, 2H, GInHy), 1.88 (dtd, J = 16.1, 7.6, 5.7 Hz, 1H, GInHp), 1.73 (dq,
J=13.4,8.0 Hz, 1H, GInHp). *C NMR (151 MHz, DMSO-ds) 6 173.73, 171.63, 171.08, 171.02, 170.66, 170.59,
165.80, 135.86, 128.41, 127.96, 127.61, 66.14, 52.02, 49.43, 48.75, 40.06, 37.11, 35.89, 31.21, 28.50. ESI MS
m/z calcd. for [C22H31N6Og]* 523.2, found 523.2 [M+H]*.

H-Lys-Ser-Asp-D-Leu-OH (TH 19). 'H NMR (600 MHz, DMSO-dg) ¢ 8.66 (d, J = 7.9 Hz, 1H, SerNH), 8.45 (d,
J = 7.7 Hz, 1H, AspNH), 8.19 (d, J = 5.0 Hz, 2H, Lys-aNH,), 7.96 (d, J = 8.2 Hz, 1H, LeuNH), 7.82 (t, J = 5.8
Hz, 2H, Lys-eNH>), 4.60 (td, J = 8.0, 4.9 Hz, 1H, AspHo), 4.44 (q, J = 6.6 Hz, 1H, SerHa), 4.21 (ddd, J = 10.3,
8.1, 4.6 Hz, 1H, LeuHo), 3.85 (q, J = 5.9 Hz, 1H, LysHa), 3.69 (dd, J = 10.5, 6.0 Hz, 1H, SerHp), 3.50 (dd, J =
10.5, 6.8 Hz, 1H, SerHp), 2.80 — 2.75 (m, 2H, LysHe), 2.72-2.67 (m, 1H, AspHp), 2.55 (dd, J = 16.7, 8.3 Hz, 1H,
AspHp), 1.71 (dt, J = 10.9, 6.6 Hz, 2H, LysHp), 1.64-1.51 (m, 4H, LysH6+LeuHy+ LeuHp), 1.48-1.43 (m, 1H,
LeuHp), 1.38-1.32 (m, 2H, LysHy), 0.85 (d, J = 6.3 Hz, 3H, LeuH3-CH3), 0.80 (d, J = 6.4 Hz, 3H, LeuH3-CHs).
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13C NMR (151 MHz, DMSO-ds) 6 173.87, 171.73, 170.42, 169.81, 168.64, 62.04, 54.68, 52.00, 50.43, 49.82,
38.61, 36.22, 30.59, 26.57, 24.22, 22.96, 21.22, 21.20. ESI MS m/z calcd. for [C19H3sNsOsg]* 462.2, found 462.0
[M+H]".

H-Lys-Ser-Asp-Leu-OH (TH 18). 'H NMR (600 MHz, DMSO-ds) 6 8.65 (d, J = 7.8 Hz, 1H, SerNH), 8.38 (d, J =
8.1 Hz, 1H, AspNH), 8.16 (d, J = 5.4 Hz, 2H, Lys-aNH>), 7.95 (d, J = 8.0 Hz, 1H, LeuNH), 7.78 (t, J = 5.9 Hz,
2H, Lys-eNH,), 4.64 (td, J = 8.1, 5.0 Hz, 1H, AspHa), 4.42 (dt, J = 8.0, 6.2 Hz, 1H, SerHa), 4.18 (ddd, J = 9.9,
8.0, 5.1 Hz, 1H, LeuHa), 3.86-3.83 (m, 1H, LysHa), 3.66 (dd, J = 10.7, 6.1 Hz, 1H, SerHp), 3.57 (dd, J = 10.7,
6.3 Hz, 1H, SerHp), 2.76 (dt, J = 10.2, 5.9 Hz, 2H, LysHe), 2.70 (dd, J=16.8, 5.0 Hz, 1H, AspHp), 2.57-2.51 (m,
1H, AspHp), 1.73-1.62 (m, 2H, LysHp), 1.60-1.44 (m, 5H, LysHé+LeuHy+ LeuHp), 1.41-1.30 (m, 2H, LysHy),
0.88 (d, J = 6.6 Hz, 3H, LeuH3-CH3), 0.83 (d, J = 6.5 Hz, 3H, LeuH§-CHj3). 3C NMR (151 MHz, DMSO-dg) 6
173.72,171.69, 170.52, 169.53, 168.49, 64.94, 54.75, 51.89, 50.45, 49.38, 38.52, 35.98, 30.53, 26.49, 24.18, 22.88,
21.35, 21.10. ESI MS m/z calcd. for [C1oH3sNsO0s]* 462.2, found 462.0 [M+H]".

c[isoLys-Ser-Asp-D-Leu] (TH 5). *H NMR (600 MHz, DMSO-dg) 6 8.75 (br s, 1H, SerNH), 8.20 (d, J = 7.9 Hz,
1H, AspNH), 7.62 (d, J = 9.3 Hz, 1H, LeuNH), 7.56 (br d, J = 6.9 Hz, 1H, Lys-eNH), 4.36-4.17 (m, 3H,
SerHo+AspHo+LeuHa), 3.72 (dd, J =11.3, 5.5 Hz, 1H, SerHp), 3.64 (dd, J = 8.7, 4.0 Hz, 1H, LysHa), 3.58 (dd,
J=114, 3.9 Hz, 1H, SerHp), 3.35 — 3.30 (m, 1H, LysHg), 2.80-2.72 (m, 1H, LysHe), 2.65 (dd, J = 16.2, 5.3 Hz,
1H, AspHp), 2.40 (dd, J = 16.2, 5.1 Hz, 1H, AspHp), 1.68-1.64 (m, 2H, LeuHp+LysHp), 1.57-1.45 (m, 4H,
LysHp+LeuHy+LysH& +LeuHp), 1.40-1.25 (m, 3H, LysH&+LysHy), 0.86 (d, J = 6.5 Hz, 3H, LeuH5-CHj3), 0.80
(d, J = 6.4 Hz, 3H, LeuH3-CH3). 3C NMR (151 MHz, DMSO-ds) 6 173.72, 172.89, 171.45, 170.83, 170.16,
64.91, 56.71, 52.94, 50.62, 50.33, 37.85, 37.71, 32.13, 26.83, 24.23, 23.32, 21.07, 20.78. ESI MS m/z calcd. for
[C19H34Ns07]* 444.2, found 444.1 [M+H]*.

c[isoLys-Ser-Asp-Leu] (TH 4). *H NMR (600 MHz, DMSO-ds) ¢ 8.51 (d, J = 7.6 Hz, 1H, LeuNH), 8.36 (br s,
1H, SerNH), 8.32 (br s, 1H, AspNH), 8.04 (t, J = 5.6 Hz, 1H, Lys-eNH), 4.26-4.16 (m, 2H, SerHo+AspHa), 3.99
(ddd, J=11.2, 7.5, 4.6 Hz, 1H, LeuHa), 3.68 (dd, J =11.3, 5.6 Hz, 1H, SerHp), 3.59 (dd, J = 11.5, 4.8 Hz, 1H,
SerHP), 3.25 (dd, J=8.8, 3.6 Hz, 1H, LysHa), 3.20-3.12 (m, 1H, LysHe), 2.92-2.83 (m, 1H, LysHeg), 2.59 (dd, J
=15.6,4.9 Hz, 1H, AspHp), 2.21 (dd, J=15.5, 5.3 Hz, 1H, AspHp), 1.66-1.61 (m, 1H, LeuHy), 1.56-1.48 (m, 3H,
LeuHB+LysHP), 1.41-1.31 (m, 3H, LysHB+LysH3), 1.26-1.13 (m, 2H, LysHy), 0.85 (d, J = 6.5 Hz, 3H, LeuHs-
CH3), 0.78 (d, J = 6.4 Hz, 3H, LeuH3-CH3). 3C NMR (151 MHz, DMSO-dg) 6 173.35, 172.82, 171.82, 171.58,
170.13, 64.90, 56.13, 54.22, 52.50, 51.51, 38.67, 36.13, 28.44, 24.29, 23.13, 21.93, 21.07, 17.26. ESI MS m/z
calcd. for [C19H3aNsO7]* 444.2, found 444.1 [M+H]".

Note: The work described in this chapter has been published in Protein Science with slight

modification and has been reproduced here with the permission of the copyright holder.

Stefan, A.; Gentilucci, L.; Ruffolo, F.; Rossi, V.; Sordi, S.; He, T.; di Stefano, G.; Santino, F.;
Brigotti, M.; Scotti, C.; lamele, L.; de Jonge, H.; Piaz, F.D.; Santarcangelo, D.R.; Hochkoeppler,
A.* Peptides inhibiting the assembly of monomeric human I-lactate dehydrogenase into

catalytically active homotetramer decrease the synthesis of lactate in cultured cells. Protein Sci.
2024, 33 (10), e5161.
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Chapter VI. Expedient Recycling of Peptide Organocatalysts Using a Nanocrystalline

Hvdroxvapatite Catching System

6.1 Introduction

Asymmetric organocatalysis using small to medium-sized organic molecules is
complementary and alternative to the chemistry of metal complexes and enzymes, and
represents nowadays a mature methodology with numerous applications in the production of
enantiomerically enriched molecules, including bioactive compounds, drugs, natural
products.!'3 Besides, catalysis is one of the design principles of Green Chemistry,! and small
organic molecules are generally considered more environmentally friendly as compared to, for
instance, catalysts based on transition metals.!

In reality, not all contemporary molecular scaffolds employed in catalysis are attractive for
industrial applications. Recent examples seem so complex to be prepared that their employment
on a large scale appears impractical. Besides, their preparations can paradoxically require
transition metals, toxic reagents, or harsh reaction conditions.!®!

In contrast, amino acids as catalysts have the advantage of being cheap and can be used
without any specialized approaches to perform catalytic reactions in a highly enantioselective
manner.'® They are available in both enantiomeric forms and different derivatives can provide
complimentary selectivity. Their use dates back to the 1970s, with Hajos and Wiechert reporting
the use of proline for the Robinson annulation in 1970. However, the use of proline in reactions
involving enamine intermediates boomed in 2000, when List et al. reported its use in the direct
asymmetric aldol reaction.[*1%!

On the other hand, short peptides and peptide-like molecules proved to be more versatile

(81LI2] thanks to the modularity and tunability of their

as compared to simple amino acids,
peptide backbones, well-defined secondary structures and often higher selectivity and activity.
In fact, apart from the biological activity,!'*! oligopeptides have found applications in a range
of asymmetric reactions. For example, in the late 1970s, Inoue used diketopiperazines in the
asymmetric Strecker reaction.['*! In the early 80s, Julia and Colonna reported the epoxidation
of chalcone catalyzed by poly-L-alanine, yielding epoxides with high enantiomeric excess (>90%
e.e.). The result indicates that the use of peptides as “synthetic enzymes” can be a good option
for organocatalysis.['*! Since then, a variety of peptide-catalyzed reactions have been described,
including aldol condensations,!'®) conjugate/Michael addition,!'”!*! conjugate addition with N-

(20211 Mannich reaction,??! epoxidation,[23] desymmetrization of

24,25

heterocyclic substituents,
diphenols or diols by acylation®*?*! or by silylation,**! atroposelective bromination,?” site-
selective polyene oxidation,!?!] enantioselective [2+2] photocycloaddition, ! as far as the light-
driven deracemization of cyclic ureas via excited-state electron transfer, a multi-step process
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consisting of a series of electron, proton, and H-atom transfer in the presence of three distinct
molecular catalysts, one of which is a cysteine-containing H-atom donor peptide.[*”]

Besides, peptides and peptide-lipid conjugates can self-assemble into nanostructures such
as fibrils, nanotubes, micelles, etc. and these supramolecules can be used as platforms to present
functional residues in order to catalyze a diversity of reactions.!*? Finally, peptides have been
also utilized as scaffolds for the preparation of metal-peptide hybrid catalysts.?!

Unfortunately, despite recent effort to improve the environmental sustainability,*** the
standard protocols for peptide synthesis*®*”! rise much concern in terms of atom economy,
economic cost, and production of wastes,*®) especially toxic organic solvents."*”) Consequently,
the recovery and recycle of peptides are highly attractive in a Green Chemistry perspective. To
improve the greenness of catalysis by amino acids or peptides, immobilization on insoluble
solid supports is expected to allows easy recovery and reuse (Figure 6.1 A).[***] Among the
preferred materials there are cross-linked hydrophobic polystyrene, hydrophilic TentaGel,
polyethylene glycol (PEG)-polyacrylamide, mesoporous silica, chitosan, etc. The immobilized
sequence can be directly reused after e.g. simple filtration from the reaction mixture. For
catalysts supported onto magnetic nanoparticles, recovery is done by magnetic separation.
Dendrimer-supported catalysts can be easily separated from the reaction mixture by

[1941) This strategy consents in principle a

precipitation, membrane or nanofiltration methods.
scale-up of reactions or, instead, the use in continuous flow system.[ 44!

However, while the immobilization of proline derivatives appears more direct to plan (for
selected examples from the recent literature, see Refs!!%4¢4%1) the success in the immobilization
of a peptide can be challenging. Indeed, the modification can prevent the peptide from adopting
the correct secondary structure as required for promoting the expected reaction, mainly because
the solid support can interfere with the catalyst. Also, the deactivation of the organocatalyst can
be a major issue, as it prevents its reuse by limiting the number of catalytic cycles. Deactivation
can involve chemical modification or blockage of the catalyst’s active sites.

As an alternative to immobilization, the amino acid organocatalyst can be equipped with
a perfluorinated tag, which consents recovery by fluorous extraction,"! or it can be utilized in
an environment of alternative media, e.g. ionic liquids, deep eutectic solvents, PEG,
supercritical CO», etc. allowing a significant improvement of stability and recycling of the
catalyst.5!) However, these alternatives have been applied to peptides very seldom.!!

Another opportunity to prepare non-covalent heterogeneous catalysts based on amino
acids/peptides is represented by their inclusion or adsorption on appropriate supports. Sz6116si
et al. prepared chiral solid materials by adsorption of Pro or other amino acids on the solid
surface of inorganic oxides. The catalysts could be reutilized several times in asymmetric
Micheal additions.[®>*3 In particular, the cation-exchanger layered magnesia-silicate laponite
and the aluminum silicate bentonite gave the best results in terms of e.e., with inversion of the

enantioselectivity as compared to the homogeneous reaction.
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Juaristi and co-workers utilized a mechanochemical approach to prepare hybrid catalysts
based on the intercalation of a-amino acids or o,B-dipeptides in reconstructed Mg/Al-
hydrotalcite. This material was designed with the expectation that reactions could provide an
augmented catalytic effect in the confined space rendered by the layered material. Remarkably,
excellent results were obtained in the addition of branched aldehydes to maleimides even under
solvent free conditions, and the hybrid catalysts could be recycled and reused also in large-scale
experiments.>4!

In this context, we conceived to utilize hydroxyapatite crystals (HAp) as a peptide-
catching system for its expedient capture and reuse from the reaction mixture, without the need
of immobilization by covalent binding (Figure 6.1 B). We came up with this hypothesis during
our recent studies on the synthesis of protected oligopeptides under Green Chemistry conditions,
using nanocrystalline HAp as solid, bio-compatible, reusable inorganic base in minimal
amounts of solvents.>>*®) Hydroxyapatite belongs to the apatites group with the formula
Cai0(PO4)s(OH), that crystallizes in a hexagonal system. It displays the presence of surface
Ca?" and PO4>~ ions that serve as effective adsorption sites, and the adsorption is facilitated by
the ionic nature of the HAp surface. Moreover, HAp represents a convenient material in a Green
Chemistry perspective. HAp is the primary inorganic component of bones and teeth; hence, it
is a biocompatible, biodegradable, bioactive, nonimmunogenic, noninflammatory material.
HAp also shows a relatively mild basic character that may prevent unwanted reactions. It can

be utilized as a base to promote condensations of aldehydes (Knoevenagel, Claisen-Schmidt),

but only with active methylene compounds.”)
A ——————— | B g‘.a?
| Supports: Ca N g car
I Silica ! ok Ol
| - i N 7 . .
| Resins i _of o 9 o’ v' Biocompatible
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I e A
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Nanocrystalline HAp

Figure 6.1 (A) Conventional strategies for covalent immobilization of Proline. (B) Structure of nanocrystalline
HAp and its advantages as a solid support for absorption of catalysts.

58391 and for charged

As a result, HAp has great affinity for aspartic acid or glutamic acid,!
peptides, due to electrostatic interactions between the ionic groups of the amino acids and the
charged groups on the crystal surface. While peptides with positive net charge show modest
affinity for HAp, the highest affinity is observed for zwitterionic or negatively charged
peptides.[®®$!1 Carboxylic acids also bind strongly to P-OH via hydrogen bonding.!®’!
Consistently, high coating concentrations of the cell-adhesion peptide arginine-glycine-

aspartate (RGD) onto the surface of hydroxyapatite have been obtained by simple incubation
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of the material in aqueous solutions of the peptide.[®*) In addition, HAp forms composite
materials with poly-L-aspartic acid or polyacrylic acid in which the polymers coat the crystal

faces.[04]

6.2 Results and Discussion

The HAp nanocrystals were prepared using a co-precipitation method.’>% Their
dimensions were observed by transmission electron microscopy (TEM), and the crystal phase
was confirmed by powder X-ray diffraction (PXRD). In particular, TEM micrographs revealed
the presence of plate-shaped HAp crystals with mean dimensions of about 200 nm x 40 nm
(Figure 6.2 A), and the X-ray diffraction patterns showed the presence of the typical diffraction
peaks indicating the presence of HAp as unique crystalline phase (Figure 6.2 B).
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Figure 6.2 Characterization of HAp nanocrystals and recycled HAp/peptide blend. (A) TEM image of pristine
HAp nanocrystals (top) and of recycled HAp/peptide blend (bottom); bar = 200 nm. (B) PXRD. (C) TGA patterns
of pristine HAp and recycled HAp/peptide. (D) FT IR of HAp, HAp/PPD, and PPD (TFA salt).

146



Universita di Bologna

In a preliminary experiment, we examined the potential of HAp for the recovery and reuse
of proline in a classic direct asymmetric aldol reaction.”) The reaction between 4-
nitrobenzaldehyde and a large excess of acetone catalyzed by 0.3 equiv. of Pro was conducted
under the same conditions reported in the literature, but in the presence of HAp (10 mg/mg Pro)
(Scheme 6.1). After the scheduled time, the mixture was concentrated at reduced pressure, the
residue was suspended in EtOAc by sonication, and the crystal were collected by centrifugation
and washed with the same solvent, while the washes were collected and analysed. Remarkably,
no traces of leaked Pro were detected by "H NMR or HPLC-MS analysis of the crude organic
layer, suggesting that proline remained firmly adsorbed to the HAp support.

Pro (0.3 equiv.

o} ) O OH
Q HA
)J\ + H —p> %
DMSO, RT, 8 h
N02 NOZ

20% in DMSO, v/v 66% yield
75% e.e.

Scheme 6.1 Aldol reaction of acetone to 4-nitrobenzaldehyde, catalyzed by Pro in the presence of HAp.

As it turned out, the reaction proceeded as expected, giving the aldol product with 66%
yield and 75% e.e., comparable to the values reported in the literature,”! as determined after
isolation by flash chromatography. Furthermore, the HAp/Pro mixture recovered by
centrifugation was reutilized for a new reaction between the same partners, giving a similar
yield of 62% after isolation, and 74% e.e. (Appendix D: Figure S4).

Encouraged by these results with Pro, we turned our attention to oligopeptide catalysts.
Wennemers, and others, proposed the use of Pro-tripeptides as catalysis of not only 1,2- but

18211 The distance between the secondary amine and the carboxylic

also 1,4-addition reactions.!
acid is greater by approximately 3 A than in simple amino acids. This additional distance, they

argued, could facilitate the formation of stable complexes with longer electrophiles (Figure 6.3).
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Figure 6.3 Schematic transition state of aldol reactions catalyzed by proline and its tripeptide analogue.

Asymmetric conjugate addition reactions of carbon nucleophiles to electron poor olefins
are among the most useful carbon-carbon bond forming reactions, giving versatile
intermediates for further transformations. As prototypic examples, we tested the 1,4-addition of
aldehydes to nitroolefins or maleimide.

147



Universita di Bologna

We selected the tripeptide Pro-Pro-AspNH> (PPD) as a model sequence carrying both free
amino and carboxylic groups (Figure 6.4). PPD was designed to promote direct aldol reactions,
but also conjugate addition reactions of aldehydes to nitroolefins to give the corresponding -
nitroaldehydes in good yields and stereoselectivities.!'®! On the other hand, we also selected the
peptide D-Pro-Pro-AsnNH» (pPN) as another model sequence carrying the amino but not the
free carboxylic group (Figure 6.4). This peptide was originally introduced for the

stereoselective conjugate addition reactions of aldehydes to maleimide.[!”]

o] o]
Y W ed et 38 Wa
NS NN, NH ® RN NH
H S N (s) 2 H N NS 2

0]

Pro-Pro-Asp-NH, (PPD) : (D)-Pro-Pro-Asn-NH, (pPN)

Figure 6.4 Structures of the tripeptides Pro-Pro-AspNH, (PPD) and D-Pro-Pro-AsnNH; (pPN).

The peptides were prepared as TFA salts in solid-phase on a Rink amide resin under
standard conditions, using 9-fluorenylmethoxycarbonyl (Fmoc)-protected amino acids.
Coupling reactions were performed with DCC/HOBt as activating agents. Fmoc deprotection
was done with 20% v/v piperidine in DMF. Eventually, the peptides were detached from the
resin by treatment with TFA in the presence of scavengers, and their identity was assessed by
RP HPLC-ESI MS (Appendix D: Figures S1-S2).

o ©\/\ PPD, 0.05 equiv.
| + NMM, 0.05 equiv.
K/ = NO

HAp, RT, 12 h

e

NO,

3 equiv. Nitrostyrene

Scheme 6.2 Conjugate addition reaction of propanal to nitrostyrene catalyzed by PPD tripeptide in the presence
of HAp nanocrystals. For full details about solvents, e.e. and d.r., see Table 6.1.

The conjugate reaction between freshly distilled propanal and nitrostyrene was conducted
at RT using the same amounts as reported,!'®! i.e. 3 equiv. of aldehyde and 0.01 equiv. of N-
methylmorpholine (NMM) in 9:1 CHCI3/iPrOH, and the results were in line with the
expectations (Table 6.1, Entry 1). The same reaction was performed also in the presence of a
10:1 w/w mixture of HAp and PPD containing 0.01 equiv. of peptide (Table 6.1, Entry 2). After
12 h, the mixture was concentrated, the residue was suspended in EtOAc, the crystals were
collected by centrifugation and washed twice with the same solvent. The analysis of the
collected organic layers revealed a modest conversion. Thereafter, the reaction was repeated
upon increasing the amount of peptide and NMM, i.e. with 10:1 w/w HAp/PPD containing 0.05
equiv. of peptide, and 0.05 equiv. of NMM (Scheme 6.2). After 12 h, the mixture was
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concentrated, and work up was conducted as described above. The analysis of the collected
organic layers revealed almost quantitative conversion, while the presence of the peptide was
excluded, suggesting an efficient capture by HAp. The product was isolated by flash
chromatography over silica-gel, and reaction yield, diastereomeric ratio (d.r.) and e.e. (Table
6.1, Entry 3) were similar to those reported in Entry 1, i.e. 95% yield, syn/anti 10:1, e.e. 83%.

Since HAp is a relatively mild base, we repeated the reaction without adding NMM. Indeed,
the latter is utilized to liberate the secondary amine at the N-terminus of the peptide. In the
absence of TFA and NMM using the ‘desalted’ peptide the addition products can be obtained
with the same yields and stereoselectivity.l] However, in our hands the reaction gave the
product only in traces (Table 6.1, Entry 4), demonstrating that the basicity of HAp is insufficient
to effectively desalt the peptide TFA salt, highlighting the importance of NMM.

The HAp/PPD hybrid material isolated from Entry 3 was recycled and reused for
subsequent reactions between the same reaction partners. Each reaction provided the same
product, albeit in gradually decreasing yields (Appendix D: Table S1), so that the fourth repeat
gave 75% yield after isolation, while d.r. and e.e. remained practically the same (Table 6.1,
Entry 5). On prosecuting the reuse of the catalyst beyond, the yield showed a significant drop
after the sixth repeat (Appendix D: Table S1, Entry 6). Interestingly enough, also these reactions
using recycled HAp/PPD required the presence of NMM.

After six repeats, the activity of the peptide/HAp system could be restored only partially
by addition of 0.02 equiv. of fresh peptide, with a reaction yield of 85%, with the same d.r. and
e.e. Since no leaching of the peptide was detected, the activity decrease may be explained by
modification of the material by adsorbed reactants, products and side-products.

It is worth pointing out that the complete recovery of the peptide is not a mere consequence
of its scarce solubility in the organic layer. Indeed, low percentages of peptides such as PPD
can be solubilized and utilized to promote reactions in diverse organic solvents of moderate
polarity such as THF, CHCl3, EtOAc.['863]

In fact, the reaction was successfully performed in EtOAc, both in the absence (Table 6.1,
Entry 6) and in the presence of HAp (Table 6.1, Entry 7), giving results similar to the

literature.[18-63

1 The HAp/peptide mixture was reutilized in the same solvent, with tolerable loss
of efficiency (Table 6.1, Entry 8, and Appendix D: Table S1). Similar good results have been
observed in EtOH (Table 6.1, Entry 9 without HAp, Entry 10 with HAp). Also in this case the
recycled hybrid catalyst could be reutilized with an acceptable drop of efficiency (Table 6.1,
Entry 11). Remarkably, for their low toxicity and possible preparation from renewable raw
materials, EtOAc and EtOH are currently classified among the greener solvents.[%®! In contrast,
when the reaction was conducted in CHCI3, the formation of the product was observed as
expected in the absence of HAp (Table 6.1, Entry 12), but not in the presence of HAp (Table

6.1, Entry 13).
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Table 6.1 Reagents and conditions for the peptide-catalyzed stereoselective conjugate addition reactions of

aldehydes (3 equiv.) to a, B-unsaturated acceptors.

Peptide Peptide HAp a, p-unsat. NMM Yield e.e
Entry ) Aldehyde Solvent ) d.rb
TFA  (equiv.) wiw acceptor (equiv.) (%)? (%) ©

1 PPD 0.01 - Propanal nitrostyrene  CHClIs/iPrOH 0.01 95 10:1 84
2 PPD 0.01 10:1 Propanal nitrostyrene  CHCls/iPrOH 0.01 454 n.d. n.d.
3 PPD 0.05 10:1 propanal nitrostyrene  CHCls/iPrOH 0.05 95 10:1 83
4 PPD 0.05 10:1 propanal nitrostyrene  CHCls/iPrOH - <10 n.d. n.d.
5 PPD © 0.05 10:1¢  propanal nitrostyrene  CHCls/iPrOH 0.05 75¢ 9:1 80
6 PPD 0.01 - propanal nitrostyrene EtOACc 0.01 93 9:1 75
7 PPD 0.05 10:1 propanal nitrostyrene EtOAC 0.05 93 9:1 75
8 PPD © 0.05 10:1¢  propanal nitrostyrene EtOACc 0.05 78° 8:1 72
9 PPD 0.01 - propanal nitrostyrene EtOH 0.01 95 9:1 74
10 PPD 0.05 10:1 propanal nitrostyrene EtOH 0.05 94 9:1 75
11 PPD © 0.05 10:1¢  propanal nitrostyrene EtOH 0.05 80¢ 8:1 70
12 PPD 0.01 - propanal nitrostyrene CHCIs 0.01 92 11:1 83
13 PPD 0.05 10:1 propanal nitrostyrene CHCIs 0.05 <5 n.d. n.d.
14 pPN 0.05 - propanal maleimide CHCI3/iPrOH 0.05 85 1:1 n.d.
15 pPN 0.05 10:1 propanal maleimide CHCIs/iPrOH 0.05 90 4:6 n.d.
16 pPN 0.05 - HCA maleimide CHCI3/iPrOH 0.05 80 9:1 97
17 pPN 0.05 10:1 HCA maleimide CHCI3/iPrOH 0.05 80 4:6 92
18 pPN 0.05 - HCA maleimide EtOH 0.05 93 9:1 84
19 pPN 0.05 10:1 HCA maleimide EtOH 0.05 95 4:6 n.d.

@ After isolation by flash chromatography. ® Determined by '"H NMR spectroscopy. ¢ Determined by chiral-phase
HPLC analysis after isolation by flash chromatography. ¢ Estimated from the analysis of the crude reaction mixture.
¢ After 4 repeats, i.e. the initial reaction with fresh HAp/PPD + 3 subsequent reactions using HAp/PPD recycled
from previous reactions. n.d. not determined. HCA, hydrocinnamaldehyde.

The recycled HAp/peptide mixture was analyzed by transmission electron microscopy
(TEM), thermo-gravimetric analysis (TGA), powder X-ray diffraction, and Fourier transform
infrared spectroscopy (FT IR) (Figure 6.2). TEM of pristine HAp nanocrystals and of recycled
HAp/peptide blend confirmed that the morphology of the crystals was maintained (Figure 6.2A).

From TGA (Figure 6.2 C), the total loss of the HAp/peptide sample was 11.8%. Since HAp
alone loses about 2-3% by weight, it can be estimated that the HAp/peptide sample contained
about 10 = 1 % by weight of organic component. This supports that all of the initial peptide
mass was still present in the recycled material.

From the comparison of the X-rays diffraction patterns (Figure 6.2 B), it can be perceived
that the crystal phase and the crystallinity of the HAp/peptide sample do not change respect to
pristine HAp, and that the lattice of HAp is not altered. Therefore, it is possible to infer that the
peptide interaction with the apatite crystals occurs on the surface of the inorganic particles
through electrostatic interaction. Previously, a specific interaction between the carboxylic

groups of amino acids and the Ca ions of HAp has been proposed.'®!
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Figure 6.2 D reports the FT IR analyses of pristine HAp, of HAp/PPD peptide, and of PPD
peptide alone. The spectrum of HAp/PPD clearly shows peaks attributable to the peptide, not
present in the spectrum of HAp: 1204, 1384, 1454, 1642, 1670, 2855, 2925, 2958, 3418 cm™.
However, small but significant differences can be observed in the wavenumbers, suggestive of
direct peptide-material interactions. In particular, the shift of the major carboxylic C=0
stretching band to lower wavenumbers, from 1675 cm™ in PPD to 1642 cm™ in the hybrid
material, can be explained by an increase of the C-O bond length, attributable to its grafting to
Ca ions on the surface of the hydroxyapatite, in agreement with previous results reported for
apatites modified by amino-acids.!®”) In addition, the comparison with the spectrum of the
peptide PPD alone shows for HAp/PPD the disappearance of several peaks, including peaks
attributable to the secondary amine of Pro, as well as of the strong and broad band covering the
range between 2800 and 3500 cm™! for the O-H stretch of carboxylic acid.

Then we moved to the conjugate addition reaction of aldehydes to maleimide catalyzed by
pPN (Scheme 6.3). We utilized 3 equiv. of propanal and 0.05 equiv. of both pPN and NMM, in
1:1 CHCl3/iPrOH, and the reaction proceeded almost quantitatively in the absence (Table 6.1,
Entry 14) or in the presence of HAp (10:1 w/w respect to the peptide, Table 6.1, Entry 15).
However, after product isolation by flash chromatography, 'H NMR analysis showed null
(Entry 14) or very modest (Entry 15), circa 40:60 diasteroselectivity (Appendix D: Figure S7).

pPN, 0.05 equiv. Q

0
R = Me K/ X/& NMM, 0.05 equw |« NH
R = CH,Ph o
R

HAp, RT, 48h
3 equiv. Maleimide

Scheme 6.3 Conjugate addition reaction of aldehydes to maleimide catalyzed by pPN tripeptide in the presence of
HAp nanocrystals. For full deteils about solvents, e.e. and d.r., see Table 6.1.

Since a similarly scarce diastereoselectivity was reported in the literature®® for the
reaction of propanal to N-phenyl maleimide, we repeated the reaction with
hydrocinnamaldehyde (HCA, Table 6.1, Entry 16 without HAp, Entry 17 with HAp), for which
the literature reports quantitative yield, 88:13 d.r., and 98% e.e.l”! In the absence of HAp the
reaction proceeded as expected (Entry 16). However, also in this case the analysis of the
reaction with HAp/pPN revealed a diasteromeric ratio of only 40:60, albeit a certain
enantioselectivity was maintained (92 % e.e. Appendix D: Figures S8-S9). As a greener
alternative to chloroform/isopropanol,'®®! the reaction was performed in EtOH (Table 6.1, Entry
18 without HAp!"!, Entry 19 with HAp), and again the results of the reaction catalyzed by
HAp/pPN were disappointing in terms of diastereoselectivity (Table 6.1, Entry 19).

In addition to the modest stereocontrol, the use of the peptide pPN as organocatalyst in the
presence of HAp was also hampered by its leakage into the organic layers, as confirmed by

HPLC-MS and 'H NMR analyses of the crude mixtures, which precluded a possible recycle.
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The evidences discussed above led us to believe that peptide PPD is absorbed on the
surface of HAp mainly via the salt bridge between the negatively charged aspartate and
Ca*" ions of HAp, while the secondary amine of proline seems way less important. Pro-peptides
are requested to have a “desalted” secondary amine to exert catalytic activity, therefore the
contribution of the amine to the interactions with HAp is expected to be inferior. HAp surface
provides a specific environment that presents a high number of ions in repeating geometry, a
feature which can induce alternative binding poses of the peptides. Recently, the interaction and
folding of peptides onto the surface of HAp has been the object of much interest.[**%°] These
studies support that charged residues and conformation have a role in the adhesion to the solid
surface. For instance, computational studies conducted on Hyp-Pro-Gly peptide (Hyp,
hydroxyproline) are suggestive of strong interactions and a turn conformation also in water.!”"!
Also, state-of-the-art calculations predicted the interaction between a designed peptide motif
Glu'-Ser-GIn-Glu*-Ser® and the HAp solid. In the simulated structures, the peptide adopts an
arch-like form at the surface, and the negatively charged Glu' and Glu* strongly contribute by
providing electrostatic stabilizations with the calcium ions.["!]

Plausibly, the lack of a carboxylate group in pPN relates to its poor affinity for HAp.
Nevertheless, the scarce diastereoselectivity of pPN in the conjugate additions of aldehydes to
maleimide suggests that some interactions with the surface of the nanocrystals do occur. Besides
the secondary amine at the N-terminus, a well-defined turn conformation is crucial for high
catalytic activity and selectivity.l%>"?] If peptide conformation changes upon interactions with
HAp surfaces, then the functions of the peptides may be altered. In this perspective, the scarce
diastereoselectivity of pPN could be the result of peptide misfolding, including a modification

of the trans/cis amide bond ratio.l”?]

6.3 Conclusion

Trying to mimic the catalytic action of the selective enzymes, over the last decade, small
organic molecules have been successfully used as promoters for enantioselective organic
transformations.

In this study, it has been shown that a peptide-acid organocatalyst can be expediently
anchored on HAp as a crystalline support by simple adsorption in situ without pre-preparation
of the solid catalyst. The peptide/HAp mixture has been utilized for performing conjugate
addition reactions, and the hybrid material can be readily recovered by centrifuge, plausibly
correlated to the sufficient affinity attained between the peptide and the charged Ca** and
PO4*~ groups on the surface of the nanocrystalline material HAp. The peptide-acid PPD was
recovered without loss of either the organic component or catalytic performance, while the

peptide-amide pPN was captured very poorly by HAp, preventing from its recycle and reuse.
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6.4 Experimental Section

General methods. All commercially available reagents purchased from Merck (Darmstadt,
Germany) were used without further purification, with the notable exception of aldehydes
which were distilled prior to use. Purities were assessed by analytical reverse phase high-
performance liquid chromatography (RP HPLC) on a 1200 series apparatus (Agilent, CA, USA),
using a XSelect Peptide CSH C18 column (Waters, Milford, MA, USA), 4.6 mm X 100 mm,
130 A, 3.5 pm; DAD 210 nm; mobile phase: from 8:2 water/CH3CN containing 0.5% HCOOH,
to 2:8 water/CH3CN containing 0.5% HCOOH, in 8 min, at a flow rate of 0.5 ml min ", followed
by 10 min at the same composition. ESI-MS was done on a MS single quadrupole HP 1100
MSD detector (Agilent). 'H NMR was performed at 600 MHz on a Bruker600 in 5 mm tubes
in CDCls at RT; chemical shifts are reported as ¢ values relative to residual H peak (6H = 7.26
ppm). Chiral stationary phase (CSP)-HPLC analyses were performed on an Agilent
Technologies Series 1200 instrument (Agilent, Santa Clara, CA, United States) using
Daicel®chiral columns (DAICEL CHIRALCEL AD-H, 4.6 mmx250 mm, DAICEL
CHIRALCEL OD-H, 4.6 mmx250 mm, DAICEL CHIRALCEL OJ-H, 4.6 mmx250 mm) and
n-hexane/2-propanol (n-Hex/IPA) mixtures (Daicel, Osaka, Japan). Powder X-ray diffraction
patterns were recorded using a PANalytical-X’Pert PRO powder diffractometer (Malvern
Panalytical-Spectris, Malvern, UK) equipped with a fast X'Celerator (Malvern Panalytical-
Spectris) detector (A = 0.154 nm, 40 mA, 40 kV). For phase identification, the 26 range was
investigated from 10 to 60 20° with a step size of 0.1° and time/step of 100 s. The peptide
content of the substrate was measured through thermogravimetric analysis using a Perkin Elmer
TGA-7 (Perkin Elmer, Milan, Italy). Samples (5-10 mg) were heated in a platinum crucible in
air flow (20 cm®min™!) at a rate of 10 °C min'up to 800 °C. Transmission Electron
Microscopy investigations were performed using a Philips CM 100 transmission electron
microscope operating at 80 kV. To prepare samples for TEM observations, a drop of the
suspension in ethanol was transferred onto holey carbon foils supported on conventional copper
micro-grids. Fourier transform IR (FT IR) analysis was done on a Cary 630 FT IR
spectrophotometer (Agilent CA, USA); 1 mg of the powdered HAp was mixed with 250 mg of
KBr (infrared grade) and pelletized at the pressure of 10 tons for 2 min. The pellets were
analyzed in the range 4000-400 cm™', 32 scans, resolution 4 cm’'.

General Protocol for the Synthesis of Peptides. The peptides were prepared in solid-
phase on a Rink amide MBHA resin (100-200 mesh, Fmoc protected, linker loading 0.4-0.9
mmol/g) following the standard protocol for Fmoc/-Bu peptide synthesis. Prior to use, the resin
was deprotected from Fmoc following the procedure reported below. For peptide bond
formation, Fmoc-protected amino acid (0.6 mmol, 2 equiv. calculated on an estimated resin
loading of 0.6 mmol/g), and HOBt (0.081g, 0.6 mmol), were dissolved in DMF, and the mixture
was stirred for 10 min. Then the mixture was added to a pre-swollen suspension of the amino-
free resin (0.5 g) in DCM (3 mL), followed by DCC (0.12 g, 0.6 mmol), and the mixture was
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shaken at RT for 3 h. The resin was filtered and subsequently washed 3 times with DMF, MeOH
and DCM (4 mL). Coupling efficacy was monitored for the absence of unreacted resin’s amino
groups by Kaiser test.

General Procedure for Fmoc Deprotection. 20% v/v piperidine in DMF was added to
the resin and the reaction mixture was shaken for 30 min, drained and the piperidine treatment
repeated for another 30 min. The resin was then subsequently washed with DMF, MeOH and
DCM (3x each). Both couplings and deprotections were monitored by qualitative Kaiser
(primary amines) and chloranil tests (secondary amines).

General Procedure for Peptide Cleavage. The release of peptides from the resin support
was performed by shaking the resin in a mixture of TFA/TIPS/water/phenol (88:5:5:2) for 2.5
h. The mixture was filtered, and resin was then washed with Et;O containing 5% TFA, with
DCM, then with Et;0 (10 mL each). After filtration of the resin, the solvents and the volatiles
were removed by blowing nitrogen, and the residue was suspended in ice-cold Et2O (10 mL).
The peptide which precipitated as a TFA salt was collected by centrifugation (10 min, 6,000
rpm), and the precipitate was resuspended in ice-cold Et2O (10 mL) and centrifugated again.
The peptide salts so collected were analyzed by RP-HPLC and ESI-MS spectroscopy.

HAp nanocrystals. The synthesis of HAp was carried out under N> atmosphere and using
CO»-free distilled water to avoid the uncontrolled insertion of carbonate ions into the crystal
structure. A (NH4)2HPO4 solution (50 ml, 0.65 M) at pH adjusted to 10 with NH4OH was heated
to 90 °C, afterwards 50 mL of 1.08 M Ca(NOs)2-4H20, pH 10 adjusted with NH4OH, was added
dropwise while stirring. The suspension was stirred for 5 h at 90 °C, then separated by
centrifugation at 10,000 rpm. The product was repeatedly washed with CO,-free distilled water
and dried overnight at 37 °C.

Pro-catalyzed aldol reaction of acetone with 4-nitrobenzaldehyde. A 10:1 w/w mixture
of L-proline (3.4 mg, 0.03 mmol) and HAp (34 mg) was suspended in 4:1 DMSO/acetone (1.5
mL), and the suspension was stirred for 15 min at RT. Then, 4-nitrobenzaldehyde (15.1 mg, 0.1
mmol) was added while stirring at RT. After 8 h, the mixture was concentrated at reduced
pressure. The residue was suspended in EtOAc by sonication, the crystals were collected by
centrifugation (10,000 rpm) for 15 min, and washed again twice with the same solvent. The
washes were collected and concentrated. The mixture was purified by flash chromatography on
silica gel (eluant 4:1 hexane/EtOAc), giving the product as an oil (13.8 mg, 66% yield).

Conjugate addition reaction of propanal to nitrostyrene. A 10:1 w/w mixture of peptide
Pro-Pro-AspNH»-TFA (PPD, 4.0 mg, 0.009 mmol, 0.05 equiv) and HAp (40 mg) was suspended
in the selected solvent (1 mL, 9:1 v/v mixture of CHCl3/iPrOH, or EtOAc), then nitrostyrene
(26.8 mg, 0.18 mmol, 1.0 equiv) and propanal (38.6 mL, 0.54 mmol, 3.0 equiv) were added
under stirring. After 10 min, NMM (0.92 mg, 0.009 mmol, 0.05 equiv) was also added. The
reaction mixture was stirred for 18 h at RT and then the solvent was evaporated. The mixture

was suspended in EtOAc, and sonicated for 10 min. The crystals were collected by
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centrifugation (10,000 rpm, 15 min). The crystals were washed twice as describe, then the
collected organic layers were concentrated. The residue was separated by flash chromatography
(eluant 3:1 hexane/EtOAc), giving the product in almost quantitative yield (37.2 mg, 95%).
Conjugate addition of aldehydes to maleimide. A 10:1 w/w mixture of peptide D-Pro-
Pro-AsnNH; - TFA (pPN, 2.8 mg, 0.0064 mmol, 0.05 equiv) and HAp (40 mg) was suspended
in the selected solvent (1.0 mL, 1:1 v/v CHCI3 and iPrOH or EtOH), then maleimmide (12.4
mg, 0.128 mmol, 1.0 equiv) and the aldehyde (HCA, 0.38 mmol, 3.0 equiv) were added while
stirring. After 30 min N-methylmorpholine (0.6 mg, 0.0064 mmol, 0.05 equiv) was added. The
reaction mixture was stirred for 48 h at RT, then the solvent was evaporated at reduced pressure,
and the mixture was separated as described above. The product was isolated (23.6 mg, 80%) by

flash chromatography over silica gel (eluant 2:1 hexane/EtOAc).

Note: The work described in this chapter has been published in Sustainable Chemistry and
Pharmacy with slight modification and has been reproduced here with the permission of the

copyright holder.

He, T.; Valagussa, B.; Boanini, E.; Gentilucci, L.* Expedient recycling of peptide
organocatalysts using a nanocrystalline hydroxyapatite catching system. Sustain. Chem. Pharm.
2024, 37, 101383.
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Chapter VII. Summary, Conclusions, and Future Perspectives

The research activities presented in this thesis focused on the design and synthesis of
bioactive peptide-based therapeutic agents by adopting diverse peptidomimetic strategies, such
as cyclization, the introduction of o/f hybrid amino acids, and D-configured amino acids,
targeting integrin- and lactate dehydrogenase-related diseases. Moreover, by introducing
appropriate linkers, these potent peptidic ligands/inhibitors were conjugated to tailor-made
nanoparticles, facilitating their application in targeted therapies due to their abnormal
expression in cancers and inflammatory sites. Lastly, the research also explored the application
of peptides in organocatalysis, utilizing nanocrystalline hydroxyapatite as a recyclable support.

The Introduction briefly presented the structural and functional characteristics of the two
targets involved in the thesis: integrin receptors and lactate dehydrogenase. Subsequently,
peptidomimetic strategies and their applications in drug discovery and asymmetric catalysis
were discussed.

Next, a special focus was given to the a4f1 integrin subfamily in Chapter 2. We thoroughly
reviewed the reported agonists/antagonists of integrin o4fi1. Additionally, we speculated on
plausible models to explain agonism versus antagonism by comparison with the well-studied
RGD-binding integrins and by analysis of computational simulations performed with homology
or hybrid receptor structures, since nor the crystallographic or the cryo-EM structures of o431
integrin are known. This chapter provides valuable structural information of a4f1 integrin to

guide the design of novel 04P ligands in the subsequent chapters.
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Figure 7.1 Overview of research activities carried out in Chapter 3.
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In Chapter 3, we designed and constructed a minilibrary of LDV-containing o/p hybrid
cyclopentapeptides (CPPs), which led to the discovery of diverse potent ligands against o4
integrins. In particular, the CPP 3¢, ¢[(R)-Phu-LDV-(§)-isoAsp], resulted to be an antagonist of
o4 integrins with moderate potency, while 3a, c[(S)-Phu-LDV-(S)-isoAsp], appeared to be a
potent agonist capable to increase both as4f1 and ouP7 integrin-mediated cell adhesion. In
addition, 12a, c[(R)-Phu-LAV-(S)-isoAsp], was an agonist which selectively promoted the
adhesion of a4f1 with low nanomolar potency but not that of a4f7 integrin-expressing cells.
Furthermore, these molecules were used as 3D probes to investigate the preferred bioactive
conformations, and to analyze o4P; integrin-ligand binding behavior. Eventually, the
conformational analysis by NMR combined with quantum mechanics computations predicted
distinct ligand-receptor interactions for antagonists and agonists, plausibly referable to receptor

inhibition or activation.
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Figure 7.2 Overview of research activities carried out in Chapter 4.
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In Chapter 4, firstly, building on the results obtained in Chapter 3, several potent LDV-
containing integrin ligands decorated metallic gold nanoparticles were prepared. The
functionalization was well-characterized by TEM, DLS, and UV-vis analysis. Given the unique
optical and electronic properties of AuNPs, they hold great potential for targeted photothermal
therapy. Subsequently, biocompatible polymeric PLGA nanoparticles coated with LDV
peptides were fabricated. Furthermore, curcumin, an anticancer drug was loaded into the NPs
with a drug loading capacity of 10%. Since curcumin is intrinsically fluorescent, this property
can be advantageous for visualizing the NPs in cells. Lastly, we designed nanoplatforms with
atumor-homing RGD-based ligand and/or a cytotoxic peptide Raf analogue, based on inorganic
fluorescent silica NPs coated with a biocompatible organic PEG shell. As a result, the nano-
conjugates showed moderate to superior toxicity towards A549 and MCF7 cancer cells in the
preliminary cell viability assays. These findings highlight the potential of integrin-targeted
nanotherapeutics for cancer treatment. To further elucidate the roles that different nanoparticles
and integrin ligands could play, in-depth biological evaluations are necessary and currently
underway in our laboratory.
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Figure 7.3 Overview of research activities carried out in Chapter 5.

In Chapter 5, taking into account that the activity of LDH is exclusively exerted by their
tetrameric forms, we conceived to target the protein-protein interactions (PPIs) involved in the
oligomerization of LDH 5, thereby preventing its enzymatic activity. To this end, a series of
peptide inhibitors derived from the C-terminal of LDH-A were prepared. Furthermore, in order
to identify their inhibitory effects in disruption of enzyme oligomerization, we exploited the
unprecedented isolation of recombinant monomeric human LDH-A at neutral pH, and resulting
monomer was utilized to study the assembly of corresponding catalytically-active LDH-A
tetramer in vitro. Lastly, we performed the inhibitory effects of the peptides on lactate
production in cellulo. By means of these assays we finally detected a selective action of linear

and cyclic tetrapeptides, inhibiting lactate secretion in MCF7 cells only.
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Figure 7.4 Overview of research activities carried out in Chapter 6.

In Chapter 6, we described the expedient use of nanocrystalline hydroxyapatite (HAp) as
a biocompatible, inert catching system for the recovery and reuse of peptide catalysts. In detail,
we used tripeptides in amalgam with HAp via electrostatic interaction as a blended recyclable
catalytic system in asymmetric 1,4-conjugate addition reactions with high enantioselectivity.
Additionally, the recycled HAp/peptide mixture was thoroughly characterized by TEM, TGA,
X-ray diffraction, and FT-IR analysis. The blend catalyst can be recovered easily by

centrifugation and reused for at least 4 cycles without compromising its catalytic performance.
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In conclusion, the findings herein underscore the potential application of peptidomimetics
in drug discovery, particularly in the realm of integrin ligands and lactate dehydrogenases. We
believe that the constructed ligands, inhibitors and conjugates could find a wide range of
applications in cancer and inflammatory-related diseases. Future developments could focus on,
for example, synthesizing less-studied IDS-based sequences for targeting integrin o1, as well
as their nano-conjugates. Additionally, the development of inhibitors that target other critical
sites involved in the association of lactate dehydrogenases, along with efforts to enhance the
cell-penetrating ability of the inhibitors, will be crucial, given that the enzymes are located in
the cytosol. Finally, exploring more innovative and sustainable ways for the synthesis and

application of peptidomimetics represents a thriving and long-term research topic.
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Appendix-A

Design and Synthesis of LDV-based a4f1 Integrin Cyclopeptides
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Figure S1. Degradation of BIO1211, 3a, 3¢ in mouse serum. Samples were collected from the incubation solution
at the indicated times. Peptide stability was determined using an RP-HPLC ESI-MS analysis (described in the

Methods). Values are presented as mean = SD (n = 3).

Table S1. RP HPLC and ESI MS analyses of the linear precursors 9 and of the cyclopeptides 10, and their yields.

Yield | Purity ESIMS [M+1]* Yield | Purity ESI-MS [M+1]*
Linear peptide sequence * 10 CPP ¢
(%) (%) © found/caled. (%) © (%) * found/caled.4

H-isoAsp(OBn)-Phu-Leu-Asp(OBn)-Val-OH 30 76 936.2/936.4 1 a traces nd nd 3a
H-Asp(OBn)-Val-isoAsp(OBn)-Phu-Leu-OH 32 78 936.2/936.4 1 a traces nd nd 3a
H-(S)-Phu-Leu-Asp(OBn)-Val-(S)-Asp-OBn 22 80 936.2/936.4 " a 28 98 918.2/918.41 3a
H-(S)-Phu-Leu-Asp(OBn)-Val-(R)-Asp-OBn 24 81 936.2/936.4" b 19 97 918.2/918.41 3b
H-(R)-Phu-Leu-Asp(OBn)-Val-(S)-Asp-OBn 34 79 936.2/936.4 " ¢ 29 97 918.2/918.41 3¢
H-(R)-Phu-Leu-Asp(OBn)-Val-(R)-Asp-OBn 44 85 936.6/936.4 " d 34 99 918.6/918.4 1 3d
H-(S)-Phu-Leu-Asp(OBn)-Val-(R)-p*homoAla-OH 27 75 816.6/816.4 e 50 95 798.2/798.4 11a
H-(S)-Phu-Leu-Ala-Val-(S)-Asp-OBn 46 83 802.6/802.4 ! f 37 96 784.4/784.4 ™ 12a
H-(S)-Phu-Leu-Asp(OBn)-Val-(S)-Asp-nPr * 45 82 887.4/887.4" g 27 95 869.2/869.4 ° 13
H-(R)-Phu-Leu-Asp(OBn)-Val-(R)-B*homoAla-OH 47 78 816.6/816.41 h 33 98 798.2/798.4 & 11c
H-(R)-Phu-Leu-Ala-Val-(S)-Asp-OBn 40 79 802.6/802.4 ! i 15 97 784.2/784.4 ™ 12¢
H-(S)-Phu-Phe-Asp(OBn)-Val-(S)-Asp-OBn 48 73 970.2/970.4"7 j 25 97 952.2/952.44 14
H-(S)-Phu-Phe-Ala-Val-(S)-Asp-OBn 36 85 836.2/836.4" k 48 98 818.2/818.4° 15
H-(R)-Phu-Leu-Asp(OBn)-Phg-(S)-Asp-OBn 37 74 970.2/970.4"7 1 43 96 952.2/952.44 16
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3isoAsp(OBn) corresponds to Asp-OBn; isoAsp(nPr) corresponds to Asp-nPr. "based on the estimated loading of
the resin. ‘Determined by analytical RP HPLC (General methods) on a C18 RP column (100x3 mm, 3 um, 110
A), mobile phase from 9:1 H,O/CH3CN/0.1% HCOOH to 2:8 H,O/CH3CN/0.1% HCOOH in 20 min, flow rate of
1.0 mL min’'. YMS single quadrupole HP 1100MSD detector. “Determined after semi-preparative RP HPLC
(General methods) on a C18 RP column (21.2x150 mm, 7 um 80 A), mobile phase from 8:2 H,O/CH;CN to 100%
CH;CN in 10 min, flow rate 12 mL min™' for CPPs 10a-i, or on a C18 RP column (19x150 mm, 5 um 130 A),
isocratic mobile phase 1:1 HO/CH3CN/0.1% TFA in 8 min, followed by 100% CH3CN in 5 min, flow rate 10 mL
min’' for CPPs 10j-1, fSame stationary phase as for ¢, mobile phase from 9:1 H,O/CH;CN to 2:8 H,O/CH;CN in
20 min, flow rate 1.0 mL min™!. 8Ester deprotection proceeded in nearly quantitative yield; purities are reported in
Table 1 and 2. "Calcd for [CsoHs2N7O11]*. ‘Caled for [CsoHesoN7O10]". iCalcd for [Ca3HssN7Oo]*. *Caled for
[C43H56N7Og]+. ICalcd for [C42H56N709]+. mCalcd for [C42H54N703]+. "Calcd for [C46H63N3010]+. °Calcd for
[C46He1NsOo]*. PCalcd for [CssHeoN7O11]". 9Calcd for [CssHssN7Op0]". "Calcd for [CasHsaN7Oo]". SCalcd for
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Figure S2. Concentration-response curves obtained from cell adhesion assays: evaluation of CPPs effects on a4fi-
mediated Jurkat cell adhesion to FN. Values represent the mean + SD of three independent experiments carried out

in quadruplicate.
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Figure S3. Concentration-response curves obtained from cell adhesion assays: evaluation of CPPs effects on ouf-

mediated Jurkat cell adhesion to VCAM-1. Values represent the mean + SD of three independent experiments

carried out in quadruplicate.
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Figure S4. Concentration-response curves obtained from cell adhesion assays: evaluation of CPPs effects on o4f7-
mediated RPMI8866 cell adhesion to MAdCam-1. Values represent the mean + SD of three independent

experiments carried out in quadruplicate.
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Figure S5. Concentration-response curves obtained from cell adhesion assays: evaluation of CPPs effects on owmf.-

mediated HL60 cell adhesion to FN. Values represent the mean = SD of three independent experiments carried out

in quadruplicate.
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Figure S6. Concentration-response curves obtained from cell adhesion assays: evaluation of CPPs effects on oy p2-

mediated Jurkat cell adhesion to ICAM-1. Values represent the mean £ SD of three independent experiments

carried out in quadruplicate.
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Figure S7. Concentration-response curves obtained from cell adhesion assays: evaluation of CPPs effects on aspi-

mediated K562 cell adhesion to FN. Values represent the mean + SD of three independent experiments carried out

in quadruplicate.
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Figure S8. Binding assay curves for aspi/FN in presence of increasing concentrations of LDV CPPs. Values

represent the mean = SD of three independent experiments carried out in triplicate.

4000 5000 5000 4000
A .
3000 4000+ !_\i 4000 3000
=
3 3000 \ 3000
5 2000 \\ 2000
s 2000 }\L{ 2000
e .
1000 10004 1000 1000
0 T T T 1 0 T T T 1 0-1 T T T 1 0 T T T 1
-12 -10 -8 -6 -4 -12 -10 -8 -6 -4 -12 -10 -8 6 -4 -12 -10 8 L] -4
log[BI01211] log[3a] log[3b] log[3c]
4000 4000 5000 5000
} i3 31 ] IR
4000 4000
3000 % 3000 { }
g { } f i Pt
8 3000 3000
2000 g 2000
8 2000 2000+
1000 [ -
1000 1000 1000
01 T T T 1 0 T T T 1 0 T T T 1 0 T T T 1
-12 -10 -8 5 -4 -12 -10 -8 -6 -4 -12 -10 8 £ -4 -12 -10 B £ -4
log[3d] log[12a] log[12c] log[15]
4000 4000
RS oy I
3000 3000
2000 2000
1000 1000
0 T T T T 1 0 T T T T 1
12 10 8 F] 4 12 -0 8 F 4
log[1a] log[1b]

Figure S9. Binding assay curves for a432/MAdCAM-1 in presence of increasing concentrations of LDV CPPs.

Values represent the mean + SD of three independent experiments carried out in triplicate.
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Figure S10. Binding assay curves for amB»/fibrinogen in presence of increasing concentrations of LDV CPPs.

Values represent the mean + SD of three independent experiments carried out in triplicate.
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Figure S11. Binding assay curves for ai2/ICAM-1 in presence of increasing concentrations of LDV CPPs. Values

represent the mean = SD of three independent experiments carried out in triplicate.
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Figure S12. Binding assay curves for aspi/FN in presence of increasing concentrations of LDV CPPs. Values

represent the mean = SD of three independent experiments carried out in triplicate.
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Figure S13. Relation between experimentally determined potencies (ICso/ECso deriving from cell adhesion assays)
and ligand binding affinities (ICso deriving from solid-phase binding assays) of the LDV CPPs. The 1Cs¢/ECso
values + S.E. are obtained by Tables 1-2. Correlation was measured using Pearson (rp) correlation coefficient.
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Table S2. Ad/At values (ppb K™!) of amide protons for LDV CPPs (CPPs) 3a-d, and of the correlated 11a, 1lc,
12a, 12¢, 13-16 by VT NMR spectroscopy, determined at 400 MHz (3a-d, 11a, 11¢, 12a, 12¢, 13) or at 600 MHz
(14-16) in DMSO-ds/H>O (8:2) over the range 298-318 K.

CPP Sequence PhulNH AAZNH  AASNH AANH isoAsp°NH
3a c[(S)-Phu-LDV-(S)-isoAsp] -5.0 -7.0 -4.0 0.8 -05
3b c[(S)-Phu-LDV-(R)-isoAsp] -4.9 -3.5 -3.7 -1.9 -2.2
3c c[(R)-Phu-LDV-(S)-isoAsp] -5.5 -5.3 -0.3 -7.9 -55
3d c[(R)-Phu-LDV-(R)-isoAsp] 2.1 2.9 +0.4 -3.0 -35
11a c[(S)-Phu-LDV-(R)-pAla’] -4.5 -4.1 2.2 0.6 -1.1
12a c[(S)-Phu-LAV-(S)-isoAsp®] -5.4 +1.6 -4.4 -0.5 0.0
13 c[(S)-Phu-LDV-(S)-isoAsp(NHPr)] -1.7 -4.8 -4.9 0.9 -0.2
11c c[(R)-Phu-LDV-(R)-BAla] -6.0 -3.9 -0.7 -6.4 -2.5
12c c[(R)-Phu-LAV-(S)-isoAsp] -3.7 -4.2 -2.2 -6.0 -6.0
14 c[(S)-Phu-FDV-(S)-isoAsp] -35 -4.8 -3.7 -0.8 0.0
15 c[(S)-Phu-FAV-(S)-isoAsp] -4.2 -5.8 -3.8 -0.6 +0.6
16 c[(R)-Phu-LD-Phg-(S)-isoAsp] 5.7 -3.9 2.6 -4.6 -4.6

Table S3. ROESY cross peaks for 3a in 8:2 DMSOds/H»O; vs = very strong, s = strong, m = medium, w = weak.

Crosspeak Intensity Crosspeak Intensity
PhuNHb-PhuMe w PhuArH2',6'-LeuHy w
PhuNHb-LeuHa w PhuArH2',6'-PhuMe w

LeuNH-LeuMe m PhuArH2',6'-isoAspHp2.6 w
LeuNH-LeuHy m PhuArH2',6'-PhuHp2.7 W
LeuNH-LeuHp1.5 w PhuArH2',6'-PhuHp2.9 w
LeuNH-LeuHp1.7 m PhuArH2',6'-PhuHo, w
LeuNH-PhuHf2.9 m PhuArH3'5'-3,5-LeuMe m
LeuNH-LeuHa VS PhuArH3',5'-3,5-LeuHy w
LeuNH-PhuHa S PhuArH3',5'-3,5-LeuHp w
LeuNH-PhuArH3',5' m PhuArH3',5'-3,5-PhuMe w
LeuNH-AspNH S PhuArH3',5'-3,5-PhuHa VS
AspNH-LeuMe w PhuArH3',5'-3,5-isoAspHp2.6 w
AspNH-LeuHy w isoAspNH-ValMe m
AspNH-LeuHB1s S iSOASpNH-PhuMe w
AspNH-LeuHp1.7 S iSOASpNH-ValHp w
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AspNH-AspHp2.9

iSOASpNH-isoAspHp2.6

AspNH-AspHf3.0 iSOASpNH-isoAspHp2.7 w
AspNH-LeuHa S isoAspNH-ValHa S
AspNH-ValHa w iSOAspNH-AspHo w
AspNH-AspHa Vs iS0OAspNH-isoAspHo. S
AspNH-ValNH S isoAspHa-ValMe w

PhuNH-isoAspHp2.6 S isoAspHa-isoAspHp2.6 m
PhuNH-isoAspHp2.7 S isoAspHa-isoAspHp2.7 w

PhuNH-PhuHp2.7 Vs PhuHa-PhuHp2.7 m

PhuNH-PhuHp2.9 m PhuHa-PhuHp2.9 S
PhuNH-PhuHa, m AspHa-AspHp2.9 m

PhuNH-isoAspHa m AspHa-AspHps.o

PhuNH-isoAspNH m ValHa-ValMe Vs

PhuNH-PhuArH3'5' S ValHa-ValHf S
PhuNHa-LeuMe w ValHo-AspHP2.9 w

PhuNHa-LeuHp1.7 w LeuHa-LeuMe VS
PhuNHa-LeuHa w LeuHa-LeuHy m
PhuNHa-PhuHao, w LeuHa-LeuHP1s S
PhuNHa-PhuMe Vs LeuHa-LeuHp1.7 m

PhuNHa-PhuNHb Vs PhuHps.0-LeuHy m
ValNH-ValMe Vs PhuHps.0-LeuHp1.5 w

ValNH-LeuHp1.7 w AspHp2s-LeuH15 w
ValNH-ValHf m AspHp29-LeuMe m

ValNH-AspHf2.9 m PhuHp2.7-LeuHy w
ValNH-ValHo S PhuMe-LeuMe m
ValNH-AspHa m PhuMe-LeuHy w

ValNH-isoAspHa w PhuMe-LeuHB15 w

ValNH-isoAspNH S PhuMe-LeuHp1.7 w

PhuArH2',6'-LeuMe m
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Table S4. ROESY cross peaks for 3b in 8:2 DMSOds/H>0; vs = very strong, s = strong, m = medium, w = weak.

Crosspeak Intensity Crosspeak Intensity
PhuNHb-LeuMe w iSOAspNH-isoAspHo. m/s
PhuNHb-PhuHo. w PhuNHa-ValMe w
PhuNHb-PhuMe w PhuNHa-PhuMe sivs

AspNH-Val/LeuMe w PhuArH6-LeuMe w
AspNH-LeuHy/LeuHp15 S PhuArH2',6'-LeuMe w/m
AspNH-LeuHp1.7 m PhuArH2',6'-LeuHy/LeuHp1.7 w
AspNH-AspHpx2 m PhuArH2' 6'-LeuHp1s w
AspNH-LeuHao, w PhuArH2'6'-PhuHp2.7 w
AspNH-AspHa Vs PhuArH2',6'-Phups.o vw
AspNH-ValNH PhuArH2',6'-Phua VW
AspNH-LeuNH PhuArH3'5',3,5-LeuMe m/w
LeuNH-LeuMe PhuArH3',5',3,5-LeuHy/LeuHpy.7
LeuNH-LeuHy/LeuHp15 m/s PhuArH3',5',3,5-LeuHp15 w
LeuNH-LeuHp1.7 m PhuArH3'5',3,5-PhuHp2.7 S
LeuNH-PhuHp27 w PhuArH3'5',3,5-PhuHp3.0 S
LeuNH-PhuHp3.0 w/m PhuArH3'5',3,5-PhuHa S
LeuNH-LeuHa S AspHo-LeuHy/LeuHp1.7 w
LeuNH-PhuHa m AspHo-AspHpx2 VS
PhuNH-isoAspHp2.2 VW AspHa-ValHa
PhuNH-PhuHp2.7 sivs PhuHo-PhuHB2.7 m
PhuNH-isoAspHp2.s sivs PhuHoa-PhuHBs.0 Vs
PhuNH-PhuHf3.0 w isoAspHa-isoAspHp2.4 Vs
PhuNH-PhuHa m isoAspHa-isoAspHpz2.s
PhuNH-PhuAr3',5' m/s isoAspHa-ValHa
ValNH-ValMe S LeuHa-LeuMe Vs
ValNH-LeuHy/LeuHp A LeuHa-LeuHp1.7/Hy sivs
ValNH-ValHp LeuHa-LeuHp1s w/m
ValNH-AspHp ValHa-LeuMe Vs
ValNH-ValHo ValHa-ValHf Vs
ValNH-AspHa m/w PhuHp30-LeuHp1.7/Hy w
isoAspNH-ValMe w PhuHBs.o-LeuMe w
iSOASpNH-ValHp m/s PhuHp27-LeuMe w
iSOAspNH-isoAspHp2.s m/s AspHpx2-LeuHp1.7/Hy w
iSOAspNH-ValHa w/m AspHPx2-LeuHP1s w




Universita di Bologna

Table S5. ROESY cross peaks for 3¢ in 8:2 DMSOds/H,0; vs = very strong, s = strong, m = medium, w = weak.

Crosspeak Intensity Crosspeak Intensity
PhuNHb-LeuMeos w PhuNHa-LeuMeo.7 w
PhuNHb-LeuMeo.7 m PhuNHa-Phu(2-Me) VS
PhuNHb-ValMeos w PhuNHa-ValHa w

PhuNHb-Phu(2-Me) w PhuArH6-LeuMeos w
PhuNHb-LeuNH w PhuArH6-LeuMeo.7 w
PhuNHb-PhuNH w PhuArH6-Phu(2-Me) w
PhuNHb-ValNH w AspNH-LeuHp m
PhuNH-ValMeo s w AspNH-AspHpB2.6 m
PhuNH-isoAspHp Vs AspNH-AspHpB2.s m
PhuNH-PhuHp Vs AspNH-LeuHa, S
PhuNH-PhuHa. s AspNH-PhuHa, w
PhuNH-isoAspHa w AspNH-AspHa S
PhuNH-PhuArH3',5' m PhuArH2',6'-LeuMeo.s m
PhuNH-AspNH w PhuArH2',6'-LeuMeo.7 w
PhuNH-ValNH w PhuArH2',6'-ValMeo s w
iSOASpNH-ValMeo s w PhuArH2',6'-LeuHy m
iSOASpNH-ValHp m PhuArH2',6'-PhuHa w
iSOAspNH-isoAspHp w PhuArH3',5'-LeuMeo.s m
iSOAspNH-ValHa S PhuArH3',5'-LeuMeo.7 w
iSOAspNH-isoAspHa. m PhuArH3',5-ValMeo s w
iSOASpNH-AspHa w PhuArH3'5'-LeuHy m
iSOASpNH-LeuHa w PhuArH3',5-LeuHp w
LeuNH-LeuMeo.s w PhuArH3',5-ValHp w
LeuNH-LeuMeo.7 w PhuArH3',5'-isoAspHp w
LeuNH-LeuHy S PhuArH3',5'-LeuHa w
LeuNH-LeuHpB Vs PhuArH3',5"-isoAspHa w
LeuNH-AspHp2.s m PhuArH3',5'-PhuHa S
LeuNH-PhuHp m AspHa-ValMeo.z w
LeuNH-ValHa w AspHa-AspHpB2.6 S
LeuNH-LeuHa S AspHa-AspHpB2.s S
LeuNH-isoAspHa w AspHa-ValHa
LeuNH-PhuHa VS AspHa-LeuHo
LeuNH-PhuArH3',5' w PhuHa-PhuHpB VS
LeuNH-AspNH S iSOAspHa-isoAspHpB m
ValNH-ValMeos m LeuHo-LeuMeos Vs
ValNH-ValMeo.o w LeuHo-LeuMeor
ValNH-ValHp m LeuHa-LeuHy
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ValNH-AspHp2.s LeuHa-LeuHB Vs
ValNH-AspHp2s ValHao-ValMeo.7 S
ValNH-ValHa Vs ValHa-ValMeoss s
ValNH-AspHa S ValHa-ValHp
ValNH-AspNH w PhuHB-LeuHy
Table S6. ROESY cross peaks for 3d in 8:2 DMSOd«/H»0; vs = very strong, s = strong, m = medium, w = weak.
Crosspeak Intensity Crosspeak Intensity
PhuNHb-LeuMeos w PhuNHa-PhuMe VS
PhuNHb-LeuMeo 7 w PhuNHa-PhuArH6 Vs
ValNH-ValMe S AspNH-LeuMeos m
ValNH-ValHp w AspNH-LeuMeo.7 m
ValNH-AspHp2.s w AspNH-LeuHy m
ValNH-ValHo, s AspNH-AspHp25 w
ValNH-AspHa s AspNH-AspHp2.s w
ValNH-AspNH w AspNH-LeuHa, w
ValNH-isoAspNH w AspNH-AspHa m
PhuNH-LeuHy w PhuArH2',6'-PhuHa w
PhuNH-isoAspHp2.7 s PhuArH3' 5-LeuMeos W
PhuNH-PhuHp2s S PhuArH3',5'-LeuHy w
PhuNH-PhuHa m PhuArH3'5'-LeuHa w
PhuNH-PhuArH3'5' w PhuArH3',5'-PhuHa S
PhuNH-PhuNHa w AspHa-LeuHy w
PhuNH-LeuNH m AspHo-AspHp2s S
PhuNH-isoAspNH m/s AspHa-AspHp2s m
iSOASpNH-ValHf w AspHa-LeuHa w
iSOASpNH-isoAspHp2.6 m isoAspHa-isoAspHpz2.6 m
iSOAspNH-ValHa w isoAspHa-isoAspHp2.7 m
iS0AspNH-isoAspHa m PhuHao-PhuArH3'5' m
isoAspNH-ValMe w PhuHo-LeuNH VS
iSOAspNH-AspNH w LeuHo-LeuMeos S
isoOAspNH-LeuNH w LeuHa-LeuMeo.7 w
LeuNH-LeuMeos w LeuHa-LeuHy w
LeuNH-LeuMeo.7 w LeuHo-LeuHp1.4 m
LeuNH-LeuHy m LeuHa-ValHa w
LeuNH-LeuHp1.3 m ValHa-ValMe 'S
LeuNH-LeuHa m LeuHp1.4-LeuMeos
LeuNH-PhuHa Vs LeuHp1.4-LeuMeo.7 w
LeuNH-AspNH S LeuHp13-LeuMeos
PhuNHa-PhuNHb Vs
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Table S7. ROESY cross peaks for 12a in 8:2 DMSOds/H>O; vs = very strong, s = strong, m = medium, w = weak.

Crosspeak Intensity Crosspeak Intensity
LeuNH-LeuMeos m PhuArH3',5'- LeuHp1.s w
LeuNH-LeuHa S PhuArH3',5'-PhuHp2.6 'S
LeuNH-PheHa Vs PhuArH3',5'- PhuHpz2.s S
PhuNHb-LeuMeo.7 w PhuArH3',5'- PhuHa Vs
PhuNH-ValMe1.1 w iSoAspNH-isoAspHa S
PhuNH-isoAspHp2.6 m iSo0AspNH-ValHa m
PhuNH-PheHp2.s S ValHa-ValMeo g S
PhuNH-isoAspHp2.9 S ValHa-ValMe11 m
PhuNH-PhuHa. m ValHa-ValHp Vs
AlaNH-LeuHp:.2 S isoAspHo-isoAspHp2.6 m
AlaNH-AlaMe s iSoOAspHa-isoAspHp2.9 'S
AlaNH-LeuHpu.s S PheHa-PheHpz2.6 m
AlaNH-AlaHa PheHa-PheHp2.s S
AnaNH-ValNH LeuHa-LeuMeos Vs
PhuNHa-Phu(2-Me) VS LeuHa-LeuMeo 7 m
ValNH-ValMeo.9 m LeuHo-LeuHp1.2 'S
ValNH-ValMe1.1 S PhuHp2s-LeuHpa.2 w
ValNH-AlaHo LeuHp1.s-LeuMeos S
ValNH-ValHa LeuHp1s-LeuMeo.7 S
ValNH-isoAspNH Vs LeuHB1s-LeuHy w
PhuArH2',6'-LeuMeo s m AlaMe-LeuMeos w
PhuArH2',6'-LeuMeo.7 S AlaMe-LeuMeo.7 w
PhuArH3',5'-LeuMeos m LeuHpB1.2-LeuMeos m
PhuArH3',5'-LeuMeo.7 w LeuHp1.2-LeuMeo.7 S
PhuArH3',5'-LeuHp1.2 w LeuHp12-LeuHy m

Figure S14. PDB 3V4YV, crystal structure of a4f; headpiece complexed with RO0505376; left, the integrin is
represented as molecular solvent-excluded surfaces (SES) and colored using Coulombic electrostatic potential
(ESP). RO0505376 is rendered in sticks, while metal ions were rendered as green spheres.
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ADMIDAS ADMIDAS

MIDAS MIDAS
(9

Figure S15. In-solution (top) and receptor-bound (bottom) structures of 3a, 3¢ showing hydrogen-bonded
secondary structure elements (dotted lines). The structures differ only by the inversion of stereochemistry at Phu'.

B1: Tyr!*%and cations of the adhesion sites are shown for better comparison.

pe_.. .
Figure S16. Left. Rendering of a4 integrin model, with evidenced the B-propeller (o4), Thigh (), BI (B1),
Hybrid (B1) and PSI (plexin-semaphorin-integrin, ;) domains. The o4 subunit is colored in blue and represented
as solid ribbon, with key residues at the a.4/P; interface in stick. The i subunit is represented as gray CPK, with
key residues at the a.4/B; interface in pink. (A) Close look of the interface between the B-propeller (a.4) and BI (B1)
domains. The o4 residues are shown in stick representation and colored in blue (black labels), while the B, residues
are represented in CPK, with key residues colored in pink (white labels). (B) Particular of the interface between
Thigh (o4) and PSI (B1) domains. Molecular graphics and analyses performed with UCSF ChimeraX.
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Y187

Figure S17. The agonist 3a, c[(S)-Phu-LDV-(S)-isoAsp], makes many interactions with ou subunit. Phu'MePh
group interacts with aq: F2'4 (-7t stacking), Phu'Ph interacts with o4: F>'* (n-n T-shaped interaction), and with ou:
Y%7 (n-m stacking). Urea C=0 makes a hydrogen bond with ou: K213 (2.31 A). Phu' C=0 establishes intramolecular
hydrogen bonds with Asp> NH (1.72 A) and Val* NH (2.30 A). The hydrophobic side chain of Leu? is included
within a cavity delimited by a4: K'%7, B1: L?%, and a4: Y'®7, while Leu?NH group makes a hydrogen bond with B;:
N240 (1.84 A). Asp>COO" makes a salt bridge with aq: K'NE(1.63 A), while Asp® C=0 gives rise to a hydrogen
bond with B;: Q"' CONH, (1.78 A). Val* C=0 is hydrogen bonded to Bi: S'** OH (1.97 A). The isopropyl of Val*
is pseudo axial, therefore it does not get in touch with any residues of B1 subunit. Finally, isoAsp® COO" is
coordinated to Mg?" in MIDAS, with Mg?" that exhibits a slightly distorted coordination geometry (RMSD 0.12).
Two hydrogen bonds are formed with water (W) W' (2.86 A) and W? (2.67 A), a hydrogen bond with B;: Y'3* NH
(1.97 A) and a hydrogen bond with B;: N***NH (2.75 A).

The antagonist 3¢, c[(R)-Phu-LDV-(S)-isoAsp], differs from the all S-configured 3a for the inverted
stereochemistry at Phu'. The most noticeable effect is represented by a greater interaction with By subunit.
Phu'MePh makes a n-n stacking interaction with B;: F*2!. Urea NH makes a hydrogen bond with B1: S22 OG (2.11
A), and Phu'Ph interacts with the peptide bond between B;: D**°and Bi: S??7 (amide-r stacking). The side chain of
Leu? is included within the cavity formed by ou: K'%7, ou: Y'#7, B1: L?%°. Leu? C=0 makes an hydrogen bond with
Bi: K2 NHE" (1.77 A), which in turn interacts with Asp> COO"~ by a salt bridge (1.62 A). Val* C=0 makes two
hydrogen bonds with B;: S"**OH (1.97 A) and B;: S'**NH (1.52 A). In contrast to 3a, the isopropyl of Val* is in
contact with B1: Tyr'3? (n-alkyl, 4.76 A). Finally, isoAsp’COO" is coordinated with Mg?*. In this complex, the
cation shows a distorted octahedral coordination geometry (RMSD 0.17); isoAsp>’COO" makes also other interacts:
with B1: $32(0-HC, 2.46 A), two hydrogen bonds with W' (2.60 A) and W (2.66 A), hydrogen bond with B;: N?%*
NH (1.92 A).

Molecular graphics and detailed analysis of the interactions between ligands and integrin a4f: receptor
model. The following figures show the best binding conformation of the ligands within a4 integrin binding
site, represented as molecular solvent-excluded surfaces (partially transparent), colored using Coulombic
electrostatic potential (ESP), with default coloring ranging from red for negative potential through white to
blue for positive potential. Ligands are rendered in sticks, while metal ions belonging to MIDAS and
ADMIDAS are rendered as green colored spheres. Key receptor residues in thick sticks. Molecular graphics
and analyses were performed with Biovia Discovery Studio visualizer.
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Figure S18. The CPPs 12a, c[(S)-Phu-LAV-(S)-isoAsp], maintains the same stereochemistry as 3a, but Asp? is
replaced by Ala®. Phu'MePh group is in contact with B;: F*?! through a n-n stacking interaction and as: K>'3NHC"
through a m-cation interaction (2.12 A). Urea C=0 makes a conventional hydrogen bond with B;: S**’OH (2.21 A).
Phu'Ph interacts with ay: F>'* through n-n T-shaped interaction and with ou: Y'* through a stacked n- interaction.
Phu! C=0 makes two intramolecular hydrogen bonds with Ala* NH (1.78 A) and Val*NH (2.91 A). Leu> NH give
rise to a hydrogen bond with Bi: N?20 (1.76 A), while Leu? C=0 makes a hydrogen with B;: K'2NHZ" (2.01 A).
In addition to the intramolecular bond with Phu! C=0, Ala3 shows an additional hydrogen bond between Ala®* C=0
and B1: N'"'He (1.89 A). The methyl of Val® nicely packs against methyl of B: T'#8. Val* C=0 makes two hydrogen
bonds, with B;: S"**NH (2.95 A) and Bi: S"**OH (1.69 A). isoAsp® residue coordinates Mg>* (RMSD 0.11).
Furthermore, isoAsp®COOQ" is involved in a hydrogen bonds network with W' (2.83 A), W3 (2.72 A), B1: Y'33NH
(2.45 A), Bi: N2*NH (2.08 A) and B1: N22*NH (2.55 A).

Figure S19. Detail of the upper region of the binding site of o3| integrin hosting 12a, c[(S)-Phu-LAV-(S)-isoAsp].
Receptor residues in contact with the cyclopeptide are rendered as CPK models; residues of o subunit are
highlighted in yellow. The sequence A'3!-K-L-R-N-P-C-T'3® of the B subunit is replaced by S'*!-K-L-R-H-P-C-
P'% in B7 subunit. In the asp;-12a complex, the side chain of Thr'®® of B, subunit invades the space of Val®, so that
the methyl of the latter nicely packs against the methyl of Thr!®8. In the B7 subunits, this residue is mutated for
Pro!%,

180



Universita di Bologna

Figure S20. The CPPs 12¢, c[(R)-Phu-LAV-(S)-isoAsp], is an analogue of 3¢, sharing the same stereochemistry
array, in which Asp? is replaced by Ala’. MePh group of Phu' is in contact with a4: K?!* (n-cation interaction with
NHC', 3.76 A, plus w-alkyl, 3.76 A) and with Bi: F2! (n-alkyl, 4.37 A). Urea C=0 is hydrogen bonded to ou:
K2'3NHC' (1.84 A), while both urea NHs are hydrogen bonded to B1: Glu*?°COO- (1.94 A, 2.90 A). The side chain
of Leu? is inserted within the cavity delimited by Bi: L?%, au: K37, au: Y'¥7, making hydrophobic interactions. Ala’
NH is involved in a intramolecular hydrogen bond with isoAsp C=0 (2.03 A), Ala? C=0 makes a hydrogen bond
with B1: N'! CONH, (2.19 A), while Ala’methyl is close to Bi: T'**methyl (alkyl interaction). Val* NH is involved
in an intramolecular hydrogen bond with isoAsp C=0 (1.81 A), Val* C=0 is hydrogen bonded to B;: S'"**NH (2.79
A), but Val*isopropyl is directed perpendicularly above the molecular plane, therefore making very little contacts
with any residues of i subunit. Finally, isoAsp> COO" is coordinated to Mg?* in MIDAS.

Figure S21. The CPP 15 was obtained from 3a by replacing Leu? with Phe? and Asp? with Ala®. The Phu! MePh
group is located between the residues Pi: F*2! and ou: K?'3, with which it interacts giving rise to a - stacking
interaction and a m-cation interaction (3.19 A). Urea C=0 makes a hydrogen bond with B;: S??0OH (2.05 A), while
Phu'Ph makes a n-m stacking interactions with ou: Y'®. Phu! C=0 makes two hydrogen bonds with Ala’* NH (1.72
A) and Val* NH (2.15 A). Phe? NH makes two hydrogen bonds with B;: N0 (2.87 A) and with B;: L?2°0 (2.14
A), while Phe? Ph is hold in position by a m-cation interaction with B;: K'®2NZ" (4.01 A). In addition to the
intramolecular hydrogen bonds with Phu!, Ala® residue makes a hydrogen bond between C=0 and PB;: GIn'°'He
(1.89 A), while the Val* C=0 forms a hydrogen bond with B;: S'**OH (1.85 A). The carboxyl group of the isoAsp®
residue makes two water-hydrogen bonds with W' (2.84 A) and W? (2.70 A), a hydrogen bond with B;: Y'3*NH
(2.12 A) and a hydrogen bond with B;: N?*NH (2.30 A). isoAsp® COO" coordinates the Mg?" in MIDAS.
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Figure S22. 'H NMR (8:2 DMSOd4«/H,0 at 400 MHz) and '*C NMR (DMSOds, 100 MHz) of 3a.
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Figure S23. '"H-NMR (8:2 DMSOds/H,0 at 400 MHz) and '*C-NMR (DMSOds, 100 MHz) of 3b.
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Figure S25. '"H-NMR (8:2 DMSOds/H,O at 400 MHz) and '*C-NMR (DMSOds, 100 MHz) of 3d.
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Figure S27. 'H-NMR (8:2 DMSOds/H,O at 400 MHz) and '*C-NMR (DMSOds, 100 MHz) of 11ec.
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Figure S29. '"H-NMR (8:2 DMSOds/H,O at 400 MHz) and '*C-NMR (DMSOds, 100 MHz) of 12¢.
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Figure S30. 'H-NMR (8:2 DMSOd4«/H,0 at 400 MHz) and '*C-NMR (DMSOds, 100 MHz) of 13.
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Figure S31. 'H-NMR (8:2 DMSOds/H,0 at 600 MHz) and '*C-NMR (DMSOds, 150 MHz) of 14.



Universita di Bologna

€880
268'0
006°0
6060
mmm.;
uriy
81E'2-|
324
05€'2
99¢°24
oswp 052
65521
84521
€29'2
8€9°7+
1592
5662 r
020°¢ |

M

|
)

|

J

I
o N

|
W

|
|

950°¢
291€
B_.L
SLVE r
261'E~
602°E~"

02H L2r'E~_
596'
€86'€
100t
090'F
590
8107
mmaéﬂ
sl
9914
s
161
6957
6657

uulh‘ |

&

M_Jj

i

|
|

W

oo

862

Fg0¢
B0l

ue
¥

te0z

e
sl

ek
80°L
oL

ool

fon

oLz
EETL
e

H/.mm.m

6L
€0°L

Fs

TFsro

oo

20 15 1.0 05

25

45 4.0 35 30

50
1 (ppm)

6.0 55

65

75 70

8.0

9.0 85

95

mww.w—/.

0ZS°Ll~—
.vmm.n—\.

Mmh.m—.\

L2'6g —

981'SE N
566°5€ —
e/

6018y —
1205 —

969°5S
VLLSS V.

2ov15/

898°LLL
967021
065°22L
6eLozl

82921
seprel
2oz'8zL
€216zl "
g6zl T
tovost . 9 o
oe0'Lel o = \A_z)/ﬁH
SrvLels @ Sz
ouresi— A 2
YZrgEL - =
= o
zT
0 [%) [%) /
z =0
2597251 — T O\.\
© 7
zT

m@m.mmFW o ”A

17504l =T
95041

100°2.1

QNQ.NEN

wviesl

1 (ppm)

Figure S32. 'H-NMR (8:2 DMSOds/H,O at 400 MHz) and '*C-NMR (DMSOds, 100 MHz) of 15.
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Figure S33. 'H-NMR (8:2 DMSOds/H,0 at 400 MHz) and '*C-NMR (DMSOds, 100 MHz) of 16.
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RP HPLC chromatograms:
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Figure S34. RP HPLC analyses performed on a column Phenomenex mod. Gemini 3 um Cys 110 A 100 x 3.0 mm;
mobile phase from 9:1 H,O/CH3CN/0.1% HCOOH to 2:8 H,O/CH3CN/0.1% HCOOH in 20 min, flow rate of 1.0

mL min"!. DAD 254 nm, unless otherwise specified. For peptide 14, the analytical flow rate is 0.5 mL min™'.
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Appendix-B

Fabrication and Characterization of Versatile Integrin-targeted Nanoplatforms for
Diagnostic and Therapeutic Applications
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Figure S1. RP HPLC and ESI-MS of LDV Pep 1. MS-ESI m/z calcd for [Ca1HssNsOg]* 803.4, found 803.3.
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Figure S2. RP HPLC and ESI-MS of LDV Pep 2. MS-ESI m/z calcd for [C3gHs1NgOo]* 775.4, found 775.2.
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Figure S3. RP HPLC and ESI-MS of LDV Pep 3. MS-ESI m/z calcd for [C3sHssNgOs]* 751.4, found 751.3.
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Figure S4. RP HPLC and ESI-MS of Raf-alkyne Peptide. MS-ESI m/z calcd for [CagH71N12012]* 1019.5, found
1019.4.
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Figure S5. NMR spectra of Peptide 4.
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Figure S6. Stack NMR spectra of PF127-(N3)2, cCRGD-alkyne peptide, and cRGD-PF127.
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Figure S7. Stack NMR spectra of PF127-(Ns)2, Raf-alkyne peptide, and Raf-PF127.
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Appendix-C

Synthesis of Peptides Inhibiting the Assembly of Monomeric Human L-lactate

Dehydrogenase into Catalytically-active Homotetramer

GCGACCCTGAAAGACCAACTGATTTACAACCTGCTGAAAGAGGAACAGACCCCGCAAAA
CAAGATTACCGTGGTGGGCGTGGGCGCGGTTGGTATGGCGTGCGCGATCAGCATTCTGATGAAGGA
CCTGGCGGATGAACTGGCGCTGGTGGACGTTATCGAAGATAAGCTGAAAGGCGAGATGATGGACC
TGCAGCACGGCAGCCTGTTCCTGCGTACCCCGAAGATTGTGAGCGGCAAAGATTACAACGTTACCG
CGAACAGCAAGCTGGTGATCATTACCGCGGGTGCGCGTCAGCAAGAAGGCGAGAGCCGTCTGAAC
CTGGTGCAACGTAACGTTAACATCTTCAAGTTCATCATTCCGAACGTGGTTAAGTACAGCCCGAAC
TGCAAACTGCTGATCGTGAGCAACCCGGTTGACATTCTGACCTATGTTGCGTGGAAGATCAGCGGT
TTCCCGAAAAACCGTGTGATTGGTAGCGGCTGCAACCTGGATAGCGCGCGTTTTCGTTATCTGATG
GGTGAACGTCTGGGCGTTCATCCGCTGAGCTGCCATGGTTGGGTTCTGGGCGAGCATGGTGACAGC
AGCGTGCCGGTTTGGAGCGGTATGAACGTGGCGGGCGTTAGCCTGAAAACCCTGCACCCGGATCTG
GGCACCGACAAGGATAAAGAACAGTGGAAAGAGGTGCACAAACAAGTGGTTGAAAGCGCGTACG
AGGTGATCAAGCTGAAAGGTTATACCAGCTGGGCGATTGGCCTGAGCGTGGCGGACCTGGCGGAG
AGCATCATGAAGAACCTGCGTCGTGTGCACCCGGTTAGCACCATGATCAAGGGTCTGTACGGCATT
AAAGACGATGTGTTTCTGAGCGTTCCGTGCATCCTGGGTCAGAACGGCATTAGCGATCTGGTGAAA
GTTACCCTGACCAGCGAGGAAGAGGCGCGTCTGAAAAAGAGCGCGGACACCCTGTGGGGCATCCA
AAAGGAACTGCAATTCTAAGGATCC

MATLKDQLIYNLLKEEQTPQNKITVVGVGAVGMACAISILMKDLADELALVDVIEDKLKGEMMDLQH
GSLFLRTPKIVSGKDYNVTANSKLVIITAGARQQEGESRLNLVQRNVNIFKFIIPNVVKYSPNCKLLIVSN
PVDILTYVAWKISGFPKNRVIGSGCNLDSARFRYLMGERLGVHPLSCHGWVLGEHGDSSVPVWSGMN
VAGVSLKTLHPDLGTDKDKEQWKEVHKQVVESAYEVIKLKGYTSWAIGLSVADLAESIMKNLRRVHP
VSTMIKGLYGIKDDVFLSVPCILGQNGISDLVKVTLTSEEEARLKKSADTLWGIQKELQF

Figure S1. Synthetic gene coding for human L-lactate dehydrogenase A (SwissProt Code: P00338).
Sequence of the synthetic gene, optimized for the Escherichia coli codon usage, coding for human L-lactate
dehydrogenase A. Start and stop codons are underlined. Ndel and BamHI sites are marked in green and blue,
respectively. The corresponding translation is also shown.
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Figure S2. SDS-PAGE analysis of the purification of monomeric human LDH-A by means of affinity and
hydrophobic interaction chromatography. (A, B) Electrophoretic analysis of fractions eluted from the Cibacron
Blue (A) and HiTrap Phenyl (B) columns used to perform the first two purification steps of monomeric human
LDH-A. M: molecular mass markers (their M, is indicated in kDa at the left); I: input; FT: flow through; W: wash;
the fraction numbers are indicated on the top.
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Figure S3. Absorption spectra of the molecular mass markers used to calibrate the Superdex 200 column
utilized for gel filtration experiments (see Figure 5.1).

(A, B) Absorption spectra of the indicated molecular mass markers dissolved in 10 mM Tris-HCI (A) or in 10 mM
HEPES (B). Both buffers were poised at pH 7.5. (C, D) Absorption spectra of catalase (C) and ferritin (D) dissolved
in 10 mM TrisHCI (green lines) or in 10 mM HEPES (blue lines). Both buffers were poised at pH 7.5. The spectra
of ferritin are in agreement with those reported by May and Fish (May ME, Fish WW, 1978, The UV and visible
spectral properties of ferritin. Arch Biochem Biophys 190:720-725).
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Figure S4. Binding of B-NADH to monomeric human LDH-A.
The association of B-NADH to human LDH-A in monomeric form was evaluated by Surface Plasmon Resonance

(SPR) at pH 7.5 (white circles) and 7.0 (black circles). Other conditions as in Figure 5.4.
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Table S1. RP HPLC and ESI MS analyses of the linear precursors and of the cyclopeptides considered.

Protected linear peptides?

Compound Sequence Yield (%)® Purity (%)° ESI-MS [M+1]*¢
TH6 GQND-OBn 78 98 523.2/523.2
TH7 GQN-(R)-D-OBn 75 97 523.2/523.2
TH8 Fmoc-KSD(OBn)L 80° 89 773.8/774.4
TH9 Fmoc-KSD(OBn)-(R)-L 77° 85 773.8/774.4
TH14 GQND(OBn) 78 97 523.2/523.2

Protected cyclic peptides

Compound Sequence Yield (%) Purity (%)° ESI-MS [M+1]*¢
TH10 c[GQN-isoD(0OBnN)] 68 96 505.2/505.2
TH11 c[GQN-(R)-isoD(OBn)] 64 96 505.2/505.2
TH12 c[isoK(Fmoc)-SDL] 59 82 666.3/666.3
TH13 c[isoK(Fmoc)-SD-(R)-L] 55 80 666.3/666.3
TH15 c[GQND(OBn)] 68 96 505.2/505.2

Cyclic peptides

Compound Sequence Yield (%)® Purity (%)° ESI-MS [M+1]*¢
TH2 c[GQN-isoD] 62 97 415.4/415.4
TH3 c[GQN-(R)-isoD] 55 96 415.4/415 .4
TH4 c[isoKSDL] 55 96 444.1/444.2
TH5 c[isoKSD-(R)-L] 47 95 444.1/444.2

2jsoAsp corresponds to Asp-OBn. ° based on the estimated loading of the resin. ¢ Determined by analytical RP
HPLC (General Methods). ¢ Experimental/Expected. ¢ Determined after semi-preparative RP HPLC.

Table S2. RP HPLC and ESI MS analyses of the fully deprotected linear peptides.

Protected peptides? Fully deprotected peptides
Yield Purity
Compound Sequence Compound Sequence ESI-MS [M+1]*
(%)° (%)°
TH6 GQND-0OBn TH16 GQND 72 96 432.9/433.2
TH7 GQN-(R)-D-OBn TH17 GQN-(R)-D 69 97 432.9/433.2
- - TH1 GQNGISDL 85 97 803.3/803.4
THS8 Fmoc-KSD(OBn)L TH18 KSDL 73 97 462.0/462.2
TH9 Fmoc-KSD-(R)-L TH19 KSD-(R)-L 72 96 462.0/462.2

2jsoAsp corresponds to Asp-OBn. ® Determined after semi-preparative RP HPLC. ¢ Determined by analytical RP
HPLC. ¢ Experimental/Expected. ¢ Determined after semi-preparative RP HPLC.
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Figure S5A. NMR spectra of the purified TH1 octapeptide.
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Figure S5C. NMR spectra of the purified TH17 tetrapeptide.
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Figure S5F. NMR spectra of the purified TH10 tetrapeptide.
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Figure S51. NMR spectra of the purified TH14 tetrapeptide.
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Figure S5L. NMR spectra of the purified TH11 tetrapeptide.
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Figure S5M. NMR spectra of the purified TH6 tetrapeptide.
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Figure S50. NMR spectra of the purified TH18 tetrapeptide.
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Figure S5P. NMR spectra of the purified tetrapeptide TH5.
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Figure S5Q. NMR spectra of the purified tetrapeptide TH4.
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RP HPLC chromatograms:
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Figure S6. Analytical HPLC chromatograms of the indicated peptides.
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Appendix-D

Expedient Recycling of Peptide Organocatalysts using a Nanocrystalline Hydroxyapatite

Catching System
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Figure S1. RP HPLC (XSelect Peptide CSH C18 column) and ESI-MS of peptide PPD. MS-ESI m/z calcd for

[C14H23N405]+ 327.2, found 327.1.
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Figure S2. RP HPLC (XSelect Peptide CSH C18 column) and ESI-MS of peptide pPN. MS-ESI m/z calcd for

I:C:14H24N504]+ 326.2, found 326.3.
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Figure S3. *H NMR analysis (600 MHz, CDCls) of Aldol reaction after isolation by flash chromatography.
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Figure S4. Chiral HPLC analysis of Aldol reaction. Conditions: OJ-H 80/20 n-Hex/IPA, flow rate 1 mL/min at
25 <C; A 254 nm. Peak areas expressed as mAuU X s.
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Table S1. Results of the conjugate addition reactions of propanal (3 equiv.) using recycled 10:1 w/w HAp/PPD
(PPD, 0.05 equiv.) in the presence of NMM (0.05 equiv.), at RT for 12 h.

Repeat HAp/PPD Solvent Yield (%) @ d.rp e.e. (%) °©
1 fresh CHCl3/iPrOH 95 10:1 83
2 recycled CHCIs/iPrOH 92 10:1 83
3 recycled CHCIs/iPrOH 86 9:1 84
4 recycled CHCI3/iPrOH 75 9:1 80
5 recycled CHCI3/iPrOH 66 9:1 80
6 recycled CHCIs/iPrOH 56 9:1 79
1 fresh EtOACc 93 9:1 75
2 recycled EtOAC 89 9:1 75
8 recycled EtOACc 84 8:1 74
4 recycled EtOACc 78 8:1 72
5 recycled EtOACc 54 8:1 72

aAfter isolation by flash chromatography. °Determined by *H NMR spectroscopy. “Determined by chiral-phase
HPLC analysis after isolation by flash chromatography.
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Figure S5. 'H NMR analysis of the conjugate addition of propanal to nitrostyrene after isolation by flash
chromatography.
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Figure S6. Conjugate addition of propanal to nitrostyrene; the analyses refer to a distinct fraction isolated by of
flash chromatography, whose d.r. can be calculated from (A) the inset of 'H NMR showing the diastereomeric

aldehyde protons. (B) Chiral HPLC analysis. Conditions: OD-H 90/10 n-Hex/IPA, flow rate 1 mL/min at 25 <C;
A 254 nm. Peak Areas expressed as mAuU X s.
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Figure S7. *H NMR analysis (600 MHz, CDClIs) of the conjugate addition of propanal to maleimide, after isolation
by flash chromatography.
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Figure S8. 'H NMR analysis (600 MHz, CDClIs) of the conjugate addition of hydrocinnamaldehyde to maleimide,
after isolation by flash chromatography.
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Figure S9. Chiral HPLC analysis of the conjugate addition of hydrocinnamaldehyde to maleimide. Conditions:
AD-H 60/40 n-Hex/IPA, flow rate 0.5 mL/min at 25 °C; A 254 nm. Peak areas expressed as mAU X S.
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