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UNIVERSITY OF NAPLES FEDERICO II

DEPARTMENT OF PHARMACY

Design, Synthesis and Functionalization
of Cyclic Peptides Targeting
Chemokine Receptor 4

ABSTRACT

OBJECTIVES

In the chemokine receptor subfamily, CXCR4 dictates directional cell migration during routine
immune surveillance and activates leukocytes for the inflammatory response, towards gradients of
the CXCL12 ligand. Although CXCL12/CXCR4 axis evolved to benefit the host, inappropriate
regulation or expression of these proteins is involved in pathological conditions, including infection,
chronic inflammatory diseases, atherosclerosis, and more than 20 different human cancers. Notably,
overexpression of CXCR4 has been associated with increased metastatic potential and poor
prognosis in many solid tumors. CXCR4/CXCL12 pairing plays a central role in Paget’s hypothesis
of “seed-and-soil”, and thus targeting the pathway is not only a logic therapeutic approach but also
a strategy in blocking cancer progression or malignant transformation. There is, therefore, an
impetus for non-invasive means to sensitively identify tumours prone to progression. As such, the
aim of this work was to develop a number of novel CXCR4 antagonists to assess their suitability as

imaging radiotracers for positron emission tomography (PET).



METHODS AND RESULTS

As part of our ongoing efforts in identifying new CXCR4 antagonists, a CXCL12-derived small
cyclic peptide, which selectively interacted with CXCR4, was identified. Although the sequence
possessed an interesting in vitro and in vivo pharmacological profile, it suffered from degradation
in biological fluids and its ICsy was in the low micromolar range.

Herein, to enhance both the CXCR4 affinity and metabolic stability, I embarked on a lead
optimization campaign. Efforts to elucidate the necessary residues for the interaction with the
receptor and the critical stereocenters of mine sequences systematically included tools such as
alanine scanning and D-aminoacid scanning. Next, the overall, dynamic and topographical
requirements and electronic properties of the cyclic region of the obtained compounds were
investigated. Inspired by the promising results, the newly generated potent, selective and functional
antagonist has been tailored as a target-specific CXCR4 imaging probe. Exploring the flexibility of
the receptor binding pocket, a study of the optimal site of attachment and an optimization of suitable

linker units was carried on.

CONCLUSIONS

To meet the clinical need for a highly specific and sensitive tool for the chemokine receptor 4
assessment and quantification in vivo, a CXCR4 targeted nuclear probe has been developed. Despite
the additional moieties, the final compound showed high affinity to the chemokine CXCR4 receptor
and the collected results suggest that the "'Ga is a promising agent for preclinical non-invasive PET

imaging.
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Chapter 1
Introduction

1.1 The chemokine network

Chemokines are small globular signaling cytokines (8-12kDa) secreted by various stromal and
epithelial cells.' In a process known as chemotaxis, the interaction with their respective receptors
induces cytoskeletal rearrangements and concentration gradient-driven chemotactic migration of
nearby responsive cells.”

Structures of many chemokines have been solved by NMR spectroscopy and X-ray crystallography.’
Based on these protein structure insights, virtually all chemokines, regardless of family and despite
low degree of sequence homology, adopt the same monomeric architecture. They exhibit a common
folding motif in which a flexible N-terminal region (N-loop) precedes the short single-turn 3;, helix
of the highly structured core domain, then the polypeptide chain is forced into three antiparallel 3-
strands in a Greek key like arrangement and overlaid by an a-helix (Figure 1.1). Intramolecular
disulfide bonds stabilize the overall topology. To date, approximately a chemokine superfamily of
50 human ligands and 20 different transmembrane receptors™ has been discovered and traditionally
divided into four different categories (CXC, CC, C, and CX3C) on the basis of the pattern of
conserved -disulfide-bonded cysteine residues in proximity to the amino terminus of the mature
proteins (here C represents cysteine and X/X3 represents one or three random non cysteine amino
acids; in particular, ligands are referred to by subfamily L and an identifying number, and similarly
receptors are named according to the type of chemokine that they bind and are recognized by

subgroup R).**

Chemokines act in a coordinated fashion with G-protein-coupled receptors (GPCRs) present on the

surface of a variety of mononuclear cell types.”"*

The chain length of 340 to 370 amino acids
includes a short acidic N-termini that faces the extracellular milieu and seven helical membrane-
spanning regions, connected by three extracellular loops linked by disulfide bonds and other three

intracellular portions (the second loop exhibits a DRY motif which is mainly responsible for

11
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Figure 1.1 a) Overall tertiary structure of a CXC-family chemokine. b) The four families of chemokines are
distinguished by the pattern of cysteine residues near the amino terminus. (Adapted from figure in Mackay
CR., CurrBiol. 1997) ¢) Overview of chemokine receptors (vertical) and their ligands (horizontal). An open
circle indicates the specific ligand binds to the receptor connected to it by a black line. (Adapted from figure
in Scholten, DJ et al., 2012).
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Figure 1.2 a) Backbone representation of CXCR4 showing helices (TM1-TM7), extracellular loops (ECL1-
ECL3) and intracellular loops (ICL1-ICL3) b) View from the extracellular side c) View from the intracelluar
side d) Chemokine receptors are G-protein-coupled receptors (GPCRs) with seven transmembrane domains.
Conserved motifs that are critical for signalling include: an aspartic acid residue, a Thr-X-Pro (TXP; X
denotes any amino acid) motif in the second transmembrane domain, and an Asp-Arg-Tyr (DRY) motif at the
boundary of the third transmembrane domain.
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signaling); a cytoplasmic C-terminus tail is enriched for serine and threonine residues, that, when
phosphorylated, contribute to desensitization of the receptor. In addition, chemokine ligands also
bind to atypical non-G protein-signaling (so-called decoy) chemokine receptors (i.e. DARC and D6)
thought to be primarily involved in scavenging a wide variety of ligands due to their lack of ability
to activate transduction events.B(Figure 1.2)

The downstream physiological effects of chemokine receptor binding are numerous as a result of
engagement in many different physiological processes including inflammation, organogenesis,
embryogenesis, immune system development and cancer metastasis. Besides the structural criteria,

chemokines can be grouped into functional subfamilies.'*"

Inflammatory chemokines are up regulated under inflammatory conditions and control the
recruitment of effector leukocytes to injured tissues. Many of the inflammatory chemokines have
broad target-cell selectivity and act on cells of the innate, as well as the adaptive, immune system.
Homeostatic chemokines, by contrast, are expressed constitutively and normally navigate
leukocytes during hematopoiesis.'® Recent findings, however, indicate that several chemokines
cannot be assigned unambiguously to either one of the two functional categories. These ‘dual-
function’ chemokines participate in immune defense functions and also target non-effector
leukocytes at sites of leukocyte development and immune surveillance.

Moreover, the majority of chemokine receptors display a great deal of redundancy within the
superfamily,'” with different receptors having overlapping activities. Also, multiple chemokines can
activate the same receptor. This functional promiscuity is considered a strategy to maintain normal
cellular processes if a particular chemokine is defective, although the cellular responses to ligand

binding can also be fine-tuned to exert minor differences in biological activity.

1.2 CXCR4-CXCL12 Signaling

The most abundant splice variant of SDF-1 (stromal cell-derived factor-1 o, SDF-1a), a 68-residue
polypeptide, also known as CXCL12, belongs to the CXC chemokines subfamily, which feature two
conserved cysteine residues at specific positions in the N-terminal region.'®*" In general, the CXC
chemokine family can be divided into two subfamilies, depending on the presence or absence of the

highly conserved tripeptide motif Glu-Leu-Arg (ELR) situated at the NH, terminal. The presence or

14



absence of this sequence is important for receptor selectivity and/or downstream signaling. Members
of the CXC chemokine family containing the ELR motif attract primarily neutrophils and are potent
inducers of angiogenic activity, while chemokines that lack the ELR motif are rather angiostatic and
attract lymphocytes.”’ CXCL12 is an exception to this generalization: while beign an ELR— CXC
chemokine, it exhibits angiogenic activity, which was initially observed in mice lacking the
chemokine gene that have defective formation of large vessels.

Unlike most chemokine receptors which are able to bind several ligands, CXCL12 is the sole
chemokine specific for CXCR4. Disruption of the murine gene CXCR4 results in haematopoietic
and cardiac defects, and often in fetal lethality in homozygous mutant animals, which have been
similarly observed in CXCL12-deficient mice. However, this relationship is near-monogamous. In
recent years, the ligands macrophage migration inhibitory factor (MIF1) and trefoil factor family 2
(TFF2), have been shown to be capable of inducing CXCR4-dependent responses in cells.
Chemokine mimicry is also involved in the interaction of CXCR4 with vMIP-II. This chemokine-
like protein is encoded by the Kaposi’s sarcoma-associated herpesvirus 8, sharing 40% similarity
with mammalian chemokines. vMIP-II working as an antagonist is employed by the virus to escape
the host immune system. In addition, SDF I has been shown to also bind with the CXCR?7 receptor.”
However, unlike CXCR4, CXCR7 fails to induce classical chemokine responses, such as cell
migration and intracellular signaling. CXCR7 has been shown to act as a scavenger for CXCL12,
thereby regulating CXCL12 mediated CXCR4 activation and function.

Once CXCL12 binds to CXCR4, the intracellular G-protein coupled receptor change its tertiary
structure and undergoes dissociation of GTP-bound a and By subunits leading to a cascade of further
signaling events. The Gfy complex activates phospholipase C (PLC), leading to accumulation of
inositol (1,4,5)-triphosphate (IP3) and diacylglycerol (DAG). IP3 stimulates the release from
intracellular stores of Ca®’, which together with DAG activates protein kinase C leading to the
phosphorylation of target proteins, thus contributing to cell migration. On the other hand, the Ga

23-25

monomer activates phosphatydyl inositol-3-kinase, which induces adenylcyclase (AC)

activation and subsequent modulation of the protein kinase A (PKA) signaling pathway.

1.3 Two side model

As a typical chemokine, the structure of the mature CXCL12 protein is characterized by a core of a

C-terminal a-helix packed against the three-stranded (3-sheet and a flexible N-terminus.
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Figure 1.3. A model for interaction of CXCL12 with CXCR4. a) the receptor and ligand separately prior
to any interaction between the two; b) Interaction of the CXCL12 RFFESH loop (site 1) with the N-terminal
segment of the receptor; ¢) The N-terminal region (site 2) of CXCL12 bound in groove at the top of the
helices.

In a functional formulation, as reported by Crump et al. in a model which dates back to the mid-
1990s,” the affine and specific chemokine globular nucleus first interacts with the CKR N-terminus
(chemokine recognition site 1, CRS1), then the contact between residues in the receptor
transmembrane domain (CRS2) and the unstructured chemokine N-terminus elicit receptor
activation. Thus, the so-called “two-site” model describes chemokine-chemokine receptor
interactions functionally (two-step) and spatially (two-site).

The initial interaction involves residues 12—17 of CXCL12 and 2-36 of CXCR4. Data showed that
the RFFESH sequence working like a key that permits access to more buried receptor site, provides
an initial SDF-1 docking. However, the loop is important for optimal binding, but is not sufficient
for receptor activation. Subsequently, the N-terminal region, which becomes structured during the
binding, has to penetrate the receptor TM helical bundle: the following change in the receptor
conformation allows intracellular G-protein binding and signaling.

Mature CXCL12 is intrinsically unstable and truncated variants of mature CXCL12 missing 2,3,5
or 7 N-terminal aa have been identifed in human blood; however, only nontruncated CXCL12 able
to induce intracellular calcium flux and chemotaxis of stem cells in vitro.”’ Moreover, it has been
proven that the activity is not affected by the addition of a Gly as well as the modification of few

residues within the N-terminus is tolerated, suggesting that the bound region is not completely
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hidden. Instead, variants marked by modifications to Lys-1 and Pro-2 are not longer able to induce
the required conformational change, resulting in antagonists. Seems in fact that only Lys and Pro
residues are directly involved in receptor activation, while changes to other residues result in
functional molecules of variable potency. **

The NMR structure of CXCL12 in complex with a 38- residue, sulfotyrosine-containing peptide has
been determined (PDB ID: 2K05).”’ This structure derived from the CXCR4 N-terminus is
considered to represent a part of the “site one” complex proving an insight into interactions between
the natural ligand and residues that are absent from the CXCR4 receptor structure. More specifically,
the posttranslational sulfation of Tyr-21, Tyr-12, Tyr-7 increases the binding affinity of CXCR4 for
CXCL12 through electrostatic interactions between acidic sulfated tyrosines within CXCR4 and
basic residues of CXCL12.

Further, two competitive inhibitors of CXCL12 complexed to the receptor allowed the identification
of the “site-two” of the chemokine signaling trigger.’*>' The CVX15 peptide, rich in basic residues,
may trace to some extent the path of the N-terminal signaling peptide of CXCL12 (KPVSLSYR),
and the binding site of IT1t may point to the major anchor region for this domain. Both of them
block ligand binding by acting as orthosteric competitors of the CXCL12 N-terminal signaling
trigger: CVX15 occupies the complete binding cavity and extends out towards the extracellular side
of the protein, while the IT1t ligand shows a unique binding mode and it is the first to portray a

ligand binding within “the minor ligand pocket”.

1.4 Essential physiological roles of CXCL12/CXCR4 axis

Chemokines were recognized originally for their ability to dictate the retention and homing of
hematopoietic stem cells (HSC) in the bone marrow microenviroment as well as the modulation of
lymphocite trafficking. Indeed, studies of CXCR4 and CXCL12 gene knockout mice have shown
that CXCL12-CXCR4 signaling is intimately involved in many functions within and outside the

immune system.3 2

The lifelong production of blood cells depends on HSCg and their ability to self-renew and to
differentiate into all blood lineages. The original pool of HSCs is detected starting in the aorta-
gonads-mesonephros (AGM) region in the midgestation of the mouse embryo and then moving to

the fetal liver.
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Figure 1.4. a) Shape change of human neutrophil leukocytes that is observed by scanning electron
microscopy within seconds after the stimulation of the chemoattractant CXCL12 in cells. (Adapted from
Baggiolini M., Nature. 1998) b) Expression of CXCR4 in various cancers. Representative IHC staining on
gastric cancer tissue; CXCR4 negative (A) and high (B) expression; representative IHC staining on rectal
cancer tissue: CXCR4 negative (C) and high (D) expression; representative IHC staining on pancreas cancer
tissue; CXCR4 negative (E) and high (F) expression.
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Later, HSCs migrate to colonize the bone marrow establishing a stockpile of multipotent cells in
specialized niches, where the progeny will come from. Results obtained with genetically engineered
mice lacking CXCL12 or CXCR4 have highlighted that ligand-receptor pair is essential for the
settlement of HSPCs in the bone marrow during ontogeny. The conditional deletion of CXCL12
raised the depletion of HSC; cells, resulting in perinatal lethality.”

Moreover, mutant mice with CXCL12 or CXCR4 gene disruption have been demonstrated other
multiple functions of the chemokine and its receptor signaling pathway, that leads to the promotion
of the proliferation of B cells, NK cells and plasmacytoid dendritic cells (pDCs), also known as type
I interferon (IFN)-producing cells. In contrast to B cells, the generation of the earliest T cell
precursors in the adult thymus does not depend on CXCL12-CXCR4 signaling. However, mice
deficient of three chemokine receptors, including CXCR4, CCR7, and CCR9 in the embryonic
thymus, showed a severely reduced number of T cell precursors.**>°

CXCL12/CXCR4 interaction is also required for the normal migration through the hindgut
mesentery and the genital ridges colonization genital ridges of Primordial Germ Cells (PGCs), the
founders of sperm or oocytes.>”*’

Studies in mutant zebrafish revealed that PGCs are able to activate the migratory program but fail
to undergo directed migration towards the gonad and instead randomly disperse throughout the
embryo. Nagasawa’s group also described that CXCL12- or CXCR4-deficient mice have irregular
formation of the membranous portion of the cardiac ventricular septum and incomplete
vascularization of the gastrointestinal tract during ontogeny. Moreover, the CXCL12/CXCR4 axis
is essential for the migration of granule cells in appropriate position in the cerebellum network
during neurogenesis, reducing also the number of dividing cells in the migratory stream in the
mutant embryos. These data therefore underline the role of CXCL12 as a key regulator in the
temporal and spatial program of maintenance and proper developmnet of particular types of tissue

cells, including stem and progenitor cells.

1.5 Pathological roles of CXCL12/CXCR4 signaling

Although CXCL12-CXCR4 axis evolved to benefit the host, inappropriate regulation or expression
of these proteins is involved in pathological conditions, including infection, chronic inflammatory
diseases, atherosclerosis, cancer.

In the early 1990s, it was discovered that the receptor CD4 alone is not sufficient for HIV-1
fusion.*** The entry of HIV into host cells is instead mediated by CXCR4 and CCR5 which acting
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as coreceptors, allow the formation of the heterotrimeric complex with the gpl120 envelope

glycoprotein and trigger fusion between viral and host membranes.

WHIM Syndrome (warts, hypogammaglobulinemia, infections, and myelokathexis syndrome) is a
severe clinical condition that has genetic base.”** As a result of an autosomal dominant mutation,
the C-terminus of CXCR4 is truncated by 10 to 19 residues. This causes inability to down-regulate
the receptor after it has been activated and thus enhances myeloid cells retention, an outcome known
as myelokathexis, the confinement and apoptosis of mature neutrophils in the bone marrow.*** This

gain-of-function mutation increases the susceptibility to bacterial and viral infections.

Increased leukocyte recruitment, activation and accumulation are hallmarks of a variety of
autoimmune pathologies that involve chemokines and their receptors.

Sorrentino et al. showed that reduced levels of circulating EPCs in patients with type 2 diabetes
caused by aberrant expression of CXCLI12 are correlated with disease severity.””** On the other
hand, CXCL12 mediating chemotaxis of hemangioblasts in the eye destroys the retinal architecture,
leading to proliferative retinopathy and blindness.

Moreover, CXCR4-expressing T cells are abundantly detected in the synovial tissues of RA patients,
where they increase the inflammation level of the joints leading to the destruction of cartilage and

49,50
bone.™”

There is now overwhelming evidence that CXCL12-CXCR4 axis is also involved in the progression

. . . .. 2
of cancer, where it functions in several capac1tles.51’5

(Figure 1.4; Figure 1.5) Primarily, the specific
chemokine-receptor pair is involved in tumor metastasis. This is not surprising, in view of its role
as chemoattractant in cell migration. And due to their nature of constitutively expressed ligand, these
proteins are crucial for the CXCL12 provides a physical address for the secondary destination of the
tumour cells, directing these receptor-bearning alterated cells to sites of metastasis where the ligand
is expressed.

The general mechanisms involved in normal lymphocyte trafficking and tumor migration are
similar. In general, chemokines cause cell movement by inducing changes in cytoskeletal structure
and dynamics. Cells lose the cell-to-cell contact, polymerization and breakdown of actin leads to
formation of protrusions (pseudopodos),” while integrins allow the focal adhesions to the
endothelial cells of the vessel wall to help propel the cell forward.”*>°

Moreover, CXCR4 is strongly expressed on malignant cells that thereby became able to migrated,

unlike their normal counterparts. It has been demonstrated that antibodies against CXCR4 blocked
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metastasis in a mouse model of breast cancer, while normally breast epithelial tissue does not
express any CXCR4.”" Since that seminal publication, the expression of CXCR4 has been observed
as a common finding in about 23 different human cancers and correlated with increasing malignancy
and aggressive growth. In addition, tumor invasion is supported by the production by the tumor and
stromal cells of matrix metalloproteinases (MMPs), which have an interesting interdipendent
relationship with chemokines since they control the function of one another.”®* Among them,
MMP9 plays a pivotal role in remodeling of the extracellular matrix and its expression can be up-
regulated by the activation of CXCL12-CXCR#4 signaling through the ERK1/2 pathway.®'

The molecular strategies for survival and growth are often the result of utilizing, and often
reprogramming, existing physiological pathways. The expression of the chemokine receptor
CXCR4 is regulated both at the transcriptional level and post-transcriptionally through translation,
receptor desensitization and internalization. For instance, enhanced CXCR4 translation has been
shown to be associated with the oncogene HER2,** which protect the chemokine receptor from
ligand-mediated ubiquitination and degradation. Beside, tumor cells response to their environmental
hypoxia inducing pathophysiological regulation of CXCR4 transcription via HIF-1 (hypoxia-
inducible factor 1).%

Hypoxia or low oxygen tension is the primary factor in the induction of angiogenesis. Like leucocyte
migration, blood vessel formation is directional and oriented towards the tumour to increase
vascularization and enhance growth. Chemoattractants contribute to this process both by recruiting
precursor ECs and by inducing their proliferation. As mentioned above, CXCL12 is an exception to
the ELR rule showing angiogenic characteristics. It has been demonstrated that CXCL12 binding to
CXCR4 shapes the tumor microenvironment inducing Akt phosphorylation and increasing the
production of VEGF in the human breast cancer cell line, MDA-MB-23.%

Chemokine signalling sustains cancer cell survival in the primary tumour, but it is likely to be of
particular importance to metastasized cells. CXCL12 allows the metastasized cells to “feel at home”
in a foreign enviroment, helping them to grow and resist apoptotic stimuli. Addition of CXCL12 to
in vivo cultures of numerous types of CXCR4-expressing cancer cells results in their prolonged
survival and proliferation.

Administration of antagonists of CXCR4 triggers in cell killing and tumour regression of
glioblastoma multiforme-derived tumour cells® and in a B16 murine model of melanoma.®
Moreover, it has been demonstrated that stimulation of numerous cancer cells with CXCL12 and
other chemokines activates the PI3K/Akt [protein kinase B (PKB)] pathway which is well known to

promote survival effects.’’
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Chapter 2

Exploring the N-terminal Region of C-X-C Motif Chemokine
12 (CXCL12): Identification of Plasma-Stable Cyclic
Peptides as Novel, Potent C-X-C Chemokine Receptor Type
4 (CXCR4) Antagonists

2.1 Introduction

CXCLI12/ CXCR4 axis has been implicated in a wide range of diseases such as infections,’'
inflammations,” and cancer.’ Thus, the inhibition of the CXCL12/CXCR4 pathway has emerged as
a novel anticancer strategy, widely supported by a large number of in vitro and in vivo studies.” In
particular, CXCR4 has been shown to play a prognostic role in primary colorectal cancer, alone or
in association with the vascular endothelial growth factor (VEGF).” In fact, CXCR4 can promote

angiogenesis in vitro by modulating the secretion of VEGF."’

The pursuit of CXCR4 antagonists suitable for anticancer intervention culminated in the
identification of plerixafor, previously known as AMD3100 (1,1'-[1,4-phenylenebis-
(methylene)]bis[1,4,8,11-tetraazacyclotetradecane]) (Chart 2.1).

In preclinical models, plerixafor (1) has shown considerable antimetastatic properties, thus, offering
the first proof of concept of CXCR4’s importance as anticancer target. 1 has been approved from
FDA for hematopoietic stem cell mobilization in patients with non-Hodgkin’s lymphoma and
multiple myeloma undergoing autologous bone marrow transplantation and resistant to conventional
protocol for mobilization.® Recently, new alternative CXCR4 antagonists have been developed and
subjected to preclinical and clinical studies.” Among them, the (S)-N1-((1H-benzo[d]imidazol-2-
yl)methyl)-N1-(5,6,7,8-tetrahydroquinolin-8-yl)butane-1,4-dia- mine (AMD11070), which is
endowed with oral bioavailability, had a trial suspended due to nonclinical reports of hepatotoxicity
and histologic findings.'® Alternatively, some peptide antagonists, such as the peptides 4F-benzoyl-
Arg-Arg-Nal-Cys-Tyr-Cit-Lys-D-Lys-Pro-Tyr-Arg-Cit-Cys-Arg-NH2 (BKT140)'' and H-Lys-
Gly-Val-Ser-Leu-Ser-Tyr-Arg-Lys(Lys- Gly-Val-Ser-Leu-Ser-Tyr-Arg*)-NH2 (CTCE-9908),"
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also moved to clinical studies, but their application appeared to be partially hampered by in vivo
instability and other pharmaco- kinetic issues.'"'? Cyclo[Phe-Tyr-Lys(iPr)-D-Arg-2-Nal-Gly-D-
Glu]-Lys(iPr)-NH2 (LY2510924)," a CXCR4 cyclic antagonist peptide currently engaged in two
phase 2 studies in small cell lung cancer and renal cancer, shows CD34+ cell mobilization at doses
>2.5 mg/day and a tolerable safety profile up to 20 mg/ day according to a previous phase 1 study.
As part of our ongoing efforts in identifying new CXCR4 antagonists, a CXCL12-derived small
cyclic peptide (2), which selectively interacts with CXCR4, was identified.'* Although 2 possesses
an interesting in vitro and in vivo pharmacological profile, it suffers from degradation in biological
fluids and its ICs is in the low micromolar range. Herein, to enhance both the CXCR4 affinity and
metabolic stability of 2, we embarked on a lead optimization campaign. By modifying both the N-
and C-termini and through a D-amino acid scan, a new, potent, selective, and plasma stable CXCR4
antagonist was identified (10). The novel cyclic peptides were assayed against CXCR4 by measuring
their ability to inhibit receptor binding of PE-conjugated-12G5 anti-CXCR4 antibodies and
CXCL12-dependent migration in CEM human lymphoblastoid cells, highly expressing CXCR4.

Further biological investigations on two different human colon cancer cell lines (HT29 and
HCT116) overexpressing CXCR4 confirmed the in vitro efficacy and thus the capability to inhibit
the CXCR4 receptor as demonstrated through impairment of CXCL12-mediated cell migration and
ERK phosphorylation. A favorable selectivity profile toward CXCR4 over CXCR3 and CXCR7 was
also found. Finally, the molecular bases for the improved CXCR4 affinity of 10 were unraveled by
NMR and molecular modeling. The improved properties of 10, with respect to 2, might pave the

way for the future preclinical development of our peptide in CXCR4 overexpressing colon cancer.

Chart 2.1. Chemical Structure of 1 (Plerixafor)
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2.2 Results and discussion

2.2.1 Design

The peptide (H-Arg-Ala-[Cys-Arg-Phe-Phe-Cys]- COOH) (2), previously identified by some of us,
inhibits the association between CXCR4 and its ligand CXCL12 at a low micromolar level (ICs, =
6.2 uM) and in turn impairs CXCR4 function using in vitro and in vivo systems.'* However, as
already stated in the Introduction, it displays low stability in biological fluids, as in human serum, 2
starts to be metabolized by 30% after only 30 min and is fully converted into the cyclic pentapeptide
cyclo[Cys-Arg-Phe-Phe-Cys] within 2 h.

Interestingly, the inactivation of 2 proceeds through the sequential cleavage of the exocyclic Argl-
Ala2 dipeptide at the N-terminal region. Additionally, the ICsy of 2 (Table 2.1) needs to be improved
to achieve an optimal in vivo activity. Interestingly, from a structural point of view, 2 shares
common pharmacophoric features such as two aromatic and two positively charged residues, with
FC131, a cyclic pentapeptide previously described as a potent CXCR4 antagonist.”> Thus, we
envisaged that the micromolar activity of 1 may be ascribable to a wrong orientation of those
pharmacophoric amino acids within the receptor binding site.

To enhance both the peptide CXCR4 affinity and metabolic stability, a systematic modification
scheme was designed. Specifically, to increase the stability of 2, the N-terminus was acetylated (3
and 4, Table 2.1) while the C-terminus was amidated (4 and 5, Table 2.1). The obtained compounds
were validated for inhibiting CXCR4 function through in vitro assays evaluating the anti-CXCR4
antibody (12GS5) competition and the CXCL12 dependent migration in CEM human lymphoblastoid
cells, highly expressing CXCR4. Next, the most promising peptide emerging from this first set of
modifications (3) was subjected to a D- amino acid scan (Table 2.1, 6—12) to investigate the role of
each residue’s chirality in the peptide—receptor interaction. A new, stable, and potent CXCR4
analogue (10) was discovered and the specific contribution of each putative pharmacophoric side

chains was then investigated by performing an L-Ala scan (Table 2.1, 13—-16).

2.2.2 Chemistry

All the peptides were synthesized adopting a classical Fmoc/Boc solid phase peptide strategy. AM-
PS resin functionalized with a RINK-amide linker was used for the CONH2-terminal peptides (4,5,
Table 2.1), while 2-ClI chlorotrityl resin was selected as solid support for the COOH-terminal

peptides (2, 3, 6-16, Table 2.1) in order to minimize the racemization of the first cysteine residue
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loaded onto resin.'® The linear eptapetides were build using standard N-Fmoc/tBu solid-phase
peptide synthesis strategy. After the cleavage of the linear eptapeptides from the resin, the resulting
free thiol groups were oxidized using lodine to form a disulfide bridge. The synthetic approach
adopted for the generation of the peptides enabled the rapid and efficient synthesis of a small library

of peptides.

Table 2.1. Half-Maximal Inhibitory Concentration (ICsp, pM, Mean + SD) of CXCR4
Antagonist Peptides Necessary to Reduce by 50% The Binding to CXCR4 of CXCR4-
Specific mAb 12GS in CCRF-CEM Cellsa

compd sequence ICs¢ (M)
2 H-Arg-Ala-[Cys-Arg-Phe-Phe-Cys]-COOH 62+1.3
3 Ac-Arg-Ala-[Cys-Arg-Phe-Phe-Cys]-COOH 0.131 £0.0014
4 Ac-Arg-Ala-[Cys-Arg-Phe-Phe-Cys]-CONH; 1.23 £0.28
5 H-Arg-Ala-[Cys-Arg-Phe-Phe-Cys]-CONH, 59+0.64
6 Ac-Arg-Ala-[Cys-Arg-Phe-Phe-DCys]-COOH 59+042
7 Ac-Arg-Ala-[Cys-Arg-Phe-DPhe-Cys]-COOH > 10
8 Ac-Arg-Ala-[Cys-Arg-DPhe-Phe-Cys]-COOH > 10
9 Ac-Arg-Ala-[Cys-DArg-Phe-Phe-Cys]-COOH > 10
10 Ac-Arg-Ala-[DCys-Arg-Phe-Phe-Cys]-COOH 0.053 +0.004
11 Ac-Arg-DAla-[Cys-Arg-Phe-Phe-Cys]-COOH > 10
12 Ac-DArg-Ala-[Cys-Arg-Phe-Phe-Cys]-COOH > 10
13 Ac-Ala-Ala-[DCys-Arg-Phe-Phe-Cys]-COOH > 10
14 Ac-Arg-Ala-[DCys-Ala-Phe-Phe-Cys]-COOH > 10
15 Ac-Arg-Ala-[DCys-Arg-Ala-Phe-Cys]-COOH > 10
16 Ac-Arg-Ala-[DCys-Arg-Phe-Ala-DCys]-COOH > 10
1 0.006 + 0.004

"Each experiment was performed in triplicate
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2.2.3 CXCR4 Binding Assay

The novel cyclic peptides were assayed against CXCR4 measuring their ability to inhibit receptor
binding of PE-conjugated-12GS5 anti-CXCR4 antibodies in CEM-CCRF human T leukemia CXCR4
expressing cells."” As shown in Table 2.1, the conversion of COOH- into CONH2-termini, in
association or not with acetylation of the N-terminus, minimally affected the peptide efficacy.
Indeed, 4 and 5 showed ICso of 1.23 and 5.9 puM, respectively. Conversely, 3, which is the acetyl-
derivative of 2, reduced the association of the 12G5 CXCR4-antibody to the receptor with an ICs,
of 0.131 uM, thus being about 50-fold more potent than the lead (ICso = 6.2 uM). Thus, the Na-
acetylation of the Argl residue represented a successful modification only in the presence of the
COOH-terminus, which appeared to be a critical group for receptor binding. Next, the overall
conformation of 3 was modified by performing a D-amino acid scan study. The sequential
replacement of each residue with its corresponding D-isomer resulted in analogues (6—12), which
mostly had significantly weaker binding affinity than 3, with the lone exception of 10.

The latter bears a D-Cys instead of L-Cys at the position 3 and showed an ICsy of 0.053 pM that
was 120 times lower than that of 2. In line with our hypothesis, these data clearly pointed out that
the conformational changes induced in 10 through the use of a D-amino acid were able to better
orient the pharmacophoric side chains to increase the binding. An alanine scan study, restricted to
the phenylalanine and arginine residues, was then carried out on 10 to assess their role in the peptide
binding. As expected, no or very low CXCR4 binding was observed up to 10 pM concentration of

the alanine substituted peptides 13—16.

2.2.3 CXCR3 and CXCR7 Binding Assays

The exclusive binding of a drug to its target is required to avoid potential side effects resulting from
the interactions with other receptors. Here, we assessed the selectivity profile of our most potent
peptide (10) toward other chemokine receptors, specifically CXCR3 and CXCR7. In fact, we
evaluated the anti-CXCR3 and anti-CXCR?7 efficacy of 10 on a colon cancer cell line (COLO205)
overexpressing CXCR3 ' and a breast cancer cell line (MCF-7) overexpressing CXCR7." As shown
in Figure 2.1, 10 did not bind either CXCR7 or CXCR3 up to 10 pM concentration. Interestingly,
similar results had been previously obtained for 2,'* indicating that the chemical modifications here

introduced have not affected the selectivity profile of the lead.
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Figure 2.1. Binding assays on CXCR3 and CXCR?7. Indirect binding experiments with the anti-CXCR?7,
clone 11G8, and anti-CXCR3 clone 49801 were conducted in MCF-7 and COLO205, CXCR7, and CXCR3
overexpressing cells, respectively. Data are presented as bar graph showing mean + SD.
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Figure 2.2. Inhibition of CEM cells migration experiments. a) Migrated cells on the lower surface were
fixed, stained with H&E, and counted microscopically. The cells were counted in 10 different consecutive high
power fields (magnification 200x). The 0.70% of total input cells migrated in buffer alone containing 1% BSA.
The results are expressed as migration index (CXCL12 dependent migration/BSA dependent migration). 2 and
10 were compared to the CXCR4 reference antagonist, 1. Data are presented as bar graph showing mean + SD.
b) Migration inhibition curve of 10 in CCRF-CEM cells.
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Figure 2.4. a) CXCR4 binding experiments on 2 and 10 in human colon cancer cells. CXCR4 binding was
indirectly evaluated through inhibition of 12G5 anti-CXCR4 antibody binding in HT29 human colon cancer

CXCR4 expressing cells. b) CXCL12-induced migration assays on human colon cancer cells HT29. 0.81% of
total input cells migrated in buffer alone containing 1% BSA.
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2.2.4 Cell Migration and p-ERK Induction Experiments

CXCL12 dependent migration and p-ERK induction represent major activities elicited by the
CXCL12-induced CXCR4 signaling. For these reasons, we evaluated the ability of the new analogue
10 to inhibit these two CXCR4 functions in comparison with the parent peptide 1. CXCL12
dependent migration of CEM cells was evaluated in the presence of 10 or 2. CEM cells were allowed
to migrate toward CXCL12 (100 ng/mL) for 18 h. As shown in Figure 2.2a, 10 inhibited CEM
migration more efficiently than 2 and in a dose-dependent manner (Figure 2.2b). Subsequently, the
effect of 2 and 10 on the CXCL12-dependent p-ERK induction (Figure 2.3) was evaluated, showing
that 10 can efficiently inhibit the CXCL12- induced p-ERK more efficiently than 2 (Figure 2.3a—c).

2.2.5 Evaluation of 2 and 10 on Human Colon Cancer Cells

To evaluate the CXCR4 antagonistic activity of 10 in a model suitable for future clinical
development, we assessed its efficacy on the CXCR4 overexpressing HT29 human colon cancer cell
line. As shown in Figure 2.4, in HT29 cells, 10 binds CXCR4 in a concentration-dependent manner,
showing higher potency than 2 (ICso decreased from 5.2 £ 2.6 uM (2) to 0.064 £ 0.024 uM (10)).
Subsequently, the ability of our peptides to inhibit CXCL12 dependent HT29 cells migration was
evaluated. Results of these experiments indicated that both 2 and 10 can affect cells migration

toward CXCL 12, with the latter being effective even at nanomolar concentration (Figure 2.4b).

2.2.6 CXCR4 Internalization Assay

To better understand the effect of 2 and 10 on CXCR4 expression and activation, a receptor
internalization assay was carried out on the colon cancer cell line HCT116 engineered to express
human GFP- tagged CXCR4 receptor. HCT116-GFP-CXCR4 cells were treated with 2 and 10, then
stimulated with 50 ng/mL CXCL12 to induce receptor internalization and observed by confocal
microscopy. As showed in Figure 2.5, in the absence of CXCL12, CXCR4 localizes at both the
membrane and cytoplasmic level, with some accumulation at the perinuclear region. After 45 min
of stimulation with CXCL12, GFP-CXCR4 is extensively internalized as indicated by the reduction
of membrane fluorescence intensity and formation of CXCR4 containing intracellular vesicle. In the
presence of 2 or 10, receptor internalization is impaired as suggested by intracellular vesicles
reduction and consistent membrane fluorescence. A slight further reduction in the vesicle size is

detected when the cells are treated with 10.
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Figure 2.5. CXCR4 internalization assay: HCT116 colon cancer cells were engineered to express GFP-
tagged CXCR4; a-tubulin staining was used to define cells cytoplasm and shape. Cells were treated for 45
min with 100 nM of either 2 or 10 and then for 45 min with CXCL12.
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2.2.7 Plasma Stability Assay

The effects of 2 modifications on metabolic stability were assessed by incubating 2, 3, and 10 in
diluted human plasma at 37 °C adopting a protocol described in the literature.”” Time course aliquots
were collected, treated with acetonitrile to precipitate the plasma proteins, and analyzed by ESI-RP-
HPLC. As shown in Figure 2.6, after 60 min, the concentration of 2 was reduced by 50%, resulting
in a cleaved form of the peptide lacking the Argl residue and the Argl—Ala2 dipeptide at the N-
terminal region (Figure 2.6b). After 120 min, 2 was fully converted into the cyclic pentapeptide
metabolite. Conversely, 3 and 10, both featuring an N-terminal acetyl cap, were stable up to 180
min. Taken together, these results clearly pointed out that the acetyl group at the N- terminal region

was sufficient to protect the peptide against human plasma proteolytic degradation.
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Figure 2.6. a) Human plasma stability profiles of 2 and 10 after different intervals of incubation with human
plasma. Relative concentrations of peptides were determined by integration of the A230 peaks from RP-HPLC
b) ESI-MS characterizations of 2 and 10 at different intervals of incubation.
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2.2.8 NMR Spectroscopy

NMR experiments were performed on 2 and 10 in order to understand the conformational
differences induced in our peptides by the diverse configuration of the Cys3 residue and by the
introduction of an acetyl N-cap. Complete 1H NMR chemical shift assignments (Tables 2.2 and 2.3)
were performed for 2 and 10 according to the Wiithrich?' procedure. DQF-COSY,” TOCSY,* and
NOESY?* experiments, with the support of the XEASY software package,” were carried out in 200
mM SDS micellar solution. The employment of SDS micelles to investigate the conformational
properties is justified on the basis of their interaction with a membrane receptor. For peptides that
bind membrane receptors, such as GPCR, the use of membrane mimetic solution is suggested,
assuming a membrane-assisted mechanism of interactions between the peptides and their
receptors,”® hence micelle solutions have been extensively used for peptide hormone conformational
studies.”” For both peptides, NMR parameters indicated the presence of B-turn structures. In
particular, NOE contacts between Ha-NHi+2 of Argl and D-Cys3 and Arg4 and Phe6 suggested
turn structures encompassing residues 1—3 and 3—6, respectively. The presence of turn structures is
confirmed by low values of temperature coefficients of amide protons (|JAS/AT| <4 ppb/ K) of Phe5
and Phe6 for both peptides and D-Cys3 for 10 (Tables 2.3 and 2.4). Upfield shifts of side chain
protons of the Arg4 and Phe5 residues and NOE contacts between Arg4 and Phe5 and between Phe5
and Phe6 point to a spatial proximity of these couple of side chains in both peptides. For both
peptides, NMR constraints from SDS micelle solution were used as the input data for a simulated
annealing structure calculation. Two ensembles of well-defined structures were obtained. In fact,
the 10 lowest energy structures for 2 (Figure 2.7a) and 10 (Figure 2.7b) showed a backbone RMSD
0f0.19 and 0.17 A, respectively, that satisfied the NMR-derived constraints (violations smaller than
0.40 A). Predicted turn structures were found in both peptides: a y-turn along residues 1-3 and a
type IV B-turn along residues 3—6. Interestingly, in 2 calculated structures, Cys3 shows a positive
value of the dihedral angle ¢ (~60°), which could explain the observed constructive replacement
with a D-Cys residue. The main difference between the two peptide structures consists in the
different spatial disposition of the Argl side chain, which is close to Phe5 and Phe6 only in 10 as
confirmed by various NOE interactions between Argl with Phe5 and acetyl protons with Phe6
observable only in the NOESY spectrum of 10 while missing in that of 2. Geometry of D-Cys
residue and lipophilicity of the acetyl moiety in 10 must be responsible for the observed difference.
Interestingly, Ala- and D-scan results clearly demonstrated that both functionality and spatial

arrangement of Argl side chain matter for the activity of our derivatives. Hence, Argl side chain
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Figure 2.7. Superposition of the 10 lowest energy conformers of 2 (a) and 10 (b). Structure models were
superimposed using the backbone heavy atoms. Heavy atoms have different colors (carbon, orange/ green;
nitrogen, blue; oxygen, red; sulfur, yellow). Hydrogen atoms are hidden for clarity reasons. (c) Superposition
of 2 (green) with 10 (orange) using the three main pharmacophoric points: the guanidino group of the Arg*
and the centroids of both the Phe® and Phe® phenyl rings.

reorientation in 10 is likely to contribute to the increased potency of the peptide. This issue has been

further investigated by molecular modeling studies.

2.2.9 Molecular Modeling

To investigate at an atomic level the binding to CXCR4 of the most potent peptide of the series,
namely 10, extensive computational studies were performed. In the present case, straightforward
docking methods did not represent the best option, as they cannot thoroughly sample the large
conformational space of mid—high molecular weight peptides upon binding. For this reason, and to

take into account the receptor flexibility and the biological environment, we performed an over 100

38



ns molecular dynamics (MD) simulation on the 10/CXCR4 complex in explicit solvent and
membrane. The starting binding conformation was obtained through a manual docking of 10 in the
crystal structure of CXCR4 in complex with the 16-mer cyclic peptide CVX15 (PDB code 30EO0).
Specifically, a superposition between 10 and CVX15 was accomplished based on previous
structure— activity relationship (SAR) studies on potent CXCR4 peptide antagonists, which share
one positively charged and two aromatic side chains as common pharmacophoric features.”® (see
Experimental Section for details).

At the very beginning of the MD calculations, 10 slightly rearranges at the CXCR4 binding site,
assuming a conformation that is almost conserved for the rest of the simulation (Supporting
Information, Figure S3). In this pose (Figure 8), the peptide Argl and Arg4 side chains make tight
salt bridges with the D187 and D97 carboxylate groups, respectively, whereas the PheS and Phe6
side chains are buried into a semiaromatic pocket where they can establish favorable interactions
with the side chains of Y116, L120, R188, F199, H203, Y255, and 1259. Additionally, water-
mediated hydrogen bonds are formed between the Argl and N37 side chains and between the Phe6
backbone amide and the E288 carboxylate moiety. Interestingly, a number of intramolecular
interactions can be also observed, which are likely to stabilize the peptide bioactive conformation.
In particular, the Argl side chain is hydrogen bonded to the Cys7 terminal carboxylate and to the
N-acetyl carbonyl group, while an additional H-bond is established between the D-Cys3 CO and the
Cys7 NH groups.

Overall, this interaction pattern is consistent with the low nanomolar ICsy of 10 and in agreement
with mutagenesis data reporting residues such D97, H113, Y116, D187, and E288 as critical for
ligand binding to CXCR4.*** Furthermore, comparative studies on 2 (see the Supporting
Information for details) helped us to elucidate the molecular bases for the improved CXCR4 binding
affinity of 10 with respect to the lead peptide. In fact, some differences can be observed in the
binding mode of the two peptides, which are ascribable to the inverted chirality of the Cys3 residue
and the absence of the N- acetyl cap in 2 (Supporting Information, Figure S4). For instance,
differently from 10, the Argl side chain of 2 cannot contact D187 side chain but extends out of the
binding site interacting with the lipids polar heads. Moreover, the intramolecular H-bonds formerly
described for 10 (i.e., between the Argl side chain and the Cys7 terminal carboxylate) are not
observed in the case of 2, turning out in a lower conformation stability that might negatively impact

the binding.
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Table 2.2. NMR Resonance Assignments” of 2 in SDS_g5 Solution at 298 K.

residue  NH (o, -AS/AT)" C°H Cc"H Others

Arg' 4.17 1.98,2.05  1.58, 1.70(y); 3.22(5); 7.24(¢);
Ala®  8.62(6.1,6.5) 429 1.38

Cyss’  8.32(7.3,6.7) 4.50 3.03,3.30

Arg'  828(82,53) 4.06 1.20, 1.40 0.9, 1.12(y); 2.90(3); 6.99(¢)
Phe’  7.91(9.0,2.6) 4.54 2.55 7.09(8); 7.18(¢)

Phe®  8.02(8.2,3.3) 4.64 3.03,3.33  7.35(3); 7.24()

Cyss’  7.99(7.8,5.0) 4.72 3.07, 3.31

* Obtained at pH = 5.5, with TSP (8 0.00 ppm) as reference shift. Chemical shifts are accurate to

£0.02 ppm.

® 3] o coupling constants in Hz. -A8/AT = temperature coefficients (ppb/K) calculated in the range

298K - 313 K.

Table 2.3. NMR Resonance Assignments” of 2 in SDS_q;5 Solution at 298 K.

residue NH (Vax, -a5/aT)" C°H C*H Others

Arg'  814(9.7,5.3) 422 1.84, 1.97  1.74( y); 3.25(5); 7.14(¢);
Ala®  8.45(74,6.0) 427 1.45

DCyss’ 7.95 (6.4, 2.9) 4.41 3.18, 3.26

Arg'  8.13(7.5,4.0) 4.02 1.21, 1.47  1.05( y); 2.93(8); 6.97(c)
Phe’  7.99(9.4,3.4) 4.54 2.65 7.04(3); 7.16(c); 7.11(0)
Phe*  8.23(8.2,3.8) 4.52 3.05,3.35  7.323); 7.25(e);

Cyss'  7.92(bs,3.4) 4.713 3.12,3.33

* Obtained at pH = 5.5, with TSP (5 0.00 ppm) as reference shift. Chemical shifts are accurate to

£0.02 ppm.

L coupling constants in Hz. AS/AT = temperature coefficients (ppb/K) calculated in the range

298K ~ 313 K.

Further signals: CH;CO, 2.12 ppm.
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Figure 2.8. (a) Side view of the predicted CXCR4/10 complex embedded in the POPC bilayer. CXCR4 is
represented as gray cartoons, while the peptide is shown as orange spheres. Lipids are shown as yellow
sticks. (b) Binding mode of 10 (orange sticks) at the CXCR4 receptor (gray cartoons) obtained through over
100 ns long MD simulations. Receptor amino acids and waters important for peptide binding are shown as
sticks. Hydrogen bonds are displayed as dashed black lines. Nonpolar hydrogens are omitted for clarity
reasons.
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The interaction models presented here also allow ration- alizing the effects of all the introduced
chemical modifications on our peptides potency. In particular: (i) mutation into Ala of Argl, Arg4,
Phe5, and Phe6 (13—16) is detrimental for peptide affinity toward CXCR4 because the side chains
of these residues represent the major anchor points for receptor binding; (ii) the chiralities of the
amino acids occupying positions from 3 to 7 (6—12), particularly D-Cys3 and Cys7, are crucial to
stabilize the binding of the peptide pharmacophoric groups at the CXCR4 receptor; (iii) amidation
of the Cys7 terminal carboxylate and/or removal of the N-Ac cap (2—5) lower the peptide affinity
toward CXCR4 because such groups participate in intramolecular interactions that contribute to
stabilize the peptide binding conformation.

Finally, our model suggests that at least one of the two Phe residues in 10 might be substituted with
bulkier aromatic residues, such as 1- or 2- Nal, providing some hints for a further optimization of

our peptides potency.

2.3 Conclusion

In recent years, the CXCL12/CXCR4 pathway has emerged as a major target for the therapy of
multiple diseases including various types of blood and solid tumors. For this reason, a number of
CXCR4 antagonists are now used or are entering as diagnostic and therapeutic tools for cancer
treatment. However, in spite of the medicinal chemists’ efforts, the majority of the available CXCR4
antagonists suffer pharmacokinetic or toxicity issues, prompting the design of new anti-CXCR4
ligands with improved pharmacological properties. In this scenario, some of us recently developed
a CXCL12-derived cyclic peptide as selective CXCR4 antagonist (2). Herein, through a rational
lead optimization strategy, we improved both the binding potency which was in the low micromolar
range and the metabolic stability of 2, thus obtaining a selective and plasma stable CXCR4
antagonist (10). Ala-amino acid scan, extensive NMR, and computational studies elucidated the
binding mode of 10 to CXCR4, providing reasons for the increased binding with respect to 2. In
parallel, cell-based assays revealed that 10 inhibits both the CXCL12-induced migration and ERK
phosphorilation, which are hallmarks for monitoring CXCR4 functions. Furthermore, we were able
to demonstrate that 10 impairs CXCR4 internalization in human colon cancer cells overexpressing
CXCR4, which might lay the foundations for a future preclinical investigation of our novel peptide.
In this perspective, in cell NMR studies are now in progress in our laboratories to ascertain the

competition mechanism between 10 and 1 in order to get more insights into the pharmacodynamics
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properties of our peptides. Nonetheless, the modeling data herein reported pave the way for a further
optimization of the 10 ICsy and another round of synthesis is ongoing accordingly. Finally, the high
stability of 10 in human plasma is surely an encouraging starting point for more extensive in vivo
pharmacokinetic studies. In this light, a GPCR gene expression profiling could be particularly

important in the evaluation of possible toxicities beyond those arising from CXCR4 blockade.
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2.5 Experimental Section

2.5.1 Chemistry

Materials. Na-Fmoc-protected amino acids, 2-Cl-trtCl resin, Fmoc-Rink amide-Am resin, O-
benzotriazole-N,N,N’,N'-tetra- methyl-uroniumhexafluorophosphate (HBTU), N,N-
diisopropylethyl- amine (DIEA), triisopropylsilane (TIS), trifluoroacetic acid (TFA), and piperidine
were purchased from IRIS Biotech (Marktredwitz, Germany), N-hydroxybenzotriazole (HOBt),
N,N-dimethylformamide (DMF), dichloromethane (DCM), and from Sigma-Aldrich (Milano,
Italy). Peptide synthesis solvents, reagents, H»O, and CH3CN for HPLC were reagent grade and

were acquired from commercial sources (Sigma-Aldrich, Milano, Italy) and used as received unless
otherwise noted. Peptides were purified by preparative HPLC (Shimadzu HPLC system) equipped
with a C18-bounded preparative RP-HPLC column (Phenomenex Kinetex 21.2 mm X 150 mm 5
um). Peptides were analyzed by analytical HPLC (Shimadzu Prominance HPLC system) equipped
with a C18-bounded analytical RP-HPLC column (Phenomenex Kinetex, 4.6 mm x 250 mm 5 uM)
using a gradient elution (10—90% acetonitrile in water (0.1% TFA) over 15 min; flow rate = 1.0
mL/min; diode array UV detector). Molecular weights of compounds were confirmed by ESI-mass

spectrometry using an Agilent 6110 quadrupole LC/MS system.

General Procedure for COOH-Terminal Peptides. 2-Cl-trtCl resin (62.0 mg, 1.60 mmol/g)
was swollen in DCM over 0.5 h, and a solution of Fmoc-L-Cys(trt)-OH (87.9 mg, 0.15 mmol, 1.5
equiv) and DIPEA (26 pL, 1.5 equiv) in DCM (2 mL) was added. The mixture was stirred for 10
min. An additional amount of DIPEA (34.8 uL, 0.2 mmol, 2 equiv) was added, and the mixture was
then shaken for 1 h. The residual chloride groups contained in the resin were capped by adding
MeOH (200 pL) in DCM (2 mL) and stirring for 15 min to avoid eventually parallel synthesis of
side products. Fmoc group removal was performed using 20% piperidine in DMF (1 x 5 min and 1
x 25 min). The peptide resin was then washed with DCM (3 x 0.5 min) and DMF (3 x 0.5 min), and
positive Kaiser ninhydrin® and TNBS™ tests were observed. Fmoc-L-Phe-OH (155.0 mg, 0.4 mmol,
4 equiv) or Fmoc-D-Phe-OH (155.0 mg, 0.4 mmol, 4 equiv) or Fmoc-L- Ala-OH (124.5 mg, 0.4
mmol, 4 equiv), Fmoc-L-Arg(Pbf)-OH (259.5 mg, 0.4 mmol, 4 equiv) or Fmoc-D-Arg(Pbf)-OH
(259.5 mg, 0.4 mmol, 4 equiv) or Fmoc-L-Ala-OH (124.5 mg, 0.4 mmol, 4 equiv), Fmoc-L-
Cys(Trt)-OH (234.3 mg, 0.4 mmol, 4 equiv) or Fmoc-D- Cys(Trt)-OH (234.3 mg, 0.4 mmol, 4
equiv), Fmoc-L-Ala-OH (124.5 mg, 0.4 mmol, 4 equiv) or Fmoc-D-Ala-OH (124.5 mg, 0.4 mmol,
4 equiv) were sequentially added sequentially to the resin bound H-L- Cys(Trt). Each coupling

reaction was achieved using a 4-fold excess of amino acid with HBTU (151.7 mg, 0.4 mmol, 4
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equiv) and HOBt (61.2 mg, 0.4 mmol, 4 equiv) in the presence of DIPEA (140 pL, 0.8 mmol, 8
equiv) in DMF. Fmoc deprotections were accomplished with 20% piperidine in DMF solution (1 x
5 min, 1 x 25 min). Washings with DMF (3 x 0.5 min) and DCM (3 x 0.5 min) were performed
through every coupling/deprotection step. Kaiser ninhydrin and TNBS tests were employed for
monitoring the progress of peptide synthesis. For the peptides bearing an acetyl group at the N-
terminus, after removing the last Fmoc group, the resin bound peptide was treated with Ac20 (19
pL, 0.2 mmol, 2 equiv) and DIPEA (35 pL, 0.2 mmol, 2 equiv) in DCM (2 mL) and the mixture was

shaken for 1 h. A negative Kaiser ninhydrin and TNBS tests were observed.

General Procedure for CONH2-Terminal Peptides. Rink amide resin (208 mg, 0.48 mmol/g)
was swollen in DMF over 0.5 h, and the Fmoc protecting group of the linker was removed with 20%
piperidine in DMF solution (1 X 5 min and 1 x 25 min). The resin was washed with DMF (3 x 0.5
min) and DCM (3 x 0.5 min) and positive Kaiser ninhydrin and TNBS tests were observed. The
linear sequences were assembled sequentially by adding Fmoc-L-Cys(trt)-OH (234.3 mg, 0.4 mmol,
4 equiv), Fmoc-L-Phe-OH (154.98 mg, 0.4 mmol, 4 equiv), Fmoc-L-Arg(Pbf)-OH (259. 51 mg, 0.4
mmol, 4 equiv), Fmoc-L- Cys(trt)-OH (234.3 mg, 0.4 mmol, 4 equiv), and Fmoc-L-Ala-OH (124.54

mg, 0.4 mmol, 4 equiv).

Each coupling reaction was achieved using a 4-fold excess of amino acid in the presence of
HBTU (151.7 mg, 0.4 mmol, 4 equiv), HOBt (61.2 mg, 0.4 mmol, 4 equiv), and DIPEA (140 pL,
0.8 mmol, 8 equiv) in DMF (3 mL). Fmoc deprotections were accomplished with 20% piperidine
solution in DMF (1 X 5 min, 1 X 25 min). Washings with DMF (3 x 0.5 min) and DCM (3 x 0.5
min) were performed through every coupling/deprotection step. Kaiser ninhydrin and TNBS tests
were employed for monitoring the progress of peptide synthesis. For the peptides bearing an acetyl
group at the N-terminus, after removing the last Fmoc group, the resin bound peptide was treated
with Ac20 (19 pL, 0.2 mmol, 2 equiv) and DIPEA (35 pL, 0.2 mmol, 2 equiv) in DCM (2 mL) and

the mixture was shaken for 1 h. Negative Kaiser ninhydrin and TNBS tests were observed.

General Procedure for Peptide Oxidation and Purification. The peptide was released from
the solid support and all the protecting groups cleaved, treating the resin with TFA/DCM/TIS
(80/15/5, v/ v/v) (3 mL solvent/0.1 mmol) for 2 h. The resin was then filtered off, and the crude
linear peptide was recovered by precipitation with chilled ether to give a powder. The crude peptide
(0.1 mmol) was dissolved in 30 mL of glacial AcOH, and 200 pL of HCI IN were added to improve
the solubility of the peptide. Next, a solution of iodine (40 mg, mmol) in glacial AcOH (5 mL) was
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added and the mixture was mechanical stirring for 12 h at room temperature. The resulting mixture
was concentrated in vacuo by rotatory evaporator (1/4 of the original volume) and transferred to a
50 mL conical centrifuge tube, where the oxidated crude peptide was precipitated by adding 40 mL
of chilled ether, recovered by filtration, and dried overnight. Final peptide purification was achieved
by preparative RP- HPLC in 0.1% TFA with an ACN gradient (10-90% ACN in H20 over 15 min,
flow rate of 15 mL/min) on a Phenomenex Kinetex C18 column (21.2 mm x 150 mm 5 pm).
Analytical RP-HPLC were performed in 0.1% TFA with an ACN gradient (10—90% ACN in H20
over 20 min, flow rate of 1.0 mL/min) on a Phenomenex Kinetex C18 column (0.46 mm x 150 mm

5 pm).

2: Purity >95%, tR 12.2 min (analytical HPLC, 10—90% ACN in H20 (0.1% TFA) over 15 min,
flow rate of 1.0 mL/min); molecular formula, C39H57N1308S2; calculated mass, 899.4; found,
900.3 (M + H+), 450.7 (M + 2H+)/2.

3: Purity >95%, tR 12.5 min (analytical HPLC, 10—90% ACN in H20 (0.1% TFA) over 15 min,
flow rate of 1.0 mL/min); molecular formula, C41H59N1309S2; calculated mass, 941.4; found,
942.6 M + H+),471.4 (M + 2H+)/2.

4: Purity >95%, tR 12.0 min (analytical HPLC, 10—90% ACN in H20 (0.1% TFA) over 15 min,
flow rate of 1.0 mL/min); molecular formula, C39H57N1308S2; calculated mass, 898.4; found,
899.6 (M + H+), 450.0 (M + 2H+)/2.

S5: Purity >95%, tR 12.2 min (analytical HPLC, 10—90% ACN in H20 (0.1% TFA) over 15 min,
flow rate of 1.0 mL/min); molecular formula, C41H60N1408S2; calculated mass, 940.4; found,
941.6 M+ H+),471.0 M + 2H+)/2.

6: Purity >95%, tR 12.6 min (analytical HPLC, 10—90% ACN in H20 (0.1% TFA) over 15 min,
flow rate of 1.0 mL/min); molecular formula, C41H59N1309S2; calculated mass, 941.4; found,
942.5 (M + H+), 471.8 (M + 2H+)/2.

7: Purity >95%, tR 12.6 min (analytical HPLC, 10—90% ACN in H20 (0.1% TFA) over 15 min,
flow rate of 1.0 mL/min); molecular formula, C41H59N1309S2; calculated mass, 941.4; found,
942.4 M + H+),471.8 (M + 2H+)/2, 964.5 (M + Nat).

8: Purity >95%, tR 12.4 min (analytical HPLC, 10-90% ACN in H20 (0.1% TFA) over 15 min,
flow rate of 1.0 mL/min); molecular formula, C41H59N1309S2; calculated mass, 941.4; found,
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942.4 (M + H+), 471.8 (M + 2H+)/2.

9: Purity >95%, tR 12.4 min (analytical HPLC, 10—90% ACN in H20 (0.1% TFA) over 15 min,
flow rate of 1.0 mL/min); molecular formula, C41H59N1309S2; calculated mass, 941.4; found,
9424 (M + H+),471.8 (M + 2H+)/2.

10: Purity >95%, tR 12.6 min (analytical HPLC, 10-90% ACN in H20 (0.1% TFA) over 15
min, flow rate of 1.0 mL/min); molecular formula, C41H59N1309S2; calculated mass, 941.4;
found, 942.4 (M + H+), 471.8 (M + 2H+)/2, 964.4 (M + Na+).

11: Purity >95%, tR 12.5 min (analytical HPLC, 10-90% ACN in H20 (0.1% TFA) over 15
min, flow rate of 1.0 mL/min); molecular formula, C41H59N1309S2; calculated mass, 941.4;
found, 942.4 (M + H+), 471.8 (M + 2H+)/2.

12: Purity >95%, tR 12.5 min (analytical HPLC, 10-90% ACN in H20 (0.1% TFA) over 15
min, flow rate of 1.0 mL/min); molecular formula, C41H59N1309S2; calculated mass, 941.4,
found, 942.6 (M + H+), 471.8 (M + 2H+)/2, 964.5 (M + Na+).

13: Purity >95%, tR 15.1 min (analytical HPLC, 10-90% ACN in H20 (0.1% TFA) over 15
min, flow rate of 1.0 mL/min); molecular formula, C38H52N1009S2; calculated mass, 856.3;
found, 857.4 (M + H+).

14: Purity >95%, tR 15.1 min (analytical HPLC, 10-90% ACN in H20 (0.1% TFA) over 15
min, flow rate of 1.0 mL/min); molecular formula, C38H52N1009S2; calculated mass, 856.3;
found, 857.4 (M + H+).

15: Purity >95%, tR 13.6 min (analytical HPLC, 10-90% ACN in H20 (0.1% TFA) over 15
min, flow rate of 1.0 mL/min); molecular formula, C35H55N1309S2; calculated mass, 865.4;
found, 866.4 (M + H+), 433.7 (M + 2H+).

16: Purity >95%, tR 13.8 min (analytical HPLC, 10-90% ACN in H20 (0.1% TFA) over 15
min, flow rate of 1.0 mL/min); molecular formula, C35H55N1309S2; calculated mass, 865.4;
found, 866.4 (M + H+), 433.7 (M + 2H+).

Human Plasma Stability Assay. Human plasma, H20, ACN, and TFA were obtained from

Sigma-Aldrich (Milano, Italy) and used without further purification. Human plasma was diluted to
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50% in pure water. Analytical HPLC-ESI-MS was performed on an Agilent Technologies 1200
series equipped with an Agilent Technologies 6110 quadrupole LC/MS using a Phenomenex Luna
C18 column (5 pum, 4.6 mm x 150 mm) and H20 (0.1% v/v TFA)/ACN (0.1% v/v TFA) as eluents.

A solution of 1 mg/mL of each peptide was prepared in water, and 150 pL aliquots were mixed
with 150 pL of prewarmed (37 °C) plasma. At selected time points (0, 30, 60, 120, and 180 min),
samples (50 uL) were collected and mixed with 1% TFA in acetonitrile (75 pL) to precipitate plasma
proteins which were deleted by centrifugation at 13000 rpm for 10 min. The supernatant was
analyzed by HPLC-ESI-MS using a Phenomenex Luna C18 column (5 pm, 4.6 mm x 150 mm) and
an elution gradient of 10—-90% solvent B over 20 min (solvent A, 0.1% TFA in water; solvent B,

0.1% TFA ACN) at a flow rate of 1 mL/min.

2.5.2 Biological Studies

Binding Assay. CXCR4 binding was evaluated as previously described.22 Briefly, 5 x 105
CCRF—CEM, HT?29 cells were preincubated with increasing peptide concentrations (0.01 pM, 0.1
uM, 1 uM, 10 uM) in the binding buffer (PBS 1x plus 0.2% BSA and 0.1% NaN?3) for 30 min at 37
°C, 5% CO2 and then labeled for 30 min using anti-CXCR4 PE-antibody (FAB170P, clone 12GS5,
R&D Systems, Minneapolis, MN, USA). To evaluate the specific peptide binding to CXCR4, the
experiments were also conducted in COLO205, human colon cancer cells, overexpressing CXCR3,
using anti-CXCR3 FITC-antibody (R&D FABI160F clone 49801) and in MCF-7, human breast
cancer cell line, overexpressing CXCR?7, using anti-CXCR7 APC-antibody (R&D FAB4227A clone
11G8). The cells were counted through a FACS Canto II cytofluorometer (Becton Dickinson

Immunocytometry Systems, Mountain View, CA, USA).

Migration Assay. Migration was assayed in 24-well Transwell chambers (Corning Inc.,
Corning, NY) using inserts with 5 and 8 pm (optimal for lymphocytes and epithelial cells,
respectively) pore membranes. Membranes were precoated with collagen (human collagen type
I/111) and fibronectin (20 pg/mL each). Cells were placed in the upper chamber (2 x 105cells/well)
in culture medium containing 1% BSA (migration media) in the presence of the peptide; 100 ng/mL
CXCL12 was added to the lower chamber. After 18 h of incubation, cells atop the filter were
removed using a cotton wool swab; migration of cells in the lone medium (control) was compared
with that observed in media containing CXCL12. The cells were counted in 10 different fields
(original 400x magnification). The migration index was defined as the ratio between migrating cells

in the experimental group and migrated cells in the control group.

53



Immunoblotting. Cells were homogenized in lysis buffer (40 mM Hepes pH 7.5, 120 mM NacCl,
5 mM MgCl12, 1 mM EGTA, 0.5 mM EDTA, 1% Triton X-100) containing protease (Complete
Tablets- EDTA free, Roche) and phosphatase inhibitors (20 mM a-glycerol-3- phosphate, 2.5 mM
Na-pyrophosphate). The following primary antibodies were used: anti-p-ERK (sc7383, Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA) and anti-ERK2 (sc 154G, Santa Cruz Biotechnology
CA, USA). P-ERK induction was plotted as the ratio between p-ERK in the presence of CXCL12
(100 ng/mL) and p-ERK in free serum.

Receptor Internalization Assay. HCT116-GFP-CXCR4 cell line was established in our lab by
transfecting pEGFP-CXCR4 plasmid (Origene, USA) into the parental HCT116 cell line; GFP-
CXCR4 expression in selected HCT116 clones was then confirmed by flow cytometry and
immunofluorescence using anti-CXCR4 12G5 antibody (not shown). Subconfluent HCT116-GFP-
CXCR4 cells were grown on 10 mm coverslips in DMEM plus 10% FBS-1% P/S-1% glutammine
for 1 day, washed with PBS plus 0.5% BSA, and equilibrated in DMEM plus 0.5% BSA (Sigma-
Aldrich). Cells were then exposed to 2 (0.1 pM) or 10 (0.1 uM) for 45 min at 37 °C. Cells were then
treated with 50 mg/mL CXCL12 and incubated at 37 °C for 45 min, fixed with 4% formaldehyde
for 10 min, washed three times in PBS, permeabilized with 0.1% Triton X-PBS for 10 min, and
washed three times again in PBS. Cells were finally stained with a- tubulin/Alexa Fluor 594 and

DAPI and inspected with a Zeiss LSM 510 confocal microscope equipped with Zeiss 2014 software.

NMR Spectroscopy. The samples in micelle solution (200 mM of SDS-d25) for NMR
spectroscopy were prepared by dissolving the peptides in 0.18 mL of 1H20 (pH 5.5) and 0.02 mL
of 2H20 to obtain a concentration 2 mM of peptides. 2D DQF-COSY,27 TOCSY,28 and NOESY29
spectra were recorded on a Varian INOVA 700 MHz spectrometer equipped with a z-gradient 5 mm
triple-resonance probe head at a temperature of 298 K. The water signal was suppressed by gradient
echo.37 A mixing time of 80 and 200 ms was used for the TOCSY and NOESY experiments,
respectively. The interactive program package XEASY30 was used for the NMR analysis of DQF-
COSY, TOCSY, and NOESY spectra. 3JHN-Ha coupling constants were acquired from 1D 1H
NMR and 2D DQF-COSY spectra. The temperature coefficients of the amide proton chemical shifts
were calculated from 1D 1H NMR and 2D TOCSY experiments executed at different temperatures

in the range 298—313 K by means of linear regression.

Structural Determinations. The NOE cross peaks were integrated with the XEASY program

and were converted into upper distance bounds using the CALIBA software provided by the
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program package DYANA.38 Only NOE derived constraints (Supporting Information, Tables S3
and S4) were considered in the annealing procedures. An ensemble of 100 structures was generated
with the simulated annealing calculations followed by successive steps of restrained and
unrestrained energy minimization using the Discover algorithm (Accelrys, San Diego, CA). From
the produced 100 conformations, 10 structures were chosen, whose interproton distances best fitted

NOE derived distances.

Molecular Modeling. A manual docking of the 10 averaged NMR structure in the crystal
structure of CXCR4 in complex with the 16- mer cyclic peptide antagonist CVX15 (PDB code:
30EO0) was first accomplished. Specifically, we superimposed the coordinates of the Ca carbons of
Arg4, Phe5, and Phe6 in 10 with the Ca carbons of Argl, Arg2, and Nal3 in CVX15, which was
then removed from the complex. Subsequently, to limit steric clash within the CXCR4 binding
cavity, the side chains of Argl and Arg4 in 10 were manually extended to interact with Asp181 and
Asp97, respectively. Prior to MD simulations, the receptor first N-terminal (K25) and the last C-
terminal (A301) residues were capped with ACE and NME, respectively, while missing intracellular
loops (ICL1 and ICL3) were added and refined using Prime.39 Histidine tautomeric/protonation
states were assigned through the PROPKA module of the Maestro Protein Preparation Wizard.40
The refined complex was embedded in a POPC (1-palmitoyl-2-oleoylphosphatidylcholine)
phospholipids bilayer to mimic the physiological environment and then submitted to an over 100 ns
MD simulation with NAMD 2.9.41 In detail, a 94 A x 94 A (in x and y axes) pre-equilibrated POPC
phospholipid bilayer was first created with the aid of the membrane-builder tool of CHARMM-
GUILorg (http://www.charmm-gui.org). With the purpose of placing the receptor into the bilayer, a
hole was generated and all lipids in close contact (<1 A distance from any protein atoms) were
deleted. The complex was then solvated using the solvation module of VMD 1.9.2, using the TIP3
water model. The ff14SB and lipid14 Amber force fields42 were used to parametrize the protein
and the peptide and the lipids, respectively. The addition of six Cl— ions ensured neutrality. A 10 A
cutoff (switched at 8 A) was used for atom pair interactions. The long-range electrostatic interactions
were computed by means of the particle mesh Ewald (PME) method using a 1.0 A grid spacing in
periodic boundary conditions. The RATTLE algorithm was applied to constrain bonds involving
hydrogen atoms; thus, a 2 fs integration time step interval could be used. The system was minimized
and heated up to 300 K applying harmonic constraints, which were gradually released along the
equilibration process. To prevent any distortion in the receptor secondary structural elements, these
were constrained for further 10 ns. Production run was then performed in the NPT ensemble at 1

atm and 300 K.
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The same protocol was followed for the 2/CXCR4 complex.

All of the pictures were rendered using PyMOL (www.pymol.org).
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Chapter 3

Structure-Activity Relationship Study Led to the
Identification of a New Potent and Plasma Stable CXCR4
Antagonist Mimicking the N-terminal Region of CXCL12

3.1 Introduction

Accumulating evidence indicates that human herpesvirus 8 (HHV-8) is the infectious agent
responsible for Kaposi’s sarcoma, both in patients with and without HIV infection, as well as it has
been implicated in the pathogenesis of primary effusion lymphoma (PEL, a body cavity—based
lymphoma), multicentric Castleman’s disease, and recently multiple myeloma (MM).I'5
HHV-8 encodes a variety of immunomodulatory proteins that are pirated from cellular genes by the
virus: through this evolved sophisticated strategy of molecular mimicry HHVS8 turns the host
receptor network to its own advantage. DNA sequence analyses of HHV-8 suggest that three open
reading frames encode for proteins with considerable identity to human CC chemokines
(vCCL1/vMIP-1, vMIP-11/vMIP-I1, and vCCL3/vMIP-III) and one for a G protein-coupled receptor
(KSHV-GPCR, ORF74) that is constitutively active.*’
vMIP-I and vMIP-III are shown to be specific agonists of host CCR8 and CCR4,* respectively,
while vMIP-II, despite being a CC chemokine like protein, binds to a broad spectrum of both viral
and human chemokine receptors across the 4 families (CCR, CXCR, XCR, and CX3CR) and,
depending on the receptor, acts either as an antagonist or an agonist.

VMPI-II exerts its antagonist effect on CCRI, -2, -5,"'" CXCR4'' and CX3CR1'" inhibiting
endogenous ligand-induced calcium responses and cell migration (Figure 3.1a). Owing to the large
spectrum of its partner receptors, vMIP-II is also able to block the recruitment of immune cells at
different stages of their activation. Numerous studies have reported, for instance, that, despite the
differences in the patterns of chemokine receptors expressed, the migration of both native and
activated NK cells can be inhibited by the interaction of vMIP-II with CX3CR1 and CCRS,
respectively.'* Moreover, vMPI-II may participate in controlling the 2 gene expression programs of

HHV-8. vMPI-II acts as an inverse agonist toward the receptor ORF74 the HHV-8-encoded GPCR.
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Figure 3.2. Interactions between CXCR4 and vMIP-II. a) and b) The interaction is mediated by a
contigous interface iproviding CRS1, CRS2 and CRS1.5. The vMIP-II residues making substantial contacts
with the receptor are shown as sticks. ¢) Key residues from vMIP-II for the binding; noncarbon atoms are red

(O), blue (N), and yellow (S); carbon stick color intensity is indicative of residue contact strength. (Modified
from Qin et al., 2015)
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ORF74, a viral homolog of the human CXCR2, is expressed during the early lytic stage of the virus
conferring a highly proliferative potential to the cells. vMIP-II down-regulating the constitute active
receptor temporarily represses HHV-8 reactivation and, thereby helps helping to escape the host
immune surveillance.">'®

VMIP-II is produced as a 94-aa precursor with a 23-aa N-terminal signal peptide and a C-terminal

17,18

arginine, which are cleaved to yield the mature 70-aa chemokine (7.9 kDa). The tridimensional

20 21-23

structure of VMIP-II has been resolved by both x-ray'**" crystallography and NMR, and it has
been shown to adopt a folded architecture typical of human chemokines characterized by a flexible
and disordered N terminus of 10 residues followed by a “core domain” consisting of an N-loop,
three anti-parallel (-strands, and a C-terminal a-helix. Two disulfide bridges linking the cysteine
residues 11-35 and 12-51 connect the N terminus and the 3-sheet of vMIP-II (Figure 1b). However,
in contrast to its closely related human CC chemokine homologs, in solution, vMIP-II appears to

21, 24,25

have no tendency to dimerize, although an engineered dimeric variant (L13F) has been

reported.”®

The recently resolved crystal structure of VMIP-II in complex with CXCR4® revealed a 1:1
interaction stoichiometry with extensive contiguous interface between the two partners (Figure 3.2).
Moreover, it has provided the molecular bases for the specificity of CC and CXC chemokines toward
their respective receptors and for the cross-family interaction of the vMIP-II-CXCR4 pair. In
particular, vMIP-II interacts via its globular core (N-loop, residues 13-LGYQ-16; B3-strand,
residues 49-QVC-51) with CXCR4 N-terminal residues 23-SMKEP-27, forming the common
chemokine recognition site 1, CRS1. Moreover, in CSR2 the N-terminus of vMIP-II makes
hydrogen bonds to receptor TM pocket residues D97, D262 and E288 and numerous van der Waals
interactions. Therefore, vMIP-II bears CXC chemokine-like features that are involved in the
interaction with CXC receptor-conserved residues of CXCR4. In addition, the receptor residues 27-
PCFRE-31 are packed against the chemokine residues 6-HRPDKCC-12 in a peculiar CSR1.5
interaction. Thus, the three basic residues (H6, R7, K10) in the vMIP-II region proximal to the N-
terminus and the CXCR4 basic aminoacid R30 may explain the unusual coupling between the viral
chemokine and the receptor. Indeed, interestingly both vMIP-II and CXCR4 possess features that
are atypical for their respective classes.

The N-terminus of vMIP-II shows little homology with either CC or CXC chemokines.”’” In
accordance with the accepted chemokine-receptor 2 step binding mode, the chemokine N-terminus

28-31

is crucial for biological function. Thus, it is reasonable that the singular N-terminal sequence of
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vMIP- II may confer unique activity distinct from the other chemokine ligands. To support the
hypothesis of the dominant role of the vMIP-II N-terminus, a derived peptide containing the amino

acid sequence residues 1-21 (LGASWHRPDKCCLGY QKRPLP) has been synthesized.*

This peptide displayed antagonistic activity against CXCR4 blocking its signal transduction and
coreceptor function in mediating HIV-1 entry, competing with the CXCR4 binding of '*I-SDF- la
with an ICsy of 190 nM (14.8 nm is the ICs, of native vMIP-II in the same assay), but it did not
recognize CCRS. Notably, the truncated peptide analogous containing the residues 6-18 showed a
significant loss of affinity whereas the activity is preserved maintaining the first half of the sequence
(1-10). Also, CXCR4 revealed unsuspected high permissivity to stereoisomer replacement at the
receptor-peptide interface: the all-D amino acid analog of the first 21 residues of vVMIP-II is still
able to modulate inflammation and inhibit the replication of CXCR4-dependent HIV-1 strains. This

allows the design of peptides with higher resistance to proteolytic degradation.*” >3

3.2 Results and discussion
3.2.1 Design

The work presented here covers the results we obtained during a leading optimization study of our
previous reported plasma stable CXCL12-derived CXCR4 peptide antagonist 10 (Ac-Arg-Ala-
[DCys-Arg-Phe-Phe-Cys]-COOH), which was able to selectively bind the receptor with an ICs, =
0.053 uM (Table 1). In the early stage, the overall conformation, dynamic and topographical
properties of the cyclic region of 1 were investigated. Specifically, the L-Cys (position 7) and the
D-Cys (position 3) residues involved in the disulphide bridge were replaced with their geminal
dimethyl analogous, L-Pen and D-Pen respectively (17-19). From this first round of peptide
synthesis 17 emerged as the most potent analogue and was submitted to a second cycle of chemical
modifications.

Our previous Ala-scan study performed on peptide 10 strongly indicated that the aromatic L-aa at
residues 5 and 6 of were fundamental to interact with the receptor. Thus, in the attempt to improve
the affinity of our lead peptide towards CXCR4 the phenylalanine aromatic moiety was revised. The
effect of electron-donating (4-OH) (20, 25) and electron-withdrawing (4-NO; and 4-Cl) (22, 27 and

21, 26) groups on the phenyl rings of the core of the eptapeptide sequence were examined, as well
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as the the addition of steric bulk by the introduction of non-natural amino acids (i.e. 1-Nal, 2-Nal)
(23-24, 28-29). The analogue (29) resulting from the replacement of L-Cys and L-Phe at the position
7 and 5, with a residue of L-Pen and L-2-Nal, respectively, was finally modified by introducing a
residue of histidine instead of phenylalanine at the 6 position (30). The latter was inspired by the
observation that the natural ligand CXCL12 and the viral protein vMIP-II share the common
interacting tripeptide motif X-Y-Arg, where X and Y are both Phenylalanine in CXCL12, while

X=tryptophan and Y=histidine in vMIP-IL.>***"**4

Thus, considering that L-2-Nal is widely
employed as L-Trp mimetic, we introduced a residue of L-His residue at the position 6 in order to

recapitulate the tripeptide-binding moiety of vMIP-II.

Table 3.1. Half-Maximal Inhibitory Concentration (ICsp, pM, Mean + SD) of CXCR4
Antagonist Peptides Necessary to Reduce by 50% The Binding to CXCR4 of CXCR4-Specific
mAb 12G5 in CCRF-CEM Cells®

compd sequence ICso (uM)
10 Ac-Arg-Ala-[DCys-Arg-Phe-Phe-Cys]-COOH 0.053 £0.004
17 Ac-Arg-Ala-[DCys-Arg-Phe-Phe-Pen]-COOH 0.040 + 0.01
18 Ac-Arg-Ala-[DPen-Arg-Phe-Phe-Cys]-COOH >10
19 Ac-Arg-Ala-[DPen-Arg-Phe-Phe-Pen]-COOH 1.530 + 0.040
20 Ac-Arg-Ala-[DCys-Arg-Phe-Tyr-Pen]-COOH 0.36 +0.060
21 Ac-Arg-Ala-[DCys-Arg-Phe-Phe(4-Cl)-Pen]-COOH 1.250 £ 0.063
22 Ac-Arg-Ala-[DCys-Arg-Phe-Phe(4-NO;)-Pen]-COOH >10
23 Ac-Arg-Ala-[DCys-Arg-Phe-1Nal-Pen]-COOH 0.18 £0.040
24 Ac-Arg-Ala-[DCys-Arg-Phe-2Nal-Pen]-COOH 1.8 £0.0560
25 Ac-Arg-Ala-[DCys-Arg-Tyr-Phe-Pen]-COOH 2.14 £ 0.030
26 Ac-Arg-Ala-[DCys-Arg-Phe(4-Cl)-Phe-Pen]-COOH 0.070 £ 0.020
27 Ac-Arg-Ala-[DCys-Arg-Phe(4-NO,)-Phe-Pen]-COOH 0.21 £0.070
28 Ac-Arg-Ala-[DCys-Arg-1Nal-Phe-Pen]-COOH 3.69 +0.081
29 Ac-Arg-Ala-[DCys-Arg-2Nal-Phe-Pen]-COOH 0.022 + 0.002
30 Ac-Arg-Ala-[DCys-Arg-2Nal-His-Pen]-COOH 0.0015 + 0.0005

"Each experiment was performed in triplicate.
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3.2.2 Chemistry

All the linear eptapeptides were assembled by stepwise orthogonal Fmoc/tBu-SPPS. Being cysteine
derivates are especially prone to racemization, we used 2-Cl chlorotrityl resin as support.
Unfortunately, we observed that the classical reported protocol for loading the first amino led to
lower yield when the L-Cys was replaced with a residue of L-Pen (15 % L-Pen Vs 60 % L-Cys). In
our opinion, the observed lack of efficiency was probably due to the more hindered side chain of
penicillamine compared with cysteine.

Thus, in order to decrease the loading in this sterically demanding circumstance, the coupling of the
C-terminal residue was successfully performed using an excess of resin (2 equivalent) compared to
the amino acid. Indeed, the alternative approach increased the yield of the ultimate linear compounds
from 15 % to ca 55 %. Moreover, the peptides were N-terminally acetylated with acetic anhydride.
Consequently, the assembled resin-bounded peptides were removed from the solid support, leading
to the concomitan side chain deprotection, and the backbone cyclization was carried out using N-

Chloro succinimmide to form the desired disulphide bridge.

3.2.3 CXCR4 Binding Assay

CEM-CCRF human T leukemia CXCR4 expressing cells were incubated with PE-conjugated-12G5
anti-CXCR4 in the presence of the various peptides (Table 3.1). As a result of the replacement of
the L-Cys’ with a topologically obligated residue, namely L-Pen, 17 showed a sensible enhancement
in terms of affinity compared to 10, exhibiting an ICsy of 0.040 uM. Diametrically opposed results
were achieved when D-Pen was introduced instead of the D-Cys residue, leading to the peptide 18,
and when both D- and L-Cys were replaced with the respective Pen analogues, yielding the analog
19. Either way a dramatic lack of affinity was displayed. Taken together, these data suggest that
keeping constant the size of the ring (10 Vs 17, Table 3.1), little modification such as the presence
of the two methyl groups on the -carbon of Pen induces substantial modification on the orientation
of the pharmacophoric amino acid side chains, those are favorable for the binding only in the case
of L-Cys substitution. Indeed, the position 3 is critical for the binding and does not tolerate side
chain modifications. Further, a structure activity relationship approach to probe the influence of the
functionalization on the two Phe (Phe’ and Phe®) residues of the template peptide 17 was performed.
We observed that most of the compounds did not display significant competitive activity towards
the CXCR4 receptor with respect to 17 in the concentrations tested. The Tyr-substituted analogue

20 resulted in ca 9-fold decreased affinity than the 17, along with the peptide 21, endowed with a Cl
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electron-withdrawing substituent on the aromatic ring, that showed a non-nanomolar affinity to
CXCRA4(Table 3.1). Moreover, complete loss of activity was observed when a NO, group was
introduced at the para position of the Phe’ ring. Similar results were observed assaying the
substitutions of modified electronic character at position 5: the 25-27 (Table 3.1) mutants (Tyr,
Phe(4-Cl) and Phe(4-NO,) alternatively introduced at position 5) resulted in 2- to >10-fold
decreased ligand potency at the chemokine receptor 4. Substitution of the Phe® side chains by the
bulkier residues 1-Nal and 2-Nal led to the less potent relative analogues 23 and 24 (23,c5,=0.18
uM; 241c50=1.8 uM, Table 3.1). Conversely, the replacement of the Phe’ residue with its more
voluminous mimetic moieties 1-Nal and 2-Nal resulted in interesting data. While a marked lack of
affinity was observed by introducing 1-Nal (28), peptide 29, resulting from the replacement of the
Phe’ with 2-Nal, is endowed with a 2-fold higher potency for the receptor compared to the parent
peptide 17 (ICso= 0.022 uM for 29 vs 1Cs5p=0.04 for 17). Interestingly, preliminary molecular
modeling investigations validate these data showing that the transverse steric bulk of the 1-Nal side
chain cannot be accommodated for steric reasons, while the more elongated 2-Nal residue can
penetrate deep in the aromatic cage of the binding site.

Finally, we investigated the activity profile of 30 (Table 3.1). This peptide features at 6 position a
His residue that was initially introduced to mimic the Arg, Trp, His motif of vMIP-II, as already
stated in paragraph 3.2.1. However, our design hypothesis has been contradicted by the recent
publication of the CXCR4/vMIP-II crystallographic complex. In fact, a visual inspection of this
structure would suggest a minor role for the vMIP-II histidine residue in the binding to the
chemokine receptor. Furthermore, the superposition of the CXCR4/vMIP-II complex with the
crystal structure of CXCR4 bound to the canonical ligand CXCL12 shows that the vMIP-II histidine
amino acid does not overlap with any of the main pharmacophoric side chains of CXCL12. In spite
of these evidences, our binding assays revealed a remarkable one-order of magnitude decrease in
the ICs of 30 compared to the parent peptide 17. This would indicate that His® can establish not
only aromatic contacts but also tight electrostatic interactions with specific binding site residues.

These aspects are currently being further investigated by extensive molecular dynamics simulations.

3.2.4 CXCR3 and CXCR7 Binding Assays

The discriminative binding of a well-designed drug with its designed receptor is a required
critical character to prevent adverse reactions related to off-target activity. Here, we assessed the

selectivity profile of our most potent peptide (30, Table 3.1) in two other GPCR binding assays,
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Figure 3.3. Binding assays on CXCR3 and CXCR?7: indirect binding experiments with the anti-CXCR?7,
clone 11G8, and anti-CXCR3 clone 49801 were conducted in MCF-7 and COLO205, CXCR7, and CXCR3
overexpressing cells, respectively. Data are presented as bar graph showing mean + SD.
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Figure 3.4. Human plasma stability profiles of 15 and RA[CRFFC] after different intervals of incubation
with human plasma. Relative concentrations of peptides were determined by integration of the A230 peaks
from RP-HPLC.

specifically CXCR3 and CXCR?7. In fact, we evaluated the anti-CXCR3 and anti-CXCR?7 efficacy

0f 30 on a colon cancer cell line (COLO205) overexpressing CXCR323 and a breast cancer cell line

(MCF-7) overexpressing CXCR7. As shown in Figure 3.3, 30 did not bind either CXCR7 or CXCR3

up to 10 uM concentration, showing a remarkable degree of functional selectivity along with
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functional antagonism. Once again, as previous reported the chemical modifications here introduced

have not affected the selectivity profile of the lead.

3.2.5 Plasma Stability Assay

The early metabolic liability was assessed by incubating 30 and the previous reported unstable
sequence H-Arg-Ala-[Cys-Arg-Phe-Phe-Cys]-COOH in diluted human plasma at 37 °C. Time
course aliquots were collected, treated with acetonitrile to precipitate the plasma proteins, and
analyzed by ESI-RP-HPLC (Figure 3.4). After 15 min, the concentration of the hit peptide was
reduced resulting in a cleaved form of the peptide lacking the Argl residue and the Argl—Ala2
dipeptide at the N-terminal region. After 90 min, the sequence resulted fully converted into the
corresponding cyclic pentapeptide metabolite. Conversely, the N-terminal acetylated 30 was stable
up to 120 min. These data clearly highlighted the successfully introduction of the acetyl group at the

N- terminal region towards the peptide against human plasma proteolytic degradation.

3.3 Conclusion

The core cyclic region of our lead peptide was examined in two phase structure-activity
relationship (SAR) studies entailing the development of peptide analogous with different backbone
geometry, including constrained building blocks to conformationally fix the sequence. Next, the
side chain functionality was investigated, employing different groups to alter the electronic density
of the Phe ring system. Thus, we were able to improve the binding affinity and selectively prevent
CXCR4 signal transduction with our peptide 29, which showed a 2-fold stronger affinity for the
chemokine receptor when compared with the template peptide. Despite these preliminary good
results, we did not restrict ourselves and we went further with the derivatization. At the time when
we were involved in the peptide design step, very sparse structural information was available and
structural basis for receptor recognition by its natural ligands (i.e. CXCL12 and VMIP-II) were not
well understood. An interesting study suggested the overlapping conformational space of the side
chains of endogenous agonist CXCL12 of the CXCR4 receptor and its viral antagonist vMIP-II. The
three residue motif Trp-His-Arg (Arl1-Ar2-R), identified in the vMIP-II N-terminus was found to be
present in the opposite orientation as R-Ar1-Ar2 (Arg-Phe-Phe) in the N-loop of CXCL12. Hence,

such alignment of backbone atoms of residues supplied persuasive evidence that these side-chains
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could form a CXCR4 receptor-binding motif. Accordingly, we decided to replace the Phe® with a
His residue (30) in order to recapitulate the tripeptide-binding moiety of vMIP-II. Later, the
disclosure of the CXCR4/vMIP-II crystallographic complex helped to elucidate and rationalize the
large body of cumulated data displaying, however, a minor role for the supposed binding-implicated
vMIP-II His residue. Nonetheless, the introduction of the His moiety resulted in a remarkable effect
on CXCR4 receptor binding affinity rendering this promising, and in human plasma stable,

compound a good candidate for subsequent PET imaging studies.
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3.5 Experimental Section
3.5.1 Chemistry

Materials. N“-Fmoc-protected amino acids, 2-Cl-trtCl resin, Fmoc-Rink Amide-Am resin, O-
benzotriazole-N,N,N’,N'-tetramethyl-uroniumhexafluorophosphate (HBTU), N,N-
diisopropylethylamine (DIEA), triisopropylsilane (TIS), trifluoroacetic acid (TFA), and piperidine
were purchased from IRIS Biotech, N-hydroxybenzotriazole (HOBt), N,N-dimethylformamide
(DMF), dichloromethane (DCM), and from Iris-Biotech Gmbh (Marktredwitz, Germany). Peptide
synthesis solvents, reagents, H,O and CH3CN for HPLC were reagent grade and were acquired from
commercial sources (Sigma-Aldrich, Milano, Italy) and used as received unless otherwise noted.
Peptides were purified by preparative HPLC (Shimadzu HPLC system) equipped with a C18-
bounded preparative RP-HPLC column (Phenomenex Kinetex 21.2 mm x 150 mm 5 pm). Peptides
were analyzed by analytical HPLC (Shimadzu Prominance HPLC system) equipped with a C18-
bounded analytical RP-HPLC column (Phenomenex Kinetex, 4.6 mm x 250 mm 5 uM) using a
gradient elution (10—90% acetonitrile in water (0.1% TFA) over 15 min; flow rate = 1.0 mL/min;
diode array UV detector). Molecular weights of compounds were confirmed by ESI-mass

spectrometry using an Agilent 6110 quadrupole LC/MS system.

General Procedure for the Synthesis of Peptides. 2-Cl-trtCl resin (62.0 mg, 1.60 mmol/g) was
swollen in DMF dry over 0.5 h, and a solution of Fmoc-L-Pen(trt)-OH (92.1 mg, 0.15 mmol, 0.5
equiv) and DIPEA (26 pl, 1.5 eq) in DMF (2ml) was added. The mixture was stirred for 10 min. An
additional amount of DIPEA (34.8 pl, 0.2 mmol, 2 equiv) was added and the mixture was then
shaken for 1 h. The residual chloride groups contained in the resin were capped by adding MeOH
(200 pl) in DCM (2 ml) and stirring for 1 h to avoid eventually parallel synthesis of side products.
Fmoc group removal was performed using 20 % piperidine in DMF (1 x 5 min and 1 x 25 min). The
peptide resin was then washed with DCM (3 x 0.5 min) and DMF (3 x 0.5 min) and positive Kaiser
ninhydrine®> and TNBS?® tests were observed. Fmoc-L-Phe-OH (155.0 mg, 0.4 mmol, 4 equiv) or
Fmoc-L-Tyr-OH (155.0 mg, 0.4 mmol, 4 equiv) or Fmoc-L-(4-Cl)Phe-OH (169 mg, 0.4 mmol, 4
equiv), Fmoc-L-(4-NO,)Phe-OH (173 mg, 0.4mmol, 4 equiv) or Fmoc-L-1-Nal-OH (175 mg, 0.4
mmol, 4 equiv) or Fmoc-L-2-Nal-OH (175 mg, 0.4 mmol, 4 equiv) or Fmoc-L-Cys(Trt)-OH (234.3
mg, 0.4 mmol, 4 equiv) or Fmoc-D-Pen(Trt)-OH (245.5 mg, 0.4 mmol, 4 equiv), Fmoc-L-Ala-OH
(124.5 mg, 0.4 mmoli, 4 equiv) or Fmoc-L-Arg-OH (260 mg, 0.4 mmol, 4 equiv) were sequentially
added sequentially to the resin bound H-L-Pen(Trt). Each coupling reaction was achieved using a

4-fold excess of amino acid with HBTU (151. 7 mg, 0.4 mmol, 4 equiv) and HOBt (61.2 mg, 0.4
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mmol, 4 equiv) in the presence of DIPEA (140 pl, 0.8 mmol, 8 equiv) in DMF. Fmoc deprotections
were accomplished with 20% piperidine in DMF solution (1 x 5 min, 1 x 25 min). Washings with
DMF (3 x 0.5 min) and DCM (3 x 0.5 min) were performed through every coupling/deprotection
step. Kaiser ninhydrine and TNBS tests were employed for monitoring the progress of peptide
synthesis. For the peptides bearing an acetyl group at the N-terminus, after removing the last Fmoc
group, the resin bound peptide was treated with Ac,O (19 pl, 0.2 mmol, 2 equiv) and DIPEA (35
ul, 0.2 mmol, 2 equiv) in DCM (2 ml) and the mixture was shaken for 1 h. A negative Kaiser

ninhydrine and TNBS tests were observed.

General Procedure for Peptide Oxidation and Purification. The peptide was released from
the solid support and all the protecting groups cleaved, treating the resin with TFA/DCM/TIS
(80/15/5, v/v/v) (3 ml solvent/0.1 mmol) for 2 h. The resin was then filtered off and the crude linear
peptide was recovered by precipitation with chilled ether to give a powder. The crude deprotected
peptide (0.1 mmol) was dissolved in HyO/acetonitrile (1:1) and a solution containing 1.5 equiv. of
NCS was added. The mixture was then mechanical shaken for 15 min at room temperature,
lyophilized and subsequently analysed. Oxidized cyclic eptapeptides were fsynthesized in high
purity, and no linear precursors ware presents, Final peptide purification was achieved by
preparative RP-HPLC in 0.1% TFA with an ACN gradient (10-90% ACN in H,O over 15 min, flow
rate of 15 mL/min) on a Phenomenex Kinetex C18 column (21.2 mm X 150 mm 5 pum). Analytical
RP-HPLC were performed in 0.1% TFA with an ACN gradient (10-90% ACN in H,O over 20 min,

flow rate of 1.0 mL/min) on a Phenomenex Kinetex C18 column (0.46 mm X 150 mm 5 pm).

17: Purity > 95%, tg 14.7 min (analytical HPLC, 10—90% ACN in H,O (0.1% TFA) over 20
min, flow rate of 1.0 mL/min); molecular formula: C43Hg3N309S,; calculated mass: 969.4; found:

970.5 (M+H"), 485.8 (M+2H")/2, 987.4 (M + Na+).

18: Purity > 95%, tg 14.7 min (analytical HPLC, 10—-90% ACN in H,O (0.1% TFA) over 20
min, flow rate of 1.0 mL/min); molecular formula: C43Hg3N1309S,; calculated mass: 969.5; found:

970.5 (M+H"), 485.9 (M+2H")/2.
19: Purity > 95%, tg 14.9 min (analytical HPLC, 10—90% ACN in H,O (0.1% TFA) over 20

min, flow rate of 1.0 mL/min); molecular formula: C4sHgs7N309S,; calculated mass: 997.5; found:

998.6 (M+H"), 499.3 (M+2H")/2.
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20: Purity > 95%, tg 15.5 min (analytical HPLC, 10—90% ACN in H,O (0.1% TFA) over 20
min, flow rate of 1.0 mL/min); molecular formula: C4;3Hg3N13010S,; calculated mass: 985.4; found:
986.5 (M+H"), 493.4 (M+2H")/2.

21: Purity > 95%, tg 15.4 min (analytical HPLC, 10—90% ACN in H,O (0.1% TFA) over 20
min, flow rate of 1.0 mL/min); molecular formula: C43HN1309S,; calculated mass: 1003.4; found:

1004.5 (M+H"), 502.3 (M+2H")/2.

22: Purity > 95%, tg 14.9 min (analytical HPLC, 10—-90% ACN in H,O (0.1% TFA) over 15
min, flow rate of 1.0 mL/min); molecular formula: C43HgN4011S,; calculated mass: 1014.4; found:

1015.5 (M+H"), 507.8 (M+2H")/2, 1038.5 (M+Na").

23: Purity > 95%, tg 15.7 min (analytical HPLC, 10—90% ACN in H,O (0.1% TFA) over 15
min, flow rate of 1.0 mL/min); molecular formula: C47H¢sN1309S,; calculated mass: 1019.5; found:

1020.4 (M+H"), 510.8 (M+2H")/2.

24: Purity > 95%, tg 15.8 min (analytical HPLC, 10—-90% ACN in H,O (0.1% TFA) over 15
min, flow rate of 1.0 mL/min); molecular formula: C47HsN1309S,; calculated mass: 1019.5; found:
1020.4 (M+H"), 510.7 (M+2H")/2.

25: Purity > 95%, tg 14.0 min (analytical HPLC, 10—90% ACN in H,O (0.1% TFA) over 20
min, flow rate of 1.0 mL/min); molecular formula: C4;3Hg3N130,0S,; calculated mass: 985.4; found:

986.5 (M+H"), 493.9 (M+2H")/2.

26: Purity > 95%, tg 15.3 min (analytical HPLC, 10—90% ACN in H,O (0.1% TFA) over 20
min, flow rate of 1.0 mL/min); molecular formula: C43HN1309S,; calculated mass: 1003.4; found:

1004.5 (M+H"), 502.8 (M+2H")/2.

27: Purity > 95%, tg 14.9 min (analytical HPLC, 10—-90% ACN in H,O (0.1% TFA) over 15
min, flow rate of 1.0 mL/min); molecular formula: C43HgN401,S,; calculated mass: 1014.4; found:

1015.4 (M+H"), 507.8 (M+2H")/2, 1038.5 (M+Na").
28: Purity > 95%, tg 15.6 min (analytical HPLC, 10—90% ACN in H,O (0.1% TFA) over 15

min, flow rate of 1.0 mL/min); molecular formula: C47HsN1309S,; calculated mass: 1019.5; found:

1020.4 (M+H"), 510.6 (M+2H")/2.
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29: Purity > 95%, tg 15.5 min (analytical HPLC, 10—90% ACN in H,O (0.1% TFA) over 15
min, flow rate of 1.0 mL/min); molecular formula: C47HsN1309S,; calculated mass: 1019.5; found:

1020.3 (M+H"), 510.5. (M+2H")/2.

30: Purity > 95%, tg 12.5 min (analytical HPLC, 10—-90% ACN in H,O (0.1% TFA) over 15
min, flow rate of 1.0 mL/min); molecular formula: C44Hg3N509S,; calculated mass: 1009.4; found:

1010.5 (M+H").

Human Plasma Stability Assay. Human plasma, H,O, ACN, and TFA were obtained from
Sigma-Aldrich (Milano, Italy) and used without further purification. Human plasma was diluted to
90% in pure water. Analytical HPLC-ESI-MS was performed on an Agilent Technologies 1200
series equipped with an Agilent Technologies 6110 quadrupole LC/MS using a Phenomenex Luna
C18 column (5 pum, 4.6 mm x 150 mm) and H20 (0.1% v/v TFA)/ACN (0.1% v/v TFA) as eluents.

A solution of 1 mg/mL of each peptide was prepared in water, and 150 pL aliquots were mixed
with 150 pL of prewarmed (37 °C) plasma. At selected time points (0, 30, 60, 120), samples (50 uL)
were collected and mixed with 1% TFA in acetonitrile (75 pL) to precipitate plasma proteins which
were deleted by centrifugation at 13000 rpm for 10 min. The supernatant was analyzed by HPLC-
ESI-MS using a Phenomenex Luna C18 column (5 pm, 4.6 mm x 150 mm) and an elution gradient
of 10-90% solvent B over 20 min (solvent A, 0.1% TFA in water; solvent B, 0.1% TFA ACN) at a

flow rate of 1 mL/min.

3.5.2 Biological Studies

Binding Assay. CXCR4 binding was evaluated as previously described. Briefly, 5 x 10°
CCRF—-CEM, HT?29 cells were preincubated with increasing peptide concentrations (0.01 pM, 0.1
uM, 1 uM, 10 uM) in the binding buffer (PBS 1x plus 0.2% BSA and 0.1% NaNj3) for 30 min at 37
°C, 5% CO, and then labeled for 30 min using anti-CXCR4 PE-antibody (FAB170P, clone 12GS5,
R&D Systems, Minneapolis, MN, USA). To evaluate the specific peptide binding to CXCR4, the
experiments were also conducted in COLO205, human colon cancer cells, overexpressing CXCR3,
using anti-CXCR3 FITC-antibody (R&D FABI160F clone 49801) and in MCF-7, human breast
cancer cell line, overexpressing CXCR?7, using anti-CXCR7 APC-antibody (R&D FAB4227A clone
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11G8). The cells were counted through a FACS Canto II cytofluorometer (Becton Dickinson

Immunocytometry Systems, Mountain View, CA, USA).
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Chapter 4
Pre-Clinical Development of a Novel Cyclic Peptide **Ga
PET Tracer for Colon Cancer

4.1 Introduction

Individual behavioral heterogeneity within a given cluster of diseases is a major challenge in
clinical routine, especially in the field of oncology'. Different sub-specialities of —omics approaches
draw back the curtains on human vulnerability revealing peculiar traits among patients, but allowing
at the same time the possibility to set-up a genetic, proteomic and metabolic profile. Thus, the “one
site fits all” model has been converted in a thoroughly evidence-based tailored therapy, changing
the overall landscape of medical paradigms, from diagnosis to skillful planning and monitoring
treatment.” In this context, as an intersection of molecular biology and in vivo imaging, molecular
imaging, through a whole-body read out in an intact living system, provides the assessment and
management of specific information and functions, such as pathway activities and cell migration
(Figure 4.1).>*

To date, several imaging tools have been developed. Among them, Positron Emission Tomography
(PET) can measure biochemical and physiological aberrations that occur prior to macroscopic
anatomical signs of disease, in contrast to the conventional imaging modalities which mainly
provide detailed anatomical images.’ Following intravenous administration of a specific positron-
emitting—bound biological molecules (tracer), PET enables uniform and dynamic scintigraphic
snapshots at the molecular level in order to precisely track, visualize and quantify selected events in
an unrivaled high sensitively manner®. Mechanistically, PET images in real time intact subjects by
detecting pairs of high-energy y-rays emitted indirectly by a tracer, which is injected in the test
subject. As the radioiosotopes decay the resulting positrons ($+) eventually gets annihilated on
contact with nearby electrons. The two photons produced each with energy of approximately 511
keV have trajectories 180 degrees opposite to each other.”® Images of the “coincidence events”, and
so of the tracer concentration, in 3D space within the body are then reconstructed by computer

analysis (Figure 4.2a).”
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Figure 4.1. The overall process of molecular imaging research. The first step of this time consuming and
technically demanding methodology is to identify a biochemical process or pathology of interest, and to
assess the significance of visualizing this process/ pathology noninvasively via the tools of molecular
imaging. The second step is to decide on a molecular target that will enable the visualization of the
phenomena of interest. This is usually followed by selection of an appropriate imaging modality and a
designed and synthesized imaging biomarkers. A number of in vitro (molecular/cell biology-based) and in
vivo (animal model-based) tests are required to evaluate the target specific binding and favorable
pharmacokinetics. If clinical studies are the end goal, FDA approval is required, and certain mathematical
models/algorithms might need to be developed so that meaningful data can be obtained from images.
(Adapted from James M. L. et al., Physiol Rev 2012)
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Conventional wisdom informs that transformed cancer cells exibit elevated rate of glucose
consumption, a phenomen that has been clinically capitalized upon for metabolic nuclear imaging
using '*F-fluoro-deoxy- D-glucose ('"*F-FDG).” As an analog of glucose, this radiopharmaceutical
is taken up into several tissue, phosphorylated and, then, trapped intracellulary emitting positrons:
the further catabolism is, in fact, hindered by the lack of an oxygen atom at the C-2 position (Figure
2¢). These areas of accumulation, used as metabolic traps, are detected by comparing the uptake
with background activity.'® However, not all "*F-FDG-mediated PET-positive lesions are cancer.' "
" In general, the more metabolically active the cell, the more uptake of glucose. For instance,
inflammatory cells as neutrophil and activated macrophages at the site of inflammation or infection
also show high metabolic accumulation of the carbohydrate and, as a result, are FDG avid.
Moreover, not all cancer cells use the same amount of glucose: the prostate would be poorly imaged
by ""F-FDG due to its low metabolic rate. Thus, a multitude of artifacts could be created confunding
diagnosis."*

Therefore, there is the need of cancer-specific target that allows the study of a certain inner working
of the human body.

Consequently, the development of optimal probes, which interrogate molecular targets, becomes the
pivotal step in molecular imaging research. Translation of a biomarker from the bench to the animal
models needs a deep optimization’s study, 15 regarding its design, synthesis, composition, reactivity
and nuclear properties, that can be defined PET-chemistry.

A tracer typically comprises a signal agent (radionuclide), coupled by a linker/spacer to a targeting

16-19

moiety, such as small molecule, peptide, protein, antibody and its fragments. To be successful,

a desirable radioligand is expected to have some unique characteristics.””?'

The chemistry of the
probe should preserve significant specifity for the process of interest and so high binding affinity to
the target, achieving the ideal accumulation in the aimed tissue by preventing nonexclusive uptake.”
Elevated sensitivity and contrast ratio are also demanded: a minimal amount of probe is expected to
provide images with high signal-to-noise in order to ensure statistically appropriate interpretation.
High in vivo stability and favorable pharmacokinetics are necessary for crossing biological barriers,
reaching the sufficient concentration at the specific target and retaining long enough time for

imaging.”?* Spacer molecules can influence the pharmacokinetic profile leading to an

16,19,25,26 27-29

increase/decrease in lipophilicity of the whole construct. In terms of labeling, over the
past several years in addition to the conventional positron-emitting radionuclides, such as '°F, other
metallic PET isotopes have been robustly developed,’ including **Cu, ®*Ga, **Y and *Zr. These

innovative signaling agents are usually characterized by a longer half-life, allowing longitudinal
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Figure 4.2. Small animal positron emission tomography (PET). a) schematic illustrating the basic
principles of PET. First, a targeted imaging agent containing a positron emitting radioisotope is administered
to the subject. Positrons are emitted from each imaging agent only once; these positrons travel short distances
and collide with electrons in the surrounding tissues resulting in the production of two back-to-back 511 keV
annihilation photons. Following the detection of gamma rays by the PET detector, the tomographic images
are reconstructed from the electronic signals reflecting the distribution of the imaging agent in the subject,
and hence providing information on the biochemical event the agent was targeting. b) images demonstrating
the noninvasive visualization of an orthotopic brain tumor (2.5 mm in diameter) in a rat via the use of ["*F]-2-
fluoro-2-deoxy-glucose (['*F]FDG), as early as 10 days (D10) after implantation. Pinks arrows show tumor,
and red arrow shows wound due to intracerebral implantation of tumor cells. (Adapted from James M. L. et
al., Physiol Rev 2012) c) Tracer kinetic models for FDG (Adapted from Phelps M. Proc Natl Acad 2000)
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studies on the same subject with a single injection of radiotracers. Then, the metal ion has to be
matched with a suitable chelate system giving an effective combination of favorable coordination
and stability properties. In addition to the metal binding moiety function, the chelator possesses a
chemically reactive group for covalent attachment to the vector of interest, in a “bifunctional
chelating” manner (Figure 4.3).”° Hence the need of labeling standardized chemicals, quicker and
easier to attach. Prominent examples are 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA),*™* 1,4,7-triazacyclononane-1,4,7-trisacetic acid (NOTA)44'47 and the non-cyclic system
diethylenetriamine-N,N,N’,N’,N"""-pentaacetic acid (DTPA).” Due to the open structure of the
polyamino polycarboxy, DTPA complexes are rapidly formed and therefore the chelator is used for
radiolabelling of sensitive proteins. DOTA’s flexibility enables the accommodation of a broad rang
of radio-metals. The cage of NOTA, instead, fits perfectly the gallium III already at mild conditions
(Chart 4.1).

The application of diagnostic probes with the ability to selectively target CXCR4 could have
many potential advantages, including the ability to evaluate primary tumors for elevated levels of
CXCR4 indicating the likelihood of recurrence and potential for metastasis, the ability to track
metastatic spread throughout the body, facilitating rapid, targeted therapy, and the guidance of
surgical procedures, thereby ensuring maximal tumor excision (Figure 4.4).*°

T140, a 14-mer peptide containing a single disulfide bridge and an amidated C-terminus,
reported as a specific inverse agonist against CXCR4,’" has been used as a scaffold for the synthesis
of receptor-targeted imaging probes (Chart 4.2). The successful introduction of a novel
pharmacophore, a 4-fluorobenzoyl moiety, hooked up to the N-termini of the sequence, has resulted
in the analog TN14003. This compound has been further labeled with the PET isotope fluorine-18
affording '®F-TN 14003, which showed significant accumulation in CHO-CXCR4 positive tumors,
but also high red blood cells (RBCs) uptake, demanding the co-injection of additional unlabeled
mass of the peptide to render the probe available and visualize CXCR4 in vivo.”> Another downside
was the time-consuming radiosynthesis of '*F-TN14003 and the low yield. To address this problem
two DOTA molecules have been introduced, one on each of the free lysine residues of "*F-TN14003,
and the following labeling was achieved with PET metal isotope copper-64 leading to [**Cu]T140-
2D. The conjugation did not disrupt the binding affinity to CXCR4, but the tracer exhibited similar
behavior as '"®F-TN14003 in terms of binding to mouse RBCs. RBCs express in fact scavenger
receptors such as DARCs (Duffy antigen receptor of chemokine). These serpentine molecules
intercept various chemokines and bind them “silently”.”> However, the knockout of DARC receptors

in mice does not eliminate the blood uptake, suggesting that the binding site for the CXCR4
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antagonist on RBC is yet to found. [*Cu]T140-2D showed also elevated concentration in metabolic
organs, such as liver, intestine, that remained high over time. In an effort to reduce the non-specific
uptake, Chen et al. labeled the compound with another PET isotope, ®*Ga. Similar effects were
obtained proving that the accumulation is a result of transchelation of the metal ion.>* In a follow-
up study, the same team resolved the issue of off-target interactions in their development of two new
PET radiotracers, “*Cu-NOTA-NFB and 64Cu—DOTA-NFB: the substitution of the 4-fluor-benzoyl
ring (NFB) with the chelator reduced the binding to RBC, but it also affected the affinity with
CXCR4.”

With the aim of preserving the four critical residues of T140 (Arg2, 2Nal3, Tyr5, Argl4)
positioned across the disulfide bridge, a molecular-size reduction has been carried out. The
downsized FC131 has been used as ®*Ga-labeled probe (**Ga-CPCR4-2 or *®*Ga-Pentixafor);. °**’
The cyclic penta-peptide showed a certain in vitro stability as well as a specific accumulation in
CXCR4 positive tumors. However, the antagonistic activity is lower compared with the dimeric
structure of FC131, which gave, by the way, undesidered alteration of biodistribution due to its
lipophilicity.

Another noteworthy research to image CXCR4 has focused on small molecule-based antagonist.
The cyclam structure of AMD 3100°*% and AMD3465°" offers the opportunity, without loosing
crucial pharmacophoric crucial interactions, for labeling with “*Cu, which is usually incompatible
with small molecule due to the substantial size of the chelator moieties. The serendipitously
discovered AMD3100, originally founded as an active impurity during a research aimed at
developing an anti-HIV agent, was recently approved for clinical use to mobilize hematopoietic
CD34+ stem cells from the bone marrow into the circulation. “*Cu-AMD3100 and the monocyclam
analog **Cu-AMD3465 showed specifically accumulation in CXCR4 expressing tumors and rapid
clearance from the blood, but suffer of high uptake into the liver (=40% ID/6 and =32% ID/6

respectively).
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Figure 4.4. PET imaging of subcutaneous tumors using CXCR4 specific tracers. (Adapted from Weiss

I.D., Theranostics 2013)
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4.2 Results and discussion
4.2.1 Design

Inspired by the promising results found for peptide 30, its potential use as radiolabeled probe to
targeting vectors was investigated. However, due to the expensive chemical synthesis of this peptide,
we decide to work on its parent peptide 10, which has been already reported as a remarkable CXCR4
antagonist. In fact, 30 contains, in fact, multiple unnatural amino acids and a low first coupling yield
owing to the L-Pen’. On the other hand, peptide 10, preserving the successful modification of D-
Cys at position 3, appeared to be a robust model for the subsequent molecular imaging-oriented
SAR study. Compared to the previously synthesized compounds, 10 combines remarkable CXCR4
affinity with a high the stability against enzymatic degradation, thanks to the N-terminal acetyl unit,

and the commonly low toxicity of peptides.

With the goal of identifying a valid anchor point within the peptide sequence suitable for a chelating
agent, we valuated the introduction in different positions of multiple residues bearing the amino
moiety. The resulting peptide bond was chosen over the others because of its versatile and
advantageous conjugation strategy compatible with SPPS, avoiding in this way additional critical
steps which may reduce the final synthesis efficiency. These efforts resulted in a library of
cyclopeptides- and cyclopeptidemimics- based CXCR4 specific probe molecules. The Lys g-amino
group and the N-terminal of the aminohexanoic acid (6-Aha) and 4-(aminomethyl)benzoic acid
(AMBS) were selected as moorings, as it is often reported in the literature. A Lys residue has been
included in the C-terminal region of the peptide template, with or without the spacer aminohexanoic
acid. The chirality of the side-chain carrying amino acid has been also investigated in the same
position. Moreover, the Ala® has been replaced by a Lys with the aim of explore putative non
sterically hindered rearrangements within the receptor. We tested then the suitability of a heteroalkyl
spacer at the amino terminus of the sequence introducing a AMBS group. Consequently, the
labelling would be appended to the Lys side-chains using the orthogonal group Alloc or linked to

the NH, termini by Fmoc, depending on the activities of the tested compounds.

4.2.2 Chemistry

Chain assembly of all the linear peptides was performed manually employing standard Fmoc-

based SPPS. The loading of the first amino acid building block onto 2-Cl chlorotrityl resin was
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achieved using an excess of resin (2 equivalent) with respect to the amino acid, in order to increase
the yield of the desired product. To obtain the radiolabeled molecules, the selective peptides were

conjugate to the appropriate chelator for the trivalent metal Ga.

Table 4.1. Half-Maximal Inhibitory Concentration (ICsy, pM, Mean = SD) of CXCR4
Antagonist Peptides Necessary to Reduce by 50% The Binding to CXCR4 of a) CXCR4-
Specific mAb 12G5 in CCRF-CEM Cells or b) ['**I|FC-131 in Jurkat T-cell. Each experiment
was performed in triplicate.

comp sequence ICs¢ (UM)
30 ) " 0.0015 +
Ac-Arg-Ala-[DCys-Arg-2Nal-His-Pen]-COOH
0.0005
10 " 0.053+0.004
Ac-Arg-Ala-[DCys-Arg-Phe-Phe-Cys]-COOH
31 " 1.43+0.02175
Ac-Arg-Ala-[DCys-Arg-Phe-Phe-Cys]-Lys(Alloc)-COOH
32 a 1.27+0.0244
Ac-Arg-Ala-[DCys-Arg-Phe-Phe-Cys]-DLys(Alloc)-COOH
33 “ 0.92+0.0134
Ac-Arg-Ala-[DCys-Arg-Phe-Phe-Cys]-Aha-Lys(Alloc)-COOH
34 “ 1.430+0.01864
Ac-Arg-Lys(Alloc)-[DCys-Arg-Phe-Phe-Cys]-COOH
35 “ 0.118+0.00289
Fmoc-Aha-AMBS -Arg-Ala-[DCys-Arg-Phe-Phe-Cys]-COOH
36 “ 0.013+0.00028
Fmoc- AMBS-Aha-Arg-Ala-[DCys-Arg-Phe-Phe-Cys]-COOH
37 . b 0.203+0.00406
DOTA- AMBS-Aha-Arg-Ala-[DCys- Arg-2Nal-His-Pen]-COOH
38 . b 0.042+0.00098
NOTA- AMBS-Aha-Arg-Ala-[DCys-Arg-2Nal-His-Pen]-COOH
39 nat . 5 0.0490.00084
Ga- DOTA-AMBS-Aha-Arg-Ala-[DCys-Arg-2Nal-His-Pen]-COOH
40 0.015+0.00032

"Ga- NOTA-AMBS-Aha-Arg-Ala-[DCys-Arg-2Nal-His-Pen]-COOH”
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We used the active-ester tri-z-butyl-protected DOTA or the active-ester di-z-butyl-protected NOTA,
because their multiple potential sites for conjugation could lead to a mixture of cross-linked
conjugates. The low water solubility of those compounds is ideal for reacting peptides in non-
acqueous solvents. Thus, the conjugation reaction was achieved preincubating the DOTA-tri-z-butyl
ester/ NOTA-di-z-butyl ester in DMF with equimolar amounts of the coupling agents, PyAOP,
HOAt and DIPEA. The peptide was then added to this mixture in a peptide:chelator ratio of 1:3.
Once assembled on the solid support peptides 31-36 were cleaved off the resin keeping the acid
stable orthogonal group Alloc appended to the Lys side-chains (31-34) or Fmoc moiety linked to
the NH, termini (35-36). Those elements were employed to mimic the steric hindrance of the
bifunctional chelators in the CXCR4 binding assay. Alternatively, the linear peptides 37-40 were
removed from the resin as fully deprotected crude peptide. Cyclization via side chain sulfur atoms
was achieved in solution using N-Chloro succinimmide to form the desired disulphide bridge.
Additionally, the conjugated DOTA/NOTA peptide were labeled with the radionuclide ""Ga via the

metal chloride salt.

4.2.3 CXCR4 Binding Assay

Initially, the receptor binding inhibition of PE-conjugated-12G5 anti-CXCR4 antibodies was
assayed in CEM-CCRF human T leukemia CXCR4 expressing cells for the 31-36 (Table 4.1)
synthesized peptides. As shown in Table 1, analysis of the binding data revealed that peptide 36
possesses an ICsy value of around 0.013 uM, which is significantly lower than that of the other
analogues and of the lead compound 10. Thus, we hypothesize that the presence of the
aminohexanoic acid maximizes the distance between the label and the peptide core part, avoiding
negative effects of the former on the binding affinity. Besides, the spacer flexible six carbons chain
is efficiently stabilized by the aromatic ring of the AMBS that permits the right accommodation of
the peptide at the receptor binding cavity. Thus, we translocated our promising adjustments to the
our most promising candidate 30, introducing at the C-terminal of the sequence the spacer linkers.

Carboxymethyl pendant-armed derivate of tetraza- (DOTA) or triaza- (NOTA) macrocyclic rings
have been adopted as stable chelathing agents to complex "*Ga. Currently, DOTA remains the most
frequently used chelator because of its availability and well-recognized coordination chemistry.®*
However, it has been noticed that its six coordinate analog NOTA forms slightly deformed
octahedral complexes with Gallium-68 which display higher termodinamically stability (log Knora-
Gaamny = 31.0 vs. log Kpora-gaam = 21.3).7%* We decided to assay both DOTA and NOTA-derived
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bifunctional chelators and the resulting compounds have been used for the competition binding
experiments of '*I-FC131 to CXCR4-expressing Jurkart cells. Notably, NOTA labeled 40 (Table
4.1), compared to its DOTA counterparts, showed high affinity to the chemokine receptor with a

half maximal inhibitory concentration (ICsp) of 0.015+0.32 uM.

4.3 Conclusion

Due to its overexpression in a variety of human cancer type and its frequently associated tumor
aggressiveness and poor prognosis, CXCR4 represents a highly relevant diagnostic and therapeutic
target. These observations underline and support the non-invasive imaging of CXCR4 as a highly
interesting new diagnostic or prognostic biomarker through the in vivo quantification of CXCR4
expression levels in tumors.

To meet the clinical need for a highly specific and sensitive tool for the chemokine receptor 4
assessment and quantification in vivo, a CXCR4 targeted nuclear probe has been developed. Our
previous reported potent, selective, functional antagonist, peptide 30, has been tailored as a target-
specific CXCR4 imaging probes with NOTA. The direct conjunction of the relative bulky
radiometal chelate to the small cyclic peptide substantially affects the binding affinity. Thus, the
optimal site of attachment and optimization of suitable linker units were carried on. Exploring the
flexibility of the CXCR4 binding pocket, we had the best results employing 6-Aha acid and AMBS
as moieties, that enabled us to preserve the micro-well bound of the peptide. Despite the additional
moieties, the detectable compound 38 showed high affinity to the CXCR4 receptor and the collected

results suggest that the "'Ga is a promising agent for preclinical non-invasive PET imaging.
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4.5 Experimental Section
4.5.1 Chemistry

Materials. N“-Fmoc-protected amino acids, 2-Cl-trtCl resin, Fmoc-Rink Amide-Am resin, O-
benzotriazole-N,N,N’,N'-tetramethyl-uroniumhexafluorophosphate (HBTU), N,N-
diisopropylethylamine (DIEA), triisopropylsilane (TIS), trifluoroacetic acid (TFA), and piperidine
were purchased from IRIS Biotech, N-hydroxybenzotriazole (HOBt), N,N-dimethylformamide
(DMF), dichloromethane (DCM), and from Iris-Biotech Gmbh (Marktredwitz, Germany). Peptide
synthesis solvents, reagents, H,O and CH3CN for HPLC were reagent grade and were acquired from
commercial sources (Sigma-Aldrich, Milano, Italy) and used as received unless otherwise noted.
Peptides were purified by preparative HPLC (Shimadzu HPLC system) equipped with a C18-
bounded preparative RP-HPLC column (Phenomenex Kinetex 21.2 mm x 150 mm 5 pm). Peptides
were analyzed by analytical HPLC (Shimadzu Prominance HPLC system) equipped with a C18-
bounded analytical RP-HPLC column (Phenomenex Kinetex, 4.6 mm x 250 mm 5 uM) using a
gradient elution (10—90% acetonitrile in water (0.1% TFA) over 15 min; flow rate = 1.0 mL/min;
diode array UV detector). Molecular weights of compounds were confirmed by ESI-mass

spectrometry using an Agilent 6110 quadrupole LC/MS system.

General Procedure for the Synthesis of Peptides. 2-Cl-trtCl resin (62.0 mg, 1.60 mmol/g) was
swollen in DMF dry over 0.5 h, and a solution of the first aminoacid (Fmoc-L-Pen(trt)-OH: 92.1
mg, 0.15 mmol, 0.5 equiv; or Fmoc-L-Cys(Trt)-OH: 87.9 mg, 0.15 mmol, 0.5 equiv; or Fmoc-L-
Lys(Alloc)-OH (68 mg0.15 mmol, 0.5 equiv; or Fmoc-D-Lys(Alloc)-OH: 68 mg, 0.15 mmol, 0.5
equiv) and DIPEA (26 pl, 1.5 eq) in DMF (2ml) was added. The mixture was stirred for 10 min. An
additional amount of DIPEA (34.8 pl, 0.2 mmol, 2 equiv) was added and the mixture was then
shaken for 1 h. The residual chloride groups contained in the resin were capped by adding MeOH
(200 pl) in DCM (2 ml) and stirring for 1 h to avoid eventually parallel synthesis of side products.
Fmoc group removal was performed using 20 % piperidine in DMF (1 x 5 min and 1 x 25 min). The
peptide resin was then washed with DCM (3 x 0.5 min) and DMF (3 x 0.5 min) and positive Kaiser
ninhydrine® and TNBS™ tests were observed. Fmoc-L-Cys(Trt)-OH (234.3 mg, 0.4 mmol, 4 equiv)
or Fmoc-L-Lys(Alloc)-OH (181.0 mg, 0.4 mmol, 4 equiv) or Fmoc-D-Lys(Alloc)-OH (181.0 mg,
0.4 mmol, 4 equiv), Fmoc-L-6-Ahx-OH (141.4 mg, 0.4mmol, 4 equiv) or Fmoc-L-Phe-OH (155 mg,
0.4 mmol, 4 equiv) or Fmoc-L-4-Abz-OH (144 mg, 0.4 mmol, 4 equiv) Fmoc-L-1-Nal-OH (175 mg,
0.4 mmol, 4 equiv) or Fmoc-L-2-Nal-OH (175 mg, 0.4 mmol, 4 equiv) or Fmoc-L-Cys(Trt)-OH
(234.3 mg, 0.4 mmol, 4 equiv) or Fmoc-D-Cys(Trt)-OH (234.3 mg, 0.4 mmol, 4 equiv), Fmoc-L-
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Ala-OH (124.5 mg, 0.4 mmoli, 4 equiv) or Fmoc-L-Arg-OH (260 mg, 0.4 mmol, 4 equiv) were
sequentially added sequentially to the resin bound H-first aminoacid. Each coupling reaction was
achieved using a 4-fold excess of amino acid with HBTU (151. 7 mg, 0.4 mmol, 4 equiv) and HOBt
(61.2 mg, 0.4 mmol, 4 equiv) in the presence of DIPEA (140 pl, 0.8 mmol, 8 equiv) in DMF.
Coupling reaction with DOTA, 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid/NOTA,
1,4,7-triazacyclononane-1,4,7-trisacetic acid were performed using aa (DOTA: 121.3 mg, 0.3
mmoli, 3 equiv; or NOTA: 91 mg, 0.3 mmoli, 3 equiv), PyAOP (156 mg, 0.3 mmoli, 3 equiv) and
HOAt (41 mg, 0.3 mmoli, 3 equiv) in the presence of DIPEA (140 pl, 0.8 mmol, 8 equiv) in DMF.
Fmoc deprotections were accomplished with 20% piperidine in DMF solution (1 x 5 min, 1 x 25
min). Washings with DMF (3 x 0.5 min) and DCM (3 x 0.5 min) were performed through every
coupling/deprotection step. Kaiser ninhydrine and TNBS tests were employed for monitoring the
progress of peptide synthesis. For the peptides bearing an acetyl group at the N-terminus, after
removing the last Fmoc group, the resin bound peptide was treated with Ac,O (19 pl, 0.2 mmol, 2
equiv) and DIPEA (35 pl, 0.2 mmol, 2 equiv) in DCM (2 ml) and the mixture was shaken for 1 h.

A negative Kaiser ninhydrine and TNBS tests were observed.

General Procedure for Peptide Oxidation and Purification. The peptide was released from
the solid support and all the protecting groups cleaved, treating the resin with TFA/DCM/TIS
(80/15/5, v/v/v) (3 ml solvent/0.1 mmol) for 2 h. The resin was then filtered off and the crude linear
peptide was recovered by precipitation with chilled ether to give a powder. The crude deprotected
peptide (0.1 mmol) was dissolved in HyO/acetonitrile (1:1) and a solution containing 1.5 equiv. of
NCS was added. The mixture was then mechanical shaken for 15 min at room temperature,
lyophilized and subsequently analysed. Oxidized cyclic eptapeptides were fsynthesized in high
purity, and no linear precursors ware presents, Final peptide purification was achieved by
preparative RP-HPLC in 0.1% TFA with an ACN gradient (10-90% ACN in H,O over 15 min, flow
rate of 15 mL/min) on a Phenomenex Kinetex C18 column (21.2 mm x 150 mm 5 um). Analytical
RP-HPLC were performed in 0.1% TFA with an ACN gradient (10-90% ACN in H,O over 20 min,

flow rate of 1.0 mL/min) on a Phenomenex Kinetex C18 column (0.46 mm x 150 mm 5 um).
31: Purity > 95%, tg 15.3 min (analytical HPLC, 10—90% ACN in H,O (0.1% TFA) over 20

min, flow rate of 1.0 mL/min); molecular formula: Cs;H75sN;501,S,; calculated mass: 1153.5; found:

1154.4 (M+H"), 576.6 (M+2H")/2, 1176.4 (M+Na").
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32: Purity > 95%, tg 14.9 min (analytical HPLC, 10—90% ACN in H,O (0.1% TFA) over 20
min, flow rate of 1.0 mL/min); molecular formula: Cs;H75sN;501,S,; calculated mass: 1153.5; found:

1154.5 (M+H"), 576.7 (M+2H")/2, 1176.2 (M+Na").

33: Purity > 95%, tg 15.2 min (analytical HPLC, 10—90% ACN in H,O (0.1% TFA) over 20
min, flow rate of 1.0 mL/min); molecular formula: Cs¢HgsN4013S,; calculated mass: 1252.6; found:

1253.6 (M+H"), 626.8 (M+2H")/2.

34: Purity > 95%, tg 14.7 min (analytical HPLC, 10—90% ACN in H,O (0.1% TFA) over 20
min, flow rate of 1.0 mL/min); molecular formula: Cs3H79N;501,S,; calculated mass: 1181.5; found:

1182.5 (M+H"), 590.8 (M+2H")/2.

35: Purity > 95%, tg 14.8 min (analytical HPLC, 10—90% ACN in H,O (0.1% TFA) over 20
min, flow rate of 1.0 mL/min); molecular formula: C¢gHgsN;501,S,; calculated mass: 1367.6; found:

1368.5 (M+H"), 684.8 (M+2H")/2.

36: Purity > 95%, tg 15.2 min (analytical HPLC, 10—90% ACN in H,O (0.1% TFA) over 20
min, flow rate of 1.0 mL/min); molecular formula: C¢gHgsN;501,S,; calculated mass: 1367.6; found:
1368.5 (M+H"), 683.8 (M+2H")/2.

37: Purity > 95%, tg 14.7 min (analytical HPLC, 10-90% ACN in H,O (0.1% TFA) over 15
min, flow rate of 1.0 mL/min); molecular formula: C;,H;¢sN,;017S,; calculated mass: 1599.7; found:

1600.4 (M+H"), 800.8 (M+2H")/2.

38: Purity > 95%, tg 15.4 min (analytical HPLC, 10—-90% ACN in H,O (0.1% TFA) over 15
min, flow rate of 1.0 mL/min); molecular formula: CegHogN,0O;5S,; calculated mass: 1498.7; found:

1499.4 (M+H"), 749.8 (M+2H")/2.

General Procedure for Peptide "Ga labelling. DOTA-AMBS-Ahx-Arg-Ala-[DCys-Arg-
2Nal-His-Pen]-COOH or NOTA-AMBS-Ahx-Arg-Ala-[DCys-Arg-2Nal-His-Pen]-COOH were
dissolved in 0.1 N NaOAc (pH 4.5), and an equimolar amount of Ga(NO3); was added. After heating
to 90°C for 30 min, the reaction mixture was cooled to RT, and "™'Ga-DOTA-AMB S-Ahx-Arg-Ala-
[DCys-Arg-2Nal-His-Pen]-COOH or "“Ga- NOTA-AMBS-Ahx-Arg-Ala-[DCys-Arg-2Nal-His-
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Pen]-COOH were cooled and immediately purified using preparative HPLC (14-35% acetonitrile
(0.1%TFA) in water (0.1%TFA) within 15 min).

39: Purity > 95%, tg 12.6 min (analytical HPLC, 10—-90% ACN in H,O (0.1% TFA) over 15
min, flow rate of 1.0 mL/min); molecular formula: C7,H,0sGaN,;0,7S,; calculated mass: 1668.7;

found: 1669.4 (M+H"), 834.8 (M+2H")/2.

40: Purity > 95%, tg 12.6 min (analytical HPLC, 10—90% ACN in H,O (0.1% TFA) over 15
min, flow rate of 1.0 mL/min); molecular formula: CgHogGaN3¢O15S,; calculated mass: 1567.6;

found: 1568.4 (M+H"), 784.2 (M+2H")/2.

4.5.2 Biological studies

Binding Assay. CXCR4 binding of peptides 31-36 was evaluated as previously described.
Briefly, 5 x 10° CCRF—CEM, HT29 cells were preincubated with increasing peptide concentrations
(0.01 uM, 0.1 uM, 1 pM, 10 uM) in the binding buffer (PBS 1x plus 0.2% BSA and 0.1% NaN3)
for 30 min at 37 °C, 5% CO; and then labeled for 30 min using anti-CXCR4 PE-antibody (FAB170P,
clone 12G5, R&D Systems, Minneapolis, MN, USA). To evaluate the specific peptide binding to
CXCR4, the experiments were also conducted in COLO205, human colon cancer cells,
overexpressing CXCR3, using anti-CXCR3 FITC-antibody (R&D FAB160F clone 49801) and in
MCF-7, human breast cancer cell line, overexpressing CXCR?7, using anti-CXCR7 APC-antibody
(R&D FAB4227A clone 11G8). The cells were counted through a FACS Canto II cytofluorometer
(Becton Dickinson Immunocytometry Systems, Mountain View, CA, USA). Each data point is the
average of three determinations.

Competition binding experiments for peptides 37-40 were performed using the Jukart cell line. In
brief, cells were resuspended in PBS/0.2 % BSA. A total of 200 uL of the suspension containing
400,000 Jurkat cells were incubated with 25 pL of the desired labeled peptide solution, (containing
3.1 kBq, approx. 0.1 nM) and 25 pL of the tested peptides at concentrations of 10-11 to 10-5 M.
Nonspecific binding was determined in the presence of 1 uM cyclo(-D-Tyr1-Arg2-Arg3-Nal4-
Gly5). After shaking for 2 h at room temperature, the incubation was terminated by centrifugation

at 1300 rpm for 5 min. Cell pellets were washed twice with cold PBS. Cell bound radioactivity was
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determined by using a 1480 Wizard3 gamma- counter from Wallac (Turku, Finland)). Experiments
were repeated 2-3 times in triplicates. ICsy values of the compounds were calculated by nonlinear
regression using GraphPad Prism (GraphPad Prism 4.0 Software, Inc., San Diego, CA, USA). Each

data point is the average of three determinations.
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Rescue of C-terminal Destabilized Proteins
by Use of D-Amino Acids

ABSTRACT

OBJECTIVES

In eukaryotic cells, the ubiquitin—proteasome pathway acutely regulates the protein turnover. The
covalent attachment of ubiquitin to lysine residues of targeted proteins is a signal for the recognition
by the proteasome. However, it’s been recently discovered that efficient proteasomal proteolysis
requires an additional intrinsically disordered region at which the enzyme complex engages the
substrate and initiates degradation. On the other hand, although biomolecules composed of mirror
image amino acids are of particular interest for their non immunogenic properties, the reason of their

unique biological stability remains relatively unexplored.

METHODS AND RESULTS

The main challenge with probing the stability of proteins containing non-natural functionalities is
the delivery of such proteins into the cytosol. Inspired by nature, researchers exploited the ability of
toxins to spread through the body and started to investigate the sophisticated bacterial A-B toxin-
mediated delivery nanomachines. Working as a macromolecular syringe, the pathogen injects his
toxins into the cytoplasm of host cells in a directly and selectively way. Thus, I recruited the
disarmed version of Bacillus anthracis toxin, the versatile LFn/PA platform, for efficiently deliver

chemical entities such as mirror image polypeptides across the bilayer phospholipid membrane.
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I used the catalytic domain of sortase A from Staphylococcus aureus (SrtA) as a “molecular stapler”:
this enzyme-mediated tailoring has allowed for the facile and specific fixing of protein-peptide
fusions, safeguarding their functionality. Further, a standardized and rigorous western blot workflow
has been drawn up to provide highly sensitive, consistent, reproducible and as quantitative as
possible data of the cytosolic delivered fraction of chimera proteins. Thus, I related the rate of
proteasomal degradation of proteins containing mixed chirality peptides. It has been shown that L-
sequences, acting as an unstructured region, were able to achieve lower steady state concentrations
when compared to D-cargos, which rescued the protein from the proteasomal-mediated degradation,
suggesting that stereospecific interactions are required for the accessibility to the narrow catalytic
pore. It was also found that the C-terminus group plays a role in the degradation pathway: peptides
presenting a —CONH, as a C-termini are less stable compared to those with the — COOH. Protein
quantification via Western blotting allowed us to detect even this feature, while using an SRM-based
quantification we wouldn’t be able to ascertain such a small difference in the molecular weight of

the targeted proteins.

CONCLUSIONS

With the goal of understanding complex cell biological processes in the detailed quantitative
manner, Anthrax toxin system has been successfully leveraged to deliver mixed chirality peptides
into the cytosol. The resulted information could be used to discover novel regulatory principles and
to develop strategies to interfere with cellular processes therapeutically or to engineer cellular

metabolism
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Chapter 1
Introduction

1.1 Survival through destruction

Protein degradation is as essential to the cell as protein synthesis. Non-performing wrongly folded
and damaged proteins, prone to aggregation, are removed from the cellular milieu in the context of
stress response and to avoid toxicity."” The concentrations of regulatory proteins are adjusted by
degradation at the appropriate time switching on/off many cellular pathways. Both unwanted foreign
and native proteins are simply scavenged and digested into bits that the cell can re-use to make new
proteins. In this way, the proteasome is maintained healthy and the interior of the cell is kept neat

and tidy. Besides, this function is particularly important under starvation conditions.

According to one line of current thinking, there are two major, fundamentally different, intracellular
devices for the breakdown of proteins within the environment of eukaryotic cells: the lysosome and
the proteasome.

Cells rely on lysosomes to recycle old and worn out proteins enclosed in or part of intracellular
structures. The lysosome working like a cellular stomach, contains acid and several types of
relatively non-selective digestive enzymes through which disassembles and removes the entire
anatomical structure, such various membrane-enclosed vesicles and organelles, and its contents,

including proteins.

The proteasome is the central catalytic unit of the ubiquitin proteasome system (UPS) (Figure 1.1):’
it is the other cell’s trash processor that in a discriminatory way degrades cytosolic and nuclear
protein junk allowing a complete shutdown of function of a selected protein molecule due to its
irreversible proteolysis.” The abundance, widespread distribution, evolutionary conservation, long
half-life and broad proteolytic specificity of the proteasome underline its key regulatory role in
protein degradation. As Rock and coworkers demonstrated, the block of its function produces the

almost complete inhibition of protein degradation.” Cell cycle control and apoptosis, signal
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transduction and DNA repair, inflammatory and immunity responses regulation, organismal
development, cell metabolism and protein quality control and garbage disposal are biological
processes, which are crucially dependent on the precise function of this highly-efficient checking
station.’

These pathways are highly interconnected, making failures in proteasomal degradation a source of
severe disturbances of the cellular function network. Defects of components within the system leads
to severe human diseases, among them neurological disorders, inflammatory processes and cancer.”
13

The UPS pathway works via a multistep mechanism, within which peptide bond cleavage being
only the last step in a complex program of substrate manipulation.'® First, most proteins are targeted
to the proteasome by the covalent attachment of ubiquitin molecules. Then the proteasome particle
recognizes the ubiquitin signal and controlling access to them, encapsulates the proteins inside its
structure. Subsequently, the substrate is then unfolded and translocated to the proteolytic sites in an

ATP-dependent reaction.

1.2 Ubiquitination machinery

The discovery of the ubiquitin proteasome pathway emerged from efforts to understand why
intracellular proteolysis requires metabolic energy. Although the hydrolysis of the peptide bond is
exergonic, and there is no thermodynamic reason to use energy, Simpson first detected that protein
degradation is an energy-dependent process measuring the release of amino acids from intact cells.”
Key elements of the answer became clear in the early 1980’s as a result of the pioneering
biochemical studies of Aaron Ciechanover, Avram Hershko and Irwin Rose, who were awarded

jointly the Nobel Prize in Chemistry 2004.'"®

Using the cell-free proteolytic system from
reticulocyte these investigators found that an energy source, in the form of ATP, participates in an
early phase of degradation and is needed to modify proteolytic substrates with the attachment of a
chain consisting of several copies of ubiquitin molecules to the protein substrate, which leads the
recognition by the 26S proteasome.'* >

Ubiquitin is a 76-amino-acid polypeptide that is highly conserved in all eukaryotes (for instance,
yeast and human ubiquitin differ at only 3 residues), and it was originally assumed to participate in

the differentiation of lymphocytes.
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Conjugation of ubiquitin to the protein substrate proceeds via several step cascade mechanism
involving three distinct classes of enzymes:*' ubiquitin-activating enzymes (E1), ubiquitin-
conjugating enzymes or ubiquitin-carrier proteins (E2) and ubiquitin ligases (E3) (Figure 1.2).>%
Those enzymes are organized in an hierarchial order. In humans, two E1 enzymes specifically
recognize and activate ubiquitin and interact with a small number (~30) E2 enzymes which then
face towards a huge and as yet unknown number of E3 enzymes.**

Initially, ubiquitin is activated in its C-terminal Gly76 in a reaction catalyzed by the enzyme E1. In
detail, the initial Ubl-adenylate intermediate reacts with the El active site cysteine to form an
E1~Ubl thiol ester in an ATP-dependently manner.

Following activation, ubiquitin is transferred from the E1 cysteine to the E2 cysteine enzymes in a
trans thioesterification reaction and then to a member of the E3 enzyme family, to which the
substrate protein is specifically bound. This enzyme catalyzes the last step in the conjugation
process, the covalent attachment of the COOH C-terminal Gly residue of ubiquitin to a e-NH2 group
of'a Lys residue (or N-terminus) of the target protein to generate an isopeptide bond.

There are three classes of E3 ligases. RING E3s serve more as a bridge binding to both E2~Ub
thioester and substrate and catalyzing attack of the substrate lysine on the thioester without the
formation of an intermediate

The RING domain is similar to the zinc finger in that Cys and/or His residues coordinate two zinc
ions and appears to function as a protein-protein interaction domain.*** On the other hand, HECT
and RBR E3s both have active site cysteines and catalyze substrate ubiquitination in a two-step
reaction involving formation of an another high-energy thioester bond between the HECT or RBR

E3 followed by attack of the substrate lysine (or N-terminus) on the E3~Ub thioester to form the

isopeptide linkage.”'33

In successive reactions, a polyubiquitin chain is synthesized by processive transfer of additional
activated mono-ubiquitin moieties through their Gly to Lys of the previously conjugated ubiquitin
molecule. Ub has seven lysines, making several ‘mixed’ topologies of a poly-Ub chain possible.
The polymerized ubiquitin chain acts as a signal that shuttles the target proteins to the proteasome,
where the substrate is proteolytically broken down.

The first poly-Ub chain that was discovered had its Ub moieties conjugated through Lys48,>* which
turned out to be the most common linkage for targeting substrates for degradation by the 26S
proteasome. More recently, it has become evident that protein modification by ubiquitin also has

unconventional (non-degradative) functions such as the regulation of DNA repair and endocytosis.
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Figure 1.1. The proteasome. a) Electron
micrograph of the 26S proteasome embedded in
vitreous ice; b) Structural feautures of the 26S
protease. (Adapted from figure in Glickman
M.H., Cell 1998)
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Figure 1.2. a) Heterogeneous ubiquitin chains; b) The ubiquitin cascade and chain formation.
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These non-traditional functions are dictated by the number of ubiquitin units attached to proteins
(mono versus poly-ubiquitination) and also by the type of ubiquitin chain linkage that is present,
involving Lys63 and Lys69.>** The key to specific recognition of Lys48 linked Ub chains probably
lays in the three-dimensional conformation of the polyubiquitin structure. This is supported by the
finding that repeated patches in the chain formed by three hydrophobic residues on the surface of
Ub, Leu8, Ile44 and Val70, are essential for the recognition of Lys48 linked chains by the
proteasome.”® The conformation of Lys48 linked (Ub)4, which is the minimal signal for efficient
targeting to the proteasome,”’ gives better access to the hydrophobic patches of the Ub units than

the (Ub)2 conformation.*®

1.3 The proteasome: a complex of two halves

In eukaryotes, the proteasome particle constitutes ca. 1% of the cellular protein pool® and is equally
distributed all over the cyto- and nucleoplasm as demonstrated by in vivo localization studies on
tissue culture cells using GFP-labeling techniques.”’ Also, in mammalian organisms proteasomal
degradation of regulatory proteins such as p27, p53 and [jB was found to depend on nuclear export
suggesting a general principle for proteasomal turnover of short-lived nuclear proteins.41 However,
its concentration varies considerably among cell types and is greater in organs, including liver, in
which average rates of protein breakdown are higher than in other tissues, such muscle.

The 26S protease complex is functionally and structurally divided into two parts. The proteolytic
active sites of the proteasome are housed in a hollow cylindrical chamber, the 20S core (core
particle, CP),*”!
PA700). %

which has a 19S regulator complex at either end (regulatory particle, RP or

1.3.1 The proteolytic core particle

Early electron microscopic (EM) studies of the 730-kDa catalytic core of this enzymatic assembly,
purified from different tissues and species, revealed its barrel-shape built from four axially stacked
heteroheptameric rings, that collectively form a cylinder 14.8 nm in length and 11.3 nm in
diameter.®" Such “chambered” protease complexes of different composition have been found in

62-65

many organisms including bacteria. The ancestor of the eukaryotic 20S proteasome is the

eubacterial and archaebacterial proteasome.
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Atomic-resolution crystal structures of the 20S proteasome showed that the subunits of the core
particle are arranged into four seven-subunit rings: two rings consisting of related a-subunits and
two consisting of related B-subunits (Figure 1.3).° The rings are stacked on top of each other to
form a compact cylinder with two B-subunit rings in the center that are topped at each end by a ring
of a-subunits.*””

The two outer sections contain evolutionarilyy related, but non identical o-subunits (al- a7), that
with their N-terminal tails form the ‘gates’, the a-annulus) through which substrates enter and
products are released.”’ It projects across and orthogonal to the pseudo seven-fold axis and forms
contacts with every other subunit. The deletion of the nine residue tail from the N-terminus of a3
of the yeast proteasome results in the a3AN mutant (Figure 1.4)"* that has an axial channel through
the molecule whose dimensions are comparable to those of the Thermoplasma CP channels.”
Crystal structure analysis of this mutant highlights the loss of defined electron density arising from
both the elimination of the N-terminal residues from a3 and the disorder in the tails of the other
subunits. In particular, a3 is unperturbed within the mutant particle, indicating that the deletion does
not cause an assembly defect.”* Moreover, the CP of a3AN shows strongly enhanced peptidase
activity using three different fluorogenic peptide substrates, each specific to a different active site,
probably because the access is facilitated (Figure 1.4 e-f).

Antechambers are developed jointly by one o and one B subunit, connecting the two outer cavities

7 .
57! The inner

with the central nucleus, which can only be reached by two axial pores of about 2 nm.
section (B1-P7) harbor three distinct catalytically active subunits — 1, B2 and B5 — in duplicate,
giving a total of six sites that are responsible for the proteolytic action.

Therefore, the proteasome architecture occludes its catalytic site within the lumen of the cylinder
and this arrangement prevents well-folded proteins from entering the constricted annulus, protecting
them from degradation.

The formation of the active site undergoes a two-step mechanism (Figure 1.5).”° First, Bs initially
possess an N-terminal pro-sequence which is cleaved off by neighboring sites during 20S particle
formation. The autocatalytic second step leads to exposing a terminal Threonine residue that is
necessary for activity, positioning it just at the open cleft between the two layers of B-sheets. As
predicted from sequence comparisons,’’ site-directed mutagenesis and the crystal structure analysis
of a proteasome in complex with the small peptide aldehyde inhibitor Ac-LLnL-al (commercially
available as calpain inhibitor I) identified the amino-terminal threonine (Thrl) as both the catalytic

73,7

nucleophile and the primary proton acceptor,””’” excluding the role of serine or cysteine.
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Figure 1.3. Side and top views of a yeast CP provide a perspective on the basic CP structure.

Moreover, Thrl replacement by a residue of Ser in proteasomes from the archaeon Thermoplasma
acidophilum (T1S mutant) does not alter the hydrolysis rate of small fluorogenic peptide substrates,
but the mutant is significantly slower in degrading larger peptides and proteins. In addition, it was
shown that deletion of the N-terminal Thrl or mutation to Ala, used to study substrate specificity
and the hierarchy of the proteasome active sites, leads to inactivation of the enzyme and the mutants
became deficient in autolysis. Thus, N-terminal threonine functions as a single-residue active site
characterizing the proteasome as a member of the family of amino-terminal nucleophile (NTN)
hydrolases.”

The hydroxyl group Oy of Thrl as nucleophile attacks the carbonyl carbon of the scissile peptide

bond, while its amino-terminal group serves as the primary proton acceptor enhancing the
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nucleophilicity by stripping the proton from the side-chain hydroxyl; for steric reasons, a water
molecule is likely to mediate the proton transfer.

Aside from the N-terminal Thrl, structural and mutational studies on proteasomes from various
species identified the highly conserved residues Asp17 (Glul7 in the Thermoplasma subunit) and
Lys33. In the catalytic center, Lys33 is most probably charged at neutral pH and therefore unsuitable
to function as the proton acceptor. Hence, it is expected that the role of Lys33-Ne is to lower the
pKa of the N-terminal amino group of Thrl by its electrostatic potential, so that this group can act
as the proton acceptor in proteolysis. Thr'Oy-H ‘- N may form a five-membered ring structure in
favorable hydrogen bonding geometry.””” Surprisingly, the conservative exchange of Lys33 to
arginine in subunit 5 of the yeast CP abolishes proteolysis against chromogenic substrates. Other
conserved residues in the vicinity of the active site Thrl also appear to be required for structural
integrity of the proteolytic site. The atoms Ser129-Oy, Aspl166-O, and Ser169-Oy stabilize the
conformation of Thrl via hydrogen bonds.

Although N- terminal residue of the macromolecular complex is always a threonine for the
nucleophilic attack on peptide bonds, its substrate specificity is determined by broad and
complementary substrate-binding channels allowing to degrade many different sequences. Each of
the three mature B-subunits has indeed a different preference for cleaving after hydrophobic, basic
or acidic residues. Accordingly, their cleavage-site specificity can be roughly characterized as
chymotrypsin-like (CL, catalyzed by subunit 5), trypsin-like (TL, by 2), and post-glutamylpeptide
hydrolysing or caspase-like (PG, by 1).*

The three catalytic sites interact allosterically. For example, inhibitors of the caspase-like activity
stimulate the trypsin- like activity but do not an ect the chymotrypsin-like activity. In addition,
substrates of the caspase-like activity allosterically inhibit the chymotrypsin-like. Moreover, the
eucarya enzyme also catalyzes cleavage after branched-chain amino acids (BrAAP activity) and

small neutral amino acids (SNAAP activity). i

1.3.2 The 19S Regulatory Particle

The 19 S regulatory particle is a ~930 kDa complex composed of about 17 subunits and two catalytic
activities: ATP hydrolysis and a specialized proteolytic cleavage that removes ubiquitin chains from

substrate proteins.*
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Figure 1.4. Surface view of the a) archaeal; b) eukaryotic 20S proteasome; and c) hslV molecule in complex
with calpain-inhibitor I. The inhibitor molecules are shown as yellow balls-and-sticks and mark the
proteolytic active sites. The disorder of the first N-terminal residues in the archaeal-subunits creates a channel
in the crystal structures of these CPs (a), whereas the irregular but well defined arrangement of the N-
terminal -subunits seals the chamber in eukaryotic CPs (b). d) Ribbon diagram of the crystal structure of the
free -ring from A. fulgidus with its defined N-terminus in focus (colored in red). Tyr8 of each N-terminal part
makes hydrogen bonds to Asp9 of the adjacent -subunit (yellow balls-and-sticks), Arg10 (red balls-and-
sticks) points toward the channel, generating a 13A entrance. (e, f) Electron density maps (colored in gray) of
the yeast core particle (gray sticks) from (e) wild type and (f) a3AN. (Adapted from figure in Groll M, Nature
1997)
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Figure 1.5. Architecture and proposed reaction mechanism of the proteasomal active site. a) Hydrogen-
bonding network at the mature WT b5 proteasomal active site (dotted lines). Thr1OH is hydrogen-bonded to
Lys33NH2 (2.7 A), which in turn interacts with Asp170. The Thrl N terminus is engaged in hydrogen bonds
with Ser1290y, the carbonyl oxygen of residue 168, Ser1 690y and Asp16604. b) The orientations of the
active-site residues involved in hydrogen bonding are strictly conserved in each proteolytic centre, as shown
by superposition of the b subunits. ¢) Structural superposition of the WT b5 and the b5-K33A pp trans mutant
active site. In the latter, a water molecule (red sphere) is found at the position where in the WT structure the
side chain amine group of Lys33 is located. Similarly to Lys33, the water molecule hydrogen bonds to
Arg190, Asp1708 and Thr1OH. Note, the strong interaction with the water molecule causes a minor shift of
Thrl, while all other active-site residues remain in place. (d) Proposed chemical reaction mechanism for

autocatalytic precursor processing and proteolysis in the proteasome. (Adapted from figure in Lfwe J, Science
1995)
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The 198 cap can be split into two different subcomplexes, base and lid (Figure 1.6).*

The lid is composed of nine different non-ATPase subunits (Rpn: Regulatory Particle Non-ATPase,
Rpn3, Rpn5-Rpn9, Rpnl1, Rpnl2 and Rpnl5) (Figure 1.7a).** The subunits Rpn3, Rpn5, Rpn6,
Rpn7, Rpn9 and Rpnl2 contain a C-terminal PCI (Proteasome—CSN—elF3) domain that interacts
with each other to form a horseshoe-shaped anchor from which the aminoterminal domains extend

838386 This arrangement is assumed to have scaffolding functions and allow inter-subunit

radially.
contacts. Rpnl1 and its inactive counterpart Rpn8 contain a Jab1/Mpn domain that allows them to
dimerize. Rpnl1 metalloproteinase is located at the entrance of the translocation channel and works
as a deubiquitylating enzyme. This DUB has been shown to remove entire ubiquitin chains from the
substrate by cleaving the isopeptide bond of the proximal ubiquitin moiety and thus recycle the
ubiquitins; this chain is further cleaved into monomeric ubiquitins by other DUBs. In addition, in
mammalian cells, two other DUBs that are physically associated with the base complex cleave the
ubiquitin moiety at a distal site. Usp14 (yeast UBP6) is associated with Rpnl and Uch37 binds to
the C-terminal domain of Rpn2-bound Rpnl3. Notably, Rpnl1’s deubiquitination activity was
found to depend on the action of ATPases, suggesting a potential coupling with substrate
translocation. Thus, these properties prevent premature deubiquitination of the substrate before

$78% However, the mechanism for this coupling remains unknown.

engagement by the ATPase ring.
The lid might be partly anchored to the base by Rpn10, because deletion of this subunit in yeast cells
results in lability of the 19S RP.

Moreover, Rpn6 seems to function as a molecular clamp holding the core and regulatory
subcomplexes together."’

The second subcomplex of the proteasome, called the base, has three functional roles: capturing
client proteins via ubiquitin recognition, promoting substrate unfolding and opening the channel in
the o-ring.”

The base consists of six proteins with ATP-hydrolysing activity, (Figure 7b)*’ of the AAA-type
designated Rpt1-Rpt6 (ATPase associated with various cellular activities; Rpt, Regulatory Particle
Triple A protein). Those subunits are essential for the survival of yeast cells and their C-termini
form a hexameric ring-shaped motor that dock onto the outer o-rings on the both ends of the
digestive cylinder. The ring is not planar but has a spiral staircase-like topology, with Rpt3 at the
highest and Rpt2 at the lowest position. The heterohexamer forms a trimer of dimers with the pairs
Rpt1/Rpt2, Rpt6/Rpt3, and Rpt4/RptS each held together by coiled coils formed by near N-terminal

regions of these subunits. The coiled coils protrude
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Figure 1.6. Architecture of the proteasomal 19S.
(Adapted from figure in Lander G, Nature 2012)

from a ring formed by oligosaccharide binding (OB) domains of the six subunits (N-ring). The latter
is positioned atop the hexameric ring formed by the AAA-ATPase domains (AAA- ring), but the
two rings are not in register. *'

Four additional components of the base are non-ATPase subunits, Rpnl and Rpn2, the largest
proteins of the 19S RP, and two established ubiquitin receptors (Rpn10 and Rpn13). Rpnl and Rpn2
act as scaffolds that assist in assembly of the base subcomplex and crucially contact other
proteasome subunits. Rpnl docks to the ATPase subunits Rpts 1 and 2, and is known to interact
with a number of proteasome factors including ubiquitin shuttle receptors and the deubiquitinase

Ubp6, which use their ubiquitin-like (Ubl) domain to dock to Rpn1.”*"?

Rpn2 binds to the N-terminal
coiled-coil of Rpts 3 and 6 and is positioned high above the unfoldase pore. Rpn2 binds to ubiquitin
receptor Rpnl3, and also appears to contact the critical deubiquitinase Rpnl1.

Rpnl0 and Rpnl3 function as integral ubiquitin receptors and efficiently trap polyubiquitylated
substrates. Rpn10 achieves this function via a C- terminal ubiquitin-interacting motif (UIM). More
recently, Rpn13 was identified as a second ubiquitin receptor. The N-terminal domain of Rpnl3
shows no similarity to known ubiquitin-binding motifs, but instead, contains the novel ‘pleckstrin-

like receptor for ubiquitin’ (Pru) domain. The Pru domain in human Rpn13 shows a high affinity

for diubiquitin.
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Figure 1.7. The subnanometer-resolution structure of the 26S proteasome. Three dimentional
reconstruction of the base and the lid subcomplexes. (Adapted from figure in Lander G, Nature 2012)
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Matyskiela and coworkers provide the first insights into the structure of the actively translocating
268 proteasome and outline the transitions that accompany substrate engagement. In this preengaged
state, ubiquitin chain of an incoming substrate is tethered to a proteasomal receptor and the entrance
to the N ring is accessible to its unstructured initiation region.

However, the central pore of the ATPase ring is constricted and not coaxially aligned with the
subjacent peptidase. Furthermore, the DUB Rpnll active site is occluded, and this prevents
premature deubiquitination of the substrate before engagement by the ATPase ring. In this state, the
AAA+ domains are arranged in a pronounced spiral staircase. Substrate interactions with Rpt
subunits at the top of this spiral trigger the switching of the regulatory particle into a translocation-
competent conformation that is characterized by a reorganized AAA+ ring with an alternative spiral
arrangement, more uniform AAA-domain interfaces and a continuous central channel to the
peptidase (Figure 1.8).** Rpn11 shifts to a central location directly above the N-ring pore, where its
active site is accessible and ideally positioned to scan translocating poly- peptides for ubiquitin
chains and ensure complete deubiquitination. This substrate-engaged conformation of the regulatory

particle is stabilized by an alternative set of lid-base interactions.
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Figure 1.8. Structure-based model for substrate engagement and degradation by the 26S proteasome.
(Adapted from figure in Matyskiela ME, Nat Struct Mol Biol 2012)
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1.4 Defining the geometry of the two-component proteasome degron

A fundamental question about intracellular proteolysis is how specific proteins are recognized by
the proteolytic machinery, resulting in proteins being degraded only under specific conditions with
highly characteristic degradation rates. Native substrates carry recognition tags that, when present,
deliver proteins for degradation. The tags confer specificity, distinguishing substrates from other
proteins. Early work had suggested that global structural features determine the metabolic stability
of individual proteins. For instance, mutant proteins or proteins that had incorporated amino acid
analogues during their synthesis were found to have shorter half-lives in vivo than their wild-type
counte1‘p21rts.94’95
Indeed, most short-lived proteins are distinguished by localized structure determinants (‘signals’)
that target them to the ubiquitin ligase machinery and then to the proteasome. A degradation signal
or ‘degron’,”® is usually defined as a minimal element within a protein that is sufficient for
recognition and degradation by a proteolytic apparatus.

Different physiological requirements for the degradation of specific proteins dictate the design of
different degrons. Distinct determinants comprise a degron, and they have different roles in the
degradation pathway. Specifically, primary recognition determinants are those sequences or
structures within the degron that bind directly to the E3-E2 ubiquitin-ligase complex. Another
determinant in ubiquitin-dependent degrons is the presence of an appropriate acceptor site(s) for
attachment of the polyubiquitin chain, such as a lysine residue. Finally, the degron must be situated
within the substrate such that the protein is then threaded into the proteolytic chamber where it is

hydrolyzed into short peptides.”””*

1.5 N-degrons and the N-end rule pathway

The notion that covalent ubiquitin conjugation commits proteins for degradation led the discoverers

of ubiquitin-mediated proteolysis to propose that substrate selection takes place mainly at the stage

99,100

of ubiquitin ligation. By adding a variety of proteins to a rabbit reticulocyte lysate, Hershko and

colleagues noted an apparent correlation between the presence of a free a-amino group in the

proteins and their ubiquitin-dependent degradation.'"'

They subsequently isolated a 180 kD protein
with E3 ubiquitin ligase activity that appeared to have a higher affinity for proteins with a free a-

amino group than those with a blocked N-terminus.'”’

117



This particular E3 distinguishes proteins not only by a free N-terminal a-amino group but also the
side chain of the N-terminal residue. Varshavsky and co-workers systematically changed the N-
terminal residue in an otherwise identical series of Escherichia coli B-galactosidase test substrates
and expressed them in yeast, where they displayed a remarkable range of degradation rates.'”* Half-
lives ranged from a few minutes to greater than 20 hours. Thus, an E3 is able to bind protein
substrates with very high selectivity, in this case being able to distinguish substrates by recognizing
a specific residue at the N-terminus of a protein. This degradation pathway, termed the ‘N-end rule
pathway,’ states that the half-life of a protein is determined by the nature of its N-terminal residue.
Peptide sequences within the N-terminal region of the substrate that are sufficient for ubiquitin-

dependent turnover constitute the ‘N-degron’.

1.6 A second component of the proteasome targeting code

The polyubiquitin chain mediates the productive binding of the substrate to the proteasome.'®*'**

During degradation, the ubiquitin moieties are removed by deubiquitinating activities while the

104,105

substrate remains bound to the proteasome. Although ubiquitination of the substrate leads to

recognition by the proteasome, it does not ensure rapid degradation of all proteins.'**'*

Fishbain et al. showed that Rad23 binds the proteasome and ubiquitinated proteins, which are
subsequently degraded, but Rad23 itself escapes to shuttle the next round of substrates for
degradation. The introduction of unstructured linkers into various regions of Rad23 serves as
artificial initiation regions led to Rad23’s rapid proteolysis in vitro (Figure 1.9)'"" Thus, he
demonstrated that Rad23 lacks a critical part of the degron.

Matouschek and co-workers reached a conclusion: an effective substrate requires not only a means
of docking to the proteasome, but that proteins must also an unstructured region that acts as a site
for initiation of unfolding.'®

The unstructured regions work as a degradation initiation site and proteolysis continues from there
along the polypeptide chain. Thus, ubiquitin tagging allows the protease to recognize its substrate
proteins, and degradation then begins with proteolysis of initiation site. The unstructured region
functions to engage the unfolding machinery of the proteasome and it is indispensable for the
degradation of folded proteins. Thus, protein targeting to the proteasome appears to have two
components: an ubiquitination signal and an initiation site. By assaying degradation of a set of

ubiquitin-modified DHFR variants they investigate how the initiation site contributes to proteasome
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Figure 1.9. Rad23 escapes proteasome degradation in vitro because it lacks an initiation region. a)
Degradation kinetics of Rad23. Incubation of Rad23 with purified yeast proteasome did not lead to its
degradation at 30 °C. b) Adding an initiation region to Rad23 led to its rapid degradation. (Adapted from
figure in Fishbain S, Nat Commun 2011)

targeting. They find that proteolysis of tightly folded proteins is accelerated greatly when an
unstructured region is attached to the substrate. A chain of four ubiquitin moieties linked through
Lys48 is a sufficient targeting signal for degradation by the proteasome.'™ However, attachment of
tetraubiquitin to an ubiquitin-DHFR fusion protein led to notably slow degradation of this protein
in an in vitro assay. Indeed, N-Ub4-DHFR-C lacks any unstructured region and was degraded very
inefficiently. Instead, degradation was accelerated several-fold when an unstructured region was
added to the C terminus of the protein, N-Ub4-DHFR~~~~-C and N-Ub4-DHFR-""*-C. (Figure
1.10a)."®

Prakash evaluated also the eventually variation of the position of the ubiquitination site mediated by

"% It has been shown that ubiquitination of the substrate with

the addition of the unstructured region.
the C-terminal unstructured region still occurred at the N-terminal ubiquitination signal. Instead, the
protein was stabilized when the N-end rule tag was inactivated by the mutation of the N-end residue
from arginine to methionine27, by mutating the ubiquitin acceptor lysines, Lys15 and Lys17, in the
linker region to arginine27, or by deleting the N-terminal ubiquitination site entirely (Figure
1.10b)."% Taken together, these results underline the fact that rapidly degraded proteasome
substrates must contain a degradation signal that has two parts, a proteasome-binding tag and a

proteasome initiation region.
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1.7 Defining the geometry of the two component proteasome degron

The initiation region is reminiscent of the linear targeting signals found in substrates of the archaeal
and bacterial analogues of the proteasome.'” Bacterial AAA+ proteases recognize their linear
degrons through loops that line the pore at the center of the ring of ATPase subunits and it seems
likely that the proteasome recognizes its initiation sites similarly.''’ In the proteasome, the diameter
of the pore is too narrow to allow folded proteins to pass through it so that a disordered polypeptide
tail would have to be a certain length g to be able to reach the ATPase loops. This length requirement
agrees roughly with the results of in vitro degradation experiments with model proteasome
substrates, where proteins become degraded rapidly by purified yeast proteasome once they contain

an unstructured tail of approximately 30 amino acids in length.'"'
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Figure 1.10. a) Degradation of N-Ub4-tagged DHFR-C by proteasome at 25 °C; b) Degradation of cpLys38
containing a C-terminal unstructured region depends on ubiquitination at Lysl5 and Lys17. N-Usignal-
cpLys38~~~~-C (O), N-cpLys38~~~~-C (M), N-Usignal(Met)-cpLys38~~~~-C (@) in which the N-end residue
has been mutated from arginine to methionine, and N-Usignal(Lys-less)-cpLys38~~~~-C (O) in which Lys15
and Lys17 in the N-end rule tag were mutated to arginine, were degraded by the proteasome at 25 °C in the
presence of 320 pM methotrexate. (Adapted from figure in Prakash S, Nat Struct Mol Biol 2004)
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Further, Inobe ef al. drew the same conclusions. With the goal of defining the rules that determine
how well unstructured regions in proteins can serve as proteasome initiation sites, they measured
the minimum length required to support rapid degradation using again series of proteasome
substrates containing a central dihydrofolate reductase (DHFR) domain.''?

The proteasome-targeting part of the degron was located at the N-terminus of DHFR, and the
initiation region was located at the C-terminus (Figure 1.11).

In one set of constructs, the proteasome-binding tag consisted of four ubiquitin moieties fused in

frame to the N-terminus of the substrate (Ub4 tag).'”

This tag mimics a polyubiquitin chain and
probably most closely resembles ubiquitin moieties linked through Lys63 of ubiquitin''*'"®> In the

other set of constructs, the targeting tag was a single UbL domain derived from yeast Rad23 (UbL
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Figure 1.11. Linear representation of substrate proteins with initiation regions of different lengths. The
substrates contained an E. coli DHFR domain and were targeted to the proteasome by an N-terminal Ub4 tag
or a UbL tag. (Adapted from figure in Inobe T, Nat Chem Biol 2011)
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The unstructured tails were derived from either yeast cytochrome b2 or subunit 9 of mold
(Neurospora crassa) Fo ATPase because these peptides are known to be unstructured and soluble
under standard solution conditions. The tails consisted of 15 to 102 amino acids derived from either
protein, and the cytochrome b2 sequences ended in a hexahistidine tag (Figure 1.11a). Shortening
the unstructured region in both Ub4- and UbL-tagged substrates decreased degradation rates and
finally led to the stabilization of the proteins, once a certain critical length of the initiation region
was reached (Figure 1.11b—d). For Ub4-tagged DHFR substrates, the transition occurred between
29- and 34-residue—long initiation regions: proteins with initiation regions of 34 amino acids or
longer were degraded, whereas substrates with initiation regions of 29 amino acids or less escaped
degradation (Figure 11b,d), in agreement with earlier studies For UbL-tagged substrates, the
transition occurred between 34 and 44 amino acids: constructs with initiation regions of 44 amino
acids or more were degraded rapidly, whereas constructs with initiation regions of 34 amino acids

or less were not (Figure 1.11c,d).
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Chapter 2
Rescue of C-terminal destabilized proteins by use of D-amino
acids

2.1 Introduction
2.1.1 Delivery of therapeutic proteins: challenges and strategies

The roll call of the bio-therapeutics comprises some of the most innovative and highly successful
drugs in treating a wide range of serious disease.

First of all, insulin therapy revolutionized the treatment of diabetes. Since then a research-intensive
enterprise has allowed scientist to develop modern insulins mimicking the physiological insulin
secretion closely.' The clinical use of enzyme has also a laundry list of widespread applications.
Exogenous enzymes, for example, are the only cure for a large group of disorders (lysosomal storage
diseases, LSD;) caused by a lack of degradation of substances within the lysosomes.” More broadly,
currently biotech products approved for clinical use are more than 100 including anticoagulants,
growth factors, interferons, antibody-based drugs, and their efficacy, specificity and selectivity are
constantly improved trying to satisfy key parameters for targeting, uptake, translocation, and activity
of the payload.” However, we are far from taking full advantage of these potent bio-machines.
Molecular methodologies are still required to address and truly perturb intracellular trafficking
environment, minimizing side effects from off-target interactions, in a range of research and human
therapeutic purpose.

The cellular membrane, which restricts, as a rule, the spontaneous crossing of macromolecules, is a
real roadblock. High molecular weight and surface properties of biologically active molecules are
the key issues and hamper these therapeutic candidates from finding their way to the cytoplasm and

to desired subcellular locations of interest.

Bioavailability barrier of plasma membrane has two major hurdles: delivery and endosomal escape.
First, the protein, modified or conjugated, must be carried into the cell exploiting, the cell

internalization machine via endocytosis and phagocytosis.
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Figure 2.1. Schematic illustration of protein delivery systems. (A) cell- penetrating peptides, (B)
supercharged proteins, (C) virus-like particle, (D) nanocarrier, (E) liposomes, (F) polymer, and (G)
nanoparticle-stabilized nanocapsule. (Adapted from figure in Fu A., Bioconjug Chem 2014)

Once inside, the vescicular entrapment must be decomposed and release the encapsulated protein to
reach the desired specific targeted cytosolic compartments. Several methods to achieve an effective
and general internalization of functional protein into cells have been explored and developed over
the past decade, focusing on two different approaches: mechanical/physical methods and carried-
based delivery system.*'* The former group includes invasive techniques such as microinjection
and electroporation, which have, respectively, downsides of needing high skills to operate the
equipment and significant rate of physical damage caused by rapid and high- voltage electric
pulse.'™* Also, the cell-to-cell variability and the influx of further proteins are important
limitations."” To gain the access to the interior of the cell of foreign biotherapeutics a carried-based
delivery approach is an attractive alternative. There are two typologies: covalent protein
modification and supramolecular delivery system, each of which consists of several subcategories

including cell-penetrating peptides (CPP;), virus-like particles, supercharged proteins, nanocarriers,
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supramolecular carrier-based delivery system and nanoparticle-stabilized nanocapsules (Figure
2.1)."2

CPPq, or Protein Transduction Domain (PTD) are short, cationic and/or amphipathic peptides of less
than 30 residues in length which fully penetrate through the cell membrane.'® The molecular
mechanism of the transduction is not entirely clarified and is still under debate.'”" Caveolar,

18-23
Moreover, several

clathrin-mediated and macropinocytosis are some of the postulated pathways.
game plans for raising endosomolysis have been adopted (pH- and temperature- elements, synthetic
vescicular lysis agents) with the aim of preventing the CPP-tagged vehicle’s disassembly within the
lysosome before reaching the wanted target. Therefore, the efficiency of cytosolic access is hard to

quantify, as in the case of Virus-like particles.**>°

For the latter, these vectors are also affected by
immunogenicity and safety problems. A class of engineered or naturally occurring human proteins,
with unusually high net negative or positive charge, able to escort other macromolecules into the
cell have been identified.”” However, a limitation of this delivery platform should not be
underestimated: modifications proteins in terms of charge might alter the properties and the activity
of the protein.

Physical aggregates of amphiphilic molecules, such as liposome, lipo- and nano- plexes,
nanoparticle-stabilized nanocapsule have been also considered as powerful carriers, allowing the

uptake of unmodified proteins into mammalian cells.”**

Whilst a lower dose of drug together with
a reduction of side-effects are encouraged features, insufficient specific cell localization of targeted
systems, diffusion and redistribution of released drugs, higher cost are influential disadvantages.”*

Thus, each of the above-mentioned intracellular delivery tools has limitations and challenges that

still need to be overcome for optimal application.

2.1.2 Break on through to the other side: the bacterial toxin mediated delivery

Reviewing the many approaches taken to date, a promising route to achieve the release of
macromolecules in its active form into the cytosol is belived to be the synergistic coengineering of
proteins and carriers as integrated vectors.

Recently, with the goal of developing a highly effective and receptor-specific intracellular carrier,
many efforts have been made in the engineering of protein/peptide “pro-form” and “chimeras”
linked with a peptide/proteinaceous domain.

Inspired by nature, researchers exploited the ability of toxins to spread through the body and started

to investigate the sophisticated bacterial toxin-mediated delivery nanomachines.”>*® Some patogens
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have already evolutionary solved the trafficking barrier problem: AB-type toxins, in fact, are able
to interfere with specific intracellular substrate gained because of it this increasing interest.

AB toxins consist of at least two functional polypeptides, the subunit A, responsible for the
enzymatic activity of the toxin, and the receptor binding subunit B. Once the B domain binds to a
specific cell surface receptor, triggering endocytosis and internalization, the A moiety is translocated
across the cell membrane into the cytosol.

Working as a macromolecular syringe, the pathogen injects his toxins into the cytoplasm of host
cells in a directly and selectively way. Thus, the disarmed version of the toxin has been recruited for
this highly efficient and flexible targeting system to introduce non-naturally occurring agents and
chemical entities such as D-peptides/proteins, cyclic peptides/proteins.

In this way, the translocation domain Pseudomonas aeruginosa exotoxin A (PE) has been employed
with CPP for the delivery of a protein cargo in order to facilitate the endosomal escape’s payload;®’
heat-labile Enterotoxin ITa was engineered to deliver a heterologous protein into neurons.™

In particular, the protective antigen (PA) of Anthrax Toxin coadministered with the N-terminal
domain of anthrax toxin lethal factor (LFy) has been fused to several payloads of interest to facilitate

their delivery.”

2.1.3 AT- a paradigm for toxin-mediated protein translocation

Bacillus anthracis is a well-adapted and very efficient pathogen. The bacillus secrets three non-toxic
monomeric proteins self assemble into a toxic non covalent complex that is crucial in causing
anthrax disease symptoms. Anthrax toxic can be classified as a binary A,B toxin, in which the
Protective Antigen (PA) [PA83; 83 kDa] functions as the receptor binding moiety, allowing entry
into the cytosol of mammalian cells for either of the two acting enzymes Lethal Factor and Edema
Factor.” Lethal Factor [LF; 90 kDa] is a Zinc metalloproteinase that cleaves MAPK, family
members in their amino termini interfering with one or more signaling pathways leading to
apoptosis. Edema Factor [EF; 89kDa] is a Ca*" and calmodulin- dependent adenylate cyclase which
increase the cAMP concentration in cells protecting bacteria from phagocytic destruction and
helping spreading B. anthracis in the host by affecting signaling pathways and modulating
immunologic responses.

At the molecular level, PA is recognized by and binds to one of its receptors on the host cells surface:

Tumor Endotelial Marker 8 (TEMS, or ANTXR1) and Capillary Morphogenesis Gene 2 (CMG?2, or
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ANTXR2) with nanomolar or picomolar affinity, respectively.*'*

Furthermore, these receptors are
expressed on almost every type of human cell line at approximately 2000-50000 receptors per cell.**
Once bound, PAg; undergoes cleavage of the amino terminal 20 kDa fragment by a furin-family

p1rotease.45'48

The larger PAg; subunit remains attached to the receptor and readily oligomerizes into
a ring-shaped heptamer or octamer (Figure 2.2).* The PA pre-pore is capable of binding in a
competitive fashion and with nanomolar affinity multiple copies of LF and/or EF. EF and LF share
significant sequence similarity with each other over the N-terminal ~250 residues. Given their
different catalytic activities, this led to the hypothesis that this region contains the determinants
required for binding to, and translocation by, PA. Arora et al. supported this proposal showing that
the protein resulting from the fusion of the amino terminal of LF and the catalytic domain of
Pseudomonas exotoxin A was efficiently internalized to the cytosol in a PA-dependent manner.”
The resulting assembled complex is internalized and delivered to the endocytic vesicle. Within this
acidic environment, the PA pre-channel is converted into membrane-spanning channel and the
destabilized LF and EF native structures are dissociated and translocated.

The “flower-on-a-stem” shaped pore serves an active transporter: ATP-driven cellular factors are
not required. The pathway could be described in three successive steps: docking, protein unfolding
and translocation of the unstructured chain (Figure 2.3).”" Upon channel conversion and subsequent
binding of the substrate in the narrow ring ¢ clamp, pore chaperones the advance of the protein to
the cytoplasm. Due to the high number of glutamic and aspartic acid residues, protonated in that
condition, the canal is strongly cation-selective and accommodates the anion unfolded side-
chains.”** Also, biochemical and electrophysiological results indicated that the proton gradient
across the membrane (ApH), cooperatively with a charge state-dependent Brownian ratchet,
supports the free translocation of LF and EF in an N- to C- terminal direction. Furthermore,
mutagenesis analyses pointed out that substitution of aromatic residues at position 427 with smaller
aliphatic or hydrophilic substitutions (Ala, Ile, Ser, Asp) decreases the efficiency of the translocation
mechanism, suggesting that the solvent-exposed, lumen-facing ¢ clamp effectively provide to
preserve the positive gradient by actin as an hydrophobic sigil.*’

Over the past two decades, because it has proven to be one of the most tractable toxins, the nontoxic
PA/LFy nanomachine has been widely developed. The toxin from Bacillus anthracis is, in fact, an
ideal model system for the study of key structural requirements of functional protein/peptide’s

translocation across membranes.
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Figure 2.2. a) amino-terminal PA binding domains (LFy and EFy, respectively) are colored red-violet and
their catalytic domains colored orange and cyan, respectively. b) Anthrax toxin assembly and transport. PA
(denim) is proteolytically nicked and assembles with LF (red-violet) and forms prechannel complexes, which
bind cellular receptors (gold) triggering endocytosis; acidic pH conditions in the endosome induce PA to
form a transmembrane channel; the pH gradient that develops across the endosomal membrane destabilizes
LF, drives LF unfolding and translocation through the PA channel. (Adapted from figure in Feld GKet al.,
Protein Sci. 2012)

LFy has been demonstrated to be important for initiating translocation into living cells and several
proteins have been combined with Lethal Factor N-terminal domain: the A chain of diphtheria toxin
(DTA),”*>® Pseudomonas exotoxin A (PE),”” A chain of Shiga toxin (STA),>* dihydrofolate

reductase (DHFR),”® and B lactamase,”® proving the promiscuity of the PA pore.
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Figure 2.3. The charge state Brownian ratchet model for pH-driven translocation of anthrax toxin. At
the time of endosome acidification, the substrate is bound to the top of the channel, with its 1 helix in the
clamp. Upon channel conversion, the unstructured amino terminus docks in the clamp. The low pH of the
endosomal compartment will protonate most of the acidic residues, whereas positive charges chaperone any
remaining deprotonated aspartic or glutamic acids. This ensures that the translocating polypeptide will have a
net positive charge, allowing it to move freely through the cation-selective channel. Because of Brownian
motion, a portion of the substrate will eventually emerge in the cytosol. There, the higher pH of this region
will result in frequently deprotonated acidic residues, thereby giving the emerged portion of the polypeptide a
net negative charge and capturing it on the cytosolic side of the membrane. Repeated cycles of emergence
from the channel through Brownian motion and capture via deprotonation allow the remaining portion of the
substrate to translocate across the membrane. (Adapted from a figure in Brown MJ, J Biol Chem 2011)

These hybrid proteins must be able to adopt unfolded or extended conformation. However, the
measured enzymatic activity of each reported payload confirms that, once in the cytosol, they
perform their duties against the desired target, attesting their refoldedconformation. On the other
hand, Wesche et al. have demonstrated that LFy-DHFR bound to methotrexate, as well as LFN-DTA
containing an artificial disulfide, are not able to penetrate a cytosol-contiguous membrane.”” Non-
natural/cyclic peptides and small drugs have been also employed. In general, cargos do not disrupt
the translocation machinery, with the exception of moieties with low pKa values that cannot be

protonated in the endosome.*
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2.1.4 Fusion and conjugation approaches

Recombinant expression has enabled the processing of chimeric proteins with the aim of explore
the delivery pathway and so investigate the biological function of key payloads inside the cytosol
of the cells. However, this manipulating tecnique is not suitable for site specific post-translational
modification and incorporation of non-canonical features, such as modified backbone moieties or
amino acids with inverted stereochemistry, into proteins.

To overcome this issue and meticulously probe their bioactivity, stability, or affinity properties,
powerful semisynthetic (such as native chemical ligation, NCL) and enzymatic (like enzyme-
mediated ligation using sortase A, SrtA) strategies have been drawn up. Pentelute et al. used NCL
to ligate non-natural peptide sequences onto the N-terminus of LFy in order to deepen the

translocation initiation PA-mediated.®*®!

This chemoselective approach can be usefuly applied to
incorporate a wide range of modular chains within multi-functional proteins, but oftentimes it is
performed under denaturing conditions with the aim of obtain optimal substrate concentrations.
Consequently, ligated products may not refold properly and preserve their structure, resulting in lack
of activity.”

The catalytic domain of sortase A from Staphylococcus aureus (SrtA) has been found to be useful
as a “molecular stapler”: this enzyme-mediated tailoring has allowed for the facile and specific

fixing of protein-protein fusions, safeguarding their functionality.®’

2.1.5 SrtA-catalyzed ligation

SrtA is widely present in bacteria and catalyzes the surface protein covalent anchoring to the
peptidoglycan of the cell wall envelope, a process closely involved in the control of the S. Aureus
virulence into the host.**%

A full-length precursor protein equipped with an N-terminal signal peptide is exported from the
cytoplasm (Figure 2.4).”' The C-terminal consists of an LPxTG motif followed by a hydrophobic
region and a cluster of cationic amino acid residues, which retain the protein anchored to the
membrane.’® Sortase A acts as a cysteine protease and transpeptidase. The enzyme is able to scan
secreted polypeptides for its recognition and cleaves the scissile peptide bond between the Threonyl
and the Glycyl of LPXTG motif sorting signal which, protruding from the outside of the bacterium,
is hosted in direct proximity of the active-site sulphydryl Cys'** generating a sortase-protein

complex via thioester-linked intermediate.”’” The sortase acyl intermediate is resolved by the

nucleophilic attack of the free Gs residues amino group within the membrane anchored cell-wall
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precursor (Lipid II) bounding the protein to the cross-bridge peptide. Transglycosilation and
Transpeptidations reactions then incorporate this product into the peptidoglycan and the enzyme
active site is regenerated.

SrtA-mediated ligation is an attractive and resourceful engineering tool for specific biologics
modification and incorporation of several probes into protein fusions, with application ranging from
protein conjugation and surface labelling.

While the introduction of the LPxTG moiety do not represent a problem with LFy, it might alter the
properties of other protein and could be the only restriction to the application of the sortagging.
However, Piotuck et al. recently envolved SrtA able to identify FPXTG or APxTG motif, prompting

that even this limitation may be overcome with different and possibily shorter sequences.®®

Furthermore, Chen et al. developed an improved SrtA with increased efficiency for the conjugation
reaction overcoming wild-type enzyme’s poor kinetics. SrtA* variant achieves comparable
conjugation yields while requires significantly lower amount of the enzyme and abbreviated times

carrying out the reaction under non denaturing conditions.*”’

NH, NH, NH,
K Medium
GlcNAC
MurNAG 0 ¢ _
-1 —GIcNAc
L LAl _MuNAc
Sortase 1 |
2 o-'Glu L-iMa
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Signal peptidase P P T-Glys-L-.Lys D-IGlu
\ & £ o-Ala-Glyg-Lys
m@ - > RSaucl
: ..................0.....‘: Membmne
NH -
LreTe ] e Cytoplasm
L-Sorting signal -
1. Export 2. Retention 3. Cleavage 4. Cell wall linkage

Figure 2.4. Diagram showing the structure of the cell wall anchor of surface proteins in S. Aureus.
(Adapted from Science 1995)

137



2.2 Results and discussion
2.2.1 Design

Biomolecules composed of mirror image amino acids are of particular interest for their unique
biological stability and non immunogenic properties. However, the biological impact of
polypeptides containing amino acids with non-natural side chains, backbone composition, mirror
image chirality, and many others remains relatively unexplored.”

The main challenge with probing the stability of proteins containing non-natural functionalities is
the delivery of such proteins into the cytosol.

Moreover, the investigation of the mechanism of intracellular ATP-dependent, ubiquitin-dependent
proteasomal degradation has been so far carried on using only rabbit reticulocyte lysate (RRL) for
in vitro degradation assay. Further, the physical size of initiation regions of some 30 amino acids
has been establish to be roughly on the appropriate length scale to fit the proteasome structure.
Facing this demanding situation, we asked ourselves how can we studied in cells the degradation
proteasome-mediated and if we would obtain the same results of in previous reported in vitro assays,
and also what minimum functional and structural properties make a protein the target for degradation
by the proteasome.

Performing in cell experiment could provide new insights into the molecular mechanism regarding
the selection of substrates and so their stability toward the proteasome.

We thought to utilize the LF\/PA platform derived from nature for studying the intracellular stability
of proteins containing D-amino acids. We used sortase A (SttA) from Staphylococcus aureus to
ligate mixed chirality peptide sequences onto the C-terminus of L-proteins that can then be delivered
in a PA dependent manner.” Furthermore, we incorporated a cleavable linker that releases the cargo

protein from LF  after translocation into the cytosol further allowing us to characterize C-terminal

D-amino acids on proteins other than LF, including A-chain of diphtheria toxin (DTA).”

2.2.2 Chemistry

2.2.2.1 Peptide synthesis
All the mixed chirality peptides were synthesized adopting a classical Fmoc/Boc solid phase peptide
strategy (Table 2.1). Each sequence contains a penta-glycine bridge at the N-terminus for the

following SrtA*-mediated reaction.
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2.2.2.2 Sortase A attaches peptide sequences onto the C-terminus of LFy and LFN-DTA

Here we used SrtA*- mediated ligation to attach the N-terminal of mixed chirality peptides
containing an oligoglycine moiety on the LPSTGG C-terminus of LFy (Figure 2.5, Table 2.2). Our
one-pot chemoenzymatic bioconjugation protocol was carried out over only 30 min at room
temperature without any further purification. In addition, in order to explore the behavior of cargo
on protein different from LFy but still able to translocate through the PA channel, we incorporated
a cleavable linker, the A-chain of diphtheria toxin (DTA) (Figure 2.5, Table 2.3), that releases the

payloads from LFy after translocation into the cytosol.

2.2.3 Biological Studies

2.2.3.1 Translocation of LFy-DTA-X and LFy-X Constructs

The LFy and LFN-DTA constructs were delivered into Chinese hamster ovary cells (CHO-K1) in
presence of PA for 6 h (Figure 2.6) Digitonin lysis buffer, supplemented with protease inhibitor
cocktail, was used for the aptitude of the steroid glycoside for permeabilizing the plasma membrane
via the bind with the cholesterol and other f3-hydroxy steroids, leading to the formation of pores
within the phospholipid bilayer and its subsequent disruption.”* Digitonin thereby releases
cytoplasmatic proteins leaving the other intracellular membrane organelles structurally intact, as the
cholesterol composition of these membranes is lower. Lysates were analyzed by western blot. The
membranes were immunoblotted with the targeted antibodies for the stability analysis, and then
labeled with Erk1/2 for the cytosolic fraction and Rab5, an early endosome marker. That allowed
the evaluation of the extraction efficiency which depends on the amount of contamination of early
endosome and high level of Erk1/2. Moreover, Lactacystin, a proteasome inhibitor, was added to
the cells treated with designate conjugates as a control. Regarding the mechanism, Lactacystin itself
does not react with the proteasome;” the organic compound, isolated for the first time as a microbial
metabolite from Streptomyces, spontaneously undergoes an intramolecular reaction forming the
cell-permeable clastro-lactacystin B-lactone, which binds the proteasome active site Threonines and

irreversibly inhibits via acylation its activity.
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Table 2.1.

comp sequence
1 H - Glys-Ala-Lys-Phe-Arg-Pro-Asp-Ser-Asn-Val-Arg-Gly-CONH,
2 H - Glys-Ala-Lys-Phe-Arg-Pro-Asp-Ser-Asn-Val-Arg-Gly-COOH
3 H - Glys-Ser-Arg-Ala-Phe-Asn-Gly-Val-Arg-Asp-Pro-Lys- CONH,
4 H - Glys-Ser-Arg-Ala-Phe-Asn-Gly-Val-Arg-Asp-Pro-Lys- COOH
5 H - Glys-DAla-DLys-DPhe-DArg-DPro-DAsp-DSer-DAsn-DVal-DArg-Gly-CONH,
6 H - Glys-DAla-DLys-DPhe-DArg-DPro-DAsp-DSer-DAsn-DVal-DArg-Gly-COOH
7 H - Glys-DSer-DArg-DAla-DPhe-DAsn-Gly-DVal-DArg-DAsp-DPro-DLys- CONH,
8 H - Glys-DSer-DArg-DAla-DPhe-DAsn-Gly-DVal-DArg-DAsp-DPro-DLys- COOH
9 H - Glys-Ser-Arg-Ala-Phe-Asn-Gly-Val-Arg-Asp-DPro-DLys- CONH,
10 H - Glys-Ser-Arg-Ala-Phe-Asn-Gly-Val-Arg-Asp-Pro-DLys- CONH,
11 H - Glys-Ala-Lys-Phe-Arg-Pro-Asp-Ser-Asn-Val-DArg-Gly-CONH,
12 H - Glys-DAla-Lys-Phe-Arg-Pro-Asp-Ser-Asn-Val-Arg-Gly-CONH,
13 H - Glys-Ala-Lys-Phe-Arg-DPro-Asp-Ser-Asn-Val-Arg-Gly-CONH,
SrtA*

LFy —LPSTGG + GsX Sv: | LFy —LPSTG:X

SrtA*
IR DTA -LPSTGG + GX

sDv: R DTA -LPSTGX

Figure 2.5. G;X peptides, where X represents mixed chirality sequences, are ligated onto LF-LPSTGG or
LF-DTA-LPSTGG using sortase A* (SrtA)* to yield sortagged variants (SV’s, LFy-X constructs) or
sortagged DTA variants (SDv’s, LF-DTA-X constructs).
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Table 2.2

comp sequence
Svl LFy - Glys-Ala-Lys-Phe-Arg-Pro-Asp-Ser-Asn-Val-Arg-Gly-CONH,
Sv2 LFy - Glys-Ala-Lys-Phe-Arg-Pro-Asp-Ser-Asn-Val-Arg-Gly-COOH
Sv3 LFy - Glys-Ser-Arg-Ala-Phe-Asn-Gly-Val-Arg-Asp-Pro-Lys- CONH,
Sv4 LFy - Glys-Ser-Arg-Ala-Phe-Asn-Gly-Val-Arg-Asp-Pro-Lys- COOH
Sv5 LFy - Glys-DAla-DLys-DPhe-DArg-DPro-DAsp-DSer-DAsn-DVal-DArg-Gly-CONH,
Své LFy - Glys-DAla-DLys-DPhe-DArg-DPro-DAsp-DSer-DAsn-DVal-DArg-Gly-COOH
Sv7 LFy - Glys-DSer-DArg-DAla-DPhe-DAsn-Gly-DVal-DArg-DAsp-DPro-DLys- CONH,
Sv8 LFy - Glys-DSer-DArg-DAla-DPhe-DAsn-Gly-DVal-DArg-DAsp-DPro-DLys- COOH
Sv9 LFy - Glys-Ser-Arg-Ala-Phe-Asn-Gly-Val-Arg-Asp-DPro-DLys- CONH,
Sv10 LFy - Glys-Ser-Arg-Ala-Phe-Asn-Gly-Val-Arg-Asp-Pro-DLys- CONH,
Svi1 LFy - Glys-Ala-Lys-Phe-Arg-Pro-Asp-Ser-Asn-Val-DArg-Gly-CONH,
Svi2 LFy - Glys-DAla-Lys-Phe-Arg-Pro-Asp-Ser-Asn-Val-Arg-Gly-CONH,
Sv13 LFy - Glys-Ala-Lys-Phe-Arg-DPro-Asp-Ser-Asn-Val-Arg-Gly-CONH,
Table 2.3
comp sequence
SDv1 LFy —-DTA-Glys-Ala-Lys-Phe-Arg-Pro-Asp-Ser-Asn-Val-Arg-Gly-CONH,
SDv2 LFy — DTA-Glys-Ala-Lys-Phe-Arg-Pro-Asp-Ser-Asn-Val-Arg-Gly-COOH
SDv3 LFy — DTA-Glys-DAla-DLys-DPhe-DArg-DPro-DAsp-DSer-DAsn-DVal-DArg-Gly-CONH,
SDv4 LFy — DTA-Glys-DAla-DLys-DPhe-DArg-DPro-DAsp-DSer-DAsn-DVal-DArg-Gly-COOH
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Figure 2.6. Delivery of cargo sortagged onto LF (or LFy-DTA). Translocation of cargo conjugated to LFy

is mediated by protective antigen (PA) from anthrax toxin.

2.2.3.2 Optimization of western blot workflow

To support our immunoblot analysis, we needed highly sensitive, consistent, reproducible and as
quantitative as possible data. We draw up a standardized and rigorous western blot protocol,
allowing us to correlate and compare our outcomes across different experiment.’”® Therefore, we
determined the span of signal intensities of our proteins, the linear dynamic range (Figure 2.6). A
curve of several proteins extract loads versus band intensity has been produced, establishing the
midpoint in order to generate bands linearly related to their protein abundance, without
overestimating or underestimating real differences. We treated all antibodies in order to set the
proper dilution factor required for each one and to verify the specific and selective interaction with
the targeted antigen.

Also, we introduced Biotin on a lysine residue of LFy. Each of the four subunit of streptavidin binds
to one molecule of biotin with remarkably high affinity and the resulting complex is the strongest
know non-covalent interaction between a protein and a ligand. The bond is unaffected by
temperature, organic solvents and other denaturing agents. These features, combined with coupling

high sensitivity and short reaction times, are particularly useful for detecting the protein.
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We compared then multiple exposures in an effort to determine the optimal acquisition condition
using a fluorescent-based-detection. In enzyme-substrate system (chemiluminescence) light is a
result of a chemical reaction, depending on the oxidation catalyzed by horseradish peroxidase (HRP)
of luminol in the presence of peroxide. By contrast, during fluorescent blotting reaction, light is
emitted transiently by a fluorophore after excitation and then releases protons. This difference in
signal optimization guaranties more accurate and quantitative results. Additionally, using
fluorophore-conjugated antibodies multiple targets can be detected simultaneously on the same blot.
This advantage has been used for data normalization. Ideally, each lane should contain the same
amount of protein, but immunoblotting involves several numbers of handly steps. Normalization is
then indispensable to identify and rectify any possible errors. We used Erk 1/2 to reduce the sample-

to-sample source of variability and improve the accuracy of the results.

Primary antibody incubation: Primary antibody incubation: | Secondary
Blocking Streptavidin Anti-Erk 1/2 antibody incubation

2h ‘ oun., 4°C ; 0.05% TBST

o.n., 4°C; 0.05% TBST | 1h, RT; 0.05% TBST

*TBST: 150 mM NaCl, 20 mM Tris amino; pH 7.5; 0.05% Tween 20

LF
Streptavidin l =
l 50 ug 80pg 100 pg
- e —

/

Figure 2.6. Determination of the linear dynamic range.
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Figure 2.7. Optimization of Streptavidin and Erk1/2 incubation.
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We had the best results blocking the membrane for 1 h and incubating it with primary antibodies at
RT for 2 hin 5% TBST + 5% Licor-buffer. Then we performed the incubation with the appropriate
secondary antibody over 1 h at RT using 5% TBST + 5% Licor-buffer (Figure 2.7). Further, to
examine whether densitometric ratios accurately reflect ratios between protein amounts, gels were
loaded with incremental amounts (50, 80 and 100 ug; 50, 60 and 70 pg) of total cellular proteins
from control samples. Each loading was performed in triplicate, and all the loadings were applied
to the same gel to insure identical treatment during the western blotting procedure. In addition, to
avoid band distortion, sample loadings were brought to the same final volume with sample buffer.
The densitometric values of LFy bands in the incremental loadings of control samples were plotted
against the corresponding total lysate protein amounts. We found that the average of the band
intensity resulting from each triplicate samples was mathematically proportional to the loaded

amount (Figure 2.8).

2.2.3.3 Western Blot Analysis with LFN-DTA-X and LFy-X Constructs

Strengthening our western blot workflow, we could convert each band intensity into a reliable and
meaningful assessment of abundance. Our goal was to relate the rate of proteasomal degradation of
proteins containing mixed chirality peptides.

Immunoblot analyses showed significant differences in cytosolic proteins levels highlighting the
substantial impact of the presence of D-amino acid on the polypeptide stretch stability. The results
underscored that LFy —"X constructs were rapidly degraded in the cell cytosol (Figure 2.9a);
nevertheless, LFy -"X conjugates reported to be stabilized to degradation (Figure 2.9b). We
demonstrated that the stabilization is not protein specific: our data suggest that the presence of the
X and PX stretches attached to LEy-DTA affects, in the same way, the protein half-life. The samples
treated with unstructured D-peptide payloads on the C-terminus of LFy (Figure 2.9) or LF\-DTA
(Figure 2.10) all showed Streptavidin or anti-LF, respectively, strong bands and their signal intensity
were equivalent to that resulting from the treatment with Lactacystin.

It was found that the C-terminus group plays a role in the degradation pathway: peptides presenting
a—CONH,; as a C-termini are less stable compared to those with the -COOH. Protein quantification
via Western blotting allowed us to detect even this feature, while using an SRM-based quantification
we wouldn’t be able to ascertain such a small difference in the molecular weight of the targeted

proteins.
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Moreover, capping the C-terminus with one or two amino acids (Dcap) stabilize the L-peptide cargo
(Figure 2.9¢), while the presence of one random mirror image amino acid in the mid of the sequence

doesn’t rescue the conjugate from the degradation (Figure 2.9c¢).

2.2.3.4 Protein Synthesis Inhibition Assay with LFN-DTA-X Constructs

Aimed at understanding the structural requirements of the translocation mechanism of mixed
chirality peptide cargos and proving the efficiency and adaptability of PA/LFy delivery platform,
we generated a chimeric protein composed of the PA recognition domain of LF (LFy) fused to the
amino terminus of the catalytic A chain of diphtheria toxin (DTA).

The diphtheria toxin (DTX) (58 kDa), secreted by Corynebacterium Diphteria as a single mature
precursor (535 residues), is a three domain protein. The N-terminal protein represents the A
fragment and is responsible for the catalytic properties; linked to this by a disulfide loop, the C-
terminal domain, termed B fragment consist of two regions, receptor binding domain (R) and the
translocation domain (T), which binding to its receptor on the eukaryotic surface cells and arranging
the hydrophobic insertion into the endosome bilayer membrane ensure the release of A.

As a result of the proteolytic nicking, at the trypsin-sensitive site and the consequent reduction of
the disulfide bridge, the free DTA catalyzes the transfer of ADP-ribose portion of NAD to a
posttranslationally modified histidine, diphthamide, of the elongation factor 2 (EF2), which it
thereby become no longer able of participating in protein synthesis.

Given that DTA or LFy alone has no effect on cell, it’s been taken advantage of the ability of the
assembled protein to inhibit protein synthesis in the presence of PA with the purpose of test their
translocation into the cytosol.

For the protein synthesis inhibition assay, Chinese hamster ovary (CHO-K1) cells were treated with
10-fold serial dilutions of each construct for 6 h to allow for sufficient buildup of the translocated
material in the cytosol and to observe DTA activity. After translocation, the cells were washed and
treated with *H-Leu in leucine-free medium for 1 h to detect DTA activity. The fraction of protein
synthesis with respect to DTA was measured with a scintillation counter.

Unfortunately, DTA wild-type is likely to dispatch is substrate in minutes and didn’t allowed us to
value any variability between the constructs translocation (Figure 2.10a). Indeed, a more suitable

translocation profile is available incubating cells over 30 min (Figure 2.10b). For this reason, for
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a) 6h; b) 30 min.; incubation at 37 °C.

our experiments we decide to use a mutant form of DTA (E148S, DTA ), by wich it’s possible
determining differences in cytosolic lifetime of each LFN-DTA,,~X over a wider dynamic range.
The point mutation involves, in fact, the active site glutamic acid residue drastically reducing (~ 300
fold) ADP-ribosyltransferase activity compared to the wild-type.

So far, the mutation has been performed on LF\-DTA and the resulting protein LFN-DTA ¢ has

been purified. Thus, we have to repeat the experiment using the mutant form of the protein over the
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6 h of incubation. This experiment will remarkably provide that the degradation effect of mixed

chirality peptides is not an artifact of the translocation.

2.3 Conclusion

The translocation of functional cell-impermeable substance into the cytosol of mammalian cells is
a key issue and several methods have been developed to overcome this restriction for both basic
research and therapeutic applications.

In this work, the versatile LFn/PA platform has been employed for efficiently deliver mirror image
polypeptides across the bilayer phospholipid membrane. Mixed chirality cargo feauturing on N-
terminal oligoglycine motif have been attached to the C-terminus of LFy or LFNy-DTA containing
the LPXTG recognition site via SrtA*-mediated ligation. Sortagged DTA variants confirmed the
internalization of the chimera proteins blocking the protein synthesis once in the cytosolic
compartment. Further, immunoblot analysis of the cytosolic delivered fractions underlined the high
intracellular stability of variants feauturing a mirror image sequence or a D-cap at the C-terminus.
Indeed, acting as an unstructured region, the L-sequence promoted proteasomal-
mediateddegradation, while the D-cargo rescued the protein from the proteolysis suggesting that
stereospecific interactions are required for the accessibility to the narrow catalytic pore.

Moreover, we demonstrated that a sequence of eleven amino acid in length is sufficient to work as
an initiation site, disproving the results collected so far in cell free assays.

Several questions remain unanswered regarding the rate of protein degradation, including the impact
of the amino acid composition of the tails.

Scouting the proteolytic machinery in cells will provide new insight into the potential therapeutic

use of engineered proteins.
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2.5 Experimental Section

Materials. Peptides were synthesized using Fmoc-protected L- and D-amino acids, N,N,N’,N'-
tetramethyl-O- (1H-benzotria-zol-1-yl) uranium hexafluorophosphate (HBTU), and 1-[bis-
(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]- pyridinium 3-oxid hexafluorophosphate
(HATU) purchased from Creosalus and Chemlmpex. Dimethylformamide, piperidine,
diisopropylethylamine, trifluoroacetic acid, and triisopro- pylsilane were purchased from VWR or
Sigma-Aldrich. All cloning was accomplished using the QuikChange Lightning kit (Agilent) or HiFi
DNA Taq Polymerase (LifeTechnologies) and pET SUMO Champion kit (LifeTechnologies). All
proteins were expressed in BL21(DE3) from LifeTechnologies. All medium for tissue culture was
from LifeTechnologies. For Western blots were used nitrocellulose membranes 0.2 um (Bio-Rad),
filters (BioRad), and Trans-Blot®Turbo™ Transfer Buffer (Bio-Rad), Odyssey blocking buffer -
PBS (LI-COR), were used. We used the following primary and secondary antibodies: LF (Santa
Cruz Biotechnology), Erk1/2 (Cell Signaling Technology), Rab5 (Cell Signaling Technology), goat
anti-mouse IRdye800 (LI-COR), goat anti-rabbit IRdye680, and streptavidin IRdye800 (LI- COR).
Unless specified otherwise, all other reagents were purchased from VWR, Sigma-Aldrich, or
LifeTechnologies. All commercially available materials (Aldrich®, TCI®, Novabiochem®,

Fluka®) were used without further purification.

2.5.1 Chemistry

Peptide synthesis and purification. Designed peptide sequences were synthesized under
automated flow coupling/deprotection conditions following a standard Fmoc/tBu protocol for SPPS.
In figure 1 is depicted the synthesizer. During a coupling reaction, the pumps draw reagents from
the storage module, and mix the desired amino acid with diisopropylethylamine (DIEA), and an
activating agent in the mixing module. This mixture flows through the activation module, an
electrically heated tubular reactor, where it quickly heats to 90°C and forms an active ester. Within
two seconds of activation, the activated amino acid flows through the coupling module, a packed
bed of peptide synthesis resin maintained at 90°C, where amide bond formation is complete within
seven seconds. Fmoc deprotection was carried out with 20% piperidine in DMF, and coupling
reactions were performed with a mixture of the opportune Fmoc-amino acid solution 0.2 M, HATU

0.17 M as activating agent and 5 v/v% DIEA in DMF over 7s. Couplings with Arg were
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accomplished using PyAOP as the activator and over 23s. In addition, regarding the synthesis of
COOH-Terminal Peptides, the first coupling was performed on the manifold employing 2-Cl-trtCl
resin (1.60 mmol/g), 4 mmol Fmoc-amino acid, 650 ul DIEA in 5ml of DMF over 30min. the first
deprotection was carried out with 20% Piperidine solution in DMF over 25 min. Thus, the synthesis
was taken up using the automated synthesizer. Following chain assembly, global deprotection and
cleavage from the resin was carried out with 94% TFA with added 1% triisopropylsilane (TIS),
2.5% 1,2-Ethanedithiol (EDT) and 2.5% H,O. After cleavage, TFA was dried under N2(g) and the
crude peptides were triturated three times with cold ether then dissolved in 50:50 A:B and
lyophilized. The products were purified by reversed-phase HPLC using a semi-preparative Agilent
Zorbax C18 column at a flow rate of 4 ml min™" at 1-61% of aqueous TFA and CH3CN containing
0.1% TFA over 80 min. The peptide was identified by MALDI-TOF MS.

Reagent Storage Fluid Mixing Activation

UV-Visible
Spectrometer

200mg ChemMatrix PEG
Disposable Reactor

—Coupling
——Deprotection
—Wash

Figure 1. The Automated Flow Peptide Synthesizer consists of five modules

1: Purity >95%, tR 26.2 min (analytical HPLC, 1-61% ACN in H20 (0.1% TFA) over 80 min,
flow rate of 4.0 mL/min); molecular formula, Cg3H9oN,40,0; calculated mass, 1530.647; found,

765.8983 (M + 2H+)/2.

2: Purity >95%, tR 27.4 min (analytical HPLC, 1-61% ACN in H20 (0.1% TFA) over 80 min,
flow rate of 4.0 mL/min); molecular formula, Cg3H9oN»40,0; calculated mass, 1530.647; found,

765.8981 (M + 2H+)/2.

157



3: Purity >95%, tR 28.2 min (analytical HPLC, 1-61% ACN in H20 (0.1% TFA) over 80 min,
flow rate of 4.0 mL/min); molecular formula, Cg3H;9;N240;;; calculated mass, 1531.647; found,

766.3905 (M + 2H+)/2.

4: Purity >95%, tR 25.8 min (analytical HPLC, 1-61% ACN in H20 (0.1% TFA) over 80 min,
flow rate of 4.0 mL/min); molecular formula, Cg3H;9;N240;;; calculated mass, 1531.647; found,

765.8979 (M + 2H+)/2.

S: Purity >95%, tR 26.5 min (analytical HPLC, 1-61% ACN in H20 (0.1% TFA) over 80 min,
flow rate of 4.0 mL/min); molecular formula, Cg3H;9N24050; calculated mass, 1530.647; found,

766.3905 (M + 2H+)/2.

6: Purity >95%, tR 27.2 min (analytical HPLC, 1-61% ACN in H20 (0.1% TFA) over 80 min,
flow rate of 4.0 mL/min); molecular formula, Cg3H;9;N24050; calculated mass, 1530.647; found,

765.8965 (M + 2H+)/2.

7: Purity >95%, tR 28.2 min (analytical HPLC, 1-61% ACN in H20 (0.1% TFA) over 80 min,
flow rate of 4.0 mL/min); molecular formula, Cg3H;9;N240;;; calculated mass, 1531.647; found,

765.8949 (M + 2H+)/2.

8: Purity >95%, tR 26.8 min (analytical HPLC, 1-61% ACN in H20 (0.1% TFA) over 80 min,
flow rate of 4.0 mL/min); molecular formula, Cg3H;9;N240;;; calculated mass, 1531.647; found,

766.2965 (M + 2H+)/2.

9: Purity >95%, tR 27.6 min (analytical HPLC, 1-61% ACN in H20 (0.1% TFA) over 80 min,
flow rate of 4.0 mL/min); molecular formula, Cg3H;9;N24050; calculated mass, 1530.647; found,

766.3944 (M + 2H+)/2.

10: Purity >95%, tR 28.4 min (analytical HPLC, 1-61% ACN in H20 (0.1% TFA) over 80 min,
flow rate of 4.0 mL/min); molecular formula, Cg3H;9N24050; calculated mass, 1530.647; found,

765.8896 (M + 2H+)/2.

11: Purity >95%, tR 27.8 min (analytical HPLC, 1-61% ACN in H20 (0.1% TFA) over 80 min,
flow rate of 4.0 mL/min); molecular formula, Cg3H;9N24050; calculated mass, 1530.647; found,

765.9979 (M + 2H+)/2.
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12: Purity >95%, tR 25.2 min (analytical HPLC, 1-61% ACN in H20 (0.1% TFA) over 80 min,
flow rate of 4.0 mL/min); molecular formula, Cg3H;9;N24050; calculated mass, 1530.647; found,

765.8903 (M + 2H+)/2.

13: Purity >95%, tR 26.2 min (analytical HPLC, 1-61% ACN in H20 (0.1% TFA) over 80 min,
flow rate of 4.0 mL/min); molecular formula, Cg3H;9;N24050; calculated mass, 1530.647; found,

766.3908 (M + 2H+)/2.

Sortase A Mediated Ligation of LFy-X and LFN-DTA-X Constructs. The constructs were
synthesized using the one-pot SrtA*-mediated ligation method.

N-terminal small ubiquitin-like modifier (SUMO) was first cleaved from the protein (Hisg-
SUMO-LFN-LPSTGG-Hi65 or Hisg -SUMO-LFN-DTA_LPSTGG-Hise), using 1 pg SUMO protease
per mg of protein substrate for 1 h at RT to give the native ammino termini of the substrate (LFy-
LPSTGG-Hisg or LEN-DTA-LPSTGG-Hise)

For each conjugate, the assembly was performed in presence of the C-terminal LPSTGG tag on
the protein (LFy or LFN-DTA (50 pM) and the N-terminal G5 motif on the X peptide (1 mM). The
reaction was catalyzed by 5 uM SrtA” in SrtA buffer (50 mM Tris pH 7.5, 150 mM NaCl and 10
mM CaCl) and incubated at room temperature for 15 min rocking. The mixture were rotated for an
additional 15 min after the addition of Ni-NTA agarose beads, which bound the enzyme and the
unreacted starting materials from the reaction mixtures. The samples were then spin filtered at 4 °C
and buffer exchanged three times into 20 mM Tris pH 7.5 and 150 mM NacCl to remove the excess

peptide. LC—MS was used to analyze the purity of each construct.

Svl: Purity >95%, tR 9.3 min (MALDI-TOF MS, 1-61% ACN in H20 (0.1% TFA) over 15
min, flow rate of 4.0 mL/min); calculated mass, 32965.98; found, 32965.17+0.4

Sv2: Purity >95%, tR 9.2 min (MALDI-TOF MS, 1-61% ACN in H20 (0.1% TFA) over 15
min, flow rate of 4.0 mL/min); calculated mass, 32965.98; found, 32965.02+0.4

Sv3: Purity >95%, tR 9.3 min (MALDI-TOF MS, 1-61% ACN in H20 (0.1% TFA) over 15
min, flow rate of 4.0 mL/min); calculated mass, 32965.98; found, 32965.15+0.4

Sv4: Purity >95%, tR 9.5 min (MALDI-TOF MS, 1-61% ACN in H20 (0.1% TFA) over 15
min, flow rate of 4.0 mL/min); calculated mass, 32965.98; found, 32965.2+0.4
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Sv5: Purity >95%, tR 9.4 min (MALDI-TOF MS, 1-61% ACN in H20 (0.1% TFA) over 15
min, flow rate of 4.0 mL/min); calculated mass, 32965.98; found, 32965.4+0.4

Sv6: Purity >95%, tR 9.3 min (MALDI-TOF MS, 1-61% ACN in H20 (0.1% TFA) over 15
min, flow rate of 4.0 mL/min); calculated mass, 32965.98; found, 32965.19+0.4

Sv7: Purity >95%, tR 9.2 min (MALDI-TOF MS, 1-61% ACN in H20 (0.1% TFA) over 15
min, flow rate of 4.0 mL/min); calculated mass, 32965.98; found, 32965.15+0.4

Sv8: Purity >95%, tR 9.5 min (MALDI-TOF MS, 1-61% ACN in H20 (0.1% TFA) over 15
min, flow rate of 4.0 mL/min); calculated mass, 32965.98; found, 32965.5+0.4

Sv9: Purity >95%, tR 9.35 min (MALDI-TOF MS, 1-61% ACN in H20 (0.1% TFA) over 15
min, flow rate of 4.0 mL/min); calculated mass, 32965.98; found, 32965.17+0.4

Sv10: Purity >95%, tR 9.3 min (MALDI-TOF MS, 1-61% ACN in H20 (0.1% TFA) over 15
min, flow rate of 4.0 mL/min); calculated mass, 32965.98; found, 32965.18+0.4

Sv11: Purity >95%, tR 9.3 min (MALDI-TOF MS, 1-61% ACN in H20 (0.1% TFA) over 15
min, flow rate of 4.0 mL/min); calculated mass, 32965.98; found, 32965.09+0.4

Sv12: Purity >95%, tR 9.4 min (MALDI-TOF MS, 1-61% ACN in H20 (0.1% TFA) over 15
min, flow rate of 4.0 mL/min); calculated mass, 32965.98; found, 32965.11+0.4

Sv13: Purity >95%, tR 9.5 min (MALDI-TOF MS, 1-61% ACN in H20 (0.1% TFA) over 15
min, flow rate of 4.0 mL/min); calculated mass, 32965.98; found, 32965.08+0.4

2.5.2 Biological Studies

Construction of plasmids for recombinant proteins and transfection.
The gene for LFy and LFN-DTA kindly provided by MIT, Department of Biological Engineering.
For separation purposes, a 6xHis tag was added to both the terminus of the proteins. Site-directed

mutagenesis was carried out using the QuikChange II site-directed mutagenesis kits (Agilent)
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according to manufacturer’s directions. The LFN-DTA,,; E148S was PCR-based site directed
mutated using the forward primer 5 - ctgagggctcticticigtttcttacatcaacaactgggaacagge -3 and the
reverse primer 5- gcclgticccagtigtigatgtaagaaacagaagaagageectcag-3 .Sample reaction was
prepared using 5 pl of 10x reaction buffer 50 ng of dsDNA template,125 ng of oligonucleotide
primer #1, 125 ng of oligonucleotide primer #2, 1 ul of dNTP mix and ddH,O to a final volume of

50 pl. Then 1 pl of PfuUltra HF DNA polymerase (2.5 U/ul) was added. The following
thermocycling conditions were used: 95 °C for 30 s; 18 cycles of (95 °C, 30 s; 55 °C, 1 min; 68 °C,
1 min/kb of plasmid lenght). Following temperature cycling, the reaction mixture was placed on ice
for 2 minutes to cool the reaction to <37°C. After annealing and digestion with 1 pl of the Dpn 1
restriction enzyme (10 U/ul), 2 pl of the double-stranded DNA ligation product was transformed
into XL1-Blue Supercompetent cells and plated on 30 pg/mL kanamycin plates and incubated
overnight at 37 °C. Colonies were grown in LB media containing 30 pg/mL kanamycin. The plasmid

DNA was isolated using the Qiaprep spin miniprep kit (Qiagen, Netherlands).

Protein expression and purification. His¢-SUMO-LFN-LPSTGG-Hg, His-SUMO-LFN-DTA-
LPSTGG-Hg, His¢-SUMO-LF\-DTA,,-LPSTGG-Hg, SortA*-Hiss and WT anthrax protective
antigen (PA) were expressed in E. coli BL21 (DE3) cells. The cells were grown at 37 'C to an ~ODyqq
0.6-1.0. The proteins were induced with 0.4 mM IPTG overnight at 30°C. After induction, the cells
were pelleted. Approximately 40 g of cell pellet was resuspended in 100 ml of 20 mM Tris pH 7.5
and 150 mM NaCl with protease inhibitor cocktail (Roche), DNasel (Roche), and lysozyme. The
cells were sonicated three times for 20 seconds on ice then spun down for 30 minutes at 35,000 g
and 4° C. After sonication, the suspension was centrifuged at 17,000 rpm for 40 minutes. The lysate
was The lysate was purified over three 5 ml HisTrap FF Ni-NTA columns (GE Healthcare, UK)
pre-equilibrated with 100 mL of 20 mM Tris-HCI pH 8.5, 150 mM NacCl, at pH 8.5 Each protein
was loaded onto the column then washed with the equilibration buffer and then with 100 mL of 40
mM imidazole in 20 mM Tris-HCI pH 8.5, 500 mM NaCl. The protein was eluted from the column
using 500 mM imidazole in 20 mM Tris-HCI pH 8.5, 500 mM NaCl. The eluted protein was buffer
exchanged into 20 mM Tris- HCI pH 8.5, 150 mM NaCl using a HiPrep 26/10 Desalting column
(GE Healthcare, UK). After desalting the proteins, the native N-termini were obtained by cleaving
the SUMO protein fusion. For SUMO leavage, I ug SUMO protease was added per mg protein for
1 hour at room temperature. WT PA was overexpressed in the periplasm of E. coli BL21 (DE3) cells

and purified by anion exchange chromatography.
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Cell line maintenance. Chinese hamster ovary (CHO-K1) cells were grown in F-12K medium
supplemented with 10% (v/v) fetal bovine serum and 1x penicillin—streptomycin in an incubator set

at 37 °C and 5% CO..

Protein Synthesis Inhibition Assay with LFx-DTA-X Constructs. CHO- K1 cells were plated at
densities of 2 to 2.5 x 10* cells per well in 96-well plates and incubated one day prior to the assay.
The following day, cells were treated with medium containing10-fold serial dilutions of the LF-
DTA-X construct (starting from 100 nM); then PA was added to each well for a final concentration
of 20 nM. The plates were incubated for 6 h at 37 °C and 5% CO,. Therefore, the cells were washed
twice with PBS. Leucine-free F- 12K containing H-leucine (1 pCi mL™, PerkinElmer) was added
and incubated for an additional 1 h at 37 °C and 5% CO. After the incubation, the cells were washed
again twice with PBS and suspended in 100pl of scintillation fluid. The amount of H-Leu present
was calculated by scintillation counting. For each sample, the scintillation counts were normalized
against cells treated with PA only. The data were fitted with a sigmoidal Boltzmann fit using
OriginLab software. Each data point corresponds to the average of measurements performed in

triplicate.

Translocation of LFN-DTA-X and LFy-X Constructs. 200,000 CHO- K1 cells were seated per
well on 12-well plates 16 h prior to the treatment. Cells were treated with 100 nM LF-DTA-X
construct in the presence of 20 nM PA in serum-containing F- 12K for 6 h at 37 °C and 5% CO,. In
select experiments, with the aim of inhibiting the proteasome activity, cells were preincubated with
20 puM lactacystin for 30 minutes at 37 °C and 5% CO, and then subsequently treated with the LF-
DTA-X constructs in the presence of PA, as described above. After translocation, the medium was
removed and cells were detached enzymatically with 1x 0.25% trypsin-EDTA solution for 5 min at
37 °C and 5% CO,. The cells were washed twice with PBS followed by centrifugation at 1200 rpm
for 2 min at room temperature. In order to obtain the cytosolic fraction, cells were lysed with buffer
consist of 50 pg mL digitonin in 75 mM NaCl, 1 mM Na,HPO,, 8 mM Na,HPO,, 250 mM sucrose,

and protease inhibitor cocktail (Roche) for 10 min on ice and then spun down at 4 °C for 10 min.

Western Blot Analysis with LFx-DTA-X and LFx-X Constructs. The extracted lysates were
analyzed by Western blot. Samples were prepared in Laemmli sample buffer and were
electrophoresed in outer chamber filled with MES running buffer (S0 mM MES, 50 mM Tris Base,
0.1% SDS, 1 mM EDTA, pH 7.3) at 80 V for 10 mins and then at 165 until the dye front reached

the end of the gel, using poliacrylamide gels (4-12%) of 1.0 thickness. Nitrocellulose membrane
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0.2um and filters were soaked in 60% 5 x Trans-Blot®Turbo™ Transfer Buffer, 20% Millipore
water and 20% ethanol (reagent grade ~85% or molecular biology grade ~95-98% purity). Protein
gels were blotted at 25 V for 30 mins using a Trans-Blot®Turbo™ Transfer apparatus. The
membrane was blocked with Odyssey blocking buffer - PBS for 1h at RT and with a gentle agitation
and then probed with the appropriate primary antibody or with Streptavidin (each one diluted
1:2000) in Tris-Buffered Saline with Tween-20 (TBST - 50 mM Tris-HCI, 150 mM NacCl, 0.05%
Tween 20 (w/v)) + Odyssey blocking buffer — PBS (LI-COR) for 2h at RT. The blots were washed
three times for 5 min with TBST, then immunostained with the appropriate secondary antibody
(1:5000 dilution) in TBST, and imaged using an Odyssey infrared imaging system (LI-COR). The
efficiency of lysis was analyzed by anti-Erk1/2 (cytosolic protein) and anti-Rab5 (early endosome)
immunostaining. Data were obtained from experiment in triplicates and normalized by Erk 1/2 bands
as a trustworthy and quantifiable loading control. The amount of lysate loaded was within the linear

dynamic range to ensure precice, quantifiable, and normalized densitometric data.
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