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ABSTRACT 

 

Cancer is lacking early detection methods and treatment specificity. In order to 

effectively increase the sensitivity and specificity towards cancer cells, we propose the 

use of multivalent interactions targeting overexpressed or specific receptor combinations 

at the cancer cell surface.  

In this thesis, we explored the design of new multimers, which could provide such 

multivalent interactions. The design of multimeric ligands was investigated and revisited 

based on specific parameters, essential for the creation of multivalent interactions such as 

thermodynamics. The novel multimer synthesis was designed so that libraries of homo- 

and hetero-multimers of different valencies can be obtained efficiently, and with good 

yields. The established synthetic scheme is empowered by its modularity, necessary to 

investigate different essential factors such as linker length. 

 Trimers composed of micromolar affinity MSH(4) targeting the MC1-R, overexpressed 

in melanoma, were investigated on a model cell line possessing overexpressed MC4-R 

and  resulted in the creation of nanomolar affinity constructs with an overall 350 fold 

increase in affinity for the best construct.  

Different multimers such as hexavalent and nonavalent dendrimers were synthesized and 

studied for their properties. All constructs had nanomolar affinity and showed to be non-

toxic up to micromolar concentrations and imaging studies also confirmed their 
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internalization, which overall demonstrate the potential for these compounds to be used 

as markers for cancer cells and as delivery agents.    

Trimers targeting the CCK2-R were similarly investigated for their potential as 

pancreatic cancer markers. However, those constructs did not seem to result in the 

expected enhancements in affinity, but the affinity of the initial monovalent agonist was 

in the 10-50 nanomolar range. As we were unable to design micromolar affinity agonist 

we investigated the use of a multimeric construct made of a micromolar CCK antagonist. 

This study, revealed the importance of thermodynamics in the creation of multivalent 

interaction.  

Heterotrivalent ligands (CCK and MSH) were investigated for their potential in cross-

linking different receptors and the study demonstrated the subtility to detect specific 

events such as cross-linking. 

Finally, the different attempts toward the efficient synthesis of a tetra-orthogonal 

scaffold, a key feature needed to generate multimers that could target up to 3 different 

receptors was investigated and showed promising results. 

It is our hypothesis that such an approach will ultimately lead to specific markers of 

tumor cells, which could be used as diagnosis agents when modified with an imaging 

moiety and as a therapeutic agent when modified with a drug. 
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CHAPTER I. INTRODUCTION 

 

1.1. Cancer 

1.1.1. Generalities 

Cancer is characterized as the uncontrolled growth of abnormal cells in the body. Cancer 

cells not only acquire the capability of growing and dividing indefinitely but may also 

develop the ability to spread throughout the whole body. There are as many cancers as 

tissues and organs, for example: breast, colon, pancreas, skin, brain, blood and others. 

Cancers are classified depending on the type of tissue they originate from, for example: 

carcinomas arise from epithelial cells, sarcomas arise from connective tissues and 

leukemia from blood. Cancers are known to be mostly due to gene damage by 

environment factors such as carcinogens, toxins, infections and radiations while about 

10% of cancers are caused by hereditary factors
1, 2

. A deeper view of the main pathways 

involved in cancer evolution can be found in references by Hanahan D. and Weinberg 

R.
3, 4

, in which cancer is not only described as the traditionnal uncontrolled growth of 

abnormal cells but as a result of multiple specific interacting factors.     

1.1.2. Cancer Growth and Spread 

Gene damage results in abnormal cells that survive and multiply until a tumor develops 

and spreads. There are three major genetic mutations that lead to cancer growth. The first 

type of mutation consists of inactivation of repair genes, which induces the accumulation 
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of mistakes within DNA sequences and leads to the presence and sustainability of 

abnormal genes resulting in further consequences, including abnormal cells
5
. The second 

type of mutation consists in the mutation of oncogenes, which are stimulators for cell 

division and replication; their mutation and overexpression induce abnormal cell 

proliferation
6
. Finally, the third type of mutation occurs in tumor suppressor genes, 

resulting in their inactivation
7
. The role of tumor suppressor genes is to block cellular 

proliferation; unfortunately their inactivation results in uncontrolled cellular growth.  

In order for tumors to grow, tumor cells must stimulate angiogenesis, a natural process 

consisting in the creation of new blood vessels. Once tumor cells lack oxygen they 

release growth factors such as VEGF, which binds to endothelial cells and activates the 

formation of new blood vessels to the cancer cell, allowing circulation of nutrients and 

oxygen, necessary for cancer cell growth and survival
8-10

. Tumor vascularization via 

angiogenesis induces its growth locally but the creation of a blood vessel network 

surrounding the tumor is also critical for metastasis to occur
11

.  

Metastatic cancer is the most dangerous form of cancer and represents 90% of cancer 

related deaths. Metastasis is the process of cancer cell migration: cancer cells break off 

from their location and enter the body blood stream via blood vessels and spread to other 

locations where they reproduce new cancer cells and invade the tissues
12

.   

1.1.3. Treatment and Diagnosis  

Since cancer was first described in 1600 B.C., surgery to remove the tumor has been the 

treatment of choice. Around 1960, radiation therapy, in which high-energy rays are used 
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to kill the cancer cells, appeared as another option for cancer treatment. However, even 

though these techniques have improved with time, they have been found to be inefficient 

for cancers that have already started to spread by metastasis
13, 14

. Research using drugs to 

treat cancer was necessary to effectively treat the tumors and started in the 1950’s. 

Unfortunately, chemotherapy is based on non-specific cytotoxic drugs, inducing 

numerous side effects on normal cells
13

. These compounds acting on dividing cells do 

effectively kill cancer cells but also affect the body’s dividing cells such as the hair 

follicle, the epithelial lining of the gastrointestinal tract and most importantly the bone 

marrow, which is the dose limiting factor for the use of these drugs. In order to avoid 

these side effects, specific treatments need to be accessed and targeted therapies are seen 

as the optimal possible treatment. Also the chances of survival increase with an early 

diagnosis and early treatment but nowadays diagnosis and treatment occur at a too late 

stage in the tumor progression
15

 (Figure 1.1).  

 

Figure 1.1 Temporal Progression of Cancer
15

 (Adapted from reference 15)
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Cancer diagnosis is usually confirmed by biopsy, which involves tumor sample removal 

and study. Other methods such as radiography and scans are used to detect tumors via 

imaging; however the size of the tumor needs to be detectable and imaging techniques 

still show a lot of non-specificity
16

. Blood studies can also be performed where abnormal 

levels of hormones or specific tumor markers are examined but usually these tests are not 

accurate or sensitive enough, leading to false positive results
17

. For example, metastasis 

can be at a dormant stage and such cells cannot be detected unless potent specific 

markers are available. To provide better diagnosis and treatment, research on differences 

between cancer cells and normal cells has been intensified in recent decades. This has 

resulted in the discovery of cancer cell markers, which offer new treatment and 

diagnostic strategies
13, 14

.  

1.2. G-Protein Coupled Receptors (GPCRs) and cancer 

1.2.1. GPCRs: Generalities 

GPCRs are the largest family of transmembrane receptors, and their ubiquitous presence 

within the body and control over all physiological processes makes them an ideal target 

for therapeutic application. GPCRs do represent the target of about 50% of prescription 

drugs, with a wide range of applications in different medical areas such as pain, obesity, 

central nervous system disorders, diabetes, cancer and more
18

.  

About 200 GPCRs are functionally known and more than 600 are unassigned and called 

orphans
19

. GPCRs are classified in 3 different families based on their sequence 
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similarities: family A is Rhodopsin-like, family B is Secretin-like and family C is 

Glutamate receptor-like
19

.  

GPCRs are seven transmembrane (7TM) receptors and possess a highly conserved helical 

TM structure
20, 21 

(Figure 1.2). The differences in structure between GPCRs arise from 

the intracellular C-terminus, the intracellular loop between TM5 and TM6 and finally the 

extracellular N-terminus, which possesses the highest diversity
22

. 

 

Figure 1.2 Terminology and General structure of a GPCR
20

 (Adapted from reference 20) 

GPCRs transduce signals within the cell after agonist ligand binding at the cell surface 

(Figure 1.3). Ligand binding to the active site (or orthosteric site) of the 7TM protein 

induces a conformational change, which allows the intracellular loop three and the C-

terminus of the protein to interact with a G-Protein, inducing activation or inhibition of 

signaling pathways and an increase or inhibition of the production of second 

messengers
22

.  
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Figure 1.3 G Protein-Mediated signaling by GPCRs
22

 (Adapted from reference 22) 

 

1.2.2. GPCRs and cancer 

Mutation of GPCRs results in malfunctions that lead to diseases such as vision disorders, 

hormonal deficiency and even abnormal organ development
23

. Although GPCR-targeting 

drugs represent 50% of the drug market, for cancer patients they are mostly used as a side 

medication, for instance by targeting pain via opioid receptors
24

. However, GPCRs are 

relevant targets for cancer since many links have been discovered between GPCRs and 

cancer cell proliferation and migration
24

. Many GPCRs have been found related to 

specific cancers
25 

(Table 1.1). It has been shown that GPCRs are not only activating the 

secretion of second messengers, but also have indirect effects on the whole intracellular 

signaling network
25 

as shown in Figure 1.4. 
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Figure 1.4 Example of GPCR signaling network contributing to cancer
25

. (Reprinted by 

permission from Nature publishing group)
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Table 1.1 GPCRs and cancer
25

. (Reprinted by permission from Nature publishing group.)
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GPCRs possess the ability to induce tumors by stimulation via excess of agonist secreted 

by these same tumors
25, 26

, phenomena called autocrine or paracrine activation. For 

example, neuropeptide ligands such as bombesin, gastrin-releasing peptide (GRP), 

bradykinin, cholecystokinin (CCK), galanin, neurotensin and vasopressin have been 

shown to be secreted by small cell lung carcinoma cells, which possess the cognate 

receptors for these ligands and therefore exhibit autocrine activation
27

. These receptors 

are also involved in other types of cancer, for instance, GRP-receptors and neurotensin 

receptors are involved in prostate cancer and CCK-receptors are involved in pancreatic 

cancer, and it has been shown that they could be targeted to prevent tumor growth
27

.  
 

GPCRs can also mutate to induce a constitutively active receptor where no ligand is 

needed for activation of signaling, therefore inducing a constant signal leading to a 

constant downstream cell growth signal
26

. For instance, 30 % of thyroid tumors possess a 

constitutive mutation of the thyroid-stimulating hormone receptor, which is a GPCR; 

hence, GPCR mutations could be tumorogenic
28

. 

Virus DNA encodes for GPCRs such as Herpes Virus Saimiri (HVS) or Kaposi sarcoma 

associated herpes virus (KSHV). In a study on non-human primates, the infection by 

HVS resulted in the expression of a GPCR, which induced lymph-associated diseases 

such as leukemia and lymphomas. KSHV has been studied as well, and expression of a 

related GPCR resulted in the indirect stimulation of VEGF inducing angiogenic 

response
26

. 
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Testosterone production via gonadotropin releasing hormone (GnRH) secretion is 

involved in growth and progression of prostate cancer
29

. In short, secreted GnRH binds to 

its cognate GPCR to then induce the secretion of two GPCR agonists, luteinizing 

hormone (LH) and follicle-stimulating hormone (FSH). These hormones activate the 

release of testosterone that consequently reaches the prostate and activates cancer cell 

growth. Antagonists for the GnRH receptor are used to reduce the levels of testosterone
29

, 

for example potent peptides abarelix, cetrolix and ganirelix, which are decapeptides 

composed of a Pro-Ala-CONH2 C-terminus and an Ac-Nal-Phe(4Cl)-Pal-Ser-Tyr N-

terminus. 

Tumors also release growth factors such as growth hormones (GH), increasing the local 

levels to stimulate their own growth. Somatostatin (SST), by binding to its cognate 

GPCRs, the somatostatin receptors, mediates the response to inhibit the secretion of 

growth hormone resulting in an ideal target to counteract neuroendocrine tumors
29

. For 

instance, more potent agonists to the SST receptors are used to more efficiently 

antagonize GH secretion. Peptides such as Octreotide and Pegvisomant are prescribed to 

cancer patients to inhibit cell growth
29

. 

Some cancers, such as breast and prostate cancers, are associated with hormonal 

dysfunction, and cell growth depends on estrogen and androgen levels. Regular therapy 

consists of control of hormone levels by treating patients with steroids; unfortunately, 

some patients develop hormone-refractory cancer lesions involving a GPCR intermediate 

that leads to ineffective hormonal therapy
30

. In fact, estrogens bind to their cognate 
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receptors (ER) and stimulate mitogen-activated protein kinase (MAPK) but it was 

observed that even with less ER, MAPK was still activated
31

. This activation was due to 

the involvement of GPR30, an orphan GPCR, on which estrogens selectively bind and 

induce downstream signaling, which in this case also activates epidermal growth factor 

receptors (EGFR)
31

. The discovery of such receptors that also recognize estrogens as a 

ligand but that are involved in growth factor release might be the source of the inefficacy 

of hormonal therapy in some patients
25

.    

Cyclooxygenases Cox-1 and Cox-2 are known to be involved in inflammation via 

secretion of prostaglandins, which upon binding to their cognate receptors activates 

inflammatory responses. Cox-2 overexpression leads to chronic inflammation and has a 

role in tumor development via GPCR signaling. In colon cancer, PGE2, one prostaglandin 

secreted by Cox-2, binds to its cognate GPCRs EP1-EP4 and induces cancer progression 

in animals
32

. A suppressor gene, Adenomatous Polyposis Coli (APC), is inactivated at an 

early stage in colon cancer. This inactivation results in free -catenin presence within the 

cell cytosol, which upon translocation to the nucleus, activates unwanted gene 

expression
33

. It is believed that APC and PGE2 are involved in a common signaling 

pathway since PGE2 binding to its GPCR, EP2, stimulates the -catenin pathway and 

therefore induces activation of gene transcription leading to Cox-2 involvement in 

tumorogenesis signals.    

Cancer growth also involves amplification of gene expression, resulting in an 

overexpression of GPCRs at the cancer cell surface
34

 and providing tumors a different 
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receptor pattern compared to regular cells. Some GPCRs can be overexpressed in a 

tissue-independent manner; for example protease-activated receptors, chemokine 

receptors and adenosine receptors seem to be overexpressed in a variety of cancers such 

as lung, breast, skin and gastric cancer. Some others can be more specific; for instance 

overexpression of prostaglandin EP2 receptor is only seen in prostate cancer and not in 

other cancers. 

Even though research is mostly focused on acting on these GPCRs by using agonists or 

antagonists, the GPCR overexpression could be a way to selectively target the cancer cell 

versus the normal cells. In order to selectively bind to cancer cells, we aim for the 

establishment of multivalent interactions via these overexpressed GPCRs. 

1.3. Multivalent Interactions 

1.3.1. Definition 

In order to bind with potency and specificity, many biological systems, including 

bacteria, viruses, and others, tend to bind via multiple interactions
35

. For example, the 

influenza virus binds to its targets, which are multiple sialic acid moieties found on 

glycoproteins, via trimers of hemagglutinin located on the virus surface to generate a 

network of low affinity interactions that results in high affinity and irreversible 

attachment to the host
35

.  
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Multiple interactions originate from the simultaneous binding of multiple ligands 

attached together (multivalent ligands or multimers) to multiple receptors on a surface 

(Figure 1.5). 

 

Figure 1.5 Monovalent and Multivalent interactions 

 The creation of multivalent complexes generates unique properties in relation to its 

monovalent equivalent such as enhancement in binding affinity
35

. Different kinds of 

multimers can be generated: homomultivalent ligands will refer to multimers composed 

of the same ligands and targeting one type of receptor and heteromultivalent would 

display different ligands where every single ligand would target different types of 

receptors. 

1.3.2. Thermodynamics 

Like most systems, multivalent interactions are governed by thermodynamics. For any 

equilibrium system to be favored, free energy should be low. Hence, the ideal equilibrium 

for many systems results from a low enthalpy and high entropy. However, multivalent 
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interactions seem to behave differently compared to most systems and arise from a subtle 

compromise between enthalpy and entropy. Multivalent interactions are defined as the 

simultaneous binding events of multiple ligands to multiple receptors but in fact they 

result from the favored addition of successive binding events. The first binding event is 

the anchoring of one ligand to one receptor: this ‘recruitment’ phase is led by enthalpy, 

then, the next binding events will occur only under specific conditions.    

 To illustrate the enthalpy factor, let’s consider an antibody and its antigens
35

: the 

antibody will represent receptors and the antigens the ligands. If we consider a 

monovalent interaction, one antigen will bind to the antibody and so will the second 

antigen with the same enthalpy. If we consider the antigens on the same surface (bivalent 

ligand) binding to its respective bivalent antibody (bivalent receptor), the only way the 

interaction is favored by enthalpy is if the antibody and the antigens possess an 

appropriate spatial arrangement where the antibody remains intact. In the case where the 

antibody needs to readjust its own structure to bind to the connected antigens, then the 

resulting enthalpy will be higher and the resulting multivalent interaction will be un-

favored. 
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Figure 1.6 Multivalent Antibody binding and enthalpy
35

 (Adapted from reference 35)
 

Ideally, when considering multivalent interactions, a lower enthalpy would be preferred 

so that the second binding event occurs before the 1
st
 one is separated from its target. 

Hence, to keep enthalpy low the optimal situation would be to have multiple ligands that 

properly fit the location of the targets, which, unfortunately, is difficult to realize. 

Although enthalpy is an important factor for multivalent interactions to occur, entropy is 

considered a major key to affording multivalent interactions. When a ligand binds to a 

receptor to generate a ligand-receptor complex, a loss in entropy occurs since the overall 

structure is immobilized. However, multivalent ligands are attached together via linkers 

that could possess different properties, and thus, affect the efficiency of the multiple 

binding events when considering the interaction of multiple ligands with multiple 

receptors.  
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In order to keep the entropy low, rigid linkers would be optimal for connecting ligands 

together but for the multivalent ‘rigid’ molecule to bind, the exact spacing between 

ligands needs to match the one of the receptors, which, as we mentioned before is not 

likely. Hence, flexibility is needed for the connection of ligands so the entropy factor 

can’t be too low. The total entropy is the result of three contributing factors: the 

translational entropy, the rotational entropy and the conformational entropy. The 

translational and rotational entropy respectively refer to the ability of the linker to 

translate and rotate through space while the conformational entropy refers to the intrinsic 

substructure of the linker. If the sum of the translational and rotational entropy is higher 

or equal to the conformational entropy, the interaction will be un-favored and will result 

in a monovalent interaction. For example, a linker that would be fully flexible without 

any spatial conformation would bind as a monovalent ligand. Yet, if the sum of the 

translational and rotational entropy is lower than the conformational entropy, the 

interaction will be favored. This linker, even though flexible, would have a substructure 

leading to some conformational lock in the space needed to give an overall direction to 

the other ligand so that binding can occur. To summarize, the total entropy can’t be too 

high because it would favor monovalent binding, indeed, a balance needs to be reached in 

order to generate a multivalent interaction and both factors need to be studied 

appropriately for the design of multimers. 
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Figure 1.7 Entropy and multivalent binding
35

 (Adapted from reference 35)
 

To conclude, multivalent interactions involve complex thermodynamics where enthalpy 

and entropy need to be compromised. Basically, in order for a multimer to generate a 

multivalent complex, the ligands would need to be tethered by linkers that are flexible 

enough to bind multiple receptors but not too much for the next binding event to occur. 

1.3.3. Binding mechanisms
35-37

 

Ordinarily monovalent ligands bind in a single mechanism where one ligand binds to one 

receptor (Figure 1.8 a) although sometimes they can induce receptor dimerization and be 

bound by two receptors (Figure 1.8 b).  

 

Figure 1.8 Binding of monovalent ligands
36

 (Adapted from reference 36) 
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Concerning multivalent ligands, they have the possibility to bind via different 

mechanisms since any ligand displayed could bind by affecting either one or multiple 

receptors. The first two mechanisms involve the multivalent ligand binding to a single 

receptor. These mechanisms result in multivalent interactions, which are additive rather 

than cooperative
35

: 

- The subsite binding consists of the multivalent ligand binding to different sites of 

the same receptor (figure 1.9 a), for instance, one ligand could bind to an 

orthosteric site while the other ligand could bind to an allosteric site.  

- The statistical effect consists of a high local concentration of ligand around the 

same receptor leading to an increase in affinity via a virtual constant ‘on’ rate, 

where, as soon as one ligand unbinds another one comes to occupy the receptor 

binding pocket (figure 1.9 b).     

Two other mechanisms are possible, but this time every single ligand will bind to a 

different receptor. These mechanisms result in multimers, which crosslink receptors, 

resulting in a real cooperative effect
35

 with synergy of binding events arising in high 

affinity multivalent interactions: 

- The chelate effect consists of the multivalent ligand binding of every ligand to 

receptors that are already close together on the cell surface (figure 1.9 c).  

- The cluster effect, as its name indicates, consists of the binding of the multivalent 

ligand on a cluster of receptors, where two ligands will simultaneously bind to 
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two receptors that will diffuse through the membrane in order to gain proximity in 

space and cluster the multimer (figure 1.9 d). 

 

Figure 1.9 Binding modes of multivalent ligands
36

 (Adapted from reference 36) 

1.3.4. Parameters to account for optimum design of multivalent molecules
35-37

  

The first criterion of great importance to afford multimers that could offer cooperative 

binding is the choice of the ligands displayed by the multimer. Ligands are recognition 

elements for the target and come from different molecular types, for instance, they can be 

small molecules such as carbohydrates
38

 or steroids
39

. They can also be larger entities 

such as peptides
40 

and proteins
41

. Depending on the context and on the desired 

investigations, the ligands can be agonists and initiate signaling response and 

internalization or antagonists and only get anchored to the target.  
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Valency is the number of ligands attached to the multimers and is another contributing 

and important factor in the enhancement in affinity for multivalent interactions. 

Independently of the mechanism, the higher the valency is, the stronger the binding will 

be since the resulting affinity arises from the addition of multiple low affinity 

interactions. The valency to choose when designing a multimer will depend on the target 

and the information about its concentration and density. However, if the target is 

unknown, the valency parameter needs to be screened to determine an optimum value.  

The backbone of the multimer or scaffold is also an important parameter and will 

determine the potency and efficacy of a multivalent interaction. Different scaffolds are 

available and are used for multivalent targeting purposes such as: small molecules
38

, 

peptoids
39

, polymers
40

, proteins
41

, dendrimers
42

 and liposomes
43

.  

In order to fit the thermodynamics for the formation of multivalent complex the scaffold 

should not be too rigid, neither too flexible and its length needs to be tunable. Also, it is 

necessary that the linkers possess a low spatial density so that they would not interfere in 

the binding events by introducing steric hindrance. Finally, the sequence constituting the 

linkers needs to be chosen wisely to avoid non-specific binding of the linkers to the 

target. 

In addition, there are other factors that are not controlled but that need high consideration 

for design and interpretation of results such as the receptor diffusion and the receptor 

expression levels.  
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1.4. Aims 

As described in the previous paragraphs, cancer diagnosis and treatments lack sensitivity 

and specificity (cf. 1.1.3). Recent research in cancer biology has provided more 

information on the characteristics of cancer cells and has established differences between 

normal cells and cancer cells such as GPCR overexpression (cf. 1.2.2). On the other side, 

multivalent ligand generation offers the possibility to generate high affinity complexes 

from lower affinity molecules (cf. 1.3.1). Research using multivalent interactions for 

tumor targeting has mostly been focused on the use of antibodies as ligands
44, 45

, however 

the use of other scaffolds has recently emerged
46, 47

 due to an increased knowledge on 

multivalent interactions and on cell cancer characteristics. The principal aim is to target 

overexpressed GPCRs at the cancer cell surface using multivalent ligands to selectively 

bind to cancer cells (figure 1.10). In terms of screening and diagnosis, the formation of 

high affinity complexes would allow the detection of small amounts of cells and in terms 

of therapy it could allow the creation of specific vectors that may be used for delivery of 

toxic agents to selectively kill cancer cells without affecting normal ones. Our aim is to 

generate novel efficient multimers that could bear multiple ligands and a tag with a 

modular and high yield synthetic strategy to investigate the creation of multiple 

interactions on different targets. In this work, the tag will be added for analytical 

purposes. Although the approach seems attractive, the creation of multiple interactions is 

complex and to achieve our aim, multiple criteria need to be considered.  
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Figure 1.10 Scheme diagram of multivalent interaction on cancer cells 

In this thesis we will describe the design and synthesis of easily tunable homo- and 

hetero-multimers as well as their use in the biological study of GPCR targets such as the 

overexpressed MC1R in melanoma and CCK-2R in pancreatic cancer.  
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CHAPTER II. DESIGN AND SYNTHESIS OF MULTIVALENT LIGANDS 

 

2.1. Design 

In 1994, Hruby’s group demonstrated the possibility of enhanced binding by 

investigation of the presence of melanotropin receptors on normal and melanoma cells 

using a nanomolar affinity ligand, NDP--MSH
48, 49

. Multivalent constructs were 

achieved via connection of NDP--MSH to a polyvinyl alcohol scaffold. The mono- and 

multivalent compounds were labeled with fluorescein and binding was analyzed by 

fluorescence microscopy. The multivalent constructs showed an enhancement in binding 

on normal cells that were known to have low receptor expression. The enhancement in 

binding on these cells was attributed to multivalent interactions induced by the 

multivalent construct. These constructs were later tested on normal epidermal 

melanocytes, which confirmed binding data of both mono- and multivalent constructs
50

. 

Based on these studies, our group and co-workers decided to investigate different 

multivalent constructs (Figure 2.1) bearing lower affinity MSH ligands, such as MSH(7) 

and MSH(4), to target cells possessing overexpressed melanotropin receptors. Indeed, 

MSH(4)- and MSH(7)-multivalent constructs would bind as monovalent ligands in the 

case of normal cells while they would bind as multivalent ligands on overexpressed cells 

therefore introducing selectivity to cancer cells. 
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Different linkers were tested, first, in 2004
51

, bivalent ligands of MSH(4) and MSH(7) 

were designed with PEG linkers as “ideal candidates” for connecting the ligands since 

they are soluble in water and highly flexible. However, by screening different ligands 

such as -Ala, Pro-Gly and 4-aminobenzoic acid (AMB), unexpected results were 

observed: the bivalent MSH(4) ligands showed the highest binding affinity when the 

constructs were connected via the rigid AMB or the semi-flexible Pro-Gly linker and the 

bivalent MSH(7) ligands showed good affinity with -Ala linkers (See Chapter I for 

more details on flexibility and entropy). 

Later, deeper studies were performed using NDP--MSH and MSH(4) as ligands and the 

AMB core as a scaffold
52

. The effect of AMB length was analyzed and an increase in 

affinity was only observed for the MSH(4) containing constructs, though it was 

interpreted as a statistical effect. That study confirmed the possibility of reaching higher 

enhancement values when a low affinity ligand is used, here MSH(4). 

Finally, other scaffolds were investigated such as polyvinyl alcohol decorated with 

MSH(4)
53

 and (Pro-Gly)-PEGO decorated with MSH(7)
54

. Both of these constructs 

showed an increase in binding affinities although not significant for some molecules 

depending on the length between ligands. Also, their large structure seemed to affect the 

original affinity of the monovalent ligand, introducing another factor to consider in the 

scaffold choice.  
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Figure 2.1 Multimers previously studied by our group and co-workers: A- PolyVinyl 

alcohol, B- Pro-Gly, C- PEGO, D-AMB.  

Considering all the previous results, we decided to design new multivalent molecules and 

see if by working on the optimization of individual parameters we could create more 

potent multivalent ligands. 

Overall, we needed a core molecule that is small enough so that it would not interfere 

with the intrinsic ligand binding. Also, we needed a synthetic scheme that would easily 

permit the construction of multivalent ligands with different linkers and different ligands. 

In order to answer to these issues we needed to consider every parameter at once.  

So far the valency used for previous constructs was two, but cooperative binding that 

would involve three ligands should generate higher affinity multivalent complexes and 



51 

 

higher specificity when considering three different targets
55

; therefore, we decided to 

study molecules based on a trivalent arrangement. Since we were interested in exploring 

the valency effect, we needed to have a template that would allow us to generate different 

orders of valency easily. Hence, we wanted to design tetravalent molecules in which a 

trimeric moiety would be used for targeting and a fourth moiety would be used as a tag. 

An ideal construct would also possess the capability of generating homo- and 

heteromultivalent molecules, so the scaffold needed to have the capacity to display one, 

two or three different ligands (Figure 2.2). 

 

Figure 2.2 Representative schemes of desired trivalent molecules   

Our quest was to find a template that is relatively small and easily tunable to fit the 

desired properties. Such a tetravalent template has been described by the Chassaing 

team
56 

that may fit those criteria, this template is a modified version of the amino acid 

ornithine. The ‘bis-ornithine’ template, containing two amino-propyl groups on its side 

chain, (Figure 2.3), was meant to be easily modified for studying the effect of spatial 

repartition of positive charges on internalization into cells (cell penetrating peptides).  
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Figure 2.3 Bis-Ornithine
56

 

That ,-dialkylated amino acid leading to a quaternary carbon, with a tetravalent overall 

structure, allows the display of ligands in a 3D space rather than 2D for linear scaffolds. 

Also, the presence of amine and acid moiety allow the possibility to attach any entity via 

an amide bond, and finally, by the strategic use of orthogonal protecting groups, 

heterogeneous molecules must be afforded.  

A Boc-Glycine was added on the N-terminus so that every amino group is equidistant 

from the quaternary carbon and a -Ala was added on the C-terminus to avoid steric 

hindrance for coupling to the carboxylic acid moiety (Figure 2.4).  

Finally, thanks to the use of orthogonal protecting groups we can create heterotrivalent 

molecules that could possess up to three different ligands (Figure 2.4). The use of Boc, 

Fmoc and Alloc protecting groups is considered since these are known for their easy 

formation and specific removal on solid phase or in solution. 
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Figure 2.4 Envisioned scaffolds for the creation of homo- and heterovalent ligands 

Multiple laboratories have studied the intermolecular binding site distances of GPCRs to 

illustrate receptor dimerization. One of the first papers describing inter-receptor distances 

was published by Conn in 1982 and suggests distances between receptors varying from 

15 to 150 Å
57

. Recent literature reports narrower ranges, for instance, modeling of 

rhodopsin dimers based on the crystal structure of rhodopsin reveals distances between 

binding sites from 35 Å to 77 Å
58

. Finally, modeling studies performed by our group
59

 

and others
60-62 

estimate values ranging from 22 to 80 Å.   

Since our group described estimated values of 25 to 50 Å
59

 to bind to multiple GPCRs, 

we decided to investigate binding of our trimers within this range. The core scaffold itself 

being too small with a distance of 5 to 10 Å between two amino groups, “extra linkers” 

have to be added to the ‘bis-ornithine’ scaffold in order to increase the length between the 

core and the ligands.  
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As explained previously, linkers should not interact with the ligand-receptor recognition 

and cannot be too flexible or too rigid. Consequently, we focused in this study on the use 

of semi-flexible linkers such as Pro-Gly and -Ala linkers. The semi-flexibility of these 

linkers results from the presence of both flexible and rigid structural elements. Pro-Gly 

polymer sequences are known to form helices resulting in a collagen-like structure, 

however, short sequences of Pro-Gly seem to lead to a random extended structure
63

. The 

rigidity of Pro-Gly linkers resides in the proline cyclic backbone, which induces 

constraint and therefore confers rigidity to the linker, while flexibility is brought by the 

glycine residue, which access both L and D space. Regarding the -Ala linkers, they are 

more flexible than the Pro-Gly linkers because of the two consecutive alkyl groups 

composing -Alanine, which introduce a third dihedral angle and therefore an extra 

plausible rotamer. Although the -Ala backbone is flexible, a slight rigidity is conferred 

to the linker via amide bond connections, which are known to constrain rotation via their 

planar trans conformation. The structural effect of both linkers was estimated to reside 

within the range of 25 to 50 Å.  

Solid phase synthesis seemed to be the ideal strategy for the multimer assembly, since it 

is created with successive amide bond linkages, and can easily provide libraries of 

compounds. 

Because they provide many advantages over different kinds of ligands, peptides are ideal 

candidates to construct multivalent ligands for GPCR targeting. Peptides are constituted 

of relatively small sequences of amino acids connected by amide bonds. Solid phase 



55 

 

synthesis and the evolution of chemistry techniques allow easy synthesis of specific 

sequences with high purity, which might be more difficult to afford with small molecules. 

A peptide-based design can also make use of known biologically active truncation 

sequences from larger peptides. It may be more difficult to modify and attach small 

molecules to the core structure without consequently affecting the small molecule’s 

properties; at a minimum the SAR is more complicated. Peptides may endow additional 

advantages in contrast to other ligands types with respect to their pharmacokinetic 

properties
64-66

. Peptides are often quickly cleared from blood by the urine excretion 

pathway and are intrinsically non-toxic because of their amino acid constitution. 

However, peptide toxicity can arise from non-specific binding to another target, but the 

study of ligand-receptor interactions should provide a guide to structural recognition, 

which permits the design of specific binding motifs. These structure-activity/affinity 

studies not only help to improve specificity, but also peptide stability to peptidase 

degradation can be enhanced by the use of constrains and unnatural amino acids such as 

D-amino acids. Another advantage in the use of peptides as ligands for tumor targeting 

resides in the fact that they usually exhibit limited penetration of the blood brain barrier, 

and therefore won’t be involved in non-specificity originating from the central nervous 

system. In the case where a brain tumor would be targeted there is still the possibility to 

generate peptide constructs that can cross the blood brain barrier
64, 67-72

. The fact that 

peptides can be tuned to fit many properties confirms their value as the ligand of choice. 

Finally, the use of agonist ligands is preferred since they might be internalized via 
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endocytosis, therefore they possess the capability to deliver cytotoxic agents into the 

cells. 

Our core scaffold was synthesized in solution and our multimers were assembled on solid 

phase so that the synthesis of libraries could be done with consecutive attachment of the 

scaffold and linkers. In the case where a tag was desired, a tag attachment point was 

added prior to the scaffold addition. To avoid a complete linear synthesis, we decided to 

attach the peptides as a building block; therefore, the peptides were separately 

synthesized and modified later prior to conjugation onto the template by a ligation 

method. 

Conjugation methods have been developed in the past few years to create proteins out of 

peptide fragments and more recently to label proteins. These methods involve quick and 

selective orthogonal reactions, which could be performed in water with high yields. 

Essentially, for the synthesis of the multimers, the choice of the method was governed by 

the ease of access to the reactive moieties and the ease of connection to the two partners, 

template and ligand. Four different methods, which are widely used for ligation, could be 

considered for this application: native chemical ligation (NCL), oxime formation, the 

Staudinger ligation and click chemistry (Fig 2.5).  
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Figure 2.5 Ligation methods representation. A-Native Chemical ligation, B-Oxime 

formation, C- Staudinger ligation, D-Click chemistry 

Native Chemical Ligation
73, 74

 results from the combination of a thioester and a cysteine 

residue, and has been mainly used for the synthesis of long peptides, proteins or even 

glycoproteins. NCL did not appear as an optimal strategy for the generation of multimers 

after considering the experimental conditions of NCL and the aim of our scaffold.  

Oxime formation
75

 results from the reaction between an aminooxy derivative and a 

ketone or aldehyde. Aminooxy groups are commercially available and can be added to a 

ligand easily, however the modification of ligands to afford a ketone or aldehyde is 
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usually done by addition and oxidation of a Thr or Ser residue
76

. This oxidation can lead 

to multiple oxidation products. Easier methods involving coupling of ketoaminoacids or 

keto derivatives such as levulinic acid were developed but showed incomplete conversion 

for the oxime formation
77

. Because of these reactivity issues the oxime method was also 

not considered for this study.  

Inspired by the Staudinger reaction
78, 79

, Saxon and Bertozzi reported in 2000 the 

Staudinger ligation
80

. In the Staudinger ligation, the fact that an iminophosphorane 

intermediate is created between an azide and a phosphine is explored and trapped so that 

the combination results in an amide linkage. However, the presence of the three aromatic 

moieties in the resulting molecule could introduce non specificity; therefore, a traceless 

Staudinger ligation method has been developed
81

 to prevent the presence of the phenyl 

phosphine moiety in the product. However, this method introduces extra steps for the 

synthesis of the phosphinothiol necessary to modify one of the ligands, which is the 

reason why this method was not considered.   

In 1965, Huisgens described the cycloaddition between azides and alkynes to generate 

triazoles
82

. Unfortunately, this reaction is not regioselective and results in the creation of 

1,3- and 1,4-triazoles. Also, in order for the cycloaddition to occur, harsh heating 

conditions are necessary. Nevertheless, the Huisgens cycloaddition being a convenient 

route to develop triazole based compounds, research groups have investigated ways to 

optimize it and in 2001 two groups
83, 84

 reported the catalysis by Copper (I) to afford 

specifically 1,4-triazole at room temperature. This copper catalysis created interest in the 
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Huisgens cyclization not only for triazole formation but also for ligation of molecules, 

tags etc. Indeed, a lot of alkyne and azide reagents are commercially available and known 

methods allow their convenient addition to ligands. For this reason, we selected the click 

chemistry method for ligation of the peptides to the template.  

By combining all of the elements described above, we could generate a general structure, 

which is outlined in Figure 2.6. 

 

Figure 2.6 General design 

In the next paragraphs we will present the scaffold synthesis and then the multivalent 

ligand assembly to generate the desired design.  

2.2. Bi-orthogonal and tri-orthogonal scaffold synthesis  

The different core scaffolds to afford the homo- and heteromultimers are represented in 

Figure 2.3. These scaffolds were synthesized based on the synthesis described by Dr 

Chassaing’s group
56

. Herein, we will describe the synthesis of the bi- and tri-orthogonal 

scaffolds. 
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The scaffold structures arise from a common ,-dialkyl amino acid compound, which 

has been described in the literature (Fig. 2.7). This ,-dialkyl amino acid is composed 

of an amino acid backbone with two acrylonitrile side chains installed as precursors for 

the amine functions. 

 

Figure. 2.7 Retrosynthesis for the scaffold formation 

Because amino acids are of great importance for the synthesis of peptides and proteins, 

their syntheses have been widely studied. Many methods are available to afford natural 

and unnatural amino acids and involve different strategies
85

 such as nucleophilic and 

electrophilic aminations, beta carbon homologations, enzymatic synthesis and more. One 

method that has been a tremendous success because of its convenience is the Strecker 

synthesis, in which an imminium is created and undergoes nucleophilic attack by a 

cyanide to form an amino nitrile, the nitrile being consequently hydrolyzed into an acid to 

form an amino acid. The easiest method to date to generate amino acids, including ,-

dialkylated ones, involves glycine derivatization by Shiff base formation
86

. In 1978, 

O’Donnell et al. described a convenient method to synthesize amino acids
87

, where the 

Shiff base formed between a benzophenone and a glycine ester is easily deprotonated to 

perform a nucleophilic attack onto the desired electrophile side chain, which is further 

hydrolyzed to yield the desired amino acid. Based on this method, optimization studies 
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showed that the base could be mild such as a carbonate, removing the electrophile 

functionality issue of stronger base and allowing the possibility to use more complex 

electrophiles
88

. Also, it has been demonstrated that alkylation is dictated by the number 

of equivalents of base and electrophile to be used, one equivalent will lead to the 

monoalkylated product and two equivalents will lead to the dialkylated product
88

. Finally, 

the use of para-chlorobenzaldehyde revealed to be useful for the efficient generation of 

,-dialkyl amino acids since the resulting imine induces a higher acidity of both -

protons thanks to a higher corresponding base stability induced by the delocalization 

towards the aromatic and the electron attracting properties of the chlorine atom
89

. 

Moreover, the starting materials are very affordable and finally the synthesis is composed 

of only three steps; therefore, the use of para-chlorobenzaldehyde for the Schiff base 

formation with a glycine ester residue is the method we choose to synthesize the ,-

dialkyl amino acid precursor (Scheme 2.1). In our synthesis, further modification steps 

involve the addition of a Boc protecting group, labile in acidic conditions. Consequently, 

to be orthogonal, we decided to use a glycine methyl ester as a partner for the Schiff Base 

formation, which later on can be removed in basic conditions. 
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Scheme 2.1 Synthesis of the ,-dialkyl amino acid precursor 

To afford the corresponding Shiff base, the hydrochloride of glycine methyl ester and 

para-chlorobenzaldehyde were reacted overnight at room temperature in DCM. 

Triethylamine was added to the reaction medium to deprotonate the glycine methyl ester. 

Magnesium sulfate was added into the reaction vessel to absorb the water molecules 

produced by the reaction, for the reaction to proceed towards the product formation. The 

resulting Shiff base 1, which was afforded with 98% yield, was then dissolved in 

methanol and underwent Michael addition onto acrylonitrile (2 eq.) in the presence of a 

catalytic amount of potassium carbonate (0.2 eq.) to afford the product 2 with 95% crude 

yield. It has been noted that very slow dropwise addition of the acrylonitrile raised the 

reaction yields; we attributed this result to the fact that methanolate is probably present in 

the reaction media and may act as a nucleophile competing with the Schiff base. 

Therefore, slower addition would resolve this problem because the methanolate is a 

weaker nucleophile that the stable Schiff base. Finally, the hydrolysis of 2 was performed 
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using HCl (1N) in THF at 0
o
C for 1hour. After work-up, the resulting oil was crystallized 

in EtOAc to afford 3 as white crystals.  

The precursor 3 is then modified on the amino and carboxy moieties to fit the desired 

properties (Fig. 2.8). To have equidistant amino groups to the quaternary center of the 

scaffold, Boc-Glycine was coupled to the precursor 3 (Figure 2.4). First, coupling using 

isobutylchloroformate was done in the presence of DIEA in THF at 0
o
C but yields were 

only of 60% while the starting material 3 was consumed, as determined by TLC analysis. 

We attributed these yields to the attack of the precursor on the resulting activated glycine 

ester, indeed, the use of isobutylchloroformate results in an anhydride that possesses two 

different electrophilic sites
90

 (Fig. 2.8). Usually, the attack occurs on the most 

electrophilic site a, to generate an amide bond. However, with the precursor 3 being too 

sterically hindered the attack might occur on either site a or b.  

 

Figure 2.8 Resulting activated glycine ester by isobutylchloroformate 

Fortunately, a variety of coupling reagents are available
91

 such as carbodiimides, 

phosphonium, imminium and uronium reagents. HBTU is an affordable uronium based 
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reagent, which seemed to generate good coupling yields, even for the formation of bulky 

dipeptides
92

. Compound 3 and Boc-Glycine were coupled using HBTU in the presence of 

DIEA in DMF at room temperature over night (Scheme 2.2). Upon work-up, the product 

4 was afforded pure with 85% yield, no chromatography was necessary since all the side 

products were removed by the work-up procedure. HCTU, another coupling reagent has 

also been tested and raised the yields to 92%; however the fact that it is less affordable 

makes it not as attractive for this step. Product 4 was saponified using lithium hydroxide 

(2M) at room temperature to yield the corresponding acid 5 in 95% yield. It should be 

noted that the use of sodium hydroxide does generate lower yields and multiple by-

products can be seen by TLC, which might come from the hydrolysis of the cyano 

groups. This side reaction is not observed with LiOH. The next step consisted in the 

addition of a β-Alanine residue to add a spacer to overcome the steric hindrance induced 

by the quaternary carbon. It was our thought that to efficiently activate that sterically 

hindered acid moiety we would need a non-bulky coupling reagent so, with the same 

coupling conditions as described above, DCC was first used, but only resulted in 60% 

yield of product 6. Higher yields were obtained with HBTU and BOP, about 80% and 

85% yields, respectively. Therefore, we could establish higher yields and reproducible 

reactions with uronium and phosphonium based reagents. Sonication was attempted and 

higher yields were observed, though, this method was not reproducible on a higher scale. 

Finally, compound 6 was saponified in the same reaction conditions as described above. 

Yet, the reaction needs to be performed at 0
o
C to afford good yields. Otherwise, N-Boc 

group removal was observed. Boc removal in basic conditions has been observed in some 
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specific cases
93-95

. However the observed removal when the saponification reaction is 

done at RT could not be explained since it is not comparable to any known case. 

Compound 7 was afforded with 90% yield only if the reaction is performed at 0
o
C as well 

as the work-up. 

 

Scheme 2.2 Modifications of the precursor 

Robust nitrile functions were installed onto the scaffold as precursors for amines. The 

next steps in the synthesis consisted in their reduction into amines and their protection to 

afford the final scaffolds (Scheme 2.3). Reduction of nitriles into amines can be done 

either by hydrogenation or hydride reduction. The first method we investigated was 

hydrogenation using Raney Nickel, which is a convenient and affordable method. 

Compound 7 was therefore reduced under standard hydrogenation conditions. Briefly, the 

compound was reacted in the presence of an excess of Raney Ni under 50 psi of H2 

overnight. Because of the zwitterionic nature of the product, no purification was 

envisioned. Thus the crude purity was important. The crude product was analyzed by 

NMR and showed about 70% of product 8 and 30% of impurities that were not the 
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starting material. Raney Ni produced side products during the hydrogenation of nitriles as 

previously described in the literature
96

, so we tried the Adam’s catalyst: platinium 

dioxide. Compound 7 was hydrogenated in the presence of PtO2 under 50 psi of H2 in a 

mixture of 10% chloroform in MeOH. The resulting crude product showed complete 

nitrile conversion to amine but 20% of Boc removal was observed. CHCl3 is the source of 

HCl, which is necessary to activate the PtO2 catalyst (Scheme 2.3). Since concentrations 

of chloroform as low as 2% could led to quantitative nitrile reduction
97

, we decreased the 

amount of chloroform to this value (2%) and proceed using the same reaction conditions. 

In this case NMR of the crude product confirmed the reaction completion and only 

product 8 was observed resulting in nearly quantitative yields. The resulting product 8 

was protected using general protocols either with Boc anhydride to Boc protect and 

afford the bifunctional compound 9 or with Fmoc-OSu to afford the trifunctional 

compound 10 in good yield. Alternatively, hydride reduction involving the use of NaBH4 

in the presence CoCl2 has been attempted, this method provides the opportunity to reduce 

the nitriles and protect the amines in a one-pot procedure
98-101

. The reaction was 

performed using an excess of NaBH4, CoCl2 and Boc-anhydride and completion was 

observed after 4 hours, leading successfully to compound 9 with 65 % yields. 

Unfortunately, these reaction conditions were not compatible with the Fmoc group, labile 

in basic conditions. To conclude, the optimal method to proceed to the reduction was the 

use of Adam’s catalyst PtO2, however, it must be kept in mind that one-pot hydride 

reduction and protection is possible to afford the Boc protected product.  
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Scheme 2.3 Reduction and protection steps 

Finally, bi- and tri-orthogonal scaffolds were obtained (9 steps) with an acceptable 

overall yield (40 %). Because of its complexity, the generation of the tetra-orthogonal 

scaffold will be discussed in another chapter. 

2.3. Multimer assembly 

2.3.1. Strategy for multimer synthesis 

The choice of strategy was dictated by the nature of the scaffold, thus the use of Boc 

strategy was the only on resin synthesis method that was appropriate for the multimer 

construction. Boc strategy involves the use of a resin that possesses a highly stable resin-

peptide link, only cleavable by the use of HF, this resin allows the use of diverse 

chemistries under different conditions such as acidic, basic and mild oxidation or 

reduction condition. Besides the use of HF for peptide cleavage from the resin, the Boc 

strategy brings a lot of advantages compared to other on-resin syntheses. For instance, 

shorter synthesis times are required since the Boc group can be easily and quickly 

removed compared to other protecting groups. Moreover, the resulting products show 

higher purity than with other methods, since aggregation, secondary structures and 

diketopiperazine formation are less likely to occur thanks to repetitive use of acids for 
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Boc removal compared to other methods such as Fmoc strategy in which unfavorable 

basic conditions are necessary for the Fmoc removal. Finally, the formation of oxazolone 

after amino acid activation is less likely to occur while using Boc protected amino acids 

because of the bulky tert-butyl moiety of the Boc group. The multimer assembly was 

performed using a regular Boc strategy procedure (Scheme 2.4) and every coupling and 

deprotection step was monitored by Kaiser’s test resulting in blue beads for free amine 

and yellow beads for protected ones.  

 

Scheme 2.4 Example of template assembly on solid support 

If a tag was needed, the attachment of a lysine was first performed as an anchoring point 

for the tag; as well as three arginines to enhance final compound solubility in water and 

to increase the distance between the tag and the trimer assembly. Otherwise, the scaffold 

was first coupled to the resin using a mixture containing HBTU/HOBt/DIEA: 3/3/6 for 

amino acid activation and the Boc groups removed using pure TFA. After scaffold 

attachment to the resin, the desired linker sequence was coupled to the resin with the 

same procedure as above. Once the overall scaffold was constructed on the resin, a 
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partner for click chemistry reaction needed to be added and the on-resin template could 

be either modified by an azide or an alkyne (Scheme 2.5). 

 

Scheme 2.5 Strategy choices 

In the case where the azide would be added to the resin, the alkyne would need to be 

added to the peptide and reacted in solution for conjugation to the resin.  

In the case where the alkyne is on resin and the azide on the peptide, an azido peptide 

needs to be synthesized. Although azides are stable in most conditions, it is known that 

they only partially resist the cleavage conditions
102

 and are not compatible depending on 

the side chains of different sequences. Therefore poor crude purity and low yields of 

peptides are afforded. Since high quantities of peptides are required for the formation of 

multimers, we chose to introduce the azide on the resin and the alkyne moiety onto the 

peptide (Figure 2.9). 
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Figure 2.9 Representation of chosen click chemistry partners 

Click chemistry involves the use of Copper I in the presence of a base, however if the 

alkyne moiety is in solution, Glaser coupling (Scheme 2.6), which consists of the cross 

coupling of two terminal alkynes in the presence of Copper I, could potentially occur and 

therefore lead to lower yields of triazole formation.  

 

Scheme 2.6 Glaser Coupling 

In order to prevent Glaser coupling, reagents were added in excess and solutions 

degassed using argon to prevent the presence of oxygen necessary for the Glaser coupling 

to occur. 

2.3.2. Azido moiety insertion 

The azido partner can be inserted into the multimer in two different ways: using either 

azidoacetic acid or bromoacetic acid with subsequent substitution of the bromide on the 

resin (Scheme 2.7). Azides are known to be explosive. Therefore, it is common that azide 

insertion on resin is afforded by on-resin bromine displacement
103, 104 

(Scheme 2.7 A.). 
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Scheme 2.7 Ways for azide insertion. A. Displacement of bromoacetic acid on resin. B. 

Coupling of azidoacetic acid 

A first test was made by coupling bromoacetic acid onto a triglycine on the peptidyl-

resin, and bromine displacement was effected by adding an excess of sodium azide as a 

nucleophile and reacted for one day. The resulting peptide was cleaved and MS showed 

the presence of the brominated sequence. Since the nucleophilic substitution on resin did 

not occur with complete conversion, another method, which consists in the addition of 

the azido acetic on resin, was investigated (Scheme 2.7 B.). To do so, the azido acetic 

acid was synthesized in solution by sodium azide attack on bromoacetic acid
105

. The 

reaction was performed by suspending the bromoacetic acid in water followed by slow 

addition of an excess of sodium azide. After one day stirring and usual work-up TLC 

confirmed consumption of starting material and the NMR confirmed the purity of the 

azido acetic acid 11 obtained in quantitative yields (Scheme 2.8). It was observed that 

other solvents such as DMSO or DMF gave poorer yields and should not be used for this 

reaction since the resulting mixture cannot be purified due to azide instability.  
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Scheme 2.8 Azido acetic acid synthesis 

The pure azido acetic acid was activated using the standard mixture HBTU/HOBt/DIEA: 

3/3/6. Even though this activation was exothermic, the mixture was used to attempt 

coupling. Unfortunately, Kaiser test revealed blue beads, confirming the non-coupling of 

the azide, even after multiple attempts. Therefore, optimization of coupling conditions 

was required. First, the dilution was increased but this did not have any effect. Second, 

the amount of base was decreased so that it is not in excess compared to the activating 

agents. A 3/3/3 ratio of HBTU/HOBt/DIEA was used, resulting in a complete coupling 

with a yellow Kaiser’s test, which confirms the disappearance of free amine functions. 

The resin was analyzed by IR, the characteristic azide band at 2100 cm
-1

 was observed, 

but no quantification was made. The impossibility to activate the azido acetic acid in the 

presence of an excess of base might come from thermal decomposition of azido acetic 

acid leading to nitrogen, carbon dioxide and imine, as proposed by Moutinho et al.
106 

(Scheme 2.9).  
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Scheme 2.9 Proposed mechanism for thermal decomposition of azidoacetic acid by 

Moutinho et al.
106

 

The presence of an excess of DIPEA in the activation medium probably activates its 

decomposition via the carboxylate formation. To conclude, the azido partner can be 

safely synthesized in solution and efficiently coupled to the resin as long as an 

appropriate activation ratio is used without base excess. 

2.3.3. Modified ligand synthesis     

The chosen strategy involves the synthesis of a peptide ligand bearing an alkyne moiety 

for the conjugation of the peptide by click chemistry. Amounts of peptides, in the 100 mg 

range, are required for the synthesis of multimer libraries. After comparison of the 

advantages and drawbacks of solution and solid phase strategies we choose to synthesize 

these peptides on resin. Because of the triple bond sensitivity to HF cleavage conditions, 

the Boc strategy was not considered and the Fmoc strategy was selected. In order to avoid 

side reactions and copper chelation by basic residues the peptides to be linked to the 

template were used with their protecting groups for the ligation. Peptide sequences were 

synthesized on Sieber amide resin, which contains a weak resin-peptide linkage cleavable 
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with 1%TFA to afford the desired protected peptides. Concerning the peptide synthesis, 

standard coupling and deprotection mixture were used, i.e. amino acid couplings were 

performed using the regular activating mixture (HBTU/HOBt/DIEA) and Fmoc groups 

removed by the use of a 20 % piperidine solution in DMF. Since propiolic acid is 

commercially available and can be coupled by amide bond formation, its use was 

envisioned for its electrophilicity to ease the reactivity for the ligation; however, coupling 

agent addition onto the alkyne moiety of the propiolic acid has been observed so 4-

pentynoic acid has been chosen instead as the alkyne partner to ensure no side reaction. 

Depending on their properties, peptides can be modified either at their extremities or 

within their sequence. To afford modifications at any location we synthetized a Fmoc-

protected modified lysine displaying the pentynoic acid on its side-chain (Figure 2.10 and 

Scheme 2.10) so that it could be inserted within a sequence or at the C-terminus by a 

standard Fmoc strategy. This strategy prevents using the expensive commercially 

available propargylic amino acids and at the same time the (CH2)4 lysine side chain may 

be part of the spacer for the multimeric ligands.  

 

Figure 2.10 Peptide amino acid sequence modifications via an acylated lysine 
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First, a Fmoc-Lys(Boc)-OH was submitted to esterification with thionyl chloride and 

methanol to afford the corresponding Fmoc-Lysine-OMe 12 in quantitative yields with 

the side chain being freed from the Boc group by the release of HCl formed during the 

reaction. Compound 12 was then coupled to 4-pentynoic acid with HCTU in the presence 

of DIEA to afford 13 in quantitative yields. Finally, the methyl ester was removed in mild 

basic conditions so that the Fmoc group remains on the amine
107

, i.e. at 0
o
C with LiOH 

(0.2 M) to afford 14 with 90 % yields (Scheme 2.10). The critical step for achieving these 

yields was to perform the reaction at low temperatures.   

 

Scheme 2.10 Synthesis of a modified lysine for peptide modification for click chemistry 

Compound 14 represents our alkyne moiety to be added to the peptide sequences by the 

regular coupling procedure. With a resolved synthetic strategy for both the alkyne and 

azide partners, attention was then focused on the triazole formation by copper-catalyzed 

Huisgen’s cyclization.  



76 

 

2.3.4. Ligation: optimization of the click chemistry 

Over the past decade, click chemistry has been successfully applied to a wide variety of 

applications such as: attachment of radiotracers to proteins
108

, functionalization of 

nanomaterials
109

, carbohydrate chemistry
110

, peptide cyclization
111

, and more. This 

available variety of applications arises from the ease of the reaction, the facility to modify 

both partners by an alkyne or an azide moiety, respectively and more importantly, this 

reaction can be achieve either in solution or on solid support.  

The copper (I) catalyzed Huisgen’s cyclization mechanism has not been fully proven 

even though it has been theorized
112-115

.  The first step involves copper addition to the 

alkyne in the presence of base. Initially, the mechanism was thought to be similar to the 

one seen in Sonogashira coupling, in which the alkyne moiety is activated by 

complexation to one copper atom
114

. However, reaction rate studies have shown that the 

reaction was of order two in copper, therefore involving the formation of complexes 

possessing two copper atoms
113-115

 (Scheme 2.11). Similarly, rate reaction studies showed 

reaction of first and second order in alkyne
113-115

 resulting in the possibility of two 

different complexes composed of two copper atoms and either one or two alkyne ligands. 

The azide moiety will then displace one of the ligands on the copper complex and the 

orientation of chains on the di-copper complex predisposes the elements to form a 1,4-

triazole. The resulting complex undergoes cyclization into an eight membered 

metallocycle intermediate, probable due to the fact that reaction rates are increased in the 

presence of electron-withdrawing groups on the alkyne. The metallocycle rearranges into 
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a copper complexed triazole, which upon catalyst dissociation by protonation, affords the 

desired 1,4-triazole. 

 

Scheme 2.11 Proposed click chemistry mechanism
113 

As we can see, click chemistry does not proceed in the same way as Huisgens 

cycloaddition, which results from a concerted mechanism, but rather in a stepwise 

manner. The copper (I) catalyst is the essence of the reaction for the fast 1,4-triazole 

formation. Since copper (I) is the catalyst of choice, it has been successfully applied in 

these reactions with copper iodide (CuI) as the source of copper (I)
116

. In addition, many 

groups have efficiently applied copper (II) and ascorbate mixtures to reduce in situ 

copper (II) to copper (I), to successfully afford triazole formation with copper acetate
117

 

(Cu(OAc)2) and copper sulfonate
118

 (Cu(SO4)2) as copper (II) sources. However, even if 
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CuI is used, it has been shown that the presence of ascorbate is necessary in order to 

provide good yields
119

 by ensuring the prevention of copper (I) oxidation. Concerning 

solvents, myriad solvents and co-solvent mixtures have been reported
113-121

 such as: 

MeCN/H2O, tBuOH/H2O, MeOH/H2O, DMF/Pyridine, DCM, THF and others either for 

solution or solid phase synthesis.  

As we can see, different reaction conditions have been described but no clear correlation 

seems to be found between the different kinds of partners involved in the cycloaddition 

and the composition of the reaction mixture
113, 120, 121

. Since papers usually conclude 

without explanations on an ideal mixture for their specific case of partners, screening is a 

necessary step to find optimal reaction conditions for the ligation of our peptides to the 

on-resin template. 

To investigate the click reaction, we decided to work on a model where our scaffold was 

linked to the resin with azido moieties and click reaction of the alkyne-modified lysine 13 

was investigated under different conditions. It was our hypothesis that the reactivity of 

this modified lysine would be relatively similar once attached to a small peptide 

sequence. Since copper (I) and copper (II) gave different results depending on the 

application, two kinds of metal were tested: CuI and Cu(OAc)2, in the presence of sodium 

ascorbate. Because of the first step of the mechanism a base is mandatory, we used 

DIEA, the most commonly used to afford deprotonation. Finally, the choice of solvent 

mixture seems to be unlimited. However, because of the mechanism, it is possible that a 

co-solvent containing a nitrogen atom can be involved as a ligand and stabilize the copper 
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(I)
113, 120, 121

. To test these conditions, we used a mixture of DMF/pyridine (8/2) or 

DMF/tBuOH/pyridine (3/5/2) and DMF/2,6-lutidine (8/2), pyridine and 2,6-lutidine 

being the nitrogen-containing ligand, with a 20% concentration as described in the 

literature
113, 120, 121

. To minimize the Glaser side reactions, solvents were used after drying 

and degassing with argon bubbling prior to use. 

Thanks to the azide on resin, monitoring can be performed in two ways: either by 

observing the disappearance of the characteristic azide wavelength at 2110 cm
-1

 by IR 

spectroscopy or by using a modified Kaiser test
122

. When monitoring is done by IR, the 

same amount of resin is weighed and placed on the IR apparatus, and spectra are recorded 

from 600 to 3000 cm
-1

 before and after the click reaction, the material in this case may be 

totally recovered. The modified Kaiser test consists of the addition of a 5% triphenyl 

phosphine solution in THF into the regular Kaiser test solution to reduce azides into 

amines. If azides are remaining on the resin, a blue color will appear under those 

modified conditions due to their reduction into amines. If the reaction reached completion 

and no azide remains on the resin, the resulting Kaiser test beads are yellow.  

A model based on our general strategy 15 was constructed following a regular Boc 

strategy procedure (Scheme 2.12). First an Arginine was coupled to ensure compound 

solubility in water, the scaffold 9 was coupled to the resin followed by removal of the 

Boc groups. Finally, the azido acetic acid was coupled to the resin, the resin was dried 

and the presence of azide was monitored by IR spectra and Kaiser test resulting in blue 

beads. The resin was then transferred from a fritted syringe to an Eppendorf tube and the 
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following reaction mixture was added to the vial: copper (5 eq.), ascorbic acid (5 eq.) and 

compound 13 (2 eq.), added as a powder and dissolved in the solvent mixture, as 

indicated in Table 2.1, also containing the DIEA (7 eq. per arm) with a concentration of 

0.25 mol/L based on the copper. Because of the solid phase synthesis, excess of reagent 

was added to ensure higher yields. At first, a suspension was observed probably because 

of a concentration close to saturation; indeed, to prevent Glaser coupling of the triple 

bond high dilutions are to be avoided, but after 2 hours the solution becomes clear. The 

mixture was shaken for 18 hours and transferred back into a fritted syringe for a series of 

washes. The washing protocol is very important to completely remove the excess of 

copper. Washes are described in detail in the experimental section but it should be noted 

that the most important wash is the one containing 0.5% diethylthiocarbamate because it 

efficiently chelates the copper. Monitoring of the wash can even be done visually since 

the complex gives a brown color to the wash solution. Usually, 2 washes of 10 min allow 

complete removal of copper excess. After the washes were performed, the IR was 

recorded and Kaiser tests were done with and without the addition of triphenyl phosphine 

(See Table 2.1 for results). Finally, Fmoc groups were removed from the lysine ligands 

and resins were cleaved by HF and resulting crude products purified by HPLC in order to 

calculate the yields. 

 



81 

 

 

Scheme 2.12 Synthesis of a model for click chemistry optimization 

 Based on the results (Table 2.1), the Kaiser test done in the absence of triphenyl 

phosphine showed negative results (yellow) proving the stability of the Fmoc group in 

the presence of pyridine and 2,6-lutidine, which confirms orthogonality for the use of any 

scaffold. The Kaiser test in the presence of PPh3 was positive (blue) for the mixture 

containing DMF/Pyr with both Cu(OAc)2 and CuI and IR confirmed the presence of 

azides. In the case of the mixture with the tBuOH, CuI seemed to result in complete 

conversion, which was not the case in the presence of Cu(OAc)2.  
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Cu(OAc)2 (5eq./arm) 

DMF/Pyr  

(8/2) 

DMF/tBuOH/Pyr  

(3/5/2) 

DMF/2,6-lutidine 

 (8/2) 

Kaiser 

+ PPh3 blue Blue yellow 

- PPh3 yellow Yellow yellow 

IR 2100cm
-1

 yes Yes no 

Approximate Yield 36% 65% 80% 

CuI (5eq./arm)    

Kaiser 

+ PPh3 blue Yellow yellow 

- PPh3 yellow Yellow yellow 

IR 2100cm
-1

 yes No no 

 Yield 55% 82% 90% 

*All reactions were performed with ascorbic acid (5eq. per arm) and DIEA (7eq. per arm). 

Table 2.1 Monitoring and yield for 15 formation under different conditions
* 

Finally, yellow beads for the Kaiser test in the presence of PPh3 and the absence of an 

absorbance 2100cm
-1

 was observed with the mixture containing 2,6-lutidine with either 

metal, making it the ideal co-solvent to be used for the click chemistry reactions we 

wanted to perform. Comparing the yields, we can see that the reactions with CuI were 

more efficient, probably due to the catalyst being present mostly as the copper (I) species. 

We can also see the influence of the solvent mixture, such as the experiments with 2,6-

lutidine that yielded complete conversion. tBuOH seems to improve the reaction, maybe 

via its proton, to help in the last step of the mechanism, which consists in the triazole 

protonation for the copper unchelation. Finally, the use of 2,6-lutidine afforded reaction 
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completion and good yields. 2,6-Lutidine might be a better stabilizing ligand for copper 

due to its higher pKa and nucleophilicity compared to pyridine as co-solvent. 

Microwave radiation has been used in order to heat reactions and increase reaction 

rates
123, 124

. As described in the literature, the influence of heat in the presence of copper 

(I) still affords the 1,4-triazole selectively
123, 124

. In our lab, we have developed coupling 

methods on-resin using microwave irradiation, with couplings performed at 60W in four 

times five seconds instead of 30 min at room temperature. Therefore, we decided to apply 

the same conditions and followed the reaction by both IR and Kaiser’s test using the 

optimal conditions we determined previously. The resin with the azide is transferred into 

a microwave glass tube and reagents are added: CuI, ascorbic acid, DIEA, DMF/2,6-

lutidine, with the best ratio. In order to prevent high temperatures, which may induce side 

reactions such as racemization, the glass tube is placed into liquid nitrogen or a dry 

ice/acetone mixture to cool down the reaction media after five seconds of irradiation. The 

first attempt was done at 60W with four times five seconds irradiation and testing with 

the modified Kaiser’s test showed remaining blue beads. Therefore, we increased the 

number of irradiations to eight and less blue beads were observed. Increasing the number 

up to twelve times finally leads to complete conversion. From these results, the reaction 

of click chemistry can be performed in only one minute using the microwave. To confirm 

that the use of microwave did increase the reactivity, we just realized the same 

experiment without the microwave use and took a modified Kaiser’s test after 5 min, 

which showed blue beads thus confirming the involvement of microwave irradiations in 

the reaction rate increase. Unfortunately, these observations were qualitative and after 
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treatment (washes, Fmoc deprotection, cleavage), the crude product resulting from 

microwave irradiation was of a similar purity than the one without, however, the yields 

provided were only about 50% compared to above 90% at room temperature. This 

reaction was reproduced and confirmed the fact that microwave gave lower yields. One 

clear observation resides in the resin coloration with microwave irradiation; usually while 

performing coupling the resin remains yellow yet the presence of copper gave a dark 

brown coloration to the resin, which was impossible to remove by washes. Thus, it may 

be possible that the copper induces partial degradation of the resin therefore affording the 

product but in a lower quantity. To summarize these tests, the click chemistry can be 

cleanly performed in high yields with the use of copper iodide in the presence of 2,6-

lutidine as a co-solvent. Microwave irradiation can be use to generate compounds quickly 

but lower yields are to be expected. 

To conclude this chapter, a general strategy has been established to generate multimers 

based on a careful design. The core scaffolds can be synthesized in solution with decent 

yields and a strategic scheme has been established so that every element can be easily 

modified rendering easy synthesis and screening of different molecules.  

The following chapter describes the application of these methods to generate multimers 

(Scheme 2.13) and the analysis of the resulting compounds in order to determine their 

properties and test our hypotheses.  
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Scheme 2.13 Optimal established strategy  
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CHAPTER III. HOMOTRIVALENT LIGAND TARGETING MELANOCORTIN 

RECEPTORS 

 

3.1. Introduction 

3.1.1. The Melanocortin system 

Peptide hormones are involved in endocrine function and govern multiple physiological 

responses throughout the body. They are mainly but not exclusively produced by the 

pituitary gland located in the brain
125

. Melanocortins are peptide hormones produced 

upon pro-opiomelanocortin (POMC) cleavage (Figure 3.1) in the hypothalamus and the 

pituitary gland by the successive action of proteases
125, 126

.  

 

Figure 3.1 POMC cleavage 

 

The resulting linear melanotropin peptides are melanocyte stimulating hormones (-, - 

and -MSH)
127, 128

 and corticotropin hormone (ACTH)
129

. Each sequence contains the 
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tetrapeptide His-Phe-Arg-Trp, pharmacophore for the activation of their corresponding 

receptors: the melanocortin receptors. Melanocortin receptors (MC-R) are GPCRs 

belonging to the rhodopsin family. Even though they possess a high sequence homology, 

they are divided based on their anatomical distribution in five different subtypes and 

named after their respective discovery
130-132

: MC1-R, MC2-R, MC3-R, MC4-R and 

MC5-R. Melanotropin ligands all bind with different potencies to the MC-R subtypes 

except for MC2-R, which can only be activated by ACTH
 
(TABLE 3.1)

130-132
.   

Receptor Relative melanotropin ligand potency 

MC1-R -MSH = ACTH > -MSH > -MSH 

MC2-R    ACTH 

MC3-R -MSH = ACTH = -MSH = -MSH 

MC4-R -MSH = ACTH > -MSH > -MSH 

MC5-R -MSH > ACTH > -MSH > -MSH 

 

Table 3.1 Endogenous ligand potency 

The melanocortin system is unique since it is the only peptide hormone system known to 

possess not only agonists but also endogenous antagonists or inverse agonists
130, 133, 134

. 

These endogenous antagonists, (Agouti and AGRP)
135, 136

, which possess a tripeptide 

pharmacophore Arg-Phe-Phe, are produced to block agonist action. In some cases, they 

can also decrease basal activity, therefore acting as inverse agonists instead of 

competitive antagonists
137

. The melanocortin system represents a target of interest 

because it affects a broad variety of physiological functions; melanocortin receptors can 
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be found at different locations and each subtype affects a specific function
131, 132

 (Table 

3.2).  

The MC1-R is mainly located in melanocytes and is involved in skin and hair coloration 

via stimulation of eumelanin synthesis
130-132

. The MC1-R was also found in the CNS at 

lower ratios and is suspected to possess a role in pain control
130-132

. The MC2-R or ACTH 

receptor is exclusively located in the adrenal cortex and is involved in the stimulation of 

steroid synthesis and the control of adrenal gland secretions. The MC2-R is also essential 

for the development of the adrenal cortex
130-132

. The MC3-R was found in the CNS but 

also in organs such as kidneys, stomach, gut, placenta and pancreas. The MC3-R is 

involved in obesity, energy homeostasis and natriuresis
130-132

. The MC4-R is spread to a 

higher extent than MC3-R in the CNS and can also be found in the heart. MC4-R also 

plays a major role in obesity and energy homeostasis, as well as in cardiovascular and 

erectile function
130-132

. Finally, the MC5-R is mainly found in exocrine glands where it 

stimulates and regulates the synthesis and the secretion of exocrine gland products such 

as enzymes and hormones, it is also found throughout the body including the brain. MC5-

R seems to be involved in mood and defensive/aggressive behavior
130-132

. 
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Receptor Main Location   Major function 

MC1-R Melanocytes    Pigmentation 

MC2-R Adrenal gland    Steroidogenesis 

MC3-R Brain    Energy homeostasis/Obesity 

MC4-R Brain    Feeding Behavior 

MC5-R Exocrine glands    Exocrine gland secretion 

 

Table 3.2 MC-R location and function 

The five melanocortin receptor subtypes activate a signaling cascade through the Gs 

subunit
130, 131

 (Figure 1.3
22

). The ligand binds to the receptor inducing a conformational 

change activating the Gs protein. The conformational change is transferred to the G-

protein, inducing replacement of GDP by GTP at the -subunit of the Gs protein. The 

bound GTP -subunit then dissociates from the  unit and binds to adenyl cyclase. This 

binding induces a conformational change activating the adenyl cyclase, which then 

catalyses the conversion of ATP into cAMP. cAMP is a second messenger, which upon 

secretion, activates a cAMP-dependent protein kinase, protein kinase A (PKA). The 

activated PKA phosphorylates specific target proteins inducing specific physiological 

responses within the cell. For example, activation of MC1-R increases cAMP levels to 

increase eumelanin secretion
138

. 

3.1.2. Melanoma and MC1-R 

Melanoma is the most virulent type of skin cancer, which upon metastasis is nearly 

incurable
139

. However, as mentioned in chapter I, early diagnosis could raise the chances 
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of survival. In the quest of specific markers for melanoma early detection, the 

melanotropin receptors were found to be of interest. Indeed, many believed in their 

existence in melanoma because of melanotropin involvement in skin pigmentation. 

However, the first proof of their presence on melanoma cells was described by Lejeune et 

al. in 1988 with melanotropin ligand binding studies
140

.  It is worth noting that only α-

MSH out of all melanotropin ligands showed good binding. Later, many groups
141-143

, 

including ours
48

, studied the distribution of melanotropin receptors in different melanoma 

cell lines and tissues via binding and imaging studies. These studies revealed the fact that 

α-MSH binds to a huge variety of melanoma cells with a higher specificity than on 

normal cells. This led to the thought that -MSH could be an ideal marker for melanoma 

detection.   

Increased knowledge about melanocortin receptor ligands and functions led to the 

confirmation that MC1-R was the receptor involved in the recognition of α-MSH by 

melanoma cells
144

. Further studies on the relation between MC1-R and skin pigmentation 

revealed its key role in the potential development and involvement in human skin 

cancer
145-147

. One major factor contributing to MC1-R as a target for melanoma detection 

resides in its overexpression. Indeed, over the past decade, MC1-R distribution studies 

demonstrated its presence in high levels in some melanoma cells
148-152 

with about 80% of 

metastatic melanoma cells overexpressing the MC1-R
152

. Considering this 

overexpression, it was hypothesized that markers containing -MSH could be used in 

relatively low amounts to detect melanoma tumors
153-156

. Attempts have shown to be 

successful for binding and imaging to linear and cyclic -MSH markers with a high 
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tumor uptake, however, non-specific binding was detected and further lowering the 

amount of markers was not considered since it would raise sensitivity issues. To decrease 

or even try to eradicate non-specific binding we proposed the synthesis of multivalent 

ligands displaying the lowest sequence necessary for binding: the pharmacophore. As 

described in chapter I, we seek multivalent interactions using multimers containing 

peptide ligands to afford high affinity complexes by targeting overexpressed receptors. 

Hence, the use of the target’s pharmacophore as peptide ligand seemed the best choice in 

order to lower non-specificity since it would only bind as a monovalent ligand to normal 

cells. However, to create such selective markers and to establish multivalent interactions 

requires cautious analysis of the target and parameters for multimer design. 

In Chapter II, we described a general design and a flexible synthetic scheme for the 

creation of novel trivalent MSH ligands. Herein, we will describe the synthesis and 

biological evaluation of MSH trimers using a model system overexpressing the MC4-R, 

which possesses the same pharmacophore.  

3.2. Trimer library and investigation of multivalent interactions 

Ideally, to establish multivalent interactions, the ligands should be presented with the 

appropriate spatial separation to fit the receptors simultaneously. Herein, studies 

involving the evaluation of multimers based on the established optimal design detailed in 

chapter II are described. Unless noted otherwise, no tag is present in the libraries.  
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3.2.1. Linker and length: effect on multivalent binding 

3.2.1.1. The library 

The first library was established to investigate the effect of linker composition and length 

on the binding affinity. Trivalent constructs, which contained ligands spanning inter-

receptor distances estimated between 25 to 50 Å (see chapter II design), were generated.   

The linkers consisted of either -Ala or Pro-Gly sequences to afford constructs with 

different ligand lengths estimated by modeling. As described previously, the 

pharmacophore for the target was used as a ligand. However, some modifications needed 

to be applied to conjugate it to the template. The pharmacophore for melanocortin 

receptors consists of the tetrapeptide sequence: His-Phe-Arg-Trp. Structure activity 

relationship (SAR) studies revealed the importance of a D-Phe residue instead of an L-

Phe to increase resistance to proteolytic cleavage
157

, and to greatly enhance bioactivity. 

Even though it is known to raise the affinity of the pharmacophore for the receptor, that 

value remains in the low micromolar range; therefore, the peptide is still suitable for our 

trimers when modified with a D-Phe. Another concern was the peptide modification with 

a triple bond for conjugation purposes. Fortunately, SAR studies also showed that a 

carboxamide C-terminus and an acetylated N-terminus did not affect the pharmacophore 

properties toward melanocortin receptors
157-161

, suggesting the possibility to add 

modifications at the pharmacophore extremities. Based on SAR studies a carboxamide 

was selected as the C-terminus and acetyl as the N-terminus
157-161

. Hence, the ligands 

were synthesized with a carboxamide on the C-terminus and alkyne modification at the 
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N-terminus followed by acetylation. The desired protected peptide (Figure 3.2) was 

synthesized following a regular Fmoc strategy on a Sieber amide resin. The amino acids 

constituting the sequence (Trp, Arg, D-Phe, His, 14) were successively incorporated and 

acetylation was performed after addition of the last amino acid using a mixture of acetic 

anhydride and base in DMF. Cleavage using 1% TFA in DCM afforded the desired 

ligand. The resulting ligand NB110, 16, was used without purification for the ligation to 

the template based on the crude purity, ideally above 90%. To determine the purity, a 

sample of NB110 was cleaved using 100% TFA and HPLC performed. 

 

Figure 3.2 Protected peptide NB110  

Based on the design and the synthetic scheme described in chapter II, the scaffold 9 was 

first coupled to the MBHA resin. N-Boc removal was performed by pure TFA and the 

desired linker sequence was created by successively coupling the appropriate amino acids 

following a regular Boc strategy. The azido acetic acid 11 was then coupled to the 

template on resin. The click chemistry reaction was then done under the conditions 

described previously in which the resin is transferred to a vial and the required reagents 

are added: CuI, ascorbic acid, DMF/2,6-lutidine, DIEA and the ligand NB110. Reaction 
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monitoring was performed as described in Chapter 2 by IR, and the use of a modified 

Kaiser’s test. With the peptide, the time necessary to achieve completion was four days 

when the reaction was performed at room temperature with all reagents. Upon 

completion, the resin was washed appropriately and cleavage was performed using HF to 

afford the compounds with acceptable crude purity. The crude purities were usually 

above 80 % as illustrated in Figure 3.3 and yields after purification were between 50 and 

70%, which confirmed the strength and efficiency of the established strategy. The 

reaction was also attempted using microwave radiation for one compound and the desired 

compound was afforded; however, poorer crude purity and yields were observed. 

 

Figure 3.3 Example of HPLC trace of a crude trivalent ligand at 230 and 280 nm 

The general trimer analogue structure is represented in Figure 3.4 and the corresponding 

codes, composition and estimated ligand-spanning distances are reported in Table 3.3.  

Their complete characterizations are described in the experimental section (Chapter 9). 
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Figure 3.4 General trimers analogues structure 

Code Name Linker 
Estimated inter-

ligand length (Å) 

17 NB300 Gly-(Pro-Gly)3 60±20 

18 NB299 Gly-(Pro-Gly)2 52±20 

19 NB298 Gly-(Pro-Gly)1 45±20 

20 NB302 (-Ala)2 48±10 

21 NB301 -Ala 43±10 

22 NB297 None 35±10 

 

Table 3.3 Trimer Analogue composition and estimated inter-ligand distances 
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3.2.1.2. Time resolved fluorescence and assay optimization 

Evaluation of binding affinity was done by competitive binding assay using time resolved 

fluorescence (TRF). In the 1980’s in vitro TRF assays with lanthanides were described as 

an ideal alternative to “toxic” radiolabeled assay
162-165

. The advantages did not only 

reside in low toxicity but also in the high sensitivity compared to the use of regular 

fluorophores
162-165

. Indeed, the long lifetime of fluorescence and large Stokes’ shift of 

lanthanides affords a reduced background via recording of the emission wavelength at 

longer times, which do not overlap with the excitation wavelength. Thanks to those 

attractive advantages, a variety of research applications were developed over the past two 

decades using TRF, including by our group and co-workers, which described in 2004 and 

2005 the use of TRF for saturation and competitive binding assays
166-168

.  

In a standard established procedure, cells were plated in black costar plates and grown 

until appropriate confluence was reached. For saturation experiments, a series of dilution 

of a Eu-DTPA labeled ligand were added to cells and for the non-specific measurements 

cold ligand was added up to M concentration in the presence of the labeled mixture. In 

the case of competitive binding, a fixed amount of Eu-DTPA labeled ligand was 

displaced by a series of dilution of the compound of interest. For both experiments, a 

series of washes were performed after incubation using a Tris-Buffer to wash off the 

unbound materials. Finally, after addition of enhancement solution and appropriate 

incubation, europium time resolved fluorescence was measured. The corresponding data 

was analyzed as saturation or competition curves.  
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Based on these previously described protocols, the first library binding was investigated 

using a cell model overexpressing MC4R. HEK293 cells transfected with MC4-R were 

furnished by Dr Xu Liping, who participated in binding assays and taught us how to 

perform these assays. These cells were seeded at 20,000 cells per well on black costar 

plates. It is worth noting that other plates should not be used since they increase the non-

specific binding even though higher signal is seen. The cells were grown for three days 

until a confluence of 80% was reached. The first competitive binding assays were 

performed following exactly the described procedures
166-168

. However, reproducibility 

problems were encountered while screening libraries; moreover, high errors within the 

same experiment were observed. Therefore, we decided to investigate if the assay could 

be further optimized. Since free europium was at first suspected to be the source of 

background, a fresh Eu-DTPA labeled NDP--MSH ligand was synthesized (Scheme 

3.1). The NDP sequence was synthesized on resin using a regular Fmoc strategy. A PEG 

linker was coupled on the N-terminus in order to raise the solubility of the final 

compound, followed by the addition of the DTPA cage, which was added on resin using a 

mixture of DTPA anhydride and HOBt. The resulting peptide was cleaved and purified 

by HPLC to afford a powder, which underwent chelation to europium in solution to 

afford the desired labeled ligand: Eu-DTPA-NDP--MSH 24. The ligand was purified 

and characterized to confirm the absence of free europium.  
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Scheme 3.1 Synthesis of Eu-DTPA-NDP--MSH 

The Eu-DTPA-NDP--MSH was used to generate a saturation curve in the presence of 

cold NDP to measure the non-specific binding using the same conditions as described by 

the literature
166-168

. The plates possess a clear bottom, which allows the observation of 

cells by microscope. Therefore, the cells were observed at every step of the assays: before 

and after addition of ligands, before and after incubation and during the washing steps. 

HEK293 cells are known to weakly attach to surfaces. However, after the first washing 

step, about 20 % of cells were unbound, after the second washing step more than 50% 

was unbound and finally after the third wash step, only a few cells were remaining 

leading to poor signal for the fluorescence measurement and high errors due to the fact 

that the cell loss was not equivalent over the whole plate. Consequently, the wash step 

was attributed to be the source of poor reproducibility. Since the binding buffer seemed 
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to be compatible with the cell stability, the same saturation assay was performed and the 

cells were washed using the binding buffer only. Unfortunately, the non-specific binding 

observed was 50% at nanomolar concentrations and complete above 200 nM. The 

observed non-specific binding was high but the cells did remain stable to the washing 

steps and remained through the whole plate. Therefore, optimization of the washing 

buffer (composed of the binding buffer) had to be done. The DELFIA method is an 

industrial method based assay, which involves time resolved fluorescence, and EDTA 

and Tween 20 are often used in their commercially available buffer. So, we added the 

same concentrations of EDTA (20M) and Tween 20 (0.01%) to our wash buffer and 

perform the saturation assay using this new wash buffer. Finally, saturation curves were 

afforded with a non-specific binding of 20% for nM values, however, above 100nM, the 

non-specific binding seemed to rise linearly. To conclude, this assay modification can be 

used if high-affinity labeled ligands are used, however, further optimization is needed in 

the case of a lower affinity ligand. It should be pointed out that another student: Kamya 

Ananthakrishnan (Lynch’s group) took over the investigation of the wash buffer and 

further optimized those especially in the case of lower affinity ligands. She demonstrated 

the possibility to reduce the non-specific background by preincubating the cells with 2% 

BSA prior to the assay, which in our case is unnecessary since the ligands have a high 

affinity for the receptors though it is an important point to remember in case lower 

affinity labeled ligands are used.  
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The generated saturation curves showed a low non-specific background and the 

experiments were reproducible, indicating that the regular procedure was optimized with 

the addition of the new wash buffer.  

Finally, libraries were investigated using this method and showed similar tendencies to 

the previous ones; however, the data was reproducible and low errors were observed 

compared to the previous assay. The details about the optimum assay are described in the 

experimental part. 

3.2.1.3. Results 

The analogues described in Table 3.3 were analyzed, as mentioned above, using the 

optimized competitive TRF binding assay and the results are summarized in Table 3.4. 

Relative potency was established by comparison to the binding of the monovalent 

tetrapeptide pharmacophore Ac-MSH(4): Ac-His-DPhe-Arg-Trp-CONH2. First, a general 

tendency can be observed and the lower the estimated distance between ligands, the 

lower the IC50 values are. The addition of linkers composed of Gly-Pro and -Ala 

sequences did not seem to improve as much the strength of the multimer for its targets 

compared to the construct with no linkers. Gly-Pro sequences were described as ideal 

semi-flexible linkers in the formation of linear bivalent ligand
54, 59

. However, in this case, 

they seemed to decrease the binding of the trimers affording IC50 values from 220 to 620 

nM.  
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Compound Linker 

Estimated 

length between 

ligands (Å) 
IC50 (nM) 

Relative 

potency 

to Ac-MSH(4) 

Ac-MSH(4) - - 4600 ± 790 - 

NB300 Gly-(Pro-Gly)3 60±20 620 ± 51 7 

NB299 Gly-(Pro-Gly)2 52±20 410 ± 70 11 

NB298 Gly-(Pro-Gly)1 45±20 220 ± 59 21 

NB302 (-Ala)2 48±10 120 ± 10 38 

NB301 -Ala 43±10 88 ± 12 52 

NB297 None 35±10 71 ± 5.3 64 

 

Table 3.4 Binding affinities of the analogues at the melanocortin four receptor (MC4-R) 

Concerning -Ala sequences, they showed a relatively enhanced affinity and do not seem 

to decrease the binding of the trimers as much as the Pro-Gly ones, affording IC50 values 

around 100 nM. Pro-Gly sequences are known to generate turns, which is not the case for 

linear -Ala sequences. The formation of turns would bring the ligands away from fitting 

the corresponding receptors on the cell surface, therefore limiting the strength of the 

multivalent interaction. Though, it should be noted that a fold increase compared to the 

monovalent ligand was observed for all the compounds. Therefore, multivalent 

interactions were established and fold increase rising up to 65 times better than the 

monovalent construct was observed, which has not been seen before.  

Since the shorter inter-ligand distance showed the best results, an investigation of 

compounds possessing even shorter distances was desirable. To do so, the general 

structure had to be revised and the only moiety that could be modified was the ligand. In 
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one example, a lysine bearing a triple bond was added in order to allow modifications at 

any location in the sequence. However, since this peptide is modified on its N-terminus 

and not within the sequence, it is also possible to directly acylate the peptide with the 

triple bond on its N-terminus to avoid the use of the extra lysine, which acts as an extra 

linker via the carbons of its side chain. Therefore, the pharmacophore sequence was 

synthesized on a Rink amide resin and after Fmoc deprotection of the histidine residue, 

the commercially available pentynoic acid was connected by coupling using a regular 

mixture of HBTU/HOBt. The protected peptide was cleaved from the resin using 1%TFA 

in DCM to afford the desired sequence 25 (Figure 3.5). An additional ligand possessing 

an extra -Ala (26) was synthesized following the same procedure to see if the structure 

of the connection can affect the binding. Compounds 25 and 26 were used for 

conjugation to the template with no additional linkers to afford the trimers NB341, 27 

and NB342, 28.  

The trivalent ligands NB342 and NB341 were evaluated under the same conditions as the 

previous library. The compound NB342, which possesses an estimated inter-ligand 

distance of 35±5 Å, showed an IC50 of 73 ± 3.5nM. The compound NB297, with ligands 

spanning about the same range, showed an IC50 of 71 ± 5.3 nM. Therefore, the similarity 

in ligand spanning distances is the determining factor for the creation of multivalent 

interactions. Compound NB341, the shortest available with this design with an inter-

ligand separation at 25±5 Å, showed an IC50 of 14 ± 1.5 nM, thus resulting in a 330 fold 

increase in potency compared to the monovalent Ac-MSH(4). This result confirmed the 

fact that, with this construct, the lower distance resulted in a better potency.  
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The fact that shorter distances were showing higher potency indicated that the multiple 

interactions created could arise from a mechanism of a statistical type in which the 

proximity to a receptor of multiple ligands is the source of the binding strength generated 

by a virtual constant ‘ON’ receptor.  

 

Figure 3.5 Acylated ligands and their corresponding trivalent version 

However, the increase in potency for the smallest construct compared to the monovalent 

ligand is a relatively high value of 330-fold for only resulting from a statistical 

mechanism. Usually, literature concludes on a statistical effect mechanism when low 
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increase in affinity is observed
51-54

. Therefore, to further investigate the mechanism in 

which those trimers bind, the effect of valency was studied. Indeed, in the case of a non-

statistical effect or chelate/cluster effect a relationship between the number of ligand 

added and the resulting affinity is expected. Moreover, the analysis of valency would 

allow us to confirm that using three ligands was necessary to observe such an 

enhancement compared to only using bivalent ligands.   

3.2.2. The Valency effect 

To study the valency effect we needed to compare the mono-, bi- and trivalent constructs, 

necessitating the synthesis of these compounds. The constructs would all be composed of 

the core scaffold and ligands, including the monovalent version. The monovalent 

construct possessing the core scaffold is necessary to confirm the fact that the scaffold 

does not disturb the binding properties of the pharmacophore, which was a problem with 

past constructs. The monovalent ligand was constructed by coupling the scaffold 10, 

followed by Fmoc removal and acylation of the resulting diamines with a mixture of 

acetic anhydride and base in DMF. The Boc group was then removed and the azido acetic 

acid was coupled. The click chemistry was performed under the established protocols 

using the monovalent ligand to afford the desired monovalent construct NB397, 29 

(Scheme 3.2). The bivalent ligand was constructed by first coupling the scaffold 10, but 

this time first removing the Boc group and acetylating the resulting amine. The Fmoc 

groups were then removed and the resulting amines are coupled to the azido acetic acid. 

The click chemistry was performed using the protected ligand to afford the bivalent 
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construct NB399, 30 (Scheme 3.2). The monovalent, bivalent and trivalent scaffold-

containing constructs, respectively, NB 397, NB 399 and NB341, were analyzed on the 

same day, under the same conditions and their binding properties as well as their activity 

properties were investigated. 
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Scheme 3.2 Synthesis of monovalent and bivalent constructs on the scaffold 
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3.2.2.1. Binding affinity studies 

The three compounds were evaluated by competitive binding assay. In a regular 

procedure, HEK293 cells overexpressing the MC4-R were seeded at 20,000 cells per well 

and grown for 3 days. Competitive binding assay was performed using a serial dilution of 

ligands against 10 nM of Eu-DTPA-NDP--MSH. The collected data for the competitive 

binding assay of those three compounds is summarized in Table 3.5. 

Code Name Valency IC50 (nM) Relative potency to 
NB397 

29 NB397  1 4900 ± 760 - 

30 NB399  2 310 ± 73 16 

27 NB341  3 14 ± 1.5 350 

 

Table 3.5 Binding affinities of Mono-, Bi- and Trivalent constructs 

First, it is noted that the monovalent construct NB397 showed a 4.9 M IC50 value, 

which is in the same range as the Ac-MSH(4) which displayed a 4.6 M IC50 value. 

Therefore, this confirms the fact that the small core scaffold does not disturb much the 

binding properties of the pharmacophore. 

As we can see in Table 3.5 the valency did engender differences in binding affinity. The 

higher the valency is, the better the binding, which means that the higher number of 

ligands could be involved in the multivalent interaction formation. Surprisingly, a 

correlation could be found between valency and observed fold increase. For each 

additional ligand a 15-fold increase is observed therefore leading to the thought that a 
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chelate/cluster mechanism is plausible. This is also enforced by the fact that the values 

are high: up to 350-fold increase was observed for the trimer and the curves showed 

efficient displacement of the potent NDP ligand therefore confirming the strength of 

binding of the generated trimer. To conclude, the valency is an important factor, 

however, there might be a point at which the valency is too high and a mixture of 

mechanisms would be expected. In order to get more insights on the influence of multiple 

interactions, a study of activity was performed on those three compounds. 

3.2.2.2. Functional activity studies 

The melanocortin receptors are known to activate the Gs signaling pathway therefore 

inducing increase in the corresponding second messenger: cAMP. Evaluation of cAMP 

secretion upon stimulation via the three ligands was investigated under the same 

concentrations as used for the binding assay. The functional activity was tested using a 

chemiluminescent immunoassay. The HEK293 cells overexpressing MC4R were platted 

on regular 96-well plates with a number of 20,000 cells per well and allowed to grow for 

3 days to reach an 80% confluence. Experiments were performed in the presence of 

IBMX, a phosphodiesterase inhibitor necessary to prevent degradation of the released 

cAMP. The cells were first incubated with the buffer then serial dilutions of the 

compounds were added and incubation was done for 15 min. The cells were then lysed 

and the lysates were transferred into a high binding plate. A fixed amount of cAMP 

conjugate and cAMP antibody is added to the cells and incubated at RT for the 

competition of cAMP vs cAMP conjugate to occur. The unbound material is washed off 
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the plates and enhancement solution is added to the plate. The enhancement solution is 

activated by the conjugate of cAMP, which allows luminescent molecules to be released 

in solution. The data is analyzed and transformed from light unit counts to cAMP values 

via a standard curve, which was obtained in the same assay conditions. The resulting 

curves are shown in figure 3.6. 

 

 

 

 

 

Figure 3.6 cAMP release stimulation by constructs NB 397, 29; NB 399, 30; and NB 

341, 27. 

As we can see, cAMP production was activated by the three constructs, thus 

demonstrating that the constructs composed of an agonist remain agonists. Moreover, the 

cAMP is increased with higher valency compounds. Indeed, lower concentrations of 

higher valency ligands are needed to provide the same cAMP response. Unfortunately, it 

was not possible to extract an EC50 since signal saturation was not observed under those 

conditions. Even at higher concentrations the curve is still rising linearly; this 

phenomenon might arise from the fact that these cells are so overexpressed that the signal 

does not reach saturation easily. A way to extract information for the functional activity 
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involved receptor occupancy calculation. It is true that looking at the curve the higher 

valency constructs seem to show higher cAMP production. However, a question remains 

and resides in the fact that every ligand might or might not have the same effect on 

cAMP production. Determining receptor occupancy can establish a relationship between 

the valency of the compounds and the amount of cAMP secreted. 

The receptor occupancy (Table 3.6) was calculated based on receptor theory
169, 170

, which 

represents mathematical models applied to represent receptor-ligand complex formation. 

The receptor occupancy (RL) established equation is based on the relationship between 

the maximum number of receptors (Bmax), the dissociation constant of the receptor 

ligand complex (Kd) and the concentration of the ligand: [RL] = Bmax x [L] / [L] + Kd. 

The Bmax (7.5 x 10
5
 receptors per cell) was extracted from previous saturation binding 

assays and the Kd values were estimated based on IC50’s acquired by competitive binding 

assay (see Table 3.5). The ligand concentration [L] is based on the concentration of 

construct required to release the same cAMP amounts. Forskolin, which provides the 

maximum cAMP response by cells, was used as a reference for the cAMP amount 

released. Calculations were performed at 5%, 10% and 25% of the forskolin maximum 

response.  
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Compound Valency 
[RL] at 5% of 

forskolin response 

[RL] at 10% of 

forskolin response 

[RL] at 25% of 

forskolin response 

NB397 1 12750 ± 1040 60000 ± 4897 420000 ± 34285 

NB398 2 11250 ±1270 45000 ± 4080 397500 ± 22439 

NB341 3 14250 ± 1018 75000 ± 5357 457500 ± 32678 

 

Table 3.6 Receptor Occupancy 

As seen in Table 3.6, the receptor occupancy is similar for each construct to stimulate 

equal amounts of cAMP secretion. These results indicate that only one receptor is 

activated independently of the receptor valency. Therefore, the bivalent and trivalent 

construct do activate cAMP with the same efficacy as the monovalent ligand. This result 

could confirm the fact that only one receptor is bound since only one receptor is 

activated. However, the fact that orders of magnitude increases were observed with 

increasing valency suggests the formation of multivalent complexes involving not only 

one but multiple receptors.  

3.3. Conclusion  

Multiple analogues were efficiently synthesized using the strategic scheme established in 

chapter II. Different trimers were afforded with high crude purity as well as with decent 

yields. The developed strategy was demonstrated to be efficient to generate different 

molecules and afford libraries with either different linkers or different ligands.   
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After optimization, the use of time resolved fluorescence assay proved to be a convenient 

method. Not only is the method safe, but also any desired labeled ligand can be generated 

easily. Moreover, this quick and convenient procedure gave reproducible results, making 

it ideal for library screening.  

Multiple trimer analogues were synthesized and evaluated by binding studies for their 

properties towards the creation of multivalent interactions. As confirmed by the results, 

the established design seemed to be ideal for this purpose. Indeed, all of the generated 

constructs showed an increase in potency toward the melanocortin receptor. However, 

this study demonstrated that the length spanned by the ligands as well as the linker choice 

were important factors to create efficient multivalent interactions. In contrast to previous 

studies, the use of proline-glycine linkers in this case did not produce good results, 

possibly because of the creation of turns, which might orientate the ligands in a different 

direction than toward the receptors. Even though -Ala linkers showed better results than 

the proline-glycine linkers, the novel constructs seemed to show stronger potency with 

shorter distances. This fact was confirmed by the creation of the shortest ligand possible 

with the construct NB341, which increased even more the affinity. Furthermore, this 

shorter construct reaches the limit described in the literature to bind multiple receptors 

(see Chapter II), therefore shorter constructs would not be likely to afford better results. 

The trimer NB341 was shown to be a very powerful construct since it resulted in 350-

fold increases compared to its monovalent version, creating a nanomolar binding entity 

out of a micromolar ligand thus confirming the power of the approach.  
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The fact that the scaffold does not affect the binding of the ligand was confirmed by the 

construction of one ligand onto the core scaffold, which resulted in similar M affinity as 

the pharmacophore ligand used for this study. These results also confirmed the fact that 

the properties of MSH(4) are not changed when modifications are performed on its N-

terminal. 

The study of the valency effect confirmed the necessity of multiple ligands and showed 

an order of magnitude in affinity enhancement. Such enhancement supports the creation 

of cooperative interactions via binding to multiple receptors. Even though shorter 

constructs resulted in higher affinity they did remain within the established limit for the 

creation of multiple interactions by cooperative effect.   

Finally, the three compounds possessing different valencies were studied for their 

efficiency to stimulate cAMP formation by melanocortin receptor activation. This study 

demonstrated that the constructs were able to activate cAMP production and 

consequently remained agonists. However, the study of the receptor occupancy 

confirmed the fact that even in the presence of multiple ligands, only one receptor was 

activated, thus enabling the confirmation of a specific mechanism for the creation of 

multiple interactions, may be at the level of the intracellular domain of the receptors in 

interaction with the G-protein.  

To conclude, a new generation of multivalent ligand was created and confirmed the 

creation of high affinity multivalent interactions from the combination of three copies of 
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a low affinity ligand. Their efficacy for the targeting and detection of overexpressed 

MC1R in melanoma cells will soon be explored by in vivo studies. 
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CHAPTER IV. DENDRIMERS: ANY ENHANCEMENT? 

 

4.1. Introduction: Dendrimers 

Dendrimers are a specific kind of branched polymer. These macromolecules possess a 

general tree-like structure and are composed of a core, branching units and surface 

functionalities, which provide a final uniform globular shaped compound. The number of 

branching points determines the dendrimer generation. The G0 represents the core 

structure and the generation increases with the branching points to afford G1, G2 … 

dendrimers (Figure 4.1). A higher generation provides larger molecular diameter and an 

increase of surface functionalities.  

 

Figure 4.1 General dendrimer structure 
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For the past two decades, dendrimers have been intensely studied, due to their properties 

such as controlled synthesis, which are lacking for the synthesis of regular polymers. 

Dendrimers are synthesized in a stepwise, iterative manner and the control over size and 

extremity reactivity and functionality is total. Two different methods can be employed for 

dendrimer synthesis: divergent or convergent (Scheme 4.1).  

 

Scheme 4.1 Divergent and convergent method 

In 1985, the Newkome group
171

 and Tomalia group
172

 provided the first efficient 

dendrimer syntheses by divergent methods where the dendrimer is grown from the core 

to the extremities. Later in 1990, Frechet et al. described the first convergent method
173

, 

which consists of constructing the dendrimer from the extremities towards the core where 

fragment condensation is first performed and the final dendrimer is afforded by fragment 

association to the desired core. Convergent synthesis enables a cleaner synthesis for the 



117 

 

synthesis of very large dendrimers. However, even though both of these methods are 

applied and the convergent method would lead to higher yields, the divergent method still 

remains the method of choice thanks to the variety of chemistries possible to construct 

different types of dendrimers. Indeed, core and branching can come from a variety of 

chemical functionalities and reactivities
174

 such as amine, amide, ester formation and 

other methods, which are more convenient to construct via divergent methods. 

Over the past decade, dendrimers have been intensively studied for their delivery 

properties either by conjugation or encapsulation of the delivered element especially in 

cancer biology where dendrimers could be revolutionary tools for cancer specific 

targeting
175-178

. Because dendrimers do possess a controlled synthesis and can be 

modified easily they represent the macromolecules of choice. Indeed, macromolecules 

such as dendrimers possess the capability to remain within the blood stream for longer 

periods of time compared to small molecules, therefore increasing chances for the 

molecule to reach the tumor site. Most important is that they passively target tumors and 

accumulate at the tumor site via the enhanced permeability and retention effect (Figure 

4.2). Tumors, in order to get nutrients and oxygen, do create new vessels via angiogenesis 

but this process is overactivated and is processed with a lot of defects. The resulting 

tumor vessels are larger in size than regular ones, allowing an easier passage of 

macromolecules and consequently inducing a higher delivery to the tumors since these 

larger molecules cannot easily cross regular blood vessels. The cell membrane 

permeability being increased, molecules are also highly taken up into cancer cells by 
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pinocytosis. Also, the lymphatic drainage is compromised and shows lower drug release 

from the cells thus forcing the drug to remain within the tumor for longer periods of time. 

 

Figure 4.2 The EPR effect: Tumor vs. Normal tissue
175

 

Delivery can be controlled depending on the type of dendrimers used with the dendrimer 

structure and the surface functionalities
175

. Concerning the structure, many studies 

converge in the conclusion that a higher number of branches or a higher diameter induces 

a higher circulation time. For the functionalities, it is widely known that positive charges 

can disrupt the cell membrane to activate internalization. However, positively charged 

dendrimers have been shown to be cytotoxic due to a high local concentration of positive 

charges resulting in cell membrane perforation
 
and the study of dendrimers with a similar 
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structure but with capping showed no toxicity but a dendrimer-lipid vesicle could still be 

observed, therefore confirming the capability of any dendrimer type to cross the cell 

membrane
176

.  

To conclude, dendrimers seem to be efficient, controllable tools for delivery to cancer 

cells. Herein, we would like to investigate the effect of dendritic multivalent ligands in 

order to see if they confer different properties and if active targeting can be created.   

4.2. Synthesis 

Many cores have been used for the generation of dendrimers and amino acids are usually 

preferred among the core scaffolds available due to their variable functionality
174

. The 

most common amino acid used as a dendrimer core since a publication by Sadler
179

 is 

lysine. The three different scaffolds described in chapter II, which are ornithine based, 

could be used as dendrons for the generation of homo and hetero dendrimers. These 

scaffolds could allow the generation of dendrimers with a tetravalent functionality, in 

contrast to most dendrimers, which are affording a trivalent growth; therefore our 

construct can allow the generation of dendrimers with a higher branching within a 

smaller diameter (Figure 4.3). Indeed, a higher number of branches increases the 

circulation time within the blood stream but a balance is needed with respect to the size, 

which upon a certain diameter does not allow filtration of the molecules, therefore 

resulting in toxicity. In this case higher generation dendrimers can be synthesized within 

a shorter distance, which could be an advantage for keeping the compounds within the 

body but with the possibility of clearance.  
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Figure 4.3 Constructs available with the scaffolds 

Another advantage resides in the on-resin synthesis, which allows the possibility to 

generate libraries of a variety of dendrimers and potentially afford high throughput 

screening therefore confirming the strength of the scaffold and the established strategy. 
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Indeed, multiple dendrimer structures can be achieved with different functionalities 

depending on the combination of scaffold used. 

In chapter III, an increase in the valency did induce an increase in the overall construct 

affinity. Ideally, homotrivalent ligands were supposed to induce the maximum increase in 

affinity since up to three receptors can be cross linked
55

. Revisiting parameters for the 

optimal design to raise multiple interactions, trivalent ligands based on a new strategy 

were constructed and showed up to three hundred times higher affinity compared to the 

corresponding monovalent ligand. This trimer showing great affinity, the thought of 

creating combinations of trimers via dendrimers was inevitable in order to investigate the 

effect of such constructs on the created multivalent interactions. The creation of these 

dendrimers is expected to lead to more effective delivery where the dendrimer passive 

delivery and the ligand targeted (active) delivery would be hopefully synergistic. 

Therefore, we decided to synthesize two dendrimer constructs: one hexavalent and one 

nonavalent, which respectively display 2 or 3 trimers, and we evaluated these dendrimers 

for their affinity, activity, toxicity and delivery properties to investigate if the dendrimers 

do provide any enhancement in properties compared to regular trivalent molecules. 

To synthesize the hexavalent dendrimer (Scheme 4.2), coupling of the scaffold 10 was 

done on a MBHA resin using a regular coupling procedure followed by Boc group 

removal using TFA. The resulting amine was acylated using a mixture of acetic 

anhydride and base in DMF. The Fmoc groups were then removed with a solution of 

piperidine and the scaffold 9 was coupled to the resin. The Boc groups were then 
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removed by TFA and the azido acetic acid was coupled to the resin. The protected 

MSH(4) peptide was finally attached to the created template by the click chemistry 

reaction. After appropriate washes to remove the excess of copper, the resin was dried 

and cleaved with HF to afford compound 31 after HPLC purification.  

The nonavalent dendrimer was synthesized in a similar solid phase procedure (Scheme 

4.2). The scaffold 9 was coupled to the resin and Boc groups were removed. The 

resulting amines underwent another coupling with 9, which was deprotected again to 

afford nine amines that were coupled to the azido-acetic acid and involved in the click 

chemistry reaction as well. Upon completion and washing, HF treatment and HPLC 

purification were performed to afford 32.  
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Scheme 4.2 Dendrimers synthesis  



124 

 

4.3. Biological evaluation 

4.3.1. Affinity 

The generated dendrimers were evaluated for their binding using time-resolved 

fluorescence. As for the trimers, the dendrimers were competed against Eu-NDP--MSH 

under the same conditions. The hexamer, NB345 showed an IC50 of 46 ± 8 nM and the 

nonamer NB346 showed an IC50 of 49 ± 9 nM (Table 4.1). 

Code Name Valency IC50 (nM) Relative potency to 
NB397 

29 NB397  1 4900 ± 760 - 

22 NB341 3 14 ± 1 350 

31 NB345  6 46 ± 8 104 

32 NB346 9 49 ± 9 98 

  

Table 4.1 Competitive binding results for the dendrimers 

Both of these dendrimers showed a similar IC50, which is slighty lower but in the same 

order of magnitude as that of the corresponding trimer. Both compounds did possess the 

capability of displacing with a high efficacy the potent EuNDP ligand as the trimer, thus 

those dendrimers seem to be as potent as the trimer. In this case, we can conclude that the 

dendrimers show an affinity for the target in the same order of magnitude as the trimer. 

Concerning the mechanism, it might be constituted of both cluster/chelate effects and the 

statistical effect; indeed it is probable that the dendrimers bound via their trimer 

composition resulting in their high potency from cluster/chelate formation. However, 

since these dendrimers are sterically hindered, statistical binding is most likely occurring. 
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Thus, the resulting observed affinity is slightly lowered compared to the one of the 

trimers due to an average between statistical and cooperative binding. To prove such 

theories, methods that could quantify how many dendrimers surface function have bound 

would be desired and need to be developed.   

4.3.2. Activity 

The dendrimers, displaying multiple MSH(4) ligands, were also tested for their ability to 

activate the Gs pathway. The cAMP measurements were done using a chemiluminescent 

cAMP test as for the evaluation of the ligands in chapter III. The concentrations used 

were in the same range as the ones used for the competitive binding assay. The resulting 

curves are seen in Figure 4.4. As we can see, the dendrimers do provide a cAMP 

response remaining agonists. However, since statistical binding is highly suspected the 

receptor occupancy calculation was of no help in order to determine if they activate the 

cAMP response in a specific manner. 
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Figure 4.4 Dendrimers cAMP response vs. the monovalent ligand 
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4.3.3. Toxicity 

Dendrimers, even though attractive as nanomaterials, do possess different toxicity levels 

depending on their surface functionalities
180-182

. Therefore, the toxicity of these novel 

peptide dendrimers was investigated using a regular procedure. Cells were plated and 

allowed to grow for 2 days until they reached a confluence of 60-70%. The media was 

removed and cells were incubated in the presence of the ligands at desired concentrations 

for a desired period of time. The media was removed and cells treated with trypsin to 

detach them from the plate well. Media was added to the cells, transferred into a 

centrifuge tube and centrifuged to get a cell pellet. The supernatant containing the trypsin 

was removed and fresh media was added to suspend the cells back into the media. A ratio 

1/1 cell suspension / 0.4% tryptan blue was prepared and transferred into a 

hemacytometer. The number of live cells, which appear in yellow, and dead cells, which 

appear in black, were counted to determine the cell viability. A control well was always 

performed so that results could be normalized to the control. 

Three concentrations were investigated: 100 nM, which is around the Kd values for the 

ligands, 1 M, which would be the maximal concentration used for in vivo assays on 

mice, and 10 M, to show toxicity at higher concentrations. 

In order to compare the toxicity of the peptide dendrimers, the NDP--MSH ligand 

(NDP) and trimeric ligand NB341 (3M) were also tested along with the hexameric 

NB345 (6M) and nonameric NB346 (9M) compounds.  

Toxicity was measured at three different time points: 1 hr, 24 hr and 48 hr. 
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The results show the measured cell viability and are represented as a % of control in 

Figure 4.5. The results are an average of 3 independent experiments done in triplicates. 
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Figure 4.5 Toxicity studies 

As it can be seen, the compounds are not more cytotoxic than NDP up to 2 days at 

concentrations going up to 1 M, the concentration usually used for such nanomaterials 

for in vivo studies. However, at 10 M and after 2 days the nonamer NB346, which is the 

largest compound, showed about 60% of cell viability therefore some significant toxicity 

is observed and is to be considered in the event of modification of the in vivo test.  

To conclude, these constructs did not show a significant toxicity at concentrations that 

will be investigated for pending in vivo studies.  

4.3.4. Live cell imaging  

Dendrimers are reputed for their internalization properties therefore imaging of the 

generated multimers needs to be investigated in order to determine if the designed 

dendrimers can be delivered within the cell. To do so, the addition of an imaging tag is 
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necessary. As mentioned in chapter II concerning the design, if a tag is added, it will be 

added first onto the resin. To decrease the noise from the cell autofluorescence, the use of 

near IR probes has had great success over the past decade
183

. Cy5 is a cyanine near IR 

probe, relatively affordable and commercially available as an NHS ester, which could be 

easily incorporated onto our resulting molecules via reaction with a lysine side chain 

added to the molecules.  

In order for the construct to remain water-soluble and to add a spacer between the 

flurorescent probe and scaffold, a triarginine is added to the tag sequence. Consequently, 

the first steps of the synthesis would consist in the addition of the following tag sequence: 

Boc-Arg-Arg-Arg-Lys(Alloc) to the MBHA resin following a regular Boc strategy 

procedure, then deprotection of the Boc group and coupling of the appropriate scaffold 

for the construction of the desired multimer. Once the desired multimer was synthesized 

on resin, the Alloc group on the lysine could be removed with Pd(PPh3)4 and 

phenylsilane. The molecule was finally cleaved from the resin by HF cleavage. After 

HPLC purification, the Cy5 was attached to the molecule in solution via the attack of the 

free lysine onto the Cy5-NHS ester. The resulting mixture was purified again to afford 

the desired Cy5 labeled multimer (Scheme 4.3). 

Due to the high solubility of monovalent ligands the triarginine is not required, thus the 

monovalent ligands can be modified at their N-terminus or at a lysine residue if their 

sequence possesses such a residue. 
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Scheme 4.3 Example of the synthesis of a trimer bearing a fluorescent tag 
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In order to confirm the fact that the tag addition does not affect the affinity of the 

molecule, a test molecule (more precisely a trimer) was synthesized where the Cy5 is 

replaced by a biotin sulfone to facilitate the TRF assay in which Eu and Cy5 would both 

be excited at the same wavelength (Figure 4.6). The molecule NB344 showed an IC50 of 

36 ± 3 nM, which is in the same order of magnitude as the trimer. Therefore, that 

modification is considered to not affect much the binding properties of the ligands and 

this tag will be added to the molecules to be evaluated by imaging.  

 

Figure 4.6 Model trimeric molecule with a biotin tag 

The ligands investigated (Figure 4.7) were the monovalent MSH(4), 34, the monovalent 

NDP--MSH, 35, the trimer 3M, 36 and the two dendrimers 6M, 37 and 9M, 38 which 



132 

 

are composed of low affinity MSH(4) ligands. MSH(4) was labeled by Cy5 on its N-ter 

and the NDP--MSH was modified at its lysine residue. The multimer molecules were 

synthesized following the method described in Scheme 4.3 and modified by the addition 

of the triarginine Cy5 tag. 
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Figure 4.7 Molecules synthesized for imaging 

All these molecules were at first investigated using a regular fluorescence microscope to 

see their behavior in a cellular environment. Cells were grown on a cover slip for 3 days. 

At the time of the experiment the slips containing the cells were placed in a heated 

chamber at 37
o
C and the cells were covered with a solution of HBSS also heated at 37

o
C. 

Calibration and focus were performed using the cell autofluorescence at = 530 nm. The 

labeled ligand was then added at a desired concentration and incubated with the cells for 

2 minutes. The solution was removed from the chamber, the cells were rinsed once with 

HBSS and pictures were taken over time with excitation of Cy5 at = 640 nm. The 

compounds were investigated at nM concentrations. The imaging data was acquired over 
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time, however it was obvious that over time we could detect three phases: firstly, the 

ligand is at the surface (2-10 min), secondly, punctuation is seen (10-40 min), thirdly, 

punctuation gets localized (40-90 min). Therefore, three strategic time points 3 min, 30 

min and 80 min are shown in Figure 4.8. 
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Figure 4.8 Imaging data of Cy5 labeled ligand at 3 min, 30 min, 80 min from left to right 

Compounds 36, 37, and 38 were used at a concentration where their behavior could be 

observed. Indeed, at a 50 nM concentration very bright spots would appear and prevent 

being able to focus on the cells properly (Figure 4.9).   

 

Figure 4.9 Imaging for 36, 37 and 38 at 50 nM: example of the bright spot issue 
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By observing the pictures in Figure 4.7 we can see that the ligands seem to not appear at 

the cell surface after 10 minutes, and that all of them seem to behave the same way with a 

first step of punctuation to finally reach a step where the fluorescence seems to localize. 

To confirm the fact that compounds do not stay at the membrane and get internalized, 

compound 35 was first analyzed in the presence of the labeled membrane using FM 143 

dye at times 3 min, 30 min and 90 min (Figure 4.10). Images were taken using an 

epifluorescence microscope and pictures were taken on multiple cell planes: from the top 

to the bottom of the cells. Pictures were acquired over multiple planes of cells and 

deconvoluted. Deconvolution allows the removal of out-of-focus light and was performed 

per plane to help get rid of the noise from out of the observed plane. Acquired images 

were taken with a concentration of 20 nM of labeled ligand and the represented 

deconvoluted images show an one plane view. 
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Figure 4.9 NDP imaging with membrane labeling. Column 1: 35, red; Column 2: labeled 

membrane, green; Column 3: overlap of column 1 and column 2.    

Since the fluorescence seemed not to evolve after 90 min we tested compound 36, 37 and 

38 and observed their colocalization at the membrane after 90 min (Figure 4.9). 
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Figure 4.10 Compounds 36, 37, 38 imaging at 20 nM with membrane labeling at 90 min. 

Column 1: labeled compound, red; Column 2: labeled membrane, green; Column 3: 

overlap of column 1 and column 2.   

By analyzing images in figure 4.10 we can see that all the compounds do not remain at 

the membrane and therefore get internalized. 

These imaging studies overall showed that all the compounds are internalized and 

therefore these dendrimers could be helpful as delivery agents to induce delivery of 

cytotoxic agents into cancer cells. 
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4. Conclusion  

Dendrimers were synthesized using the established strategy and hexavalent and 

nonavalent dendrimers were investigated for their capacity to generate multivalent 

interactions.  

Affinity studies demonstrated their ability to displace the potent NDP--MSH and 

revealed nM values for the dendrimers. Even though it is more likely for these 

dendrimers to act via a statistical distribution they still provide high affinity multivalent 

interactions. In terms of activity, they remain agonists and still activate cAMP 

production.  

Their toxicity was investigated and no significant toxicity is seen up to 1 M for 2 days, 

however at a 10 M concentration the nonavalent dendrimer seemed to show some 

toxicity. However, these constructs show a high potency and therefore will not need to be 

used at higher micromolar concentrations.  

Finally, imaging studies showed the internalization of these compounds, which is an 

advantage since they could be used as vehicles for delivery of cytotoxic agents. 

To conclude, these dendrimers could be used as markers but also as delivery agents. In 

order to determine if dendrimers would bring more advantages such as a longer time 

within the blood stream compared to the trimers, in vivo studies are required.  
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CHAPTER V. HOMOTRIVALENT CCK CONSTRUCTS 

 

5.1. Introduction 

5.1.1. CCK and CCK receptors 

Cholecystokinin (CCK), first isolated in 1968
184

 as CCK38, belongs to the family of 

gastrin-like peptides, which arise from proteolytic cleavage of prepro-CCK115, secreted 

by endocrine cells, into different CCK fragments
185

: CCK58, CCK33, CCK22, CCK12 

and CCK8, which is the most abundant CCK in the brain
184, 186

. These peptides share a 

common pharmacophore with gastrin known as CCK4: Trp-Met-Asp-Phe-CONH2
187

. All 

CCK ligands do need a C-terminal carboxamide in order to bind their cognate 

receptors
187, 188

. 

By binding to its cognate receptors, CCK is involved in multiple physiological responses. 

CCK receptors are GPCRs belonging to the family A with two distinct receptors found 

within the body: CCK-A for alimentary and CCK-B for brain, respectively renamed 

CCK-1R and CCK-2R. CCK-1R is found in the gastrointestinal tract and regulates gastric 

function, gall bladder contraction and pancreatic secretion
185

. It is important to point out 

that sulfonated CCK(8) at the tyrosine residue is critical for the favorable binding of the 

ligand to CCK-1R
187

. CCK-2R is found in the CNS and is involved in multiple functions 

such as anxiety
189-191

, memory
192

, learning
192

, nociception
193

 and satiation
194

. CCK-2R is 
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now considered also as the gastrin receptor
187, 188

, therefore CCK-2R targeting peptides 

and gastrin induce similar effects and share the same biological functions. 

CCK-1R activates the Gs and Gq pathways,
187 

activating the secretion of both cAMP and 

calcium, while CCK-2R only activates the release of calcium via the Gq pathway
187

. In 

the Gq pathway (Figure 1.3
22

) the binding of the ligand to the receptor induces a 

conformational change, which is transferred to the G-protein composed of three subunits: 

and. The conformational change results in the replacement of guanosine 

diphosphate by guanosine triphosphate on the subunit. The resulting  subunit 

separates from the  and  units and migrates on the membrane to phospholipase C. Upon 

binding to phospholipase C, hydrolysis of guanosine triphosphate into guanosine 

diphosphate results in the activation of the phopholipase C and detachment of the 

modified  subunit from the and. The activated phospholipase C degrades membrane 

phospholipids to produce diacylglycerol and inositol 1,4,5-triphosphate (IP3). The IP3 

migrates from the membrane to the cytosol and binds to its receptor located on the 

endoplasmic reticulum to activate calcium release from the endoplasmic reticulum to the 

cytoplasm. 

5.1.2. CCK-R and cancer 

Because CCK receptors are involved with many biological functions, their dysfunction 

induces different kinds of diseases such as digestive system diseases, obesity
187

, some 

types of diabetes
185

, inflammation
185

 and psychological disorders
189-191

. Also, it has been 

long known that they are involved in different types of cancers in tumor growth. Indeed, 
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as explained in chapter I, the activity of peptide hormones such as CCK and gastrin can 

be induced by mutations, which occur at their cognate GPCRs to stimulate cancer growth 

via autocrine and/or paracrine transmission(s). Furthermore, the localization of CCK 

receptors on tumor tissue is independent of their regular localization
64

. For instance 

CCK-1R can be found in brain tumors and CCK-2R can be found in gastric tract tumors.  

The CCK receptors are also found to be overexpressed on different types of tumors. For 

example, CCK-1R, which is rarely overexpressed in tumors is still overexpressed in gut 

tumors, meningioma and neuroblastoma
64

. Whereas, CCK-2R is overexpressed in a wide 

variety of tumors
195

 and can be found overexpressed in small cell lung cancer, thyroid 

carcinoma, astrocytoma, and some types of ovarian cancer, colon cancer, pancreatic 

cancer and more.  

Labeled CCK8 ligands have been developed in order to image tumors overexpressing 

CCK-2R
195

;
 
some drugs targeting CCK-2R for cancer have reached clinical trials

29
. 

Pancreatic cancer, like melanoma, is a virulent cancer with very poor prognosis and less 

than 10% survival over five years
196

. Because CCK-2R receptors are overexpressed in 

pancreatic cancer, CCK-2R constitutes another ideal target to investigate the potential of 

multimers for cancer targeting. In the present chapter, we will describe the synthesis and 

study of CCK-2R targeting trimers and compare the results to those observed with the 

trimers targeting melanocortin receptors.   
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5.2. Library and investigation of multivalent interactions  

5.2.1. Synthesis  

The aim of this study was to synthesize trimers that target CCK-2R only. Even though 

CCK-1R and CCK-2R share the same pharmacophore: CCK(4) Trp-Met-Asp-Phe-

CONH2,  SAR studies have provided ways to differentiate the binding between receptor 

subtypes. First, SAR studies demonstrated that sulfonated Tyr on CCK8 was required for 

binding to CCK-1R. Fortunately, the pharmacophore CCK4, which is truncated from the 

tyrosine residues, shows an affinity 200 times higher for CCK-2R
197

. The use of N-

methyl-norleucine, (NMe-Nle), was found of great interest to increase the selectivity for 

CCK-2R vs CCK-1R by 6000 fold
197

. Concerning CCK(4) modifications on the 

extremities, the C-terminus carboxamide is necessary for binding to CCK receptors, thus 

changes in sequence cannot be made at the C- terminus position. However, the N- 

terminus could be modified by any hydrophobic group, for instance, Boc-CCK(4) had 

been previously used for SAR studies. 

Considering these SAR studies, to target CCK-2R only, the ligands composing our 

trimers should be modified on the N- terminus and be composed of the following 

sequence: Trp-NMe-Nle-Asp-Phe-CONH2. 

The desired ligand (Figure 5.1) was synthesized on a Sieber amide resin via an Fmoc 

strategy. The amino acids Phe, Asp, NMe-Nle, Trp and 14 were successively attached to 

the resin. Particular attention needed to be given to the deprotection of the NMe amino 

acid and to the coupling of Trp. Fmoc-NMe-Nle deprotection was monitored by a 
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chloroanil test, which allowed the detection of free secondary amines resulting from the 

Fmoc deprotection by piperidine. It should be noted that Fmoc deprotection had to be 

performed twice in order to afford complete deprotection. Due to the difficulty of 

coupling onto a secondary amine, the next amino acid coupling was also performed twice 

in order to achieve completion. The N- terminus of the peptide was acetylated and the 

peptide was cleaved from the Sieber amide resin using 1% TFA to afford the desired 

CCK(4) protected sequence NB 227. In order to compare the CCK trimers to the MSH 

trimers and investigate if the concept can be applied to different targets, similar libraries 

of trimers were generated. Trimers possessing -Ala or Pro-Gly linker sequences were 

synthesized with ligand interspacing ranging from 30 to 60 Å. The syntheses were 

performed following the protocol established in chapter II.  

 

Figure 5.1 Protected CCK(4) peptide NB 227 

The scaffold 9 was first coupled to a MBHA resin. Boc groups were removed using TFA 

and successive couplings of amino acids composing the linker were performed following 

a regular Boc strategy procedure. The azido acetic acid 11 was then coupled to the N-
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terminus to provide the desired template. The click chemistry reaction was performed 

with the established conditions using: CuI, ascorbic acid, DMF/2,6-Lutidine, DIEA and 

the protected peptide NB227. Reaction completion was monitored and subsequent 

washes were performed to remove any trace of reacting reagents. The peptide cleavage 

from the resin was done by HF in the presence of scavengers. The resulting trimers were 

purified by HPLC to afford the final compounds with yields ranging between 35 to 70%.   

The synthesized trimers are represented in Figure 5.2 and the corresponding codes, 

composition and estimated ligand-spanning distances are reported in Table 3.3. Their 

complete characterization is described in the experimental chapter. 

  

 

Figure 5.2 General CCK Trimer structure 

 



147 

 

 

Code Name Linker 
Estimated inter-

ligand length (Å) 

40 NB310 Gly-(Pro-Gly)3 60±20 

41 NB309 Gly-(Pro-Gly)2 52±20 

42 NB308 Gly-(Pro-Gly) 45±20 

43 NB312 (-Ala)2 48±10 

44 NB311 -Ala 43±10 

45 NB306 None 35±10 

  

Table 5.1 Trimer composition and estimated inter-ligand distances 

5.2.2. Results: Binding affinity 

As for the MSH trimer library, the CCK trimers were evaluated for their binding affinity 

by competitive binding assay using time resolved fluorescence. The ligand chosen for 

labeling was CCK(8) since it has already been used in the literature for competition 

assays. The peptide was synthesized following a general Fmoc procedure and the PEG 

linker was added as well as the DTPA chelate. The peptide was cleaved and the resulting 

crude mixture purified to finally be labeled using europium chloride. The resulting 

europium labeled peptide Eu-DTPA-CCK(8),46, was used for competitive binding assays 

of the trimers.    
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Figure 5.3 Eu-DTPA-CCK(8) sequence 

Following the established procedure, the library of compounds was competed against 

compound 46. The results are summarized in Table 5.2. 

Compound Linker 

Estimated 

length between 

ligands (Å) 
IC50 (nM) 

Relative 

potency 

to NB227 

NB227 - - 16 ± 1.5 - 

NB310 Gly-(Pro-Gly)3 60±20 6 ± 1.5 2.5 

NB309 Gly-(Pro-Gly)2 52±20 8 ± 5 2 

NB308 Gly-(Pro-Gly) 45±20 6 ± 1.5 2.5 

NB312 (-Ala)2 48±10 8.5 ± 2 2 

NB311 -Ala 43±10 5.2 ± 0.6 3 

NB306 None 35±10 12 ± 3 1.5 

 

Table 5.2 Competitive binding assay results 

In this case, the results do not show any significant fold increase no matter which length 

separates the ligands, therefore no multivalent interactions seemed to be established. 

Comparing to the MSH trimer library, the only factor, which is clearly different is the 
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affinity of the monomeric pharmacophore for the target. Indeed, the CCK(4) 

pharmacophore does possess a high affinity for the receptor, which is at a  low nM range, 

while the MSH(4) pharmacophore was in a M range. Similarly, we have observed that a 

trimer constituted of Ac-MSH(7), a high affinity monovalent ligand, also possessed a nM 

affinity for the melanocortin receptors (Figure 5.4). The MSH(7) showed an IC50 of 

40nM and the corresponding trimer, NB 343, showed an IC50 of 12 nM, which only 

represents a 3.5-fold increase compared to the monovalent ligand. 

 

Figure 5.4 Ac-MSH(7) and Trimer composed of MSH (7)  

A question arises from these results: why high affinity ligand combinations seem to not 

result in the creation of multivalent interactions? Is it that they are occurring but we 

cannot detect, whatever the assay (binding or activity)? Or is there a thermodynamic 
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issue and the use of low affinity ligands only can provide the creation of multivalent 

interactions? To answer these questions two scenarios could be envisioned. 

Scenario 1: Because agonist ligands are used, there is a possibility for the trimers to be 

quickly internalized, resulting rapidly in a lower amount of receptors at the cell surface. 

This decrease in receptors could explain the fact that cooperativity is less likely to 

happen. It has been claimed for a long time that antagonist do not induce internalization 

of GPCRs, even though in a few cases this dogma has been recently challenged
198-200

. 

Therefore, the use of dendrimers with an antagonist should prevent receptor 

internalization and allow the dendrimer to remain fixed on the cell surface and could be 

useful for an optimal evaluation of binding affinity (Figure 5.5). 

 

Figure 5.5 Agonist versus antagonist 

Scenario 2: The second scenario (Figure 5.6) is based on binding thermodynamics. 

Basically, ligands have a different off rate depending on their respective binding affinity: 

a low affinity peptide ligand should possess a high off rate while a high affinity peptide 

ligand should present a lower off rate.  
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If a trimer is composed of low affinity ligands, the first binding event will occur, however 

the fast on and off rates will permit the readjustment of the trimer so that a second ligand 

can bind. The resulting complex will possess a lower off rate, however since it is 

composed of very low affinity ligands it may be still sufficient for the third binding event 

to occur within relatively short times (incubation time) to afford a trimer with a high 

affinity and a low off rate. Overall the thermodynamics of low affinity ligands lead to 

adaptable trimeric ligands allowing the next binding event.  

In the case of high affinity ligands, if the ligands are spatially well presented to the 

targets the creation of multivalent interactions might occur instantaneously. However, if 

the fitting of the construct is imperfect, which is most likely to occur, the formation of 

multivalent interactions might not occur. Indeed, the first binding event being with a poor 

off rate, the second binding event will be harder to proceed and will occur at longer 

times. More precisely, one ligand is locked on a receptor and the second binding could 

only occur upon molecular rearrangement or thanks to receptor diffusion towards the 

other ligand. It might also be possible that the receptor gets internalized prior to trimer 

attachment to the receptor resulting in the impossibility of creating a trivalent interaction 

with high affinity ligands. If scenario 2 is the case then the inability of high affinity 

ligands to provide a high fold increase results from a thermodynamic issue. 
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Figure 5.6 Off rate and trimer formation 

To investigate if the first scenario was occurring, antagonist trimers were generated and 

evaluated for their properties; the results are reported below.  

5.2.3. Antagonists: Investigation of their properties as trimers 

5.2.3.1. Affinity 

To examine the combinations of antagonists, both melanocortin and cholescystokinin 

receptors were studied. Two types of monovalent antagonists were needed per target:  

high and low affinity ones. 

For the melanocortin receptor, our model of study is composed of cells overexpressing 

MC4-R. Luckily, multiple antagonists for this receptor have been discovered. As a low 

affinity antagonist, the pharmacophore can be modified at the D-Phe position with a D-

Nal(2’), a key non proteinogenic amino acid source of antagonism at MC4-R
158, 201

.  As 
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for a high affinity antagonist, the potent SHU9119 was selected, however it should be 

pointed out that this ligand is an agonist at the MC1-R
201

.  

To generate cholecystokinin receptor antagonists the key parameter is the conversion of 

the L-Trp into a D-Trp on the pharmacophore sequence
202-204

. A low affinity ligand, even 

though receptor type non-specific, consists of the pharmacophore with a Nle at the Met 

position. A high affinity ligand may be constructed using the same pharmacophore but 

with an NMe-Nle instead. 

Code Sequence 
Affinity for 

target 
Target 

49 Yne-Nle-c[Lys-His-DNal(2’)-Arg-Trp-Asp]-CONH2 Low nM MC4-R 

50 Yne-His-DNal(2’)-Arg-Trp-CONH2 M MC4-R 

51 Yne-DTrp-NMe-Nle-Asp-Phe-CONH2 Low nM CCK2-R 

52 Yne-DTrp-NMe-Nle-Asp-Phe-CONH2 High nM CCK1,2-R 

 

Table 5.3 Selected antagonist sequences. Yne = pentyne.  

The monovalent antagonists were synthesized on a Sieber amide resin following a regular 

Fmoc strategy and modified at their N-terminus via coupling of the pentynoic acid (Table 

5.3). The sequences were cleaved from the resin with the use of 1% TFA in order to keep 

their side chains. Upon confirmation of their purity, the monovalent compounds were 

used without further purification for their coupling by click chemistry to the template 

possessing no linkers. HF cleavage and purification were performed to afford antagonist-

based trimers (Figure 5.7). The monovalent protected peptides were also completely 



154 

 

deprotected for the binding studies of these antagonists and to evaluate the binding 

efficiency of the monovalent versus the trivalent antagonists.  

 

Figure 5.7 Synthesized and evaluated trivalent antagonists 



155 

 

The ligands were all evaluated by time resolved fluorescence competitive binding assays. 

The compounds targeting MC4-R were competed against Eu-NDP--MSH and the 

compounds targeting CCK-R against Eu-CCK(8). The corresponding IC50 values are 

reported in Table 5.4. 

Compound Code Valency IC50 (nM) 
Relative potency 

to monovalent 

NB419 49 1 2.3 ± 0.4 - 

NB433 53 3 27 ± 6 None 

NB420 50 1 3500 ± 200 - 

NB434 54 3 50 ± 10 70 

NB421 51 1 2.4 ± 0.8 - 

NB435  3  0.7 ± 0.2 3 

NB422 52 1 4.3 ± 0.4 - 

NB436 56 3 17 ± 3 None 

 

Table 5.4 Results of competitive binding assay for the antagonist library 

As shown in Table 5.4 only a trimer, NB434, based on a M affinity monomeric ligand, 

resulted in a 70-fold increase while the other ligands, which possess a nM affinity, did 

not result in any significant fold increase. It must be noted that unfortunately, the CCK 

with a Nle residue, which was supposed to have a lower affinity than the NMe analogue, 

showed a similar affinity and both constructs behave similarly and show no or poor fold 

increase. Therefore, it seems that the use of antagonists did not change the initial 

observations in which only low affinity ligands could provide a significant increase in the 

affinity. However, before concluding on the fact that internalization of the trimers is not 
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the limiting factor, activity studies need to be performed. Indeed, it is supposed in the 

literature that in some cases GPCRs might, as other receptors, need to homo- or 

heteromerize in order to induce a cellular response and subsequent internalization
205

. 

Thus, it is possible that a combination of antagonists, by binding to multiple receptors, 

might induce this homo- or heteromerization, which will activate the G protein pathway 

leading to an agonist. Therefore, functional studies needed to be done to investigate this 

possibility. 

5.2.3.2. Activity  

To investigate the effect of the antagonist combinations on the signaling pathway, 

activity studies were performed. The trimers targeting melanocortin receptors were 

investigated for their ability to activate cAMP release and the trimers targeting 

cholecystokinin receptors were investigated for their ability to activate the calcium levels. 

Since the discovery that GABABR1 and GABABR2, GPCRs, need to exist as dimers in 

order for the receptors to be functional
206

, many GPCRs have been studied and were 

found to influence physiological pathways via the creation of homo- and heteromers
205

. 

By investigating the literature, no evidence was found for the association of melanocortin 

receptors. However, for cholescystokinin receptors, some studies revealed evidence for 

their dimerization formation in order to increase the signal response and influence cell 

growth
207

. Since these two receptors behave differently, the potential crosslinking of 

these receptors via our multimers might influence the signaling response of the 

antagonist. Thus, to explore their behavior both targets needed to be investigated, 
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especially to unveil the potential for these multimers to also be used as tools to 

investigate receptor homo/heteromerization. 

Compounds NB419 and NB420, monovalent known antagonists and their respective 

trimer combinations NB433 and NB434 were investigated for their behavior towards 

cAMP secretion activation. Compound NB397, a monovalent MSH(4) agonist (Chapter 

3) was also tested as a reference. The evaluation of cAMP levels was investigated using a 

chemiluminescent immunoassay with the same procedure as described in Chapter 3. The 

results are shown in Figure 5.8. 
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Figure 5.8 cAMP stimulation by contructs: NB397, 29; NB419, 49; NB420, 50; NB433, 

53 and NB434, 54 

As expected, the agonist NB397 shows a cAMP response. Compounds NB419 and 

NB420 constituted of known antagonists do not activate the cAMP secretion even though 

modified at their C-terminus by a triple bond. Therefore, these compounds maintain their 
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antagonist properties. Compounds NB433 and NB434, which are composed of a trimeric 

combination of antagonist ligands do not show any activation for the cAMP secretion. 

Thus, the combination of antagonists targeting melanocortin receptors remains an 

antagonist.  

Concerning Ca
2+

 responses of our multimers targeting CCK-R, studies are on-going.  

5.3. Conclusion 

In this chapter, the synthesis of homotrivalent molecules targeting CCK2-R did not show 

enhancement in affinity such as the homotrivalent constructs targeting melanocortin 

receptors (See Chapter 3). Although similar trimeric constructs were designed, the major 

difference originated by the non-existence (in the literature) of peptide agonist with 

micromolar affinity. The initial affinity of the pharmacophore is an important parameter 

and is the issue in the creation of multivalent interactions. In this case, the CCK 

pharmacophore was a tetrapeptide with a nanomolar affinity compared to the MSH 

pharmacophore, which had a micromolar affinity. In order to determine if the use of 

agonist ligands, which activate the internalization process, was the issue, antagonists 

were constructed and investigated for their binding properties. The studies revealed that 

only low affinity ligands could engender 10-fold or greater increase in binding affinities. 

Activity studies were performed to explore whether that potential receptor 

homomerization could transform the antagonist properties. For agonist properties of 

CCK, the studies are on-going but for MSH the antagonist combinations did remain 

antagonists. Thus, the problem with the use of high affinity ligands might arise from 
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thermodynamic issues. Either the ligands fit perfectly and the detection of multivalent 

interactions is difficult or it is possible that the trimeric construct readjusts itself in order 

to bind in a longer time than the corresponding low affinity ligand. In order to investigate 

this potential thermodynamic issue, assays on membrane preparations are envisioned. 
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CHAPTER VI. TOWARD THE STUDY OF HETEROTRIVALENT LIGANDS 

 

6.1. Introduction 

As mentioned in previous chapters, cancer research focuses on the establishment of two 

main points: early diagnosis and selective therapy. To do so, many fields of studies on 

cancer cells such as cancer initiation, growth, invasion, cancer cell structure, 

composition, and biochemical mechanisms have arisen within the last 50 years.     

A common agreement has been established and high affinity, highly specific markers are 

desired. For detection purposes, high affinity markers would allow a higher detectability 

range and highly specific probes would permit an accurate diagnosis. In terms of 

treatment, selective markers could allow the selective delivery of drugs at the tumor site 

therefore preventing side effects observed with actual drugs and higher efficiency toward 

metastatic cell targeting.   

Targeted therapies using specific markers for only one target were successful with some 

types of cancer
13, 14, 208

. However, even though mono-targeting demonstrated some useful 

results, it is believed that multiple-targeted probes could provide enhanced results and 

find applications in a higher variety of cancers. Indeed, since all cancer cells possess a 

variety of mutated or overexpressed receptors at their surface, targeting combinations of 

receptors is expected to provide enhanced selectivity
55, 59, 209-213

. 
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For instance, multiple-targeting would not especially need to involve overexpressed 

receptors only and selectivity could be reached thanks to the choice of a unique 

combination of targets. Compared to targeting only one receptor, multiple targeting 

should also result in stronger multivalent interactions since it would discriminate weaker 

statistical effects from high affinity crosslinking. Finally, the availability of a wider 

choice of combinations should allow the specific targeting of a larger number of cancers. 

So far, dual-targeted agents have been demonstrated to be effective in vitro
211, 213

; for 

example, it has been shown that a combination of integrin targeting ligand and a 

somatostatin receptor targeting ligand were more effective combined rather than alone for 

the targeting of tumors expressing both receptors
214

. 

To investigate the dual targeting potential, previous studies were performed in our group 

with the use of heterobivalent ligands containing two ligands to target our cell models: 

one targeting CCK-R and MC-R
59 

and another system targeting MC-R and opioid-R
212

. 

Enhanced affinity was observed at one receptor, but not at both. Also, the number of 

receptors at the cell surface was unequal and enhancement was observed either for the 

less abundant receptor or for the more abundant one, therefore no correlation was seen 

between the number of receptors and the constitution of the multimer. 

Since the receptor number is unequal, the study of multimers with a different number of 

ligands needs to be explored. In this chapter, we will describe the synthesis and study of 

heterotrivalent ligands that could possess a different ratio of ligands.  

 



162 

 

6.2. Heterotrivalent ligands: Synthesis and evaluation 

6.2.1. The library 

Our cell model consists of cells overexpressing the MC4-R and the CCK2-R with a 

higher density of CCK2-R. Thanks to the orthogonal protection of scaffold 10 described 

in Chapter II, heteromultivalent ligands possessing either two MSH ligands and one CCK 

ligand or vise-versa can be accessed.   

The ligands selected are the pharmacophores for both receptors, MSH(4) and CCK(4). 

Despite the fact that an average of 25Å seemed to show the optimum binding using our 

constructs when targeting a single receptor type (Chapter III), a library with -Ala linkers 

was synthesized. Indeed, -Ala linkers are ideal semi-flexible linkers and it is possible 

that certain types of receptors are expressed at specific locations at the cell surface, 

therefore to crosslink two different receptor types, an increase in the inter-ligand distance 

must be investigated.  

The heterotrivalent ligands were synthesized by the strategic use of orthogonal protecting 

groups (Scheme 6.1). On MBHA resin, the scaffold 10 was coupled and the Boc group 

was removed using TFA. The desired linkers, if any, were constructed by coupling of the 

appropriate amino acid until the desired length was reached. It must be noted that 

building blocks of linkers can be synthesized in solution and attached to the template as 

well. The azido acetic acid 11 was coupled and the desired ligand was then attached to 

the template via a click chemistry reaction.  
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Scheme 6.1 General synthetic scheme for the synthesis of heterotrivalent molecules 

Once the click reaction reached completion, the Fmoc groups from the scaffold were 

removed using piperidine, the second set of linkers and the azide moiety were coupled 

and click chemistry was done to attach the other two desired peptides. The multimers 

were cleaved from the resin using HF and purified by HPLC. The crude purity was 60% 



164 

 

and the pure products were afforded with 40 to 50 % yield.  The structure and 

composition of the constructed library is reported in Figure 6.1.  

 

Figure 6.1 Library of heteromultivalent constructs  
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6.2.2. Binding evaluation 

Based on the established TRF assay on heterobivalent ligands
59, 209, 212

, a first analysis 

step consisted of performing competition assays of the trimers against Eu-NDP--MSH 

with and without the presence of a saturating concentration of cold CCK(8) to block CCK 

receptors.  

 

Figure 6.2 TRF assay of heterotrivalent ligands: example of a molecule bearing 2 x  MSH 

and 1 x CCK. A-Heterotrimer competed against Eu-NDP--MSH, B- Heterotrimer 

competed against Eu-NDP--MSH in the presence of CCK(8), C- Heterotrimer competed 

against Eu-CCK(8), D- Heterotrimer competed against Eu-CCK(8) in the presence of 

NDP--MSH. 
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A second step involved a similar competitive assay, in which ligands were competed 

against Eu-CCK(8) with and without the presence of a saturating concentration of cold 

NDP--MSH to block the MC4 receptors (Figure 6.2). Indeed, such an assay should 

provide an estimation of the influence of a third different moiety. First, heterotrimer 

competition against Eu-NDP--MSH should provide the MSH ligand contribution to 

binding within the trimeric construct. The same experiment was repeated by blocking the 

CCK receptors thanks to a saturating concentration of CCK(8) ligand so that any cross 

linking was prevented and the strength of the resulting bivalent interaction could be 

estimated. Second, the same experiments were performed with Eu-CCK(8) instead and 

blocking of the MC4 receptors. These two experiments should reflect the CCK 

contribution to binding within the trimeric construct and as a monovalent binder.  

Since the study of valency in Chapter III showed that monovalent constructs bearing 

MSH had a M affinity and that bivalent constructs had a high nM affinity, the hetero-

ligands were studied by competitive binding assay against Eu-NDP--MSH in the 

presence and absence of cold CCK(8) for the evaluation of MSH ligand contribution.  

The results are reported in Table 6.1; these results were acquired with the help of Ryan 

Lacy, junior student in biochemistry. 
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Compound Code IC50 (nM) 
IC50 (nM) with 

blocked CCK-2R 

NB395 57 164 ± 17 310 ± 70 

NB444 58 243 ± 40  131 ± 60 

NB445 59 120 ± 12 131 ± 40 

NB446 60 117 ± 20 117 ± 40 

NB396 61 2693 ± 120 2890 ± 200 

NB447  1160 ± 80 726 ± 90 

NB448 63 1121 ± 130  1616 ± 110 

NB449 64  3436 ± 180 3804 ± 165 

 

Table 6.1 Results for competition of the heterotrimers against Eu-NDP--MSH 

Compounds NB395, NB444, NB445, and NB446 were composed of 2 x MSH and 1 x 

CCK with different linker lengths. The MSH ligand contribution was analyzed with 

competition assays against Eu-NDP--MSH. As observed in the Table 6.1, these 

compounds showed nM values, thus, the two MSH components still bind as bivalent 

constructs. Comparing the experiments that were performed in the presence or absence of 

CCK, the IC50 remained within the same order of magnitude, confirming that the CCK 

moiety in the construct does not affect the bivalent binding of MSH. Similarly, 

compounds NB396, NB447, NB448, and NB449, which possessed 2 x CCK and 1 x 

MSH showed the expected M values mostly within the same order of magnitude, thus 

the monovalent binding of MSH remained intact. However, these assays, cannot allow us 

to firmly conclude that binding of the trimer to three receptors has occurred or not.  
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As previously proposed
59

, a way to explore crosslinking, would involve the use of a 

bivalent probe that will possess both ligands NDP--MSH and CCK(8) (Figure 6.3). 

 

Figure 6.3 Schematic representation of a bivalent Europium labeled probe for the 

evaluation of heterovalent ligands. 

However, even though such a molecule can be synthesized, linker length will have to be 

evaluated. Moreover, in order for such a ligand to be useful in the study of heterotrivalent 

ligands, it is required that this probe itself can crosslink the two receptors, factor which 

unfortunately we are still unable to completely confirm. Therefore another way to 

investigate cross linking is required.  

6.3. Conclusion and potential work 

Even though the TRF assay could not lead to the confirmation of concomitant binding to 

three receptors, it helped to show that the molecules constituting the trimers seem to 

retain their properties: when competed against Eu-NDP--MSH, hetero molecules 

bearing 1 x MSH showed a μM affinity and hetero molecules bearing 2 x MSH showed a 

high nM affinity, similar to what was observed in chapter III in the valency study. Thus, 

we can conclude that a third ligand did not interfere with the intrinsic properties of the 
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mono or bivalent construct, however, no answer could be gained as to the affinity of the 

overall trimeric combination. Crosslinking could be evaluated by developing new 

bivalent Europium probes or by in vitro activity studies, however, these methods do not 

seem efficient in order to afford an answer on the possibility and effectiveness of 

crosslinking. In vivo studies, in which different tumors could be implanted at different 

locations, could be a way to see if the heterovalent construct favors binding to the tumor 

possessing a dual receptor expression versus one. Another way that could be developped 

to study cross linking would be the use of photoaffinity labeling.  

Photoaffinity labeling is a technique developed in the 1980’s
215-219

, which is usually used 

to identify a bioactive target, for instance to identify receptor or enzyme binding sites. 

The concept consists of modifying a labeled molecule that binds to the target of interest 

with a photoactivatable group. Upon irradiation, the labeled ligand would be activated by 

the generation of an electrophilic intermediate, which would be captured by a 

nucleophilic entity from the target resulting in a covalent bond (Figure 6.4). Once the 

label is covalently attached, most commonly a radiotracer
215-219

 or a biotin tag
220-222

, 

analysis such as MS, gels and others are performed to characterize the target. 
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Figure 6.4 Diagram representation of photoaffinity labeling 

The proposal here consists of using photoaffinity labeling in order to detect crosslinking, 

if any, of our multimers to the corresponding receptors (Figure 6.5). To do so, the 

synthesis of hetero labeled multimers containing ligands modified with a photoactivable 

group is envisioned. Preferably, membrane preparations containing both receptors would 

be used to perform the experiments. The modified multimers would be incubated with the 

receptors and irradiation would be performed in order to covalently attach the ligands to 

their binding counterpart. Separation of the receptors from the membrane would be 

performed and the resulting analysis should confirm formation of receptor crosslinking or 

not. In Figure 6.5 a simplified result of an SDS page is represented to illustrate that 

depending on the mechanism, a difference in gels can be seen.  Indeed, separation can be 

observed based upon the size of the bound constructs. Of course a reference would be 

needed and could be done following the same procedure with the corresponding modified 

monovalent or bivalent ligands. 
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Figure 6.5 General envisioned photolabeling experiment 

Thus, such an experiment would ideally confirm crosslinking by showing different bands, 

where the molecular weight of three receptors is observed in the case of a total 

crosslinking and where two bands of different molecular weight would be observed in the 

event where no cross linking is observed, with one multimer bound to a CCK2R or one 

multimer bound to two MC4R. Another way to perform the analysis is by MS and should 

also provide an answer concerning the molecular weight. Moreover, another advantage of 

MS is that quantification could be possible. For instance, in the tag could be incorporated 

a deuterated moiety and via the use of a deuterated standard, quantification could be 
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possible by MS.  Finally, biotin could also be incorporated into the construct as a tag so 

affinity chromatography could be performed and the products isolated.  

The only issue that might arise concerns the addition of the photoactivatable probe to the 

ligands. These should be small enough so that they won’t interfere much with the 

properties of the monomeric ligand and they should be easily attachable to the ligand. 

Luckily, a wide range of photoactivatable probes are available
223, 224

 and could be used 

for the synthesis of the needed heteromultimer for those studies.   

To conclude, it is our thought that in order to study heterovalent molecules, new 

techniques need to be involved and investigated to confirm their potential to crosslink 

different receptors and methods like photoaffinity labeling can demonstrate it.  
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CHAPTER VII. INVESTIGATION TOWARD THE SYNTHESIS OF A 

TETRAORTHOGONAL SCAFFOLD 

 

7.1. Introduction 

Trimers composed of low affinity ligands have shown the possibility of creating a high 

affinity ligand receptor interaction (Cf. Chapter III). The fact that trimeric cancer cell 

surface receptor combinations could be targeted and may achieve ultimate selectivity 

towards the cancer cells is a possibility to be explored. In order to generate such trimers, 

a tetraorthogonal scaffold is desired. Based on our strategy, the orthogonality is accessed 

via the protecting groups. Therefore, a scaffold possessing three orthogonal protecting 

groups, which are easily added and removed is desired (Figure 7.1). This scaffold would 

not only be ideal to create tetravalent molecules but also could be useful for the synthesis 

of hybrid dendrimers. 

 

Figure 7.1 Desired tetraorthogonal scaffold for the creation of tetravalent molecules. 
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 Since Boc and Fmoc have already been used a third orthogonal group is selected and 

Alloc protection is seen as the optimal orthogonal protecting group since it can be easily 

inserted and removed.  

The way that seemed the easiest to generate the desired compound was to use the 

derivative 8 described in Chapter II by adding a mixture 1/1 of Fmoc and Alloc 

protecting agents with hope for a statistical distribution, assuming that both reagents have 

the same reactivity towards the amino functions (Scheme 7.1). 

 

Scheme 7.1 Theoretical statistical distribution of products by protection of 8 in the 

presence of a 1/1 mixture of protecting agents. 

Thus, following a regular protection procedure, compound 8 was dissolved in a mixture 

of water/acetonitrile in the presence of NaHCO3 followed by the addition of 1 eq. of 

Fmoc-OSu and 1 eq. of Alloc-Osu. The reaction mixture was allowed to react overnight 
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but TLC did not show full conversion of the starting material. The reaction was 

quenched, work-up performed and separation of the crude products was attempted by 

flash chromatography. Unfortunately, the fractions collected showed mixtures with a 

majority of the di-Alloc product. To conclude this test, the reaction did not seem to afford 

the statistical distribution of products.  

The following chapter is dedicated to the description of the envisioned strategies and 

attempted experiments to afford the desired compound. Most of the syntheses presented 

in this chapter were performed with the help of Kevin Ly Nguyen, sophomore student. 

7.2. Diamine desymmetrization 

The intermediate 8 can be prepared in high scale with good yields (synthesis was 

performed up to 10 gr). Therefore, a practical way to access the tetraorthogonal scaffold 

is to investigate methods for desymmetrization of diamines with compound 8 as a starting 

material (Scheme 7.2). Indeed, since amine functions are widely represented in natural 

and unnatural products they do represent a great interest for chemists and were intensely 

studied for a variety of applications such as: peptidomimetics, metal chelates, scaffolds, 

linkers and more. Desymmetrization method development have been intensely 

investigated to afford asymmetrical diamine functions
225

. Therefore, varieties of 

desymmetrization methods are available and could be applied to our core compound 8 

towards the formation of the desired tetraorthogonal scaffold. Attempts of the most 

successful, practical and economical methods were applied to our core diamine 

compound and are presented in the paragraphs below. 



176 

 

 

Scheme 7.2 Example of tetraorthogonal scaffold synthesis by derivatization of compound 

8 via desymmetrization by acylation 

7.2.1. Desymmetrization in water 

In 2008, the Fang group described a very attractive method for monoacylation
226

, where 

diamines, including ones with 8 spacing atoms, could be simply mono-acylated in water 

with yields ranging from 60 to 90 %. Highest yields were observed when allyl carbonate 

was used as an acylating agent. The authors speculate that the observed selectivity arises 

from intermolecular hydrogen bonding. Indeed in organic solvent, diamines probably 

exist as clusters, which upon monoacylation, results in an amine with a higher reactivity 

undergoing a second fast acylation thus affording the dialkylated amine. However, in 

water they hypothesized the action of water to interfere with the clusters by hydrogen 

bonding competition and resulting in an active diamine which upon monoacylation 
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results in a compound less soluble in water therefore less reactive and allowing the major 

formation of the monoalkylated compound. The described protocol was applied, since an 

Alloc protection was desired and the diamines of compound 8 are separated by seven 

atoms. Compound 8 was dissolved in water at a 1M concentration in the presence of 2 eq. 

of Et3N to deprotonate compound 8 and 1 eq. of allyl carbonate was added and the 

gummy mixture was heated for 24 hours. Unfortunately, this reaction did not afford any 

product, the starting material at 1M leading to an unreactive gummy paste. Despite a 

completely solubility at 0.1 M we could not detect any monoacylation but the formation 

of the di-Alloc compound as well as remaining starting material. To conclude, this 

method was not appropriate for the monoacylation of our core structure.    

7.2.2. Desymmetrization by amine activation 

The cesium effect consists of the high reactivity of cesium salts due to solvation of 

cesium in dipolar aprotic solvents such as DMF affording a naked strong nucleophile 

counter ion, the cesium effect is also inducing a strong ion pairing resulting in the 

possibility for macrocycles to favor intramolecular cyclization versus intermolecular 

polymerization
227

. The Jung group studied the cesium effect and the creation of a strong 

nucleophile regarding its effect on N-alkylation of amines
228

. Even though the study 

initially focused on enhancing yields of primary amine alkylation, this study led to the 

discovery that the use of cesium as a base prevented overalkylations, and most 

importantly, cesium base was shown to favor monoalkylation over dialkylation with 

yields ranging from 60 to 80 % for the monoacylated product. Following the procedure 
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described in the paper, compound 8 was dissolved in DMF and deprotonated with 2 eq. 

of Et3N. The mixture was then allowed to react for 24 hours in the presence of 4Å 

molecular sieves, 0.5 eq. of cesium hydroxide and 1 eq. Alloc chloroformate. TLC in 

BuOH/H2O/CH3CO2H (4/5/1) confirmed the presence of starting material as well as two 

other products. Upon work-up and HPLC analysis, about 40 % of monoacylated product 

65 was afforded resulting in close to statistical yields.  

7.2.3. Desymmetrization by amine deactivation 

In another method described by the Wang group
229

 the formation of an inactivated base 

pair using the bulky 9-BBN created the source of desymmetrization. This method when 

applied in THF resulted in excellent yields higher than statistical ones and in other 

solvents resulted mostly in a statistical distribution. Since the previous method allowed us 

to reach statistical distribution only the protocol affording higher than statistical yields 

was tested. Therefore, compound 8 was dissolved in THF and reacted with 2 eq. of Et3N. 

The mixture was then allowed to react for one hour in the presence of 1 eq. of 9-BBN in 

order to allow 9-BBN complexation. Upon complexation, the allyl chloroformate was 

added and the reaction was allowed to stand at room temperature for 24 hours. After 24 

hours a precipitate was observed, TLC analysis showed only starting material and no 

reaction occurred. We hypothesized that the 9-BBN did complex both amine functions on 

compound 8. Indeed, since they are separated by seven atoms, the bulk of 9-BBN might 

not influence the desymmetrization as it does for shorter diamines.  
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7.2.4. Desymmetrization using a new acylation reagent: allyl phenyl carbonate 

The Christensen group revisited the use of alkyl carbonates as acylating agents
230

. Since 

alkyl carbonates result in higher kinetics on primary amines than secondary, the 

hypothesis was that it might be possible to use these carbonate derivatives to 

desymmetrize diamines. Indeed, the advantage of using alkyl carbonates over other 

reagents such as chloroformate is their convenient and low price synthesis as well as their 

stability. Their results lead to yields, which were around statistical yields with the use of 

different alkyl phenyl carbonates including the one of interest for our desymmetrization, 

allyl phenyl carbonate (Figure 7.2). 

 

Figure 7.2 Allyl phenyl carbonate structure 

In order to apply this method, phenyl allyl carbonate was synthesized by the reaction 

between allyl alcohol with phenyl chloroformate in the presence of pyridine. Upon work-

up and purification by distillation the compound was used to attempt the 

desymmetrization of compound 8. In a simple procedure, compound 8 was dissolved in 

dry EtOH in the presence of 2 eq. of Et3N and 1 eq. of 66 was added to the mixture. The 

mixture was allowed to react for 24 hours followed by work up and analysis of the crude. 

In this case yields above statistical were observed on a small scale (70 % yield), however 

on a larger scale, statistical results were gained (50 % yield). Therefore, since this method 
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is easier to set up compared to the one using cesium hydroxide, which has to be under 

highly anhydrous conditions in order to provide statistical yields, this method is preferred 

over any other methods. Also the allyl phenyl carbonate was synthesized on a high scale 

(10 gr) and seems stable when conserved in the fridge. Trials to optimize this method 

were attempted in order to see if we could reach only monoacylation. Unfortunately, 

most cases resulted in a statistical distribution. 

7.2.4. Desymmetrization by azide reduction 

Another attractive desymmetrization method, which did not involve acylation was 

envisioned and consisted of the use of asymmetric azide reduction. In 1998, the Johnson 

group investigated desymmetrization studies in order to create asymmetrical linkers from 

alcohol containing linkers
231

. Diols groups were activated and substituted by sodium 

azide. The resulting diazide was efficiently desymmetrized by selective reduction of one 

azido group into an amine with the quasi-exclusive formation of the monoamine. This 

method was based on the solubility of components, where in a biphasic system, the ether 

soluble diazide would be reduced in the presence of 1 equivalent of PPh3 and as soon as 

one amine is formed the resulting monoamine compound would be protonated and 

remain in the acidic aqueous phase, unable to react with the PPh3 from the organic phase 

and thus preventing the second azido reduction.   
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Scheme 7.3 Envisioned desymmetrization by azide reduction 

Even though acidic conditions are used in the procedure, it is our belief that a pH of 4 

would be sufficient to efficiently protonate the created amine and keep the Boc group 

from the starting material intact as we have experienced many work-ups at pH = 4 and 

did not observe Boc group loss (See Chapter II and experimental part). Also, despite the 

addition of extra steps, in which the amines from compound 8 are converted into an azide 

and later followed by their stepwise reduction, the depicted Scheme 7.3 was envisioned 

as a way to afford the desired tetravalent scaffold.  

The first step involves the conversion of amino groups into azides. The most efficient 

way to afford amine transformation into azide involves the use of an azide transfer 

agent
232

 in which triflic anhydride is combined with sodium azide to create a triflyl azide 
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and then used in the presence of a metal catalyst to afford the azide transfer at the amine 

position.  

Following a general procedure, triflic azide was prepared by addition of triflic anhydride 

into a 0
o
C suspension of sodium azide in MeCN and allowed to react for 2 hours. Since 

triflic azide is explosive the solution was used without work-up and purification and 2.2 

eq. of triflic azide was added to a cooled solution of compound 8 in a mixture of 

MeCN/H2O: 1/1 in the presence of 4 eq. of Et3N and 0.1 eq. of CuSO4. The reaction was 

stirred overnight and monitored by TLC. Unfortunately, even after 2 days and addition in 

excess of a new solution of triflic azide, no reaction occurred and only the starting 

material was observed. We hypothesized that the issue was the triflic azide, which could 

not be isolated and might not have been formed due to the high sensitivity of triflic 

anhydride to moisture.  In the future, we might envision the isolation of the triflic azide, 

however, since this reaction was not successful and even though the desymmetrization by 

azide reduction was attractive, we decided to attempt the synthesis of the tetraorthogonal 

scaffold by revisiting the overall synthesis. 

 7.3. Revisiting the synthesis 

A way to selectively afford the tetraorthogonal scaffold was to re-think the synthesis 

where an earlier step in the established synthesis scheme could be modified to selectively 

afford tetravalency. Thus, a tetraorthogonal ,-dialkyl amino acid that could be 

modified to fit the scaffold properties is desired (Scheme 7.4) and such an amino acid 

could be afforded by inducing desymmetrization at the Michael addition step. 
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Scheme 7.4 Tetraorthogonal -dialkyl amino acid derivative 

Since such a compound would not only be useful for our multimers, but could also be 

used as a general template for other applications such as the synthesis of hybrid polymers 

or dendrimers, a convenient synthetic scheme, which could allow high scale synthesis 

and high yields needs to be established. A convenient way to afford a tetraorthogonal 

moiety would be to directly access the desired core via Schiff base formation and 

addition onto brominated amino protected side chains, which would bear an orthogonal 

protection and possess the same length (3 carbon spacing) as in the scaffolds 9 and 10 

(Scheme 7.5). 

 

Scheme 7.5 Toward the synthesis of a tetraorthogonal moiety 
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However, the synthesis of a tetraorthogonal structure such as A (Scheme 7.5) involves 

Schiff base formation followed by basic conditions to afford the addition reaction and 

hydrolysis in acidic conditions, thus the choice of protecting groups PG1 and PG2 is 

limited. In order to increase the modularity of the strategy, we envision the addition of a 

bromo amino-protected side chain and an acrylonitrile molecule so that the nitrile 

function could be used as a precursor of amine, which later on would be reduced and 

protected by any protecting group of choice such as Fmoc (Scheme 7.6). Indeed, easy 

access to N- Fmoc protected amino acids is available and more convenient for our 

multimer synthesis. Thus, the presence of an Fmoc group would be preferred. 

 

Scheme 7.6 Example of a retrosynthesis envisioned for a tetraorthogonal scaffold with an 

Fmoc side chain  

Since the protecting groups we would like to use have to be cheap and easy to add or 

remove and to prove the modularity of the strategy, we considered the Fmoc, Boc, Alloc 

and Cbz protecting groups. Consequently, molecules depicted in Figure 7.3 are the target 

compounds. 
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Figure 7.3 Desired tetraorthogonal scaffolds 

In order to access such compounds a multiple step synthesis is envisioned based on a 

revisited synthesis of the strategy used in chapter II and depicted in Scheme 7.7.  

 

Scheme 7.7 Revisited scaffold synthesis 
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In the first steps, Schiff base formation is envisioned in order to afford the precursor B 

followed by Boc-Glycine addition at the N- of B. The resulting compound would then 

be hydrolyzed, coupled to a -Alanine spacer and hydrolyzed again. The resulting 

compound will then be involved in a hydride reduction procedure followed by an Fmoc 

protection to afford the desired scaffolds. 

However, before engaging ourselves in such a synthesis, the stability of Cbz and Alloc 

groups in hydride reduction conditions needs to be investigated and established since the 

nitrile group reduction is the key parameter to afford an Fmoc group at the desired 

position. As mentioned in Chapter II, nitrile reduction can be afforded via hydrogenation 

or via hydride reduction, hydrogenation methods were not considered since they would 

definitely affect the Cbz and Alloc protecting groups. To confirm the stability of Cbz and 

Alloc groups to the hydride conditions, Cbz-Glycine and Fmoc-Lys(Alloc), chosen as test 

molecules, were submitted to hydride conditions in the presence of an excess of NaBH4 

and CoCl2 and kept for 6 hours at 0
o
C (4 hours were necessary in Chapter II to afford the 

desired product). Upon work-up, 100 % of Cbz-Glycine was recovered and 70 % of 

Fmoc-Lys(Alloc) was recovered with the 30% loss that we attribute to the presence of the 

Fmoc group, which might be sensitive to the hydrides in the media. To conclude, Cbz and 

Alloc groups remain intact in an amount of time necessary to complete the nitrile 

reduction. Hence, we assume that the synthesis should be accessible and these protecting 

groups could be used. The bromo amino protected side chains with Cbz and Alloc were 

synthesized from amino bromopropane as a starting material (Scheme 7.8).   
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Scheme 7.8 Synthesis of bromo amino protected side chains 

The amino bromopropane was dissolved in DCM and the solution was cooled down to 

0
o
C. Addition of triethylamine was performed followed by dropwise addition of benzyl 

chloroformate or allyl chloroformate to respectively afford the protected bromo amine 

with quantitative yields.  

It is usual that when following the O’Donnell method for Schiff base formation
85

 and 

addition of one side chain to create an -amino acid that benzophenone is used, while to 

create an ,-dialkyl amino acid, para-chlorobenzaldehyde is used (see discussion in 

Chapter II p. about Schiff base acidities). Since in our protocol for the addition onto the 

para-chlorobenzaldehyde Schiff base a catalytic amount of base is used, we were 

wondering if a mixture of products would be gained or if a single compound, where one 

side chain would be added, would be afforded.  

Hence, a Schiff base was created between glycine ethyl ester and para-

chlorobenzaldehyde and addition of 1 eq. of acrylonitrile was performed in a regular 

protocol to see if it would afford the corresponding -aminoacid (Scheme 7.9).  
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Scheme 7.9 Synthesis of an α-amino acid precursor 

Upon work up, a yellow oil was afforded and NMR confirmed product 70 formation with 

85% yields. Thus, Michael addition of 1 eq. of acrylonitrile onto the Schiff base afforded 

the corresponding monoalkylated shiff base.  

However, addition of the alkyl bromide would not involve a Michael addition reaction 

but a general alkylation and alkyl bromides are less activated for substitution. Therefore, 

to confirm if such alkylation could be performed using compounds 67 and 68, the same 

reactions were performed with 1 eq. of 67 or 1 eq. of 68 in the presence of the Schiff base 

but with an excess of potassium carbonate (Scheme 7.10). Unfortunately, even though 

stronger basic conditions were used, no alkylation was observed. Therefore, other 

conditions need to be investigated for the Schiff base alkylation using the desired bromo 

alkyls. 

Further investigation of the established synthetic scheme for the formation of the 

tetraorthogonal scaffolds is underway.  
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Scheme 7.10 Addition of 1 eq. of compound 67 or 68 to form the corresponding -amino 

acid intermediates.  

7.4. Conclusion 

In order to achieve the ultimate goal of targeting three receptors and being able to attach 

tag imaging molecules, tetraorthogonal ligands are desired. In this chapter, we 

investigated the synthesis of a scaffold, similar to the one described in chapter II but one 

that will be completely orthogonal affording access to heterotetravalent molecules.  

The first investigation was mostly focused on desymmetrizing within a step of the 

previous synthetic scheme and multiple methods were attempted. However, only one 

method involving the use of allyl phenyl carbonate as a protecting agent, showed to be 

promising with reproducible results, even on a large scale affording a statistical 
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distribution for the formation of 65, desired intermediate to obtain a tetraorthogonal 

scaffold.  

These disappointing yields led us to a second investigation, where the strategic scheme 

was changed in order to exclusively afford the tetraorthogonal scaffold without worries of 

statistical distribution. Such a synthetic scheme was established based on the 

desymmetrization at the Michael addition on the Schiff base. The full synthetic scheme 

remains to be performed, however, most steps have been performed in Chapter II and 

some steps were attempted on model molecules to confirm the orthogonality of the 

strategy. Therefore, we expect this synthesis to be accessible and yields are yet to be 

determined.  

One last point that will need to be evaluated once the full synthesis is done is the 

formation of a final scaffold that would be optically pure. Indeed, during the synthesis, a 

chiral center is created and in order to increase the usefulness of such a scaffold for other 

applications, the compound is desired in an enantiomerically pure form. To solve this 

issue, resolution by diastereomeric salt formation or the use of a chiral transfer agent 

during the Michael addition step are envisioned to gain an enantiomerically pure 

tetraorthogonal scaffold.  

In 1853, Pasteur synthesized quinotoxine
233

 and made the observation that quinotoxine 

and racemic tartaric acid salts favored the creation of L-tartaric acid crystals. Similarly, 

using cinchotoxine and creating salts with racemic tartaric acid, the formation of D-

tartaric acid crystals was observed. These observations gave birth to resolution of 
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enantiomers by diastereomeric salt formation, a method up to this date heavily used to 

afford enantiomerically pure compounds.  

Basically, a salt of the racemate is formed with an optically pure compound to create a 

diastereomeric mixture, which possess different properties and therefore could be 

separated. The usual separation is effected via crystallization of one of the diastereomers, 

which can be separated from the mother liquor primarily containing the other 

diastereomer by filtration. The separated diastereomers are then submitted to basic or 

acidic conditions in order to separate the desired enantiomer form the resolving agent.   

In our case, the resolution can be attempted at different steps of the synthesis since the 

α,α-dialkyl amino acid possesses at some point either a free α-amine or a free α-acid 

(Figure 7.4). Both ways are to be tested since one salt might afford higher yields of 

resolution. 

 

Figure 7.4 Intermediates for attempting optical resolution by diastereomeric salt 

formation 

A plethora of resolving agents could be used
234

. Though, most commonly, diastereomeric 

salt formation with amines is performed via salt formation with acid resolving agents 

such as tartaric acid or camphor-10-sulfonic acid. And diastereomeric salt formation with 
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acids is performed via salt formation with basic resolving agents such as brucine or 

strychinine (Figure 7.5).  

 

Figure 7.5 Structure of some common resolving agents 

In the event that optical resolution by the creation of a diastereomeric salt is ineffective, 

another way to afford the scaffold exclusively optically pure resides in the addition of a 

chiral transfer agent during the addition of the second side chain onto the created Schiff 

base (Figure 7.6). Indeed, because of the efficiency and simplicity of the O’Donnell 

method to access - and ,-aminoacid derivatives, many groups have invested time in 

the study of chiral transfer agents so that the O’Donnell method, which affords a racemic 

mixture could render optically pure amino acid derivatives
235

.   
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Figure 7.6 Resolution of an intermediate by addition of a chiral transfer agent 

In 2000, the Maruoka group reported one of the most efficient chiral transfer agents for 

the specific synthesis of --dialkylamino acids affording products with excellent 

enantiomeric excess
236

. This chiral transfer agent, nowadays commercially available, is a 

C2-symmetric chiral quaternary ammonium salt based on a binaphthyl structure (Figure 

7.7). This agent will be used in order to see if the desired intermediate core can be 

afforded in an optically pure manner.  

 

Figure 7.7 Maruoka’s phase transfer agent catalyst 
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To conclude, we hope to complete the efficient synthesis of an optically pure 

tetraorthogonal scaffold. Such compounds could be of great interest as a core template for 

diverse applications and should allow us the synthesis of multimers that could target up to 

three different receptors and hopefully enable access to new sensitive and selective 

markers of tumor cells. 
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CHAPTER VIII. CONCLUSION AND PERSPECTIVES 

 

Cancer can be targeted via specific cell surface receptor combinations. In this project, we 

are seeking to utilize multivalent interactions to target receptor combinations to enhance 

selectivity and affinity toward cancer cells versus healthy cells. A range of scaffolds for 

linking ligands into multivalent complexes have been designed but these have not proven 

generally useful for promoting strong multivalent interactions.  

In this thesis, the design of a new scaffold, and an ideal synthetic approach for the easy, 

modular and efficient construction of multimeric molecules was described. The 

constructed scaffold was used to create novel multimers, which were investigated for 

their potency on different targets in vitro.  

Multimerizing MSH and testing of binding and activity against cells expressing 

melanocortin receptors demonstrated an enhancement in affinity up to 350-fold for a 

trivalent construct produced from MSH(4), which as a monomer, exhibits a M affinity. 

Since success was observed using trivalent ligands, the use of dendrimers as scaffold was 

also tested. The dendrimers were synthesized via our established strategy which provided 

good yields.  

The dendrimers were as potent as the original trimer. All of the multimers were shown to 

be nontoxic up to M concentrations and imaging studies showed their internalization, 
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thus confirming their potential as markers to specifically target cancer cells but also as 

delivery agents.   

Similar to our work with MSH analogs, we prepared constructs targeting cholecystokinin 

receptors and confirmed the applicability of the strategy to this other type of ligand. 

Unfortunately, these constructs showed very poor enhancement in affinity, probably due 

to statistical interaction (See Chapter 5). More importantly, these results raised the 

question: does monomer affinity, and the way it affects the formation of multivalent 

interactions, influence the enhancements in apparent binding affinity? Since these 

properties of the ligand (agonist or antagonist) could affect what is observed for 

multivalent ligands on live cells, libraries of antagonists were synthesized and evaluated. 

It was shown that in terms of affinity, the antagonist combinations behave in a similar 

manner as the agonists. 

Although these multivalent ligands are being developed as targeting agents, their 

signaling properties may also provide unique uses of these compounds. Indeed, even 

though it seemed that three receptors were involved in the binding of MSH trimers, only 

one was activated to release cAMP (See Chapter 3). However, the trimeric construct was 

able to do so at much lower concentrations of ligand. Therefore, such compounds could 

be useful as tools to study receptors homo-hetero-merization and consequences on the 

cellular activity. Similar activity studies need to be completed for the cholecystokinin 

compounds, in which levels of cytosolic calcium are used to monitor binding/activity 

relations. These studies are on-going. 
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Models for describing the binding mechanism of the multivalent ligands are generally 

based on assuming equilibrium binding between ligand and receptor. However, there are 

two issues which make this assumption likely invalid. In live cells, receptors are retrieved 

fron the cell surface, and often recycled to bind another set of ligands. This phenomena 

leads to continued uptake and ‘loading’ of the receptor probe into cells. Therefore, 

binding affinity is not only related to binding to receptor, but also receptor recycling. In 

our binding studies, cells are incubated with the reporter ligand for 1 hr, therefore 

significant recycling and ligand loading can occur. In order to analyze in a deeper way 

the thermodynamics around multimers, evaluation of binding is envisioned in a different 

system in which an assay would be performed on membrane preparations instead of live 

cells.    

A primary use for multivalent ligands is enhanced specificity for the cell type of interest. 

Indeed, to achieve specific targeting, combinations of receptors existing at the surface of 

the cell of interest are targeted. Heterotrivalent ligands were synthesized with the hope to 

use such constructs and prove that selectivity could be enhanced compared to the 

homovalent ligands. 

However, binding studies in this case would be complicated in order to prove that those 

trimers are potent as a whole and that the three ligands are really crosslinking different 

receptors. The envisioned perspective to determine cross linking is the use of 

photoaffinity labeling, a technique which will allow covalent binding of the ligand to its 
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targets and which upon analysis could help determine the number of receptors bound to 

the multimers. 

Finally, studies toward the creation of a tetraorthogonal scaffold were performed and are 

still underway. In this project the aim is to create a tetraorthogonal core that can bear up 

to four different ligands. Indeed, in our project, the attempt to target up to three different 

receptors is desired to achieve optimal selectivity. In order to add an imaging and/or a 

therapeutic agent a fourth arm is necessary, therefore the synthesis of a tetraorthogonal 

scaffold is required. Furthermore, such a scaffold could be useful in other areas such as 

drug discovery and as a template to explore SAR using combinatorial chemistry, since 

different functionalities can be accessible via such a core. Also, this template can be very 

practical for material sciences and access to new generations of hybrid dendrimers. 

The next step for those constructs involves in vivo studies. A first study will be based on 

their capacity to effectively target cancer cells and hopefully synergy between active 

targeting, via the receptors, and passive targeting, via the enhanced permeability and 

retention effect, could be observed with the dendrimers. A second study will consist of 

investigating the potential of these constructs to selectively deliver cytotoxic agents into 

the cancer cells; to do so, the synthesis of multimers with a therapeutic tag are 

envisioned. 

To conclude, we were able to develop a solid scaffold that allows for and may optimize 

multivalent interactions, and have proved the efficiency of the method. However, more 

detailed studies are required in order to understand and tune the creation of multivalent 
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interactions. As a higher general perspective, it might be useful to investigate specific 

cancer cell surface receptors and instead of targeting overexpressed receptors, initiate 

studies where a specific combination of three receptors that does not exist at the surface 

of regular cells would be investigated for the formation of multivalent interactions. 

Finally, combinatorial chemistry could be applied for the investigation of those specific 

combinations. For instance, a library of trimers could be constructed and investigated via 

high throughput screening and the best combinations would be collected and analyzed to 

confirm which combination binds the best to the cancer cell. 

In this work, we were able to reach high affinity constructs thanks to the use of poor 

affinity ligands. Theoretically, those compounds should also provide selectivity at low 

dosage of use, however, to ensure specificity, multiple targeting is desired. Indeed, 

targeting a unique combination of receptors should allow complete specificity to the cell 

of interest. Unfortunately, we were unable to detect cross linking with the methods used 

and ways to investigate cross linking are primordial and need to be investigated since 

selectivity might be efficiently achieved via crosslinking different receptors 

combinations. 

Hopefully, by developing the area of study of multivalent interactions, sensitive detection 

agents can be found and by investigating cell surface receptor combinations, alternative 

specific drugs can be created.        
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CHAPTER IX. EXPERIMENTAL PART 

 

9.1. General informations 

Solvents, Reagents and Analytical Methods 

Reagents and solvents used were reagent grade quality from commercial sources and 

used without further purification unless noted otherwise. Purifications by flash 

chromatography were performed on EMD Chemicals (Billerica, MA) silica gel 60 (0.04-

0.063mm). p-Methylbenzhydrylamine-resin (MBHA resin), (0.7 mmol/g) and Sieber 

amide resin (0.5mmol/g) were purchased from ChemPep (Wellington, FL), and amino 

acids were purchased from Aapptec (Louisville, KY) and Iris Biotech GmbH 

(Waldershofer, Germany). Other starting materials and chemicals were mostly purchased 

from Sigma Aldrich (St Louis, MO) and from Acros (Geel, Belgium) for platinum 

dioxide.  NMR spectra were recorded on Bruker ARX 250 or 500 MHz or 600 MHz and 

are referenced in ppm (), coupling constants (J) are expressed in Hz. Melting points 

were measured using a Kofler apparatus and are uncorrected. Mass spectra were obtained 

with an ESI-mass spectrometer (Finnigan, thermoelectron, lcq classic), and high-

resolution fast atom bombardment spectrometer (JEOL HX110 sector instrument) or by 

MALDI-TOF (Voyager DE-Pro). HPLC was performed on a Hewlett-Packard 1100 

series liquid chromatograph (Agilent Technologies) with a C8 column (SymmetryPrep, 

0.78 x 30cm) or C18 column (Vydac, 1.0 x 25cm), separations were monitored at 230 
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and 280 nm and final purity was determined as ≥95% using a C18 Vydac column (0.46 x 

25 cm). Images were acquired on an Olympus microscope. 

Solution and solid phase reaction monitoring  

Reactions in solution were monitored by TLC. TLC were performed with silica plates 

(Silica Gel 60 F254) purchased from EMD Chemicals and were visualized by UV, 

ninhydrin stain and PMA stain. 

Nynhydrin stain: 0.3 g of ninhydrin is dissolved in 100mL of BuOH and 3mL of 

CH3CO2H is added to the mixture. The TLC is merged into the solution and dried over 

high heat to afford brown spots.   

PMA stain: 12 g of phosphomolybdic acid is dissolved in 250 mL of EtOH. The TLC is 

merged into the solution and dried over high heat to afford blue spots.   

Reactions on solid support were monitored using Kaiser’s test
235

 to confirm coupling or 

deprotection reactions. A modified Kaiser’s test
120

 was performed to confirm the 

presence of the azido group when coupling azido acetic acid. And chloroanil test
236

 was 

performed to confirm the deprotection and coupling on secondary amines such as N-Me-

Nle. 

Kaiser’s test: Solution A = 5 g of ninhydrin in 100 mL of EtOH. Solution B = 80 g of 

melted phenol in 20 mL of EtOH. Solution C = 2 mL of 1mM aqueous potassium cyanide 

in 98 mL of pyridine. Two drops of solutions A, B and C were added to a small sample of 

resin introduced into a glass tube, then the tube was heated at 100
o
C. Blue beads reveal 

amino group. 
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Modified Kaiser’s test: Test was performed by adding 2 drops of solution A, B and C 

described above, 2 drops of water and 2 drops of 5 % PPh3 in THF, into a glass tube 

containing the resin sample. The tube was heated at 100
o
C. A regular Kaiser would show 

yellow beads and addition of water and PPh3 would show blue or red beads resulting from 

the creation of amines by reduction azides. 

Chloroanil test: Solution A = 2% acetaldehyde in DMF. Solution B = 2% p-Chloroanil in 

DMF. The test was performed by adding a small sample of resin into a glass tube. Two 

drops of solution A, B were added and the tube and stand at RT for 5 min. Blue beads 

reveal amino group. 

9.2. Synthesis in solution  

*Shiff bases being unstable, they couldn’t be purified and were characterized by 

NMR only since MS gave adducts* 

9.2.1 Chapter II molecules 

 

Methyl 2-((4-chlorobenzylidene)amino)acetate (1)  

Glycine methyl ester hydrochloride (100 g, 0.8 mol, 1 eq.) was dissolved in DCM (700 

mL). Triethylamine (134 mL, 0.96 mol, 1.2 eq.), MgSO4 (192 g, 1.6 mol, 2 eq.) and 

parachlorobenzaldehyde (123 g, 0.8 mol, 1 eq.) were added to the reaction mixture. The 

reaction was stirred thanks to a mechanical stirrer at room temperature overnight. The 
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solution is filtered and the organic phase is washed with water (2 x 500 mL), dried over 

MgSO4 and concentrated to afford 1 (167 g, 98%) as a yellow oil. 
1
H NMR (200 MHz, 

CDCl3) δ (ppm): 8.26  (s, 1H), 7.72 (d, J = 8.4, 2H), 7.40 (d, J = 8.4, 2H), 4.42 (s, 2H), 

3.78 (s, 3H). 
13

C NMR (500 MHz, CDCl3) δ (ppm): 170.52, 164.04, 137.44, 134.16, 

129.81, 129.08, 61.97, 52.32. 

 

Methyl 2-((4-chlorobenzylidene)amino)-4-cyano-2-(2-cyanoethyl)butanoate (2)  

Compound 1 (120 g, 0.57 mol, 1 eq.) was dissolved in MeOH (180 mL) and K2CO3 (15.5 

g, 0.11 mol, 0.2 eq.) were added to the solution. The temperature was dropped to 0° C 

and acrylonitrile (75 mL, 1.1 mol, 2 eq.) was added dropwise. The mixture was stirred 

overnight at room temperature. After evaporation of MeOH, the resulting suspension was 

dissolved in 100 mL of ether and the organic phase was washed with a saturated sodium 

chloride solution (3 x 80 mL). The organic phase was dried over MgSO4 and concentrated 

to afford 2 (175 g) as a brown oil. By NMR the presence of impurities was detected 

though the compound was used for next step without further purification. 
1
H NMR (400 

MHz, CDCl3) δ (ppm): 8.27  (s, 1H), 7.71 (d, J = 8.4, 2H), 7.42 (m, J = 8.4, 2H), 3.84 (s, 

3H),  2.48 (m, 4H), 2.32 (m, 2H), 2.26 (m, 2H). 
13

C NMR (400 MHz, CDCl3) δ (ppm): 

171.18, 161.15, 137.69, 133.76, 129.78, 128.93, 119.11, 68.83, 65.67, 52.65, 33.21.  
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Methyl 2-amino-4-cyano-2-(2-cyanoethyl)butanoate (3)   

Compound 2 (120 g, 0.38 mol, 1 eq.) was dissolved in THF (380 mL) and the reaction 

media was brought to 0° C. After slow addition of HCl 1N (380 mL, 0.38 mol, 1 eq.) the 

mixture was stirred at 0° C for an hour. The THF was removed under reduced pressure 

and the aqueous phase was extracted with ether (3 x 200 mL). The aqueous phase was 

brought to pH = 8 with a saturated solution of Na2CO3 and extraction was perfomed 

using DCM (5 x 200 mL). The combined organic phases were dried over MgSO4 and 

concentrated to afford a yellow oil. The resulting oil was finally dissolved in EtOAc to 

later afford compound 3 (68 g, 95 % over 2 steps) as white crystals. Rf 0.47 

(EtOAc/Hexanes: 8/2); mp 82-85
o
C. 

1
H NMR (500 MHz, CDCl3) δ (ppm): 3.8  (s, 3H), 

2.49 (m, 2H), 2.37 (m, 2H), 2.18 (m, 2H),  1.87 (m, 2H). 
13

C NMR (500 MHz, CDCl3) δ 

(ppm): 119.12, 59.59, 53.05, 35.51, 12.54. MS (HRMS) m/z calcd for C9H14N3O2 

196.1081, found 196.1081. 
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Methyl-2-(2-((tert-butoxycarbonyl)amino)acetamido)-4-cyano-2-(2-cyanoethyl) 

butanoate (4)  

Boc-Glycine (37 mmol, 1.2 eq.), compound 3 (5.85 g, 30 mmol, 1 eq.) and HCTU (30 

mmol, 1 eq.) were dissolved in dry DMF (50 mL). DIEA (5 mL, 33 mmol, 1.1 eq.) was 

added to the reaction mixture, which was stirred at room temperature overnight under 

argon atmosphere. The mixture was poured into a saturated solution of ammonium 

hydrochloride and extraction was performed with EtOAc (3 x 50mL). The combined 

organic phases were washed with 5% citric acid (3 x 80 mL), sat. NaCl (1 x 80 mL) and 

10% NaHCO3 (3 x 80 mL). The organic phase was dried over MgSO4 and concentrated 

under reduced pressure. The resulting powder was purified by silica gel chromatography 

(EtOAc/Cy: 6/4) to afford 4 (9.8 g, 92%) as a white solid. Rf 0.52 (EtOAc/Cy: 8/2); mp 

102-103
o
C. 

1
H NMR (500 MHz, CDCl3) δ (ppm): 7.37 (s, 1H), 5.25 (s, 1H), 3.94 (s, 3H),  

3.78 (d, J = 6, 2H), 2.99 (m, 2H),  2.34 (m, 4H), 2.19 (m, 2H), 1.5 (s, 9H). 
13

C NMR (500 

MHz, CDCl3) δ (ppm): 171.92, 169.72, 156.37, 118.52, 81.08, 62.72, 54.09, 45.37, 30.46, 

28.38, 12.37. MS (HRMS) m/z calc. for C16H24N4O5Na 375.1644, found 375.1638.  
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2-(2-((tert-butoxycarbonyl)amino)acetamido)-4-cyano-2-(2-cyanoethyl)butanoic 

acid (5)  

Compound 4 (8.8 g, 25 mmol, 1 eq.) was dissolved in THF (100mL) and LiOH 2N (25 

mL, 51 mmol, 2 eq.) was slowly added to the reaction mixture. The solution was stirred 

for 1 hr at room temperature and quenched with a solution of NaHSO4 (1N) until pH = 3. 

The product was extracted using EtOAc and the combined organic phases were dried 

over MgSO4 and concentrated in vacuo to afford 5 (8 g, 95%) as a white solid. Rf 0.38 

(DCM/MeOH/CH3CO2H: 8/2/0.1); mp 74-75
o
C. 

1
H NMR (500 MHz, MeOD) δ (ppm): 

3.67 (s, 2H), 2.72 (m, 2H), 2.43 (m, 2H), 2.35 (m, 2H),  2.20 (m, 2H), 1.46 (s, 9H). 
13

C 

NMR (500 MHz, MeOD) δ (ppm): 172.93, 172.3, 120.23, 81.00, 63.56, 61.51, 45.60, 

31.51, 28.67, 12.68. MS (HRMS) m/z calc. for C15H22N4O5Na 361.1488, found 

361.1482. 
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Methyl-9,9-bis(2-cyanoethyl)-2,2-dimethyl-4,7,10-trioxo-3-oxa-5,8,11-triaza 

tetradecan-14-oate (6)  

Compound 5 (4g, 12 mmol, 1 eq.), -Ala-OMe (14 mmol, 1.2 eq.) and BOP (12 mmol, 

1eq.) were dissolved in dry DMF (24 mL). DIEA (4 mL, 24 mmol, 2 eq.) was added and 

the reaction was performed overnight at room temperature under argon atmosphere. The 

reaction mixture was poured into a saturated solution of ammonium hydrochloride and 

compound 6 was extracted with EtOAc (3 x 20 mL). The organic phase were combined 

and washed with 5% citric acid (3 x 50 mL), sat. NaCl (1 x 50 mL) and 10% NaHCO3 (3 

x 50 mL). The organic phase was dried over MgSO4 and reduced under pressure to yield 

compound 6 as an oil, which was purified by silica gel chromatography (EtOAc/Cy: 6/4), 

affording an oil, which crystallized in EtOAc to afford 6 (4.3g, 85%) as white crystals. Rf 

0.56 (EtOAc/Cy: 8/2); mp 138-139
o
C.

 1
H NMR (500 MHz, MeOD) δ (ppm): 3.69 (s, 

3H), 3.65 (s, 3H), 3.51 (t, J = 6.5, 2H), 2.73 (m, 2H), 2.61 (t, J = 6.5, 2H), 2.42 (m, 2H),  

2.3 (m, 2H), 2.12 (m, 2H), 1.47 (s, 9H).
 13

C NMR (500 MHz, MeOD) δ (ppm): 173.76, 

172.12, 171.89, 158.62, 120.33, 81.05, 62.94, 52.28, 45.73, 37.24, 34.14, 31.36, 28.68, 

12.25. MS (HRMS) m/z calc. for C19H29N5O6Na 446.2010, found 446.2017.
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9,9-bis(2-cyanoethyl)-2,2-dimethyl-4,7,10-trioxo-3-oxa-5,8,11-triazatetradecan-14-

oic acid (7)  

To a solution of 6 (6.38g, 16 mmol, 1 eq.) in THF:MeOH (5:1) cooled at 4
o 

C, LiOH (2N) 

(20 mL, 40 mmol, 2.5 eq.) was added dropwise. After stirring 25 min at 4
o
C, the reaction 

was quenched with a 1N NaHSO4 solution until the pH reached pH = 3. After extraction 

with EtOAc (5 x 20 mL), the organic phases were combined, dried over MgSO4 and 

concentrated under reduced pressure to yield the pure compound 8 (5.9 g, 90%) as a 

white solid. Rf  0.45 (DCM/MeOH/CH3COOH: 8/2/0.1); mp 124-125
o
C. 

1
H NMR (500 

MHz, CDCl3) δ (ppm): 3.81 (m, 2H), 3.58 (m, 2H), 2.97 (m, 2H), 2.67 (m, 2H),  2.39 (m, 

2H), 2.26 (m, 2H), 2.14 (m, 2H), 1.49 (s, 9H). 
13

C NMR (500 MHz, CDCl3) δ (ppm): 

176.09, 170.51. 170.36, 156.71, 119.65, 80.99, 62.23, 60.57, 36.49, 33.33, 30.52, 30.45, 

12.15. MS (HRMS) m/z calc. for C18H28N5O6 410.2034, found 410.2040. 
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7-amino-4-(2-((tert-butoxycarbonyl)amino)acetamido)-4-((2-carboxyethyl) 

carbamoyl)heptan-1-aminium (8)  

Compound 7 (2g, 4.8 mmol, 1 eq.) was dissolved in a mixture of MeOH/CHCl3: 5/0.15 

(15 mL). PtO2 (0.228 g, 0.77mmol, 0.16 eq.) was added to the mixture, which was placed 

in a Parr apparatus under 4 bars of H2 for 8 hr. The resulting suspension was filtered 

through celite and concentrated to afford 8 (1.6 g, 100 %) as a white powder. Rf  0.15 in 

BuOH/H2O/CH3CO2H: 4/5/1; mp 116-117
o
C. Compound 8 was used without further 

purification since the NMR showed no detectable impurity. 
1
H NMR (400 MHz, D2O) δ 

(ppm): 3.70 (s, 2H), 3.43 (t, J = 6.5, 2H), 2.91 (t, J = 6.5, 2H), 2.55 (t, J = 6.5, 2H), 2.03 

(m, 2H),  1.86 (m, 2H), 1.50 (m, 2H), 1.42 (m, 2H), 1.38 (s, 9H).
13

C NMR (400 MHz, 

D2O) δ (ppm): 176.02, 173.81, 171.41, 158.02, 81.70, 62.30, 48.90, 43.71, 39.18, 35.60, 

33.39, 30.82, 27.61, 21.17. MS (HRMS) m/z calc. for C18H36N5O6 418.2660, found 

418.2664. 
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9,9-bis(3-((tert-butoxycarbonyl)amino)propyl)-2,2-dimethyl-4,7,10-trioxo-3-oxa-

5,8,11-triazatetradecan-14-oic acid (9)  

To a solution of 8 (10.18 g, 16.5 mmol, 1 eq.) in H2O:MeCN (1:1) (80 mL), Boc2O (50 

mmol, 3 eq.) and NaHCO3 ( 8 g, 100 mmol, 6 eq.) were added. The reaction mixture was 

stirred at room temperature for 24 hours. The reaction was quenched by decreasing the 

pH to 3 with 1N NaHSO4. The compound was extracted with CH2Cl2 (5 x 50 mL). The 

organic phases were combined and dried over MgSO4 and then concentrated under 

reduced pressure to afford an oil. The resulting oil was purified by silica gel 

chromatography (EtOAc/Cy/MeOH/ CH3CO2H: 50/50/2.5/1) to afford 9 (8.2 g, 80%) as 

a white solid. Rf 0.27 (EtOAc/Cy/MeOH/CH3CO2H: 50/46/3/1); mp 140-141
o
C. 

1
H NMR 

(500 MHz, CDCl3) δ (ppm): 3.78 (m, 2H), 3.55 (m, 2H), 3.07 (m, 2H), 3.00 (m, 2H), 2.62 

(m, 2H), 2.44 (m, 2H), 1.66 (m, 2H), 1.43 (m, 27H), 1.25 (m, 4H). 
13

C NMR (500 MHz, 

CDCl3) δ (ppm): 172.79, 156.50, 129.02, 128.21, 125.59, 80.22, 79.49, 63.41, 44.81, 

40.37, 36.05, 33.71, 32.63, 28.45, 24.48, 21.48. MS (HRMS) m/z calc. for 

C28H51N5O10Na 640.3534, found 640.3528. 
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9,9-bis(3-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)propyl)-2,2-dimethyl-4,7,10-

trioxo-3-oxa-5,8,11-triazatetradecan-14-oic acid (10)  

Compound 8 (1.7 g, 4 mmol, 1 eq.) was dissolved in a mixture of H2O and MeCN (1/1) 

(20 mL). The solution was cooled down to 0
o
C and NaHCO3 (1.36g, 16 mmol, 4 eq.).  

Fmoc-OSu (3 g, 9 mmol, 2.2 eq.) was dissolved in MeCN (6mL) and added dropwise to 

the reaction mixture. The temperature was allowed to reach room temperature and the 

solution was stirred for 24 hours. The reaction was quenched and the pH decreased to 3 

with 1N NaHSO4. The solution was extracted with DCM and the combined organic phase 

were dried over MgSO4 and concentrated in vacuo to afford an oil. Purification by silica 

gel chromatography (EtOAc/Cy/MeOH/CH3CO2H: 50/50/2.5/1) was performed to afford 

10 (2.2 g, 65%) as a white solid. Rf 0.35 (EtOAc/Cy/MeOH/CH3CO2H: 50/46/3/1); mp 

159-160
o
C. 

1
H NMR (500 MHz, CDCl3) δ (ppm): 7.75 (m, 4H), 7.59 (m, 4H), 7.40 (m, 

4H), 7.31 (m, 4H), 6.91 (s, 1H), 5.96 (s, 1H), 5.27 (m, 2H), 4.38 (m, 4H), 4.20 (m, 2H), 

3.77 (m, 2H), 3.55 (m, 2H), 3.13 (m, 4H), 2.59 (m, 4H), 1.6 (m, 2H), 1.47 (s, 9H), 1.36 

(m, 2H). 
13

C NMR (500 MHz, CDCl3) δ (ppm): 143.82, 141.27, 127.82, 127.69, 127.07, 

125.10, 124.92, 119.96, 68.11, 66.85, 63.39, 47.19, 40.75, 32.91, 29.74, 28.32, 24.42, 

20.66, 18.86, 18.09. MS (HRMS) m/z calc. for C48H56N5O10 862.4022, found 862.4036. 
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2-azidoacetic acid (11) 

Sodium azide (8.2 g, 126 mmol, 2 eq.) was dissolved in water (42 mL) and bromoacetic 

acid (10 g, 63 mmol, 1 eq.) was slowly added. The solution was stirred at room 

temperature overnight and quenched by dropwise addition of 35 mL conc. HCl (37%). 

Extraction was performed using Et2O (4 x 50 mL) and the combined organic phases were 

dried over MgSO4 and concentrated in vacuo to afford 11, as an oil (6.3 g, 100%). IR: 

2108.45 cm
-1

. 
1
H NMR (500 MHz, CDCl3) δ (ppm): 10.16 (s, 1H), 3.99 (s, 2H). 

13
C 

NMR (500 MHz, CDCl3) δ (ppm): 174.19, 50.01. MS (GC) m/z calc. for C2H3N3O2 

101.02, found 101.02. 

 

(S)-5-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-6-methoxy-6-oxohexan-1-

aminium (12) 

Fmoc-Lys(Boc)-OH (5 g, 10 mmol, 1 eq.) was suspended in MeOH (8 mL). The reaction 

mixture was cooled down to 0
o
C and thionyl chloride (2.2 mL, 30 mmol, 3 eq.) was 

added dropwise. The reaction medium was allowed to reach room temperature and the 
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reaction was stirred at room temperature overnight. The solution was concentrated and 

suspended back into Et2O and concentrated three times to afford 12 (3.8 g, 100%) as a 

white powder. Rf 0.5 in BuOH/H2O/CH3CO2H: 4/5/1; mp 110-112
o
C; []

25
D -26 (c 1, 

MeOH). 
1
H NMR (500 MHz, MeOD) δ (ppm): 7.78 (d, J = 7.5, 2H), 7.66 (t, J = 8.5, 2H), 

7.38 (t, J = 7.5, 2H), 7.30 (t, J = 7.5, 2H), 4.40 (m, 1H),  4.33 (m, 1H), 4.20 (m, 2H), 3.71 

(s, 3H), 3.61 (m, 1H), 2.27 (t, J = 6.5, 2H), 1.85 (m, 1H), 1.69 (m, 4H), 1.48 (m, 2H). 
13

C 

NMR (500 MHz, MeOD) δ (ppm): 174.29, 158.62, 145.22, 145.09, 142.56, 128.56, 

128.12, 128.10, 126.18, 126.11, 120.91, 67.88, 55.09, 52.75, 40.51, 31.98, 27.98, 23.84. 

MS (HRMS) m/z calc. for C22H26N2O4 383.1965, found 383.1959. 

 

(S)-methyl 2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-6-(pent-4-

ynamido)hexanoate (13) 

Compound 12 (8 g, 21 mmol, 1 eq.), pentynoic acid (2.1 g, 21 mmol, 1 eq.) and HCTU 

(8.6 g, 21 mmol, 1 eq.) were dissolved in dry DMF (40 mL). DIEA (8mL, 42 mmol, 2 

eq.) was added and the reaction was performed overnight at room temperature under 

argon atmosphere. The reaction mixture was poured into a saturated solution of 

ammonium hydrochloride and extraction was performed using EtOAc (3 x 50 mL). The 
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organic phase were combined and washed with 5% citric acid (3 x 100 mL), sat. NaCl (1 

x 100 mL) and 10% NaHCO3 (3 x 100 mL). The organic phase was dried over MgSO4 

and reduced under pressure to yield compound 13 (9.7 g, 100%) as a white solid. Rf 0.23 

(EtOAc/Cy: 6/4); mp 135-137
o
C; []

25
D -8.5 (c 1, MeOH). 

1
H NMR (500 MHz, MeOD) 

δ (ppm): 7.80 (d, J = 7.5, 2H), 7.67 (t, J = 7, 2H), 7.39 (t, J = 7.5, 2H), 7.31 (t, J = 7.5, 

2H), 4.37 (m, 2H),  4.22 (m, 1H), 4.15 (m, 1H), 3.71 (s, 3H), 3.18 (m, 2H), 2.46 (m, 2H), 

2.36 (m, 2H), 2.25 (m, 1H), 1.82 (m, 1H), 1.69 (m, 1H), 1.52 (m, 2H), 1.42 (m, 2H). 
13

C 

NMR (500 MHz, MeOD) δ (ppm): 174.61, 173.94, 158.65, 145.27, 145.15, 142.58, 

128.77, 128.14, 128.12, 126.21, 126.18, 120.90, 83.50, 70.32, 67.91, 55.38, 52.66, 40.06, 

36.09, 32.18, 29.87, 24.24, 15.81. MS (HRMS) m/z calc. for C27H30N2O5 463.2227, 

found 463.2224. 

 

(S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-6-(pent-4-ynamido)hexanoic 

acid (14) 

Compound 13 (18 g, 39mmol, 1 eq.) was dissolved in THF (243 mL). The solution was 

cooled down to 0
o
C and LiOH 0.2M (243mL, 49 mmoles, 1.5 eq) was added dropwise. 

The solution was stirred for 30 minutes at 0
o
C and quenched with 120 mL of HCl 1N. 
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Extraction was performed using EtOAc (3 x 200 mL). The combined organic phases were 

dry and concentrated to get the crude product as an oil. Purification by flash 

chromatography (DCM/MeOH/CH3CO2H: 9/1/0.1) was performed to yield 14 (15.6 g, 

90%) as a white powder. Rf 0.17 (DCM/MeOH/CH3CO2H: 9/1/0.1); mp 70-75
o
C; []

25
D - 

7 (c 1, MeOH). 
1
H NMR (500 MHz, MeOD) δ (ppm): 7.79 (d, J = 7.5, 2H), 7.67 (t, J = 7, 

2H), 7.39 (t, J = 7.5, 2H), 7.31 (t, J = 7.5, 2H), 4.35 (m, 2H),  4.22 (m, 1H), 4.12 (m, 1H), 

3.19 (m, 2H), 2.45 (m, 2H), 2.35 (m, 2H), 2.26 (m, 1H), 1.85 (m, 1H), 1.70 (m, 1H), 1.53 

(m, 2H), 1.44 (m, 2H). 
13

C NMR (500 MHz, MeOD) δ (ppm): 176.52, 173.92, 158.58, 

145.34, 145.17, 142.56, 128.75, 128.14, 128.12, 126.24, 126.22, 120.88, 83.49, 70.34, 

67.90, 58.32, 55.62, 40.16, 36.10, 32.60, 29.93, 24.27, 18.38, 15.81. MS (HRMS) m/z 

calc. for C26H28N2O5 449.2071, found 449.2069 

9.2.2. Chapter VII molecules 

 

9-(3-(((allyloxy)carbonyl)amino)propyl)-9-(3-aminopropyl)-2,2-dimethyl-4,7,10-

trioxo-3-oxa-5,8,11-triazatetradecan-14-oic acid (65) 

Method 1: Via amine activation method using CsOH  
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Compound 8 (100 mg, 0.24 mmol, 1 eq.) was dissolved in 1.2 mL of dry DMF in the 

presence of Et3N (67 L, 0.48 mmol, 2 eq.) and the mixture was stirred under argon for 

30 minutes. Activated molecular sieves (70 mg) were added followed by CsOH (18 mg, 

0.12 mmol, 0.5 eq.) and the reaction media was stirred for another 30 minutes under 

argon atmosphere. Allyl chloroformate (28 L. 0.26 mmol, 1.1 eq.) was added and the 

reaction was allowed stand at room temperature for 24 hours. The compound was 

purified by HPLC, with 0.1M NH4OAc as aqueous phase and pure MeCN as mobile 

phase, to afford the desired product (47 mg, 39 %) as transparent oil. 

Method 2: Via use of allyl phenyl carbonate 66: 

Compound 8 (100 mg, 0.24 mmol, 1 eq.) was dissolved in 1 mL of dry EtOH in the 

presence of Et3N (67 L, 0.48 mmol, 2 eq.) and the mixture was stirred under argon for 

30 minutes. Allyl phenyl carbonate (47 mL, 0.26 mmol, 1.1 eq.) was added to the 

reaction mixture, which was stirred for 24 hours. The compound was purified by HPLC, 

with 0.1M NH4OAc as aqueous phase and pure MeCN as mobile phase, to afford the 

desired product (66 mg, 55 %) as colorless oil. 

Rf 0.5 (BuOH/H2O/CH3CO2H: 4/5/1). 
1
H NMR (600 MHz, D2O) δ (ppm): 5.87 (m, 1H), 

5.20 (m, 2H), 4.46 (m, 2H), 3.65 (m, 2H), 3.35 (m, 2H), 3.00 (m, 2H), 2.87 (m, 2H), 2.33 

(m, 2H), 2.06 (m, 2H), 1.77 (m, 2H), 1.47 (m, 2H), 1.36 (s, 9H), 1.19 (m, 2H). 
13

C NMR 

(500 MHz, D2O) δ (ppm): 179.84, 173.74, 171.19, 158.22, 157.79, 138.78, 117.20, 81.57, 

65.62, 62.58, 46.57, 43.86, 39.98, 39.15, 36.91, 36.46, 27.58, 23.14, 21.21. MS (HRMS) 

m/z calc. for C22H40N5O8 502.2871, found 502.2878. 
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Allyl phenyl carbonate (66) 

Benzyl alcohol (20 g, 0.18 mol, 1 eq.) was dissolved in 100 mL of DCM followed by 

addition of pyridine (20 mL, 0.23 mol, 1.3 eq.) was added. Allyl chloroformate (31.2 g, 

0.18 mol, 1 eq.) was slowly added dropwise to the mixture over 15 minutes. The reaction 

mixture was stirred for 5 hours and quenched with 50 mL water and the organic phase 

was washed with a 2M H2SO4 solution (2 x 50 mL). The organic phase was dried over 

Na2SO4 and evaporated under reduced pressure to afford the crude compound as a yellow 

oil, which was distilled under vacuum to afford the pure compound 66 (36 g, 80%) as a 

transparent oil. 
1
H NMR (500 MHz, CDCl3) δ (ppm): 7.37 (m, 2H), 7.23 (m, 1H), 7.19 

(m, 2H), 6.00 (m, 1H), 5.42 (m, 1H), 5.32 (m, 1H), 4.73 (m, 2H). 
13

C NMR (500 MHz, 

CDCl3) δ (ppm): 153.58, 151.14, 131.16, 129.53, 126.10, 121.07, 119.54, 69.20. MS 

(GC) m/z calc. for C10H10O3 178.06, found 178.06. 

 

Benzyl (3-bromopropyl) carbamate (67) 

3-Bromoaminopropane (3 g, 22 mmol, 1 eq.) and DIEA (5.62 g, 44 mmol, 2 eq.) were 

dissolved in 44 mL of DCM. The solution was cooled down to 0
o
C and benzyl 

chloroformate (3.7 g, 22 mmol, 1 eq.) was added dropwise and the reaction mixture was 

stirred overnight. The reaction was washed with water (3 x 50 mL) and the resulting 
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organic phase was dried with Na2SO4 and evaporated under reduced pressure. The 

resulting oil was purified by silica gel chromatography (Hex/EtOAc: 9/1) was performed 

to afford 67 (5.3 g, 90 %) as a colorless oil. Rf 0.20 (Hex/EtOAc: 9/1). 
1
H NMR (500 

MHz, CDCl3) δ (ppm): 7.32 (m, 5H), 5.13 (s, 1H), 5.07 (s, 1H), 3.40 (m, 2H), 3.30 (m, 

2H), 2.03 (m, 2H). 
13

C NMR (500 MHz, CDCl3) δ (ppm): 156.50, 135.45, 128.53, 

128.15, 128.11, 66.75, 39.45, 32.53, 30.73. MS (GC) m/z calc. for C11H14BrNO2 271.02, 

found 271.02. 

 

Allyl (3-bromopropyl) carbamate (68) 

3-Bromoaminopropane (3 g, 22 mmol, 1 eq.) and DIEA (5.62 g, 44 mmol, 2 eq.) were 

dissolved in 44 mL of DCM. The solution was cooled down to 0
o
C and allyl 

chloroformate (2.6 g, 22 mmol, 1 eq.) was added dropwise and the reaction mixture was 

stirred overnight. The reaction was washed with water (3 x 50 mL) and the resulting 

organic phase was dried with Na2SO4 and evaporated under vacuum. The resulting oil 

was purified by silica gel chromatography (Hex/EtOAc: 9/1) was performed to afford 68 

(4.2 g, 87 %) as a colorless oil. Rf 0.18 (Hex/EtOAc: 9/1). 
1
H NMR (500 MHz, CDCl3) δ 

(ppm): 5.90 (m, 1H), 5.30 (m, 1H), 5.20 (m, 1H), 4.55 (m, 2H), 3.45 (t, J = 6.5, 2H), 3.35 

(m, 2H), 2.08 (m, 2H). 
13

C NMR (500 MHz, CDCl3) δ (ppm): 156.39, 141.26, 132.87, 

117.72, 65.60, 39.42, 32.57, 30.74. MS (GC) m/z calc. for C7H12BrNO2 221.01, found 

221.01. 
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Ethyl 2-((4-chlorobenzylidene)amino)acetate (69) 

Glycine ethyl ester hydrochloride (20 g, 0.16 mol, 1 eq.) was dissolved in 120 mL of 

DCM. Triethylamine (24 mL, 0.17 mol, 1.2 eq.), MgSO4 (40 g, 0.32 mol, 2 eq.) and 

parachlorobenzaldehyde (22 g, 0.16 mol, 1 eq.) were added to the reaction mixture. The 

reaction was stirred at room temperature overnight. The solution was filtered and the 

organic phase was washed with water (2 x 500 mL), dried over MgSO4 and concentrated 

in vacuo to afford 69 (35 g, 98%) as a light yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 

(ppm): 8.27 (s, 1H), 7.73 (d, J = 8.5, 2H), 7.40 (d, J = 8.5, 2H), 4.41 (s, 2H), 4.26 (q, J = 

7, 2H), 1.32 (t, J =7.5, 3H). 
13

C NMR (500 MHz, CDCl3) δ (ppm): 170.00, 164.03, 

137.28, 134.16, 129.73, 128.97, 62.04, 61.25, 14.33. 

 

Ethyl 2-((4-chlorobenzylidene)amino)-4-cyanobutanoate (70) 

Compound 69 (200 mg, 0.88 mmol, 1 eq.) was dissolved in 1 mL of dry EtOH under 

argon atmosphere. The solution was brought to -15
o
C and K2CO3 (24 mg, 18 mmol, 0.2 

eq.) was added followed by dropwise addition of acrylonitrile (58 L, 0.88 mmol, 1 eq.). 

The reaction media was kept at 0
o
C for 1 hour then brought to room temperature and 
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stirred under argon overnight. The solvent was evaporated and the resulting mixture was 

suspended into 5 mL of Et2O. The organic phase was washed twice with a saturated 

aqueous solution of NaCl. The organic phase was dried over Na2SO4 and the solvent 

evaporated under reduced pressure to afford 70 (243 mg, 80 %) as a yellow oil. The 

NMR shows the presence of unreacted starting material yielding 70 as 70% only. 
1
H 

NMR (200 MHz, CDCl3) δ (ppm): 8.34 (s, 1H), 7.72 (m, 2H), 7.39 (m, 2H), 4.39 (s, 1H), 

4.22 (m, 2H), 2.47 (m, 2H), 2.32 (m, 2H), 1.28 (m, 3H).
13

C NMR (500 MHz, CDCl3) δ 

(ppm): 170.24, 163.97, 161.20, 137.56, 133.77, 129.89, 128.98, 118.86, 70.34, 61.63, 

28.50, 14.17, 13.80. 
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9.3. Synthesis on solid support  

9.3.1. General Protocols 

Boc Strategy Synthesis and HF cleavage from MBHA resin 

Synthesis using the Boc strategy was performed on 50mg of a MBHA resin loaded at 0.7 

mmol/g. The resin was swollen in DCM for 1 hour in a Torviq fritted polypropylene 

syringe used for the synthesis. Initial resin neutralization was effected by rinsing twice 

the resin with a solution of 20% DIEA in DCM (2 x 1 mL). The desired sequence was 

sequentially coupled to the resin using standard solid-phase methods. Coupling reactions 

were achieved using a 3-fold excess of amino acid, HBTU and HOBt in the presence of a 

6-fold excess of DIEA dissolved in the minimum of DMF. The coupling reactions were 

performed over an hour, (the 3-fold excess of HBTU and HOBt can be replaced by a 3-

fold excess of HCTU and reactions performed over 20 min.) The coupling reaction 

completion was monitored and confirmed by a negative Kaiser test, which showed a clear 

solution and clear resin beads. Wash after the coupling steps was performed using DMF 

(3 x 2 min) and DCM (3 x 2 min). The deprotection steps were achieved using TFA (3 x 

1 min) followed by DCM wash (5 x 2 min). Completion of Boc deprotection was 

confirmed by a positive Kaiser test revealing blue beads in a blue solution. Neutralization 

with 20% DIEA in DCM (2 x 2 min) was performed prior to the next coupling. After 

addition and deprotection of the last amino acid, the resin is appropriately washed with 

DMF (3 x 2 min), DCM (3 x 2 min), MeOH (3 x 2 min) and dried under vacuum.  
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The dried peptidyl resin was transferred into a Teflon reactor containing a stir bar. 

Anisole (80 L) was added as a scavenger to the reactor. The reactor was placed into an 

HF apparatus and cleavage was performed using liquid HF for 2 hours at 0
o
C. The HF 

was removed by vacuum. Ether (5 mL) was added to the reactor and filtration was 

performed over a frit twice. The resulting resin was washed with a 10% acetic acid 

solution, transferred into a centrifuge tube and lyophilized to afford the crude product, 

which is then purified (see general purification protocol).         

Fmoc Strategy Synthesis and cleavage from Sieber amide resin to afford protected 

or unprotected peptides  

Synthesis in Fmoc strategy was performed on 1 g of Sieber amide resin loaded at 0.5 

mmol/g. Fmoc synthesis were performed using the same procedures, either in a Torviq 

fritted polypropylene syringe or using Protein Technologies Prelude instrument. The 

resin was swollen in DMF for 30 min and in DCM for another 30 min. First, the resin 

was deprotected using a solution of 20% piperidine in DMF (1 x 5 min and 1 x 20 min). 

The amino acids constituting the sequence were sequentially added to the resin using 

standard solid phase methods. As described above, coupling reactions were achieved 

using a 3-fold excess of amino acid, HBTU and HOBt in the presence of a 6-fold excess 

of DIEA dissolved in the minimum of DMF. The coupling reactions were performed over 

an hour, (the 3-fold excess of HBTU and HOBt can be replaced by a 3-fold excess of 

HCTU and reactions performed over 20 min.) The coupling reaction completion was 

monitored and confirmed by a negative Kaiser test, which showed a clear solution and 
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clear resin beads. Wash after the coupling steps were performed using DMF (3 x 2 min) 

and DCM (3 x 2 min). The deprotection steps were achieved using 20% piperidine in 

DMF (1 x 5 min and 1 x 20 min) followed by DMF (3 x 2 min) and DCM (3 x 2 min) 

washes. Completion of Fmoc deprotection was confirmed by a positive Kaiser test 

revealing blue beads in a blue solution. In the case of NMe-Nle, Fmoc deprotection was 

confirmed using a Chloroanil test and coupling of the next amino acid was doubled and 

also confirmed via a Chloroanil test.  Upon addition and deprotection of the last amino 

acid, the resin is appropriately washed with DMF (3 x 2 min), DCM (3 x 2 min), MeOH 

(3 x 2 min) and dried under vacuum.  

Cleavage of the protected peptide was performed using the following procedure. The 

resin is first swollen in DCM and deprotection is performed using 10 mL of 1% TFA in 

DCM (20 x 2 min). The resulting solution is quickly poured into 10% pyridine in 

methanol (30 mL). The solution is evaporated under reduced pressure and the resulting 

oil is dissolved in the minimum of DCM (about 10 mL). The solution is washed with 

water to eliminate the trifluoroacetate pyridinium salt. The organic phase is transferred 

into a centrifuge tube and the protected peptide is precipitated with cold ether (30 mL). 

The precipitate was isolated by centrifugation and the organic solvent was decanted off. 

The pellet was suspended in water, frozen and lyophilized to afford the crude peptide.  

Protected peptides were used for multimer assembly without further purification. 

If the unprotected peptide is desired, the peptide is cleaved using 10 mL cocktail 

composed of 95 % TFA, 2.5 % TIS and 2.5 % water for 2 hours. The TFA is collected in 
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a centrifuge tube and reduced with a gently flow of argon. The peptide is precipitated via 

addition of cold ether (10 mL) and is isolated by centrifugation. The resulting pellet is 

washed 3 times with cold ether (10 mL) and dried over air to afford the crude peptide, 

which is then purified (see general purification protocol).  

Acetylation 

If acetylation is desired, the N- deprotected on resin peptide is incubated twice with a 

20% Acetic anhydride solution in the presence of 5% DIEA in DMF for 30 min. 

Acetylation is confirmed by a negative Kaiser’s test resulting in yellow beads in a clear 

yellow solution. 

Azidoacetic acid coupling 

Azido acetic acid coupling is performed in the presence of a 3-fold excess per amino 

group of azido acetic acid 11, HBTU and 3-fold excess of DIEA and incubated for 1 

hour. [Careful an excess of DIEA engenders a side reaction, see Chapter II]. Coupling of 

the azido acetic acid was monitored via a regular and a modified Kaiser’s test. The 

regular Kaiser’s test shows a negative Kaiser’s test with yellow beads and solution and 

the modified Kaiser’s test shows a positive result with red beads in a blue solution. 

Click chemistry  

The dried peptidyl resin in transferred into a scintillation vial. Ligation reaction was 

performed in the presence of the protected peptide (2 eq. per azido group), CuI (5 eq. per 

azido group), Ascorbic acid (5 eq. per azido group), DIEA (7 eq. per azido group) in a 
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dry solution of DMF/2-6 Lutidine (8/2) ideally degassed from O2 by argon bubbling for 

30 minutes prior use. The final concentration of CuI should be of 0.25 M.  The reaction is 

incubated until completion, usually 4 days for large constructs. Click reactions are 

monitored via IR (disappearance of the 2100 cm
-1

 band) and by modified Kaiser’s test, 

which results in a negative result showing yellow beads in a clear yellow solution. The 

resin is transferred back into a fritted syringe for washes. The resin is washed using DMF 

(3 x 2 min), DMF/2-6 Lutidine (8/2) saturated in ascorbic acid (5 x 2 min), 0.5 % 

diethylthiocarbamate and 0.5% DIEA in DMF (3 x 10 min, or until brown coloration 

disapears), DMF (3 x 2 min) and DCM (3 x 2 min). 

DTPA coupling  

After N- deprotection and washes, the free amine resin is capped with a septum and 

placed under argon atmosphere. The resin is washed with dry DMSO (3 x 2 min). While 

washing, a solution mixture of DTPA (10 eq.), HOBT (30 eq., 0.8M) in DMSO is 

dissolved in dry DMSO at 50
o
C, cooled down to room temperature and added to the resin 

under argon atmosphere. The reaction mixture is incubated for 24hrs and reaction 

completion is monitored by a negative Kaiser’s test. Upon reaction completion the resin 

is washed with DMSO (3 x 2min), THF (3 x 2 min), 20% H2O in THF (3 x 2 min), THF 

(3 x 2 min), 5% DIEA in THF (2 x 5 min), THF (3 x 2 min) and DCM (3 x 2 min). 

Eu labeling  

The lyophilized pure DTPA modified peptide is transferred into a scintillation vial and 

dissolved in 0.1M NH4OAc [final concentration of 0.5 M], the pH is brought to pH = 8 
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using 0.1M NH4OH. Three equivalents of EuCl3.6H2O are added to the mixture and 

reacted overnight. It is important to check the pH for the first hour in order to maintain it 

at pH = 8 using 0.1M NH4OH. The reaction media is transferred into a centrifuge tube, 

frozen and lyophilized. The resulting powder is dissolved back into 0.1M NH4OAc and 

purified by HPLC (see purification section). 

Cy5 labeling  

The pure lyophilized compound is dissolved in DMSO with a 5mM final concentration. 

1eq. of aliquoted Cy5-NHS and 0.1 eq. of Et3N are added to the reaction mixture. The 

reaction completion is monitored by HPLC. If necessary, 0.2 eq. of Cy5-NHS is added to 

the media after 2 hrs if completion is not reached. Once completion is reached the 

compound is purified by HPLC (see specific purification for peptides containing 

Europium).    

Allyl and Alloc removal  

The dried peptidyl resin is placed on a fritted syringe and capped with a septum. The 

resin is swollen with dry DCM under argon atmosphere for 30 min. 0.3eq. of Pd(PPh3)4 is 

dissolved in the minimum amount dry DCM and transferred to the syringe and mixed for 

1 minute. 25 eq. of PhSiH3 is then added to the mixture and deprotection is processed for 

30 min. The reaction media is discarded and deprotection is performed a second time in 

the same conditions. Reaction completion is monitored by a negative Kaiser’s test. The 

resin is finally washed with the following solutions: DCM (2 x 2 min), DIEA in DMF (12 
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eq., 1 x 10 min), HOBt in DMF (6 eq., 1 x 5 min), 0.5 % ethyldithiocarbamate (2 x 10 

min), DMF (3 x 2 min) and DCM (3 x 2 min). 

Peptide Cyclization 

The free amine and the free acid of a peptidyl resin are cyclized in the presence of a 3-

fold excess of HBTU, HOBt and 6-fold excess of DIEA in DMF for 3 days. The reaction 

is monitored by a negative Kaiser’s test and washes are performed: DMF (3 x 2 min) and 

DCM (3 x 2 min). 

9.3.2. Details on more complex assemblies 

The following assemblies were generated using the described protocols above. 

15: The compound was synthesized following a Boc strategy. First, successive coupling 

of Fmoc-Arg(Tos), scaffold 9 and azido acetic acid (11) were performed followed by 

ligation of compound 13 using the click chemistry protocol. Fmoc removal was 

performed and HF cleavage afforded the crude 15, which was purified by HPLC. 

Homo trivalent multimers: 17, 18, 19, 20, 21, 22, 27, 28, 40, 41, 42, 43, 44, 45, 48 

The synthesis was performed following a Boc strategy. Coupling of compound 9 was 

performed followed by coupling of the desired linker sequence. Compound 11 was then 

coupled and ligation was performed using the desired protected ligand following the 

established click chemistry protocol. A final wash was performed using a cocktail 

containing 95 % TFA, 2.5 % TIS and 2.5 % (2 x 30 min) prior to HF cleavage.  



228 

 

Monovalent ligand on scaffold: 29 

The synthesis followed a Boc strategy and Fmoc strategy on a MBHA resin. Coupling of 

compound 10 was performed followed by Boc removal, coupling of 11, and click 

reaction with the appropriate protected peptide. Fmoc removal was then performed and 

the resulting free amines were acylated. A final wash was performed using a TFA 

cocktail containing 95 % TFA, 2.5 % TIS and 2.5 % (2 x 30 min) prior to HF cleavage. 

Bivalent on scaffold: 30 

The synthesis followed a Boc strategy and Fmoc strategy on a MBHA resin. Coupling of 

compound 10 was performed followed by Boc removal and acetylation of the resulting 

free amine. Fmoc removal was then performed followed by coupling of 11 and click 

reaction with the appropriate protected peptide. A final wash was performed using a 

cocktail containing 95 % TFA, 2.5 % TIS and 2.5 % (2 x 30 min) prior to HF cleavage. 

Hexavalent dendrimer: 31 

The synthesis followed a Boc strategy and Fmoc strategy on a MBHA resin. Coupling of 

compound 10 was performed followed by Boc removal and acetylation of the resulting 

free amine. Fmoc removal was then performed followed by coupling of 9. Boc groups 

were removed and coupling of 11 was performed followed by the click reaction with the 

appropriate protected peptide. A final wash was performed using a cocktail containing 95 

% TFA, 2.5 % TIS and 2.5 % (2 x 30 min) prior to HF cleavage. 
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Nonavalent dendrimer: 32 

The synthesis followed a Boc strategy. Coupling of compound 9 was performed followed 

by Boc removal and second coupling of 9. Boc groups were removed and coupling of 11 

was performed followed by the click reaction with the appropriate protected peptide. A 

final wash was performed using a cocktail containing 95 % TFA, 2.5 % TIS and 2.5 % (2 

x 30 min) prior to HF cleavage. 

Hetero trivalent multimers: 57, 58, 59, 60, 61, 62, 63, 64 

The synthesis followed a Boc strategy and Fmoc strategy on a MBHA resin. First 

following a boc strategy, coupling of compound 10 was performed followed by Boc 

removal and coupling of the desired linker. The azido acetic acid was coupled and click 

chemistry was performed using the appropriate peptide. In a second time following a 

Fmoc strategy, the fmoc groups were removed and the desired linker was coupled. 

Finally, coupling of 11 was performed followed by the click reaction with the second 

appropriate protected peptide. A final wash was performed using a TFA cocktail 

containing 95 % TFA, 2.5 % TIS and 2.5 % (2 x 30 min) prior to HF cleavage. 

General Purification protocol 

The crude products were purified using a C8 semi-preparative column. The peptides were 

dissolved in aqueous 0.1% TFA at a concentration of 10 mg/mL. If the crude was not 

fully dissolved, DMSO was added until the crude solution becomes clear. The resulting 

solution was filtered through a 0.45 micron cellulose acetate filter (Acrodisc) prior 
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injection. Injection volume was adjusted depending on the detector capacity and 

resolution of the desired peak. Generally, the gradient used was aqueous 0.1% TFA, from 

10 % to 90 % MeCN in 30 min at a flow rate of 3 mL/min. The gradient was adjusted 

depending on the isolation of the desired peak. The peak collections were assembled and 

the MeCN was evaporated under reduced pressure. The resulting solution was transferred 

into a centrifuge tube, frozen and lyophilized to afford the pure peptide.  

Purity was check using a C18 analytical column. The pure product was dissolved at a 

concentration of 1 mg/mL and injected on a gradient from 0 to 100 % of MeCN in 30 

min. 

Final purity was determined as > 94 %.  

Specific Purification for Peptides containing Europium 

The purification protocol above applies to Europium labeled peptides besides the solvents 

which are composed of A = 0.1M NH4OAc and B = 95% MeCN + 5 % 0.1M NH4OAc. 

[TFA is eliminated from the purification system since unchelation of the Eu from its cage 

occurs.] The europium labeled peptide is dissolved at a concentration of 10 mg/mL in 0.1 

M NH4OAc and HPLC purification is performed on a gradient 0 % to 0 % of B for 5 min 

and 0 % to 100 % of B in 40 min to afford the pure labeled peptide without the Europium 

excess. 
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9.4. Characterization for compounds synthesized on solid support 

The reported retention time tR were acquired using an analytical column (see General 

information for details) with a linear gradient from 0 to 100 % of MeCN, 0.1 % TFA in 

H20 for the aqueous phase in 30 minutes at 1mL/min.    
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Compounds from Chapter II and III 

Code Name 

 Mass 

Spectrum
 

 
HPLC, tR 

(min) 
Ion Calc. Obsd. 

15 - (M+1)
1+

 1142.8093 1142.8078 7.45 

16 NB 110 (M+2)
2+

 744.8623 744.8622 11.45 

17 NB 300 (M+6)
6+

 801.5720 801.5709 12.86 

18 NB 299 (M+6)
6+

 724.5349 724.5359 12.90 

19 NB 298 (M+6)
6+

 647.4978 647.4982 12.97 

20 NB 302 (M+6)
6+

 612.9871 612.9861 12.83 

21 NB 301 (M+6)
6+

 577.4685 577.4683 12.90 

22 NB 297 (M+5)
5+

 650.1385 650.1376 12.37 

23 NB 416d (M+3)
3+

 713.6883 713.6885 10.94 

24 NB 416e (M+3)
3+

 763.6502 763.6513 21.24
* 

25 NB 331 (M+1)
1+

 724.8318 724.6210 13.73 

26 NB 332 (M+1)
1+

 795.4010 795.6886 13.59 

27 NB 341 (M+5)
5+

 548.0752 548.0752 12.94 

28 NB 342 (M+5)
5+

 590.6974 590.6969 12.90 

29 NB 397 (M+2)
2+

 689.3679 689.3666 11.58 

30 NB 399 (M+4)
4+

 578.8050 578.8053 12.62 
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Compounds from Chapter IV 

Code Name 

 Mass 

Spectrum
b 

 
HPLC

c
, tR 

(min) 
Ion Calc. Obsd. 

31 NB345 (M+1)
1+

 6815.6653 6815.2 13.33 

32 NB346 (M+1)
1+

 10008.1115 10011.2 13.56 

33 NB344 (M+1)
1+

 4100.1220 4100.3791 12.66 

34 NB466 (M+3)
3+

 629.0304 629.0328 17.42 

35 NDPc5 (M+3)
3+

 704.3804 704.3804 18.26 

36 NB464 (M+6)
6+

 633.6774 633.6776 16.92 

37 NB469 (M+9)
9+

 763.4210 763.4058 17.07 

38 NB468 (M+1)
1+

 9533.8501 9533.8528 19.95 
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Compounds from Chapter V 

Code Name 

 Mass 

Spectrum
b 

 
HPLC

c
, tR 

(min) 
Ion Calc. Obsd. 

39 NB227 (M+1)
1+

 999.5550 999.5558 22.13 

40 NB310 (M+Na)
+
 4673.2886 4673.3857 25.42 

41 NB309 (M+Na)
+
 4212.0660 421.5121 24.69 

42 NB308 (M+Na)
+
 3748.8433 3748.0181 24.65 

43 NB312 (M+Na)
+
 3541.7789 3541.3123 23.84 

44 NB311 (M+Na)
+
  3328.6190 3328.6675 24.85 

45 NB306 (M+Na)
+
 3115.5562 3115.2257 22.64 

46 NB415 (M+2)
2+

 856.2996 856.3018 18.92 

47 NB333 (M+1)
1+

 1223.3818 1223.5691 15.10 

48 NB343 (M+1)
1+

 4235.6917 4235.6436 12.80 

49 NB419 (M+1)
1+

 1113.2926 1113.4666 22.64 

50 NB420 (M+1)
1+

 774.3840 774.3333 14.23 

51 NB421 (M+1)
1+

 672.3350 672.9333 19.19 

52 NB422 (M+1)
1+

 658.3193 658.9333 17.98 

53 NB433 (M+6)
6+

 651.0027 651.0018 17.21 

54 NB434 (M+4)
4+

 722.3594 722.3541 14.85 

55 NB435 (M+3)
3+

 861.7538 861.7543 22.43 

56 NB436 (M+2)
2+

 1271.1036 1271.1039 15.73 
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Compounds from Chapter VI 

Code Name 

 Mass 

Spectrum
 

 
HPLC, tR 

(min) 
Ion Calc. Obsd. 

57 NB395 (M+3)
3+

 1083.5565 1083.7333 14.95 

58 NB444 (M+5)
5+

 742.8322 742.7959 16.03 

59 NB445 (M+4)
4+

 1034.2875 1034.7965 16.24 

60 NB446 (M+5)
5+

 912.8745 912.9700 17.83 

61 NB396 (M+2)
2+

 1644.3333 1644.4666 17.79 

62 NB447 (M+5)
5+

 732.6216 732.5883 16.97 

63 NB448 (M+4)
4+

 1022.1438 1022.0373 17.15 

64 NB449 (M+4)
4+ 

 1128.7607 1128.5986 18.03 

 

 

9.5. Biological evaluation 

Peptide concentration internal standard 

Every ligand to test for biological evaluation requires precise confirmation of final 

concentration, otherwise data can’t be compared. The lyophilized purified ligand is 

dissolved in water to reach an estimated 2 mM concentration (if insoluble in water 

addition of 10% DMSO usually allows complete ligand dissolution). To precisely 

determine the concentration of the sample, 20 L of sample is co-injected with 20 L a 

0.5 mM D-Trp (trp) standard. The peaks retention is registered at  = 280 nm. The 

peptide sample concentration is calculated in mM based on peaks area integration using 
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the following equation: [Sample Conc.] = ([Area sample]/[Area trp]) x (0.5/(280 of 

sample/280trp)). Extinction coefficients at 280 nm (280) values can be found in tables. 

280 of sample = sum of 280 of components composing the sample. (280trp = 5500. 

280Cy5 = 5800).  

Cell Lines 

HEK293 cells overexpressing the human MC4R were used to assess the affinity and 

activity at the hMC4R. HEK293 cells overexpressing the CCK2R were used to assess the 

affinity at the CCK2R. HEK293 cells overexpressing the human MC4R/CCK2R were 

used to assess the affinity of heterovalent ligands. The coding region of the human MC4R 

gene or and CCK2R was expressed in pcDNA3.1 (Invitrogen, V790-20). 

HEK293/hMC4R, HEK293/CCK2R and HEK293/hMC4R/CCK2R were grown in 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% SCS and 1% 

penicillin-streptomycin and were kept under standard conditions (37
o
C and 5% CO2). 

Time resolved fluorescence binding assay
164-166 

Depending on the compounds tested, the appropriate HEK293 cells were seeded at 20000 

cells per well into 96-well Costar 3603 plates 3 days before the experiment.  Competition 

assays were performed in four independent experiments in quadruplicate unless noted 

otherwise. When competing MSH ligand based compounds, a fixed concentration of Eu-

NDP--MSH (10 nM, 50 L per well) was used. In the case of CCK ligand based 

compounds, a fixed concentration of Eu-CCK(8) (1 nM, 50 L per well) was used. 
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Ligands were diluted in the binding buffer (DMEM, 1mM 1,10-phenantroline, 200 mg/L 

bacitracine, 0.5mg/L leupeptin and 0.2 % BSA) to result in dilutions ranking from 10 M 

to 4 pM. The day of the experiment the media was aspirated. 50L of Europium labeled 

ligand and 50L of ligand dilution were added to each well and incubated for 1 hour at 

37
o
C. Following incubation, cells were washed 3 times (100 L per well) with wash 

buffer (DMEM, 20 M EDTA, 0.2 % BSA, 0.01 % Tween 20), enhancement solution 

was added (Delfia, Perkin Elmer, 100 L per well) and plates were incubated for 30 min 

at 37
o
C. The plates were read on a Wallac Victor instrument using the standard Eu(III) 

TRL measurement (340 nm excitation, 400 s delay, emission and collection for 400 s at 

615 nM). Data was analyzed with Graph Pad Prism software using non linear regression 

analysis and fitted to a one site binding competition equation. The acquired data was 

analyzed with Graph Pad Prism software using non linear regression analysis and fitted to 

a one site binding competition equation. 

cAMP assay
237-238

  

Hek293 cells were seeded at 20,000 cells per well into 96-well Costar 3598 plates 3 days 

prior to the experiment and allow to grow at 37
o
C in 5% CO2. Assays were performed in 

triplicate in 3 different experiments. The culture media was aspirated and cells were 

incubated for 10 min at 37
o
C in 1mM 3-isobutyl-1-methyl-xanthine (IBMX). Then 30 L 

of a serial dilution of compounds (10
-7

 to 10
-12 

M) and forskolin reference were added to 

the plate and incubated for 15 min at 37
o
C. cAMP stimulation was measured using a 

chemiluminescent immunoassay kit as described in detail in the user manual (Invitrogen 
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C10558). Briefly, the media was aspirated and cells were incubated for 25 min at 37
o
C in 

60 L of lysis buffer. The cell lysates were transferred to a precoated high binding 96-

well plate. To these plates were added 30 L of cAMP-AP (alkine phosphatase 

conjugate) and 60 L of anti-cAMP antibody. The plates were incubated at room 

temperature for 1 hr and washed 5 times with 100 L of wash buffer. Finally, 100 L of 

enhancement solution (CSPD substrate / Saphire II enhencer) was added to the plates 

following incubation at room temperature for 30 min in the dark. Plates were read using 

the Wallac Victor instrument, and the concentration of cAMP were calculated after the 

average value of the basal condition was substracted and based on a standard curve that 

was acquired in the same experiment. The resulting data was analyzed with Graph Pad 

Prism software using non linear regression analysis and fitted to a dose-response 

stimulation equation.  

Cytotoxicity assay 

Cells were platted on 6 well plates and grown to 80% confluence. The day of the assay, 

the media was aspirated and 2 mL of the desired studied compound dilution was added to 

the wells. It is mandatory to keep one control well in which fresh media is added. Cells 

were incubated for the desired times (1 hr, 24 hr, 48 hr) at 37
o
C in 5% CO2. The media 

was then aspirated and cells were harvested by incubation with 200 L of warm 0.25 % 

Trypsin-EDTA for 2 minutes at room temperature followed by the addition of 2 mL of 

warm fresh media. The cells were transferred into a sterile centrifuge tube and 

centrifugation was performed for 2 minutes. The media was aspirated and the cell pellet 
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was suspended back into 200 L of media. 20 L of the cell suspension and 20 L of 0.4 

% tryptan blue were mixed and transferred into an hemacytometer. Live cells (yellow) 

and dead cells (blue) were counted to provide the % of viability. The data was then 

reported as a % of control. 

Imaging
239

  

Cells were plated on a sterile cover slip and allowed to grow in culture media until a 

confluence of 80 % is reached. The day of the experiment, cells were transferred into a 

sterile petri dish and rinsed using a prewarmed 37
o
C solution of HBSS. The cover slip 

was then transferred into the microscope chamber heated at 37
o
C and 500 mL of HBSS 

was added. Cells were focused using the cell autofluorescence at  = 530 nm. When 

pictures were taken over multiple plans, 10 planes were selected from the bottom to the 

top of the cell. The cell autofluorescence was first recorded at  = 640 nm followed to 

confirm a low background. The desired labeled ligand was dissolved in a pre-warmed 

HBSS solution at the desired concentration and added to the heated chamber and 

incubated for 2 minutes. The solution was then aspirated and the cover slip was washed 

twice with pre-warmed HBSS to make sure that the unbound material was removed. 

Pictures were then taken overtime at different concentrations. In the experiments 

containing the FM 1-43 dye, 2 L of the stock solution was added 2 minutes prior desired 

imaging time. 
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APPENDIX A: 
1
H AND 

13
C NMR SPECTRA 
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APPENDIX B: DESIGN, SYNTHESIS, AND BIOLOGICAL STUDIES OF 

EFFICIENT MULTIVALENT MELANOTROPIN LIGANDS: TOOLS TOWARD 

MELANOMA DIAGNOSIS AND TREATMENT 

Journal of Medicinal Chemistry, American Chemical Society, 2011. 
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APPENDIX C: DESIGN, SYNTHESIS AND STUDY OF NEW MULTIMERIC 

LIGANDS-APPLICATION AS VECTORS FOR CANCER DIAGNOSIS AND 

THERAPY 

Procedings of the 22
nd

 American Peptide Symposium, American Peptide Society, 2011. 
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APPENDIX D: MICROWAVE ASSISTED LACTAM CYCLIZATION OF 

PEPTIDES 

Procedings of the 22
nd

 American Peptide Symposium, American Peptide Society, 2011. 
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