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ABSTRACT 

Peptide receptor overexpression in diseased cells and tissues, including carcinomas 

provides an opportunity to develop therapeutics and imaging agents that selectively bind 

to such cells and tissues. This dissertation presents tools and processes that can be 

utilized to target melanocortin and cholecystokinin receptors through multivalent binding. 

In Chapter 2, improved synthesis and purification methods are described for the 

production of Eu-chelated probes that serve to evaluate the binding efficacy of 

multivalent molecules through competition binding assays. Specifically, a xylenol 

orange-based assay for quantification of unchelated metal ions was used to determine 

unbound metal ion contamination and the success of metal ion removal. The use of 

EmporeÊ chelating disks was determined to be the method of choice for the selective 

removal of unchelated Eu ions from several Eu-diethylenetriaminepentaacetic acid 

chelate-peptide conjugates. Applying new synthesis and purification strategies, the TRF 

probe Eu-DTPA-PEGO-CCK4 targeted to cholecystokinin receptors was synthesized and 

validated via saturation and competition binding assays using an optimized bioassay 

protocol. Three CCK4 trimers (Chapter 4) were analyzed in competition binding assays 

against the new probe using HEK293 cells that overexpress the CCK-2 receptor. The 

results reinforce the conclusion that the CCK4 ligand is too potent a binder for use in a 

multivalent construct. In Chapter 3, short and efficient syntheses of multivalent 

molecules targeted to melanocortin receptors based on three commercially available 

trigonal core scaffolds, phloroglucinol, tripropargylamine, and 1,4,7-triazacyclononane, 

are described. These constructs were designed to further test the 24 ± 5 Å inter-ligand 

distance suggested in recent literature for multivalent binding to melanocortin receptors. 
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The bioactivities of these compounds were evaluated using a competitive binding assay 

that employed HEK293 cells engineered to overexpress the human melanocortin 4 

receptor. In the course of conducting these bioassays, novel in vitro binding assay 

protocols were established, which led to high repeatability and robustness of the 

bioassays compared to previous methods. The divalent molecules exhibited 10- to 30-fold 

higher levels of inhibition when compared to the corresponding monovalent molecules, 

consistent with divalent binding. The trivalent molecules were only statistically (~2-fold) 

better than the divalent molecules, still consistent with divalent binding but inconsistent 

with trivalent binding. Possible reasons for these behaviors and planned refinements of 

the multivalent constructs targeting melanocortin receptors based on these scaffolds are 

discussed in Chapters 3 and 6. 
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CHAPTER I: INTRODUCTION  

1.1 Multivalent Interactions  

1.1.1 Enhancement of binding avidity via multivalency 

Multivalent interactions arise from the simultaneous binding of several ligands on 

a single entity to another entity bearing suitable receptors/binding sites (Figure 1.1).1-3 

The two binding partners can be of biological origin and/or synthetic origin. 

 

 

 

 

Figure 1.1 Schematic representation of multivalent binding of a trivalent molecule to 

another entity bearing multiple receptors. 

The resultant binding avidity (a term defining the combined strength of multiple 

attachments) of a multivalent construct can be much higher than the sum of the individual 

binding affinities, due to several factors. 

¶ Statistical and proximity effects: The statistical probability of a binding event 

increases due to higher ligand density near a given binding site. Additionally, 

once one binding event occurs, other ligands remain in closer proximity to the 

binding surface, rendering subsequent binding events more facile. With both 

effects, proportional linear increments in binding potency can be expected, 

resulting in higher binding avidity. 

Receptor Ligand 
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¶ Cooperative/synergistic effects: These are the main factors for gaining 

significant increases in binding avidity. Once a multivalent binding occurs, 

transient unbinding of a single site will not allow the molecule to diffuse away 

from the binding surface. This renders re-binding events much more likely since 

the proximity and the proper orientation of the ligand and binding site are 

maintained. 

Four different binding mechanisms have been proposed2 for the increased avidities of 

multivalent molecules binding to receptors. The first mechanism involves fixed 

oligomeric receptors on the cell surface binding to multivalent ligands (i.e. a chelate 

effect, Figure 1.2 A). Some proteins that carry secondary binding subsites in addition to 

the primary binding site can facilitate multivalent binding by a second mechanism 

(subsite binding, Figure 1.2 B). A third mechanism invokes ñreceptor clusteringò, often 

forming receptor-oligomers through the binding of multivalent entities (Figure 1.2 C). 

This requires that receptors diffuse through the lipid bilayer of the cell membrane. Lastly, 

enhanced binding affinity can result from higher local concentrations of the binding 

epitopes in the vicinity of a given receptor due to multivalency promoting statistical 

rebinding (Figure 1.2 D). 

1.1.2 Multivalent interactions in biological systems 

Nature has used multivalent interactions for specific targeting of various 

biological components, demonstrating the versatility of this approach. The review article 

by Mammen et al. in 1998, provides valuable insight into some of these examples (Figure 

1.3).1,4-6   
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Figure 1.2 Receptor binding mechanisms of multivalent ligands. A) Chelate effect; B) 

Subsite-binding, C) Receptor Clustering D) Statistical rebinding. 

For example, the cell surface of the influenza virus carries hemagglutinin (HA), a 

trimeric membrane-bound glycoprotein of approximately 225 KDa molecular weight.4,7-9 

Epithelial cells carry surface sialic acid units in a high density. Sialic acids are N- or O- 

substituted derivatives of the monosaccharide neuraminic acid. The term sialic acid (SA) 

A 

B 

C 

D 
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is employed in general usage for the most common member of this family, N-

acetylneuraminic acid (Neu5Ac). The viral attachment to the target cell occurs via 

interactions between multiple trimers of the hemagglutinin on the viral particle and sialic 

acid units on the epithelial cell.1 Multivalent binding results in strong attachment of the 

virus and subsequent endocytosis, resulting in infection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 Infection of bronchial epithelial cells by influenza virus via multiple ñsialic 

acid-hemagglutininò interactions (figure not to scale).1,4 

 

           = HA trimer 
 

           = Sialic acid (SA) 

Bronchial 

Epithelial Cell 

Virus 
Diameter = 100 nm) 

HA trimer density: 
 

2 - 4 per 100 nm2 

or 

600 - 1200 HA per 

virus particle 

50 - 200 SA per 

100 nm2 

 

Virus attaches to target cell via 

multivalent interactions, and 

triggers endocytosis, infecting 

the cell. 
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Other examples of the use of multivalent binding include adhesion of E. coli to 

urethral endothelial cells, resulting in severe diarrhea; recognition of pathogens by 

antibodies and subsequent digestion by macrophages; and binding of transcription factors 

to multiple sites on DNA.1 

1.1.3 Thermodynamic and kinetic factors influencing binding enhancement by 

multivalent constructs 

There have been several attempts to define parameters to evaluate or predict 

multivalent interactions.1, 10-14 Most of these attempts are specific to certain experimental 

parameters/models, and are perhaps not extendable to all multivalent systems. One 

approach advanced by Whitesides and co-workers1 defines the terms discussed below, the 

degree of cooperativity (Ŭ) and the binding enhancement factor (ɓ).  

1.1.3.1 Degree of cooperativity (Ŭ)   

For a multivalent molecule with a specific number of ligand-receptor interactions 

(N), the degree of cooperativity is defined as the ratio of the free energy change for the 

multivalent (ЎὋ ) divided by N times the free energy change for the monovalent 

ЎὋ  upon binding (Equation 1).  

‌  
Ў

Ў
    (Equation 1) 

If  Ŭ is greater than 1, the association is termed positively cooperative, meaning the 

consecutive binding events are progressively more facile (in terms of the free energy 

change) following the first binding event.  



26 

 

Given that the free energy change is related to the affinity constant as ȹG = -RT 

ln(K), Ŭ can be defined in terms of the affinity constants (Equation 2). Solving Equation 2 

gives Equation 3, which gives the relationship between the affinity constant of the 

multivalent construct (ὑ  and the monovalent construct ὑ . 

‌  
 

  
ÌÎ   (Equation 2) 

ὑ ὑ      (Equation 3) 

Positive cooperativity (synergistic binding) would have Ŭ > 1; negative 

cooperativity (additional binding events are thermodynamically less favorable) would 

have Ŭ < 1; and if Ŭ =1 there are no cooperativity effects. There are presently no 

examples of positive cooperativity for multivalent systems as defined by Ŭ. For the 

description of positively cooperative divalent and trivalent binding, Equations 4 and 5 

apply, respectively. 

ὑ ὑ     (Equation 4) 

ὑ ὑ      (Equation 5) 

Consider the work by Karulin et al. who studied the binding of a divalent 

antibody (30 fold higher affinity than the monovalent antibody, ὑ σπὑ ) to a 

surface antigen on Bacillus Sp..15 By substituting the binding affinity of the monovalent 

antibody (105 M-1): 

ὑ σπρπ σ  ρπ ὓ  
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ὑ ρπ ὓ  

We see that ὑ ὑ  suggesting negative cooperativity in binding 

(according to Equation 4) despite the 30 fold increment observed in binding affinity. 

Consider the work by Lee et al., who studied mono-, di-, and trivalent ligand 

binding to hepatocyte cell surface lectins.16 The affinity constants were ὑ = 7 x 104 

M-1, ὑ = 3 x 107 M-1 = 420 ὑ , and ὑ = 2 x 108 M-1 = 2800 ὑ . Despite these 

large increases in apparent binding affinity of the bi- and trivalent compounds, the degree 

of cooperatively is less than 1, i.e. ὑ ὑ  and ὑ ὑ , suggesting 

negative cooperativity. Hence it is clear that enhanced avidity does not require ñpositive 

cooperativityò as defined by Whitesides ñŬò, which has limitations because 

1) direct measurement of affinity constants may not be feasible in all systems; 2) the 

kinetic parameters for binding phenomena are not considered in the derivation of the 

equation defining Ŭ; and 3) the number of functional ligand-receptor interactions may not 

be known in certain systems (e.g., in a polymeric scaffold containing hundreds of 

ligands).  

A second parameter, ɓ (binding enhancement factor), was defined1 for use across 

a broader range of systems by extension of the same concepts used to derive alpha. 
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1.1.3.2 Binding enhancement factor (ɓ) 

The binding enhancement factor, ɓ, is defined as the ratio of the avidity of a 

multivalent molecule to the affinity of the corresponding monovalent interaction 

(Equation 6). 

‍       (Equation 6) 

The efficacies of binding of the molecules in this work are quantified by their ability to 

compete against a time-resolved fluorescence (TRF) probe for binding to cell surface 

receptors and uptake by the cells, giving inhibition constants (Ki) for the respective 

compounds. The better the ability to compete against the TRF probe, the lower the Ki 

value. The multivalent compounds discussed in this work bear up to three copies of the 

ligand, and so the expectation for the inhibition constants of tri-, bi-, and the monovalent 

species would be ὑ  ὑ ὑ . For the purposes of this dissertation, we define 

ɼͻ as the ratio of Ki values between the monovalent and the multivalent species (Equation 

7). 

‍ᴂ      (Equation 7) 

1.1.3.3 Enthalpy of multivalent binding  

The free energy change of multivalent binding is comprised of two 

thermodynamic terms, the enthalpy change (ЎὌ  and the entropy change (ЎὛ  

(Equation 8). 
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ЎὋ  ЎὌ  ὝЎὛ  (Equation 8) 

Following the first binding event, the binding of subsequent ligands may happen 

with a greater enthalpy change. Such enthalpically enhanced binding is seen in the 

binding the pentameric cholera toxin binding to the target cells.1,17 

In conformationally rigid multivalent molecules it is more common to expect 

enthalpically diminished binding, unless the inter-ligand distance and the ligand 

geometry are matched perfectly to the inter-receptor distance/geometry. Since such a 

perfect fit is unlikely, it is reasonable to assume that most synthetic multivalent 

compounds may have lesser enthalpic favorability in achieving second and third (or N) 

binding events, where distortion from the most favorable conformation of the multivalent 

ligand for binding may be required to achieve multiple binding events to the receptors.   

1.1.3.4 Entropy of multivalent b inding 

While some flexibility in the linker can compensate for imperfect orientation and 

spacing of the ligands, a highly flexible linker can result in entropically diminished 

multivalent binding. In analyzing the entropic contribution to multivalent binding, there 

are four factors (Equation 9) that make up the total entropy change (ЎὛ ).1 These are 

the translational entropy change (ЎὛȟ ), the rotational entropy change (ЎὛȟ ), the 

conformational entropy change (ЎὛȟ ), and the entropy change of the associated 

water molecules (ЎὛȟ ).  

ЎὛ  ЎὛȟ ЎὛȟ  ЎὛȟ  ЎὛȟ  (Equation 9) 



30 

 

The translational and rotational entropies describe the freedom of the molecules to 

independently translate and rotate through space. Upon a ligand-receptor binding event 

(Figure 1.4 A) three translational and three rotational degrees of freedom are lost. If we 

consider monovalent binding of two such receptor-ligand pairs, there are two set of  

translational and rotational entropy changes that occur (ςЎὛȟ ςЎὛȟ . In the 

case of a reasonably stationary receptor pair on a cell surface binding to a divalent 

molecule (Figure 1.4 B) the translational and rotational entropic loss for the second 

binding event is lessened (because the first binding event impacted the entropy of the 

second ligand). Additionally, if the inter-ligand distance is well matched to the inter-

receptor distance (Figure 1.4 B) the conformational entropy loss is also minimal. 

However, if an overly flexible linker is employed (Figure 1.4 C), the conformational 

entropy becomes a factor for multivalent binding. If the flexibility of the linker does not 

present too high an entropic cost, multivalent biding will still prevail (Figure 1.4 C, path 

1). However, if the linker is too flexible, monovalent binding could predominate (Figure 

1.4 C, path 2). 

The entropy of solvation (ЎὛȟ  is relevant in multivalent associations in 

aqueous systems. The major contribution involves the release of ordered water molecules 

from the surfaces of species that bind to each other, resulting in an increase in entropy. 

Regardless of whether the ligand-receptor interactions are monovalent or multivalent, 

similar changes in solvation entropy will occur. From this discussion, it is apparent that 

the most critical consideration for thermodynamic gains in binding avidity is a proper 

match between inter-ligand distances and the inter-receptor distances via relatively low 

flexibility linkers/scaffolds. 
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Figure 1.4 Entropic considerations in multivalent binding. (A) Two monovalent 

molecules binding to receptors. (B) A divalent molecule with a rigid, properly matched 

inter-ligand distance binding to a receptor pair. Following the first binding event, the 

second binding event does not carry significant translational or rotational entropy costs. 

(C) A divalent molecule binding to its receptors with an overly long inter-ligand distance 

not properly matched to the inter-receptor distance. The binding of the construct in 

divalent (path 1) or monovalent (path 2) modes is dictated by the length and flexibility of 

the linker/scaffold (i.e. the entropic cost).  

A 

B 

C 

Path 1 

Path 2 
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A 
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1.1.3.5 Kinetics of multivalent binding 

For the systems evaluated in this work, kinetic considerations become relevant 

due to the nature of the ligand binding assay employed. During the course of the assay 

(explained in further detail in the chapters to follow), the ligands bind to the targeted cell 

surface receptors on living cells, and the ligand-receptor system is internalized.  

 

 

 

 

 

 

 

 

Figure 1.5 On and the off rate kinetics of a multivalent binding. The on rate of the first 

binding event (Ὧ ȟ
) of the multivalent construct shown here is arguably similar to the 

binding of a monovalent construct. However, the off rate of the multivalent construct 

(Ὧ ȟ
) would be much slower due to the influence of the other receptor-ligand 

interactions of the same molecule. 

Ὧ ȟ
 

Ὧ ȟ
 

Ὧ ȟ
 Ὧ ȟ

 

Ὧ ȟ
 

Ὧ ȟ
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Internalized receptors are recycled back to the cell surface where further interactions with 

ligands could occur. We will examine the main kinetic parameters of this process here. 

 
The on rate of the first binding event of a multivalent construct (Figure 1.5 A) 

should be similar to the binding of a monovalent construct to the same receptor system. 

Some increase in the first association rate constant of the multivalent construct (Ὧ ȟ
) 

could be expected due to the greater ligand concentration near a given receptor. However, 

depending on the scaffold, slower kinetics might result if the scaffold size or polarity 

interferes with the receptor binding. Assuming proper spacing and orientation, the on 

rates for the second Ὧ ȟ
and any further subsequent binding events would be 

expected to significantly increase, because now the ligands are held in close proximity to 

the cellular surface/receptors. 

The off rate kinetics of multivalently bound molecules would be much slower 

than monovalently bound ligand-receptor pairs due to the additional ligand-receptor 

interactions that are present. Binding of anti-DNP antibodies to DNP-Lys (kon = 8 x 107 

M-1 s-1) relative to the binding of the same antibody to a DNP-covered surface of ūX174 

(kon = 3.7 x 107 M-1 s-1) established that the values of kon differed only by a factor of 2. 

The koff values, however, differed by a factor of 104, reflecting the effect of multivalent 

binding.18 

As mentioned in the beginning of this section, another kinetic parameter to consider 

in working with live cells is the rate of receptor cycling which consists of 

¶ ñReceptor-ligandò binding 

¶ ñReceptor-ligand complexò internalization into the cell 
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¶ ñReceptor-ligand complexò dissociation within the cell 

¶ Receptor resurfacing 

The rate of this overall process has not been well studied for the receptor systems 

discussed in this work. Nevertheless, the effect receptor recycling would have on 

multivalent binding is not negligible, because depleted receptor density (i.e. slow receptor 

resurfacing after internalization) may result in fewer opportunities for multivalent 

binding. 

1.2 Targeting Malignant Cells via Synthetic Multivalent Molecules 

1.2.1 Peptide-receptor overexpression in malignant cells 

With the aforementioned factors in mind, in this work we attempt to harness 

multivalent binding to enhance therapeutic potential. Multivalent molecules can be used 

to achieve selective and strong binding to malignant cells with high receptor densities 

(Figure 1.6).  

 

 

 

 

 

Figure 1.6 Achieving selective binding via multivalent targeting. A) A multivalent 

construct binding to a cell possessing high receptor density; B) A multivalent construct 

binding to a cell with low receptor density. With the choice of proper ligands and 

optimized design parameters, specific binding of the multivalent construct could be 

achieved towards the cell possessing the greater receptor density.  

A B 
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The transient unbinding of a single site in a multivalent association such as in 

Figure 1.6 (A) will not permit the molecule to diffuse away, because it would still be held 

by other ligand-receptor interactions. This is the fundamental phenomenon that gives 

high avidity to molecules capable of multivalent binding. 

A number of tumor types that overexpress receptors for regulatory peptide-

hormones have been identified (Table 1.1).19,20 These provide excellent opportunities to 

develop the therapeutic potential of multivalent targeting.  

Table 1.1 Peptide receptors overexpressed in tumors.19,20 

Peptide Receptor Associated tumor type 

Ŭ-melanocyte-stimulating hormone 

(MC1R to MC5R) 
Melanoma 

Cholecystokinin (CCK-1 and CCK-2) 

Medullary thyroid cancer (MTC), small 

cell lung cancer (SCLC), pancreatic, 

astrocytoma, ovarian 

Somatostatin (hSST1 to hSST5) 

Neuroendocrine, non-Hodgkinôs 

lymphoma, melanoma, breast, pancreatic, 

gastric, colon, prostate, 

lung, MTC, and SCLC 

Vasoactive Intestinal Peptide (VPAC1 

and VPAC2) 

SCLC, colon, gastric, breast, pancreatic, 

prostate, urinary bladder, lymphoma, 

meningioma 

Neurotensin (NTR1 to NTR3) 
SCLC, colon, exocrine pancreatic, 

prostate 

Bombesin (BB1 to BB4) 
SCLC, glioblastoma, colorectal, gastric, 

prostate, ovarian, breast 

RGD (Ŭvɓ3 integrin) Melanoma, neuroblastoma, breast 

Neuropeptide Y (Y1 to Y6) Neuroblastoma, glioblastoma, breast 

Substance P (NK1 and NK2) 
SCLC, MTC, glioblastoma, astrocytoma, 

breast 

Glucagon-like peptide (Glp-1) Insulinoma, MTC 

GnRH (LHRH) Breast, prostate 
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1.2.2 Factors to consider in developing multivalent constructs capable of selective 

binding 

With proper design of the multivalent construct, selective binding to malignant 

cells can be achieved for diagnostic or therapeutic applications. Of the receptor types 

shown in Table 1.1, this dissertation describes attempts and strategies to target cells 

overexpressing melanocortin (MC) and cholecystokinin (CCK) receptors. The general 

design of multivalent molecules is described in this section, while more elaborate 

discussions relevant to particular receptor types are given in Chapters 3 and 4 of this 

work.   

1.2.2.1 Ligands 

For the purposes of this dissertation we focus on peptide ligands for the 

construction of multivalent molecules. Peptide ligands are less prone to be unexpectedly 

toxic and have better penetrability into tissue as compared to larger molecules, like 

monoclonal antibodies or proteins.20  

To achieve selective binding, ligands must be carefully selected with particular 

attention to the monovalent binding affinity. As shown in Figure 1.6, a multivalent 

construct can achieve multiple ligand-receptor interactions with a cell overexpressing 

surface receptors. Ideally, a construct capable of strong binding should be built from 

intrinsically weak ligand-receptor pairings. If sufficiently weak ligands are used in the 

multivalent construct, its ability to stably bind to healthy cells with low receptor densities 

(Figure 1.6 B) will be minimized. This approach provides a promising alternative to 
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existing therapeutic strategies, where patients often suffer extensive side effects due to a 

high drug burden affecting healthy cells (i.e. low selectivity). 

The binding affinities of three peptide ligands for the human melanocortin-4 

receptor (MC4R) are given in Table 1.2. 

Table 1.2 Melanocortin receptor ligands and their affinity for MC4R.21,22 

Peptide Name 

(Amino acid sequence) 

Affinity to 

melanocortin receptors 

(Kd, nM) 

NDP-Ŭ-MSH 

(Ac-Ser-Tyr-Ser-Nle-Glu-His-DPhe-Arg-Trp-

Gly-Lys-Pro-Val-NH2, 1) 

2-5 

MSH7 

(Ser-Nle-Glu-His-DPhe-Arg-Trp-NH2, 2) 
30-40 

MSH4 

(His-DPhe-Arg-Trp-NH2, 3) 
1000 

 

NDP-Ŭ-MSH, a potent agonist of the MC4R, is not a good choice for a 

multivalent construct capable of selective binding. A single binding event (Figure 1.6 B) 

would bind such a construct strongly to the cells, making impossible discernment of 

normal from malignant cells. The off rate (koff) of this ligand from the human 

melanocortin-1 receptor (hMC1R) is 0.08 h-1 (t1/2 = 8.5 h).23 Use of the low affinity (Kd 

~1 µM) MSH4 ligand would afford much weaker binding at normal cells with lower 

receptor density. Hence the MSH4 tetrapeptide, which is the minimum sequence for 

activation of melanocortin receptors, has become the ligand of choice in multivalent 

constructs targeting melanocortin receptors (further elaboration is given in Chapter 3). 
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1.2.2.2 Inter -ligand and the inter-receptor spacing 

As described in 1.1.3.4, a proper match between inter-ligand and inter-receptor 

distances is essential for thermodynamically enhanced multivalent binding. The study of 

target receptor arrangements provides insight for the design of effective multivalent 

constructs. 

Closer analysis of the HA trimer arrangement on the influenza viral cell surface 

(section 1.1.2) reveals that the adjacent binding sites on the subunits of trimeric HA are 

46 Å apart, while the specific sialic acid binding site has an area of 64 Å2 (Figure 1.7 A).4 

Though not fully confirmed, the average inter-receptor distance between adjacent trimers 

is approximately 105 Å.4 With these estimates, Glick et al. designed sialic acid dimers 

linked by polyethylene glycol, glycine, or 1,4-piperazine linkers (4-6, Figure 1.7 B).24 

The divalent species bearing a glycine linker (4, m = 4), where the moleculeôs end-to-end 

span (fully extended conformation) was 57 Å achieved approximately an 800 fold 

increase (Ki = 0.0030 mM) in binding when compared to the monovalent sialic acid 

controls (Ki ~ 2.5 mM). The other glycine-linked constructs with shorter tethers (27 ï 49 

Å end-to-end spans) were not able to achieve such tight binding, indicating insufficient 

reach for simultaneous binding to two binding sites. 

1.2.2.3 Scaffolds and linkers 

Apart from the spacing (discussed in the above section), the flexibility and the 

steric constraints of linkers and/or scaffolds can play an important role in influencing 

multivalent binding. For the molecules 5 and 6 with the polyethylene glycol or 1,4-

piperazine linkers and spacing similar to the dimers bearing glycine linkers, binding  
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Figure 1.7 Effect of the inter-ligand distance on multivalent binding to hemagglutinin 

trimers on the influenza virus. A) Schematic representation of the HA trimer arrangement 

on the viral cell surface. B) The dimers synthesized by Glick et al. to probe multivalent 

binding to the HA units.24 Compound 4 with m = 4 was the most potent. 

105 Å 46 Å 

A 

B 
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potency was much lower. In the best case only a 20 fold increment in binding potency 

was observed. This clearly shows that the conformational properties of a linker can affect 

binding by a multivalent construct, even with the optimal inter-ligand distances. Different 

scaffold systems used for multivalent ligand presentations include polymeric, linear, 

spherical, and dendrimeric cores. Examples of such scaffolds with reference to 

melanocortin or cholecystokinin receptor-targeted multivalent molecules are given in 

Chapters 3 and 4. 

1.3 Current Work 

Despite all theoretical models put forward, calculated properties do not necessarily 

lead to practical success in achieving multivalent binding. Hence careful experimental 

optimization of factors influencing the binding efficacy of multivalent constructs needs to 

be done to harness the power of multivalent interactions to develop potential therapeutic 

and imaging agents. This requires consideration of both thermodynamic and kinetic 

parameters, as well as specific analysis of the ligand-receptor system in question. Based 

on this background, the work in this dissertation entails the design, synthesis, and 

evaluation of multivalent constructs targeted to melanocortin (Chapter 3) and 

cholecystokinin (Chapter 4) receptor systems. The work done to develop the tools 

(Chapter 2) required for analyzing the synthesized multivalent compounds and 

application of those tools to obtain data that advances the current understanding of 

multivalent binding of melanocortin and cholecystokinin receptor systems are described 

in the chapters that follow. 
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CHAPTER II: SYNTHESIS, PURIFICATION, AND 

CHARACTERIZATION OF EUROPIUM CHELATED 

PROBES 

2.1 Time-resolved Fluorescence (TRF) Probes 

The multivalent molecules described in this work and in related recent literature do 

not incorporate reporter groups. While the use of radiolabelled peptides is a strategy that 

would afford a direct signaling method, the generation of bio-hazardous materials makes 

this a less desirable approach. Tests of the binding efficacy of unlabeled multivalent 

molecules targeted to the melanocortin and cholecystokinin receptors have employed 

time resolved fluorescence (TRF) probes in DELFIA (dissociation-enhanced lanthanide 

fluoroimmunoassay) based ligand binding assays.25 Our approach employed Eu labeled 

probes targeting these receptors in competition binding assays with molecules of interest 

(Figure 2.1).  

Due to their unique properties26-28, luminescent lanthanide chelates are non-

radiolabelled alternatives to organic fluorophores and are particularly useful in 

applications where background autofluorescence is a significant problem. The long 

lifetime of the excited state of the lanthanide enables temporal separation of the 

lanthanide signal from autoflurescence.25,29,30 Typical lifetimes for background 

fluorescence from plates, reagents, or cells are in the range of picoseconds to attoseconds, 

while lanthanide lifetimes are on the order of 0.2ï1.5 milli seconds.25,31 This difference 

allows excitation of the system, delay of readout until the background fluorescence has 
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decayed, and collection of the emission signal from the lanthanide.25 In addition to long 

luminescence lifetimes, lanthanide emission bands are very sharp compared to organic 

fluorophores and have very large Stokes shifts (often exceeding 200 nm).32,33 

 

 

 

 

 

Figure 2.1 Schematic representation of the competition of a TRF probe against a 

multivalent molecule for cell surface receptor binding. The ability of the multivalent 

construct to prevent binding and uptake of the labelled probe reflects the binding avidity 

of the multivalent construct. 

Following binding to a targeted receptor, time-resolved fluorescence from the 

lanthanide ion gives the functional readout of the assay with excellent sensitivity (Figure 

2.2). To achieve these measurements, an enhancement solution is added to the cells 

following washes to remove all unbound ligands. The enhancement solution is an acidic 

(pH = 3.1-3.2) solution containing Triton-X100, acetic acid, and chelators.34 The acidic 

solution causes dissociation of the lanthanide ion from the probe and leads to formation 

of a highly fluorescent Ln(2-NTA)3(TOPO)2-3 micellar complex. 

Formation of this complex is essential for good sensitivity of the assay, since 

direct excitation of the Ln3+ ion is very inefficient, leading to low extinction coefficients  

(Ò1 M-1 cm-1) because the relevant f-f transitions are forbidden.32 

    Receptor 

    Label 

    Ligand 
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Figure 2.2 Lanthanide-enhancement reagent complex at the end of the DELFIA binding 

assay. A) The addition of the enhancement solution (acidic) dissociates the Ln ions from 

the probe. In solution, the Ln ions then form micellar complexes with the regents in the 

enhancement solution that give enhanced luminescence. B) The structure of the 

luminescent Eu(NTA)3(TOPO)2 complex.37 C) Energy level diagram for the 

absorption/emission process of photoluminescence of a Eu-micellar complex. The 

chromophore absorbs energy, and transfers energy to form the exited state of the 

lanthanide ion. The Eu emits (ɚ = 616 nm) a photon in a 5D0 Ą 2F7 transition and returns 

to the ground state.25 
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The presence of the aromatic ɓ-diketone fluorophoric antenna (2-

naphthyltrifluoroacetone, NTA) provides efficient/enhanced absorbance and transfer of 

the excitation energy to the lanthanide ion (Figure 2.2, B and C).35,36 TOPO 

(trioctylphosphine oxide) enhances the luminescence by helping to form micelles (along 

with the non-ionic detergent) that protect the complex from aqueous quenching while 

providing increased oxygen coordination to the lanthanide ion.37,38 The non-ionic 

detergent, Triton X-100, forms micelles which include the chelate and protect the 

lanthanide from the aqueous environment, preventing the quenching of the TRF 

signal.30,39,40 The signal at 615 nm is detected using a delay time of up to 400 µs 

following 340 nm excitation. The delay time effectively removes the interference from 

light-scattering and autofluorescence. The enhancement process elevates the lanthanide 

luminescence by up to 107-fold.25,32 Due to the sensitivity of the assay, detection limits as 

low as 10-17 mol of Eu have been demonstrated.41 

Several different multidentate molecules have been used to construct labeled 

probes. Two very common chelators are DOTA (1,4,7,10-tetraazacyclododecane-

1,4,7,10-tetraacetic Acid) and DTPA (diethylenetriaminepentaacetic acid).42-44  

 

 

 

 

 

DOTA-Ln complexes have much higher binding constants as compared to the 

DTPA-Ln complexes.45 To facilitate efficient release of the lanthanide ion from the 
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chelate during the DELFIA assay protocol, DTPA is preferred for constructing Ln-based 

probes for binding assays. During the past decade we and others have developed several 

Eu-DTPA chelates (7 ï 11) linked to peptide recognition elements for use in the 

evaluation of receptor binding of multivalent molecules to melanocortin22, 46, 47 (Figure 

2.3) or cholecystokinin receptors (Figure 2.4).48,49   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 Eu-DTPA probes targeted to melanocortin receptors. 
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Figure 2.4 Eu-DTPA probes targeted to cholecystokinin receptors. 

2.2 Limitations Observed in the Synthesis and Purification  of TRF 

Probes 

The presence of unchelated Eu ions in formulations of probes like 7-11 can result in 

high background fluorescence and can lead to poor results in binding assays by 

overshadowing specific binding of the probe to targeted receptors (Figure 2.5). 

Probes like 7-11 are generally assembled using solid-phase peptide synthesis to first 

make the metal-free peptide bearing an N-terminal DTPA unit. Although it would greatly 

simplify the purification process, the lanthanide cannot be introduced on solid phase, 

because Ln-DTPA chelates are acid labile and do not survive the cleavage step by TFA. 

Hence the desired metal is usually introduced after cleavage of the peptide from the resin 

and purification, utilizing an excess of a metal halide (1.2ï3 eq). In our hands, 

purification involving reversed phase chromatography22,33 did not achieve adequate 

removal of unchelated metal ion contaminants.  Recent literature describes the removal of  
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Figure 2.5 Saturation binding curves for Eu-DTPA-PEGO-MSH7 (8) using HEK293 

cells expressing MC4R/CCK2R. Total binding (̧).  Non-specific binding (Â).  (A) 

Previously reported22 binding data using a formulation of this probe with an undetectable 

level of unchelated Eu ion contamination: (B) Binding data observed for a formulation of 

this probe contaminated with 0.32 equivalents of unchelated Eu ion showing fluorescence 

intensity that is one order of magnitude higher. 

excess metal ions from DTPA and DOTA chelates by means of ñpassiveò removal 

techniques, such as size-exclusion chromatography and dialysis.50,51  Alternatively, 

ñactiveò removal of excess metal ions has been demonstrated using Chelex® 100 resin for 

a non-peptide compound that contained a DTPA chelate.52 However, this method has not 

been validated with metal chelates linked to peptides.  We are unaware of any well-

detailed published methods for removal of unchelated Eu ions while leaving the Eu-

DTPA chelate unaffected.  Since it is very common to deal with milligram quantities of 

probes such as 7-11, efficiency (i.e. the percentage recovery) of the method is a major 

concern.  Recovery can greatly diminish if multiple purification and/or transfer steps are 

necessary.  With these considerations in mind we have developed and discuss here an 
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ñactiveò method that removes unchelated lanthanide ion contamination quickly, 

completely, and conveniently. By applying this method, the synthesis of the melanocortin 

binding probe 8 was optimized, and a new TRF probe for use in cholecystokinin receptor 

binding was produced. 

2.3 Results and Discussion 

2.3.1 Establishing a repeatable protocol for efficient removal of unchelated 

lanthanide ion contamination 

Given the low yield (9%) previously reported22 for the synthesis of Eu-DTPA-

PEGO-MSH7 (8), an approach leading to a higher synthetic efficiency was devised, 

utilizing a different resin for solid-phase peptide synthesis (Scheme 2.1).  The metal-free 

peptide precursor DTPA-PEGO-MSH7 (12) was obtained in 62% yield following HPLC 

purification, and was characterized by mass spectrometry.  Europium(III) was then 

introduced using the previously published procedures, affording Eu-DTPA-PEGO-MSH7 

(8) in good yield (76%) and purity based upon mass spectral and analytical HPLC 

analyses.  However, unchelated Eu ion is not detectable by either of these 

characterization methods, so an assay based on xylenol orange chelation was developed 

and employed.  

Xylenol orange has long been the indicator of choice for detection of polyvalent 

metal ions.53,54  The fact that metal complexes with xylenol orange have stability 

constants (log K ~ 5) far lower than DTPA-metal complexes (log K > 20) ensures that 

unchelated metal ions can be detected selectively in the presence of a DTPA-metal 
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chelate.45,55  Xylenol orange has two absorption maxima in its UV-visible spectrum, at 

433 and 573 nm (Figure 2.6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.1 Synthesis of DTPA-PEGO-MSH7 (8) using an NŬ-Fmoc solid-phase peptide 

synthesis strategy. 
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Figure 2.6 Absorption spectrum for xylenol orange (2 µM in acetate buffer, pH 5.81).  

ɚmax 433 and 573 nm. 

In the presence of lanthanide ions, the xylenol orange solution undergoes a color 

change from orange to violet that can be visually detected at concentrations higher than 

50 µM.  Based on this knowledge, Barge et al. published a method for quantification of 

unchelated Gd ions in solution with Gd chelates. 56  The ratio of the Gd-xylenol orange 

complex absorbances at 573 and 433 nm was used to construct a standard curve.  

However, in adapting this method for use with Eu-DTPA chelates, we observed that a 

plot of absorbance at 573 nm versus metal ion concentration afforded better linearity over 

the concentration range 50-400 µM than the reported ratiometric method (Figure 2.7). 

Prior to evaluating possible purification methods, it was necessary to gauge the 

concentrations of unchelated Eu ions present in test samples from independent syntheses 

of Eu-DTPA-PEGO- MSH7 8 and Eu-DTPA-PEGO-CCK4 [section 2.3.2].  A previously 

reported Gd-DOTA chelate57 that had been purified by normal phase column 

chromatography was used as a negative control to validate our assay protocol.   
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Figure 2.7 Calibration curves for the Eu-xylenol orange complex.  (A) Using the 

absorbance at 573 nm (R2 = 0.9998); (B) Using the absorbance ratio 573 nm/433 nm (R2 

= 0.9794). 

Using the xylenol orange spectrophotometric assay for determination of 

unchelated Eu ion concentration described in the experimental section (Chapter 6), the 

control Gd-DOTA chelate did not exhibit a detectable level of unchelated Gd ions (i.e., 

no increase in absorbance at 573 compared to the reagent blank). 

  

 

 

 

 

Using the xylenol orange assay, simple visual observation confirmed the presence 

of concentrations of unchelated Eu ions higher than 50 µM in all the test samples.  The 

unchelated Eu ion concentrations were quantitatively determined using standard curve A, 

and the percentages of unchelated Eu ion (out of the total Eu content) were calculated 

(Table 2.1).   
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TABLE 2.1 Determination of unchelated europium ion concentrations in Eu-DTPA-

PEGO-peptide conjugate preparations.   

Chelate-Peptide Conjugate Unchelated Europium 

Structurea,b Sample 
Concentrationc 

(µM) 

Absorbance 

(573 nm) 

Concentrationd 

(µM) 

% of 

Total Eu 

Eu-DTPA-

PEGO-MSH7 

8 

1 1100 0.56 350 24 

2 1300 1.16 720 36 

3 1300 0.62e 770 37 

Eu-DTPA-

PEGO-CCK4 

4 1700 0.99e 1230 42 

5 1700 0.50f 1250 42 

aThe peptide MSH7 is Ser-Nle-Glu-His-DPhe-Arg-Trp-NH2. The peptide CCK4 is 

Trp-Nle-Asp-Phe-NH2. 
bChelates prepared using 2.0 equivalents of EuCl3.  

cConcentrations of the chelate-peptide conjugates were determined using analytical 

hplc by comparison with a co-injected standard (0.50 mm) solution of D-tryptophan.  

dCalibration curve A was used in these determinations. eChelate-peptide conjugate 

solution diluted by a factor of two for analysis. fChelate-peptide conjugate solution 

diluted by a factor of four for analysis. 

Having recognized unchelated Eu ion contamination as a problem during the 

synthesis of probe Eu-DTPA-PEGO-MSH7 (8), we experimented with the use of 

different amounts of EuCl3 in the chelation reaction.  Decreasing the amount of EuCl3 

from 3 equivalents to 1.2 equivalents did not significantly decrease the amount of free Eu 

after purification of the probe as described22 by passage through a Sep-Pak® C18 column.  

Increasing the number of water washes during the purification step on the Sep-Pak® C18 

column and/or preparative reversed-phase HPLC under buffered conditions (pH 6) to 



53 

 

prevent detachment of the DTPA-chelated Eu failed to satisfactorily remove the 

unchelated Eu ions.  We presume that, in addition to DTPA chelation, Eu ions must also 

associate with PEGO and/or the peptide components of the probe.  Given these results, a 

purification technique that actively removes unchelated Eu ions without disrupting the 

Eu-DTPA chelate was required. 

Two methods for removal of unchelated Eu ions were evaluated: (a) filtration 

through EmporeÊ chelating disks, and (b) shaking with Chelex® 100 resin.  Both of these 

commercially available products employ iminodiaceate functionalities on a solid support 

and are capable of actively binding divalent and trivalent metal cations.  A comparative 

study of the thermodynamic and kinetic properties of metal sorption onto these materials 

was recently reported by Alberti et al.58 While the thermodynamic properties of metal 

sorption were not significantly different for the metals studied in their work, some metals 

were found to have slower kinetics of sorption to the chelating disks.  Lanthanides were 

not included in this study, making predictions about Eu ion sorption difficult.   

In the event, purification of both Eu-DTPA-PEGO-MSH7 (8) and Eu-DTPA-PEGO-

CCK4 probes using filtration through EmporeÊ chelating disks yielded quantitative 

recoveries with no apparent extrusion of the metal chelated to DTPA (as evidenced by the 

absence of metal-free DTPA-peptide in the mass spectra).  Analysis of the purified 

conjugates using the xylenol orange assay confirmed, to the limit of detection (ca 10 

µM), the removal of unchelated Eu ions.  Shaking of contaminated samples of Eu-DTPA-

PEGO-MSH7 with Chelex® 100 resin also removed unchelated Eu ions, but gave a much 

lower recovery of the probe (<30%).  We operated well below the manufacturer-specified 
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capacities for the chelation disks (breakthrough capacity per disk = 0.30 mmol Cu2+), and 

the resin (wet capacity = 0.26 meq/g) to ensure complete removal of unchelated Eu ions. 

In conclusion, the preparation of the probe Eu-DTPA-PEGO-MSH7 (8) by the 

methods described herein gave an overall yield of 47%, a significant improvement over 

the 9% yield achieved previously.  Use of EmporeÊ chelating disks provides an efficient 

method for the selective removal of unchelated Eu ions, which may be detected using a 

modified xylenol orange-based spectrophotometric assay.  These methods should find 

general use in the preparation of water-soluble metal chelate-peptide conjugates. 

2.3.2 Design, synthesis, and evaluation of a CCK4-based TRF probe targeted to 

cholecystokinin-2 receptors 

While TRF probes 10 and 11 based on a CCK8 recognition element48,49 have been 

used to characterize ligand binding to CCK2 receptors via competition binding49,59,60, we 

felt a redesign of this probe could improve the ease of preparation and purification, probe 

properties (such as solubility and receptor binding), and would at the least offer an 

additional tool for bioassays. In designing probe 8 for the melanocortin assays, we 

employed the minimum peptide sequence that gave an acceptable level of binding to the 

receptors on the theory that competition should involve recognition elements of similar 

potency. In addition, this strategy minimizes the number of synthetic steps required for 

probe assembly.  

The minimal active sequence required to bind cholecystokinin receptors is the 

tetrapeptide Trp-Met-Asp-Phe-NH2.
61,62 Recent studies involving melanocortin receptors 

have shown minimum active sequences can have better utility as ligands due to their ease 
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of synthesis and in some cases better performance in binding assays.22 We decided to use 

this pharmacophore in our new probe, while replacing the methionine with the isosteric 

analog norleucine. The norleucine side chain has a similar size and polarity as 

methionine, but is not susceptible to oxidation and is less prone to proteolytic 

degradation.63,64 This substitution can result in easier isolation/purification and increased 

shelf life of the peptide63,65, while maintaining high biological activity.65-67  

Based on our optimized protocol for europium chelated probe synthesis, the Eu-

DTPA-PEGO-CCK4 probe 15 was synthesized using a solid phase peptide synthesis 

strategy (Scheme 2.2).  

Scheme 2.2.  Synthesis of Eu-DTPA-PEGO-CCK4 probe 15 using an NŬ-Fmoc solid-

phase peptide synthesis strategy. 

The CCK4 tetrapeptide in its protected form was assembled on Rink amide AM 

resin to yield the resin-bound intermediate 13. To this was attached a PEGO linker, which 

gives better solubility and possibly better binding characteristics to the probe. Increased 
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water solubility is a useful characteristic, considering the hydrophobic nature of the 

CCK4 peptide. The separation achieved by incorporation of the linker between the 

binding element and the DTPA cage should result in less interference with the receptor-

ligand binding. The DTPA moiety was then attached to the resin-bound peptide using 

DTPA dianhydride.  

Using a cocktail of TFA/thioanisole/triisopropylsilane/H2O (9.1:0.3:0.3:0.3), the 

resin-bound material was cleaved and deprotected. The crude product was purified by 

reversed phase HPLC to yield DTPA-PEGO-CCK4 intermediate 14 in 35% yield. Eu3+ 

was installed using EuCl3 in a pH = 7-8 buffer. The resultant product 15 was initially 

purified by a Sep-Pak® C18 column to remove most of the excess salt. Passage through an 

Empore chelating disk completed the purification and resulted in a 73% yield. Prior to the 

Empore purification step, there was approximately 40% unchelated europium ions as 

judged by a xylenol orange assay.68 The absence of such ions after passing through the 

Empore filter was confirmed by a second xylenol orange colorimetric assay. Following 

the optimized procedure for lanthanide chelated probe synthesis and purification, the 

overall yield of probe 15 was 26%. This is higher than typical yields reported for such 

probes in the past (16% for 10)48, and is repeatable. 

2.3.3 Biological characterization and utility of the probes 8 and 15 

The probes Eu-DTPA-PEGO-MSH7 8 and Eu-DTPA-PEGO-CCK4 15 were 

evaluated via saturation binding assays using HEK293 cells that overexpress MC4R and 

CCK2R. The details of a novel assay method developed to conduct these in vitro binding 
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experiments, as well as subsequent competitive binding experiments carried out using the 

validated probes, are detailed in Chapters 3 and 4. 
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CHAPTER III: TRIGONAL SCAFFOLDS FOR 

MULTIVALENT TARGETING OF MELANOCORTIN 

RECEPTORS 

3.1  Introduction  

3.1.1 Melanoma 

Melanoma is one of the most dangerous skin neoplasms with a high percentage of 

mortality caused by local and distant metastasis and unsatisfactory results of late-stage 

disease treatment.69,70 Only a few effective therapies are currently available for advanced 

and metastatic melanoma. High-dose interleukin-2 and dacarbazine are the two main 

therapies, approved by the FDA in 2012.70 These have response rates of only 10ï20%, 

and an even lower percentage of complete responses.70-72 Other chemotherapy agents 

currently used in the management of metastatic melanoma (fotemustine, temozolamide, 

paclitaxel/carboplatin, docetaxel) have not yielded satisfactory long-term response 

rates.70 Prognosis for advanced and metastatic melanoma is poor, with a 5-year survival 

of 78, 59 and 40% for patients with stage IIIA, IIIB, and IIIC, respectively, and a 1-year 

survival of 62% for M1a, 53% for M1b and 33% for M1c.70,73 In 2010 approximately 

68,000 new cases of melanoma were expected in USA74, highlighting the importance of 

the development of detection and therapeutic tools for this disease.  

Targeted therapy towards oncogenic mutation leading to melanoma is a 

developing field of research. Known oncogenic mutations in melanoma include 

activating mutations in BRAF, c-KIT, and NRAS.75,76 These mutations mainly function 

by inhibiting the pathways of apoptosis and cell cycling.77 This approach still is in the 
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developmental stages, and is hindered by the need for expensive individual genetic 

screening processes prior to treatment. Additionally, the drug therapies introduced thus 

far exhibit side-effects common to the classical chemotherapy procedures for cancers.78,79 

Four out of the six drugs approved for melanoma treatment by the US FDA since 2011 

have been in targeted therapy for patients with a BRAF gene mutation, with the latest 

approval in September 2014 (Pembrolizumab, trade name: Keytruda, Merck & Co.).80,81 

Our strategy to build diagnostic tools for melanoma based on multivalent 

molecules seeks ñearly detectionò of the disease, which is key to treatment of melanoma 

before it reaches metastatic stages.82,83 We expect that multivalent molecules used for 

detection could be extended to selectively deliver therapeutic agents to diseased cells 

utilizing the receptor targeting strategy outlined in Chapter 1. This approach is possible 

because melanoma cells display a greater density of melanocortin cell surface receptors 

compared to normal skin cells.19,20 A closer examination of receptor function and 

expression, inter-receptor distances, and the proper ligands to utilize is necessary to the 

design of multivalent molecules capable of selectively binding these malignant cells. 

3.1.2 G-protein coupled receptors (GPCRs) 

Melanocortin receptors belong to the superfamily of G-protein coupled receptors 

(GPCRs). GPCRs represent the largest family of integral membrane proteins encoded by 

the human genome and detect a wide variety of ligands, including peptides, hormones, 

lipids, and nucleotides.84 Due to their involvement in many physiological processes, 

GPCRs are the target (directly or indirectly) of approximately 30-50% of current drugs.84-

86 
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Figure 3.1 Schematic representation of a G-protein coupled receptor (GPCR). The seven 

transmembrane (TM) domains terminate in an extracellular N-terminus, while the C-

terminus is intracellular.87,88 

All GPCRs (Figure 3.1) have an extracellular N-terminal domain (7ï595 amino 

acids), seven transmembrane (TM) domains, three exoloops (EXO), three cytoloops 

(ICL), and an intracellular C-terminal (12ï359 amino acids) domain.87,88 A fourth 

cytoplasmic loop can form when the C-terminal segment is palmitoylated at Cys.87 Each 

of the seven TMs is generally composed of 20ï27 amino acids. The loops and the 

terminal domains vary in length, indicating GPCR diversity of structure and function, 

while the TM segments are less variable in terms of length. In some GPCRs (bovine 

rhodopsin, the TSH-releasing hormone receptor, the thromboxane receptor, and the 

GnRH receptor) there are two highly conserved Cys residues in exo-loops 1 and 2 which 

form a disulfide linkage.89 Connected to the GPCR on the intracellular side is a G-protein 

GŬ ɓ 

ɔ 

GDP 

-S-S- 
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heterotrimer consisting of two functional units, GŬ, and Gɓɔ. Upon agonist binding to the 

receptor, an intracellular signaling cascade is initiated, where the GDP bound to the alpha 

subunit is replaced by GTP, leading to the dissociation of the GŬ from Gɓɔ.
90,91 Both of 

these could then stimulate multiple downstream pathways based on the GPCR involved.91 

Human GPCRs are classified into five families: rhodopsins (672 members), 

secretins (15 members), glutamates (22 members), adhesions (33 members), and 

frizzledïtaste 2 (36 members).89 Melanocortin and cholecystokinin receptors are 

members of the rhodopsin family. In most rhodopsin-like GPCRs, the TM helices form a 

ligand-binding cavity that is lined by about 35 amino acids94, of which several are almost 

invariant, and for a total of about 350ï400 amino acids for the complete structures.93 

Hence the ligand-binding properties of a rhodopsin-like GPCR are determined by 5ï10% 

of its amino acids.94 

GPCRs interact with components of the bilayer, such as lipids and sterols, as well 

as with other GPCRs to form dimers and higher order oligomers.84 It is likely that, at least 

in some cases, these dimers are of functional significance and can affect the ligand 

binding and signaling properties of GPCRs.84,95  

3.1.3 Melanocortin receptors (MCRs) and ligands 

The melanocortin receptor (MCR) subfamily consists of five receptor isoforms 

(MC1R - MC5R) which stimulate the cyclic adenosine monophosphate (cAMP) signal 

transduction pathway upon activation by an agonist.96,97 They are involved in both 

peripheral and central nervous system physiological functions (Table 3.1). 
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Table 3.1 Melanocortin receptor isoform expression and function.96,98-100 

Receptor Expressed in Primary function 

MC1R Melanocytes and Melanophores Pigmentation 

MC2R Adrenal cortex and Adipocytes 
Glucocorticoid 

Biosynthesis 

MC3R Brain, Heart, Placenta, and the Gut Energy Homeostasis 

MC4R 

Rat and human penis, the Rat spinal cord, 

Hypothalamus, Brainstem, and Pelvic 

ganglion 

Energy Homeostasis 

MC5R 
Central and peripheral exocrine glands and 

Tissues 

Exocrine Gland 

Regulation 

 

MCRs are among the shortest of the GPCRs.101 Hence the structures of the five 

receptor isoforms are closely related, and share some common features in binding 

endogenous agonists/antagonists. The endogenous melanocortin peptide agonists that 

activate MCRs are derived from the post translational modification of the same precursor 

polypeptide, pro-opiomelanocortin (POMC, 241 amino acids).102 These melanocortin 

ligands (ACTH, Ŭ-MSH, ɓ-MSH, and ɔ-MSH) all contain a common core sequence of 

HFRW, considered the minimum sequence required to elicit a response from receptor 

binding (Table 3.2). 

Table 3.2 Endogenous agonists for the melanocortin receptors.96,98,103,104 

Agonist Peptide Sequence 

Ŭ-MSH               Ac-SYSMEHFRWGKPV -NH2 

ɓ-MSH AEKKDEGPYRMEHFRWGSPPKD-OH 

ɔ-MSH                      YVMGHFRWDRFG 

ACTH                     SYSMEHFRWGKPVGKKRRPVKVYPNGAEDESAEAFPLEF-OH 
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When considering the selectivity of binding of the endogenous ligands to MCR 

isoforms, it can be seen that Ŭ-MSH binds to all MCRs, except for MC2R (Table 3.3). 

MC2R is bound only by the ACTH ligand with the 39 amino acid sequence.105 The fact 

that ACTH is capable of exerting the same binding affinity as Ŭ-MSH to MC1R and 

MC4R can be explained by the conserved 13 amino acid sequence they share (Table 3.2). 

The melanocortin receptor system is unique among GPCRs in that it possesses both 

naturally occurring agonists and antagonists. The melanocortin antagonists, agouti and 

agouti-related protein (AGRP), are the only two endogenous antagonists of GPCRs 

identified to date.96,106,107 

Table 3.3 Endogenous ligand selectivity for 

mammalian melanocortin receptors.98-100 

Agonist Binding Affinity 

MC1R Ŭ-MSH = ACTH > ɓ-MSH > ɔ ïMSH 

MC2R ACTH only 

MC3R ɔ ïMSH = ACTH Ó Ŭ-MSH = ɓ-MSH 

MC4R Ŭ-MSH = ACTH > ɓ-MSH > ɔ ïMSH 

MC5R Ŭ-MSH > ACTH > ɓ-MSH 

 

Many synthetic analogs of endogenous melanocortin peptides have been 

described over the last four decades. Most notable is the highly potent Ŭ-MSH analog, 

[Nle4,DPhe7]-Ŭ-MSH (NDP-Ŭ-MSH, MT-I, 1).21 Compared to the native peptide, NDP-Ŭ-

MSH is more stable to enzymatic degradation, more potent (low nM Kd), and exhibits 

prolonged biological activity.21,23 Since the discovery of NDP-Ŭ-MSH, this peptide has 

been used extensively to characterize melanocortin receptors and has been the lead 
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compound in many SAR studies. Structural modifications of this ligand led to receptor 

specific and/or more potent analogs.96 

 For the synthesis of molecules capable of multivalent binding, we seek weaker 

binding ligands such as MSH4 (3), the minimal active pharmacophore (Kd ~ 1 µM). As 

stated in Chapter 1, cooperative binding leading to enhanced avidity is more evident 

when weakly binding ligands are utilized.108,109 The fact that N-terminal modifications to 

3 can be made without adversely affecting its receptor binding ability96 provides the 

means to decorate a scaffold with multiple copies of this ligand. Such multivalent 

molecules can be used in receptor-binding assays to evaluate their binding efficiency. 

 

3.1.4 Melanocortin receptor structure, expression and inter-receptor distance 

considerations 

 

To synthesize effective multivalent molecules bearing MSH4 ligands, the inter-

receptor distances must be considered. In the absence of crystallographic data110, this 

requires analysis of the current understanding of the melanocortin receptor structure and 

experimental results from previously evaluated multivalent molecules. 

Until 2007, the only crystal structure of a GPCR resolved to show atomic detail 

was that of ñbovine rhodopsinò (Figure 3.2).111,112 Homology models of other GPCRs, 

including the MCRs, have been built using the crystal structure of rhodopsin as a 

template.113 Since 2007, twenty crystal structures of other GPCRs have appeared.112 

Melanocortin receptors have not yielded a crystal structure, and so our current 

understanding of MCR inter-receptor distances is based on binding studies and homology 

models.  
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Figure 3.2 Time-line of GPCR structures. a. Bar chart showing the increase in the 

number of GPCR structures with time. b. Time-line showing representative crystal 

structures of GPCRs and the year of publication. Active conformations are marked with a 

black asterisk, and an intermediate-active conformation is marked with a grey asterisk. 

Protein Data Bank accession numbers are shown in parentheses. Reprinted by permission 

from Macmillan Publishers Ltd: Nature (454, 185-194)112, copyright (2014). 
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Melanocortin receptors have been shown to exist as homo- and heterodimers, 

characteristic of their GPCR family lineage114. MC1R dimerization and oligomerization 

was observed in living cells that overexpress this receptor using SDS-PAGE and co-

immunoprecipitation techniques.115 The ability for MC4R to form homodimers was 

explored by Nickolls et al.116 Bioluminescence resonance energy transfer (BRET) data 

indicate that MC4R exists as a constitutive homodimer, unregulated by peptide 

interactions. BRET studies have also shown that MC1R and MC3R reside as 

constitutively pre-formed dimers when co-expressed in Cos-7 cells.117  

In an early attempt to characterize the inter-receptor distances of GPCRs, Conn et 

al. studied dimeric gonadotropin hormone (GnRH) antagonists where an inter-ligand 

distance of 15 -150 Å was required for divalent binding.118 With the divalent binding 

mode, the receptor dimerization yielded a change in the transmembrane response system, 

resulting in agonist-like activity.  

A homology model based on the crystal structure of bovine rhodopsin suggested 

distances ranging from 20-50 Å between the binding sites of abutted receptors, depending 

on their relative orientation (Figure 3.3).119 Coupled with ligand binding data, Handl et al. 

concluded an optimal linker distance in the range of 25 ± 10 Å for constructing divalent 

MSH7 molecules using linkers derived from PEGO and/or Pro-Gly units.119 As stated in 

Chapter 1, the type of linker is an important factor since linkers/scaffolds of different 

flexibility/geometry/chemical behavior may not exhibit the same optimal inter-ligand 

distances. Hence, in the development of subsequent multivalent molecules targeting 

melanocortin receptors, an inter-ligand distance range of 20-50 Å was appropriate. 
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Figure 3.3 The distance estimates between the binding sites of adjacent GPCRs (modeled 

from pdb 1GZM). A) The binding site is estimated to be ~12 Å from the nearest edge of 

the receptor. When the receptors are arranged in a head-to-head (B), tail-to-head (C), or 

tail-to-tail fashion (D), the estimated distances between the binding pockets are 25, 35, 

and 45 Å, respectively. Reprinted with permission from Handl et al., Bioconjug. Chem. 

2007, 18, 1101-1109. Copyright (2014) American Chemical Society." 

3.1.5 Homomultivalent molecules bearing MSH ligands leading up to the current 

work  

In 1981, Schwyzer et al. attached up to 500 copies of Ŭ-MSH to the tobacco 

mosaic virus (2130 possible attachment sites) and conducted phenotypic bioassays on 

frog skin melanophores. The authors claimed that potentiation of skin darkening occurred 

due to cooperative affinity.120 
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In pioneering work published by Hruby and co-workers in 1994, a poly(vinyl 

alcohol) scaffold (avg. MW 110,000; 2500 hydroxyl groups) was decorated with multiple 

copies (10-16 per chain) of NDP-Ŭ-MSH (Figure 3.4).121 Compounds 16 and 17 were 

demonstrated to bind specifically to human and mouse melanoma cells that express and 

display melanocortin receptors.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 Poly(vinyl alcohol) based molecules 16 and 17 by Hruby and coworkers 

displaying multiple copies of NDP-Ŭ-MSH (10-16 per chain) and fluorescein tags (12-

18). 

With this demonstration, construction of multivalent compounds bearing MSH 

ligands came to the fore as a major research effort. In the decade that followed, several 
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research groups investigated dimers of the MSH ligands, mainly to explore the optimal 

inter-receptor distance to achieve multivalently enhanced binding and to prove that 

multivalency could be used for selective targeting of receptors. 

An NDP-Ŭ-MSH dimer linked by a spacer of >50 Å length, consisting mainly of 

polylysine, was synthesized and evaluated in a functional melanocyte dispersion assay by 

Carrithers et al. in 1996. The dimer showed approximately a seven fold increase over the 

monovalent control in binding affinity, which was attributed to cooperative binding.122 

Homodimers and homotrimers of MSH4 were synthesized by Vagner et al., using 

varying linker lengths and rigidities.123 Based on EC50 values (Table 3.4) from binding 

assays performed on HEK293 cells transfected with MC4R, the authors claim 

cooperative binding which results in a 5ï7 fold decrease in the EC50 with the addition of 

each subunit.123 However with the current understanding of the receptor structures, 

arguably it is not possible for compounds 19 or 29 to bind to two melanocortin receptors 

at the same time, given the insufficient linker length. Hence these increments in binding 

affinity are better correlated to statistical and proximity effects. However, this work 

clearly affirmed the fact that different linkers, albeit of the same atom length, will exert 

different characteristics to the divalent constructs. Compound 24 with a more rigid 4-

aminobenzoic acid (AMB) linker exhibited a higher binding affinity than 23 with a PEG 

linker with the same number of atoms in the spacer. This is attributable to a greater 

entropic cost of multivalent binding for 23, as explained in Chapter 1. 
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Table 3.4 Homodimers 18-28 and homotrimers 29 and 30 of MSH4 by Vagner 

et al..123 Homodimers were of the architecture Ac-HfRW-SPACER-HfRW-NH2, 

while the homotrimers were of the architecture Ac-HfRW-SPACER-Lys(HfRW-

NH2)-SPACER-HfRW-NH2. 

Compound Spacera Atoms in Spacer EC50 (nM) 

18 No spacer 0 264 

19 ɓAla 4 119 

20 AMB 7 38 

21 Pro-Gly-Pro 9 14 

22 ɓAla-Gly-ɓAla 11 143 

23 PEG-Su-14 14 234 

24 (AMB)2 14 123 

25 (ɓAla-Gly)2-ɓAla 18 231 

26 PEG-Su-19 19 662 

27 (AMB)3 21 164 

28 (ɓAla-Gly)3-ɓAla 25 571 

 

29 ɓAla 11-11-11 15 

30 ɓAla-Gly-ɓAla 18-25-18 24 

a. AMB = 4-aminobenzoic acid 

A set of MSH4 constructs tethered by rigid linkers were synthesized by Monguchi 

et al. in 2005 and studied by Vagner et al. in 2006.124,125  

 

 

 

The highest increase in potency was 23 fold, comparing compounds 32 and 31. 

This level of enhancement could not be rationalized by a cooperative mode of binding 

since the linker length is not sufficient to crosslink two receptors. Rather this result was 
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attributed to statistical rebinding of the construct due to the increased local concentration 

of the ligand near a given receptor.  

Bowen et al. evaluated divalent compound 33 with a branched flexible linker that 

incorporates a fluorescent dansyl moiety and two low affinity MSH4 ligands. 126  

 

 

 

 

 

Compound 33 with a 26 atom spacer showed no cooperative enhancement in binding 

compared to a monovalent control, possibly due to the entropic cost associated with the 

PEG spacer. 

Handl et al. constructed homodivalent MSH7 compounds tethered by (Pro-Gly) 

linkers or PEGO linkers, guided by their receptor homology model.119 All bivalent 

constructs exhibited order of magnitude increases in binding affinity. In an extension of 

this work, Fernandes et al. evaluated divalent constructs of MSH7 and/or the MC4R 

antagonist SHU9119 (Ac-Nle-c[Asp-His-2'-D-Nal-Arg-Trp-Lys]-NH2) using a DELFIA 

competition binding assay.127 The binding elements were connected by semi-rigid (Pro-

Gly)3 units, with or without flexible PEGO linkers. Compared to the monovalent 

antagonist control Ac-PEGO-PEGO-SHU9119 (EC50 = 400 nM), a binding increase of 

240 fold was seen for the heterodivalent species MSH7-PEGO-PEGO-SHU9119 (EC50 = 

1.7 nM). The EC50 for the monovalent species MSH7-PEGO-PEGO was not reported. 
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In proof-of-concept studies towards building a hydroxylated poly(isoprene) 

scaffold [further described in Chapter 5], Mash and co-workers synthesized MSH4-

bearing multivalent constructs based on squalene128 and solanesol129 cores. Squalene-

derived divalent molecule 36 (Figure 3.5) showed a 19 fold increment in binding as 

compared to the monovalent construct 34. A structural variant 37 showed a threefold 

increment in binding as compared to its monovalent counterpart 38. Solanesol derived 

construct 39 bearing 2 MSH4 ligands showed a modest increment (~ 2³) in binding as 

compared to the monovalent construct 38, whereas the construct 40 with 4 copies of 

MSH4 showed a four-fold increment in binding (Figure 3.6). These increases in binding 

potency could only be attributed to statistical and proximity enhancements in binding. 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Stereo- and regioisomeric mixtures of mono- and divalent constructs based on 

a squalene scaffold bearing MSH4 ligands. 
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Figure 3.6 Stereo- and regioisomeric mixtures of mono- and multivalent constructs of a 

solanesol based core bearing MSH4 ligands. 

 Rao et al. constructed a multivalent MSH4 display (Figure 3.7) using a sucrose 

scaffold core.60 With the resemblance of the scaffold to the structure of Olestra130, a 

spherical distribution of ligands was assumed, giving the maximum distance between 

ligands as approximately 40 Å based on molecular modelling. The compounds 42 (Ki = 

0.23 µM) and 43 (Ki = 0.17 µM) demonstrated similar statistical and proximity 

enhancements in binding, as compared to monovalent control 41 (Ki = 1.6 µM). 

The first demonstration of true multivalency involving MSH4 mono-, di-, and 

trivalent binding by Brabez et al. involved compounds 44-46 (Figure 3.8).131 These 

molecules were synthesized using a solid phase synthesis strategy. 

 

38: R = 1/6 (CH2)5(CO)-MSH4 + 5/6 (CH2)5(CO)-Ser-NH2 

39: R = 2/6 (CH2)5(CO)-MSH4 + 4/6 (CH2)5(CO)-Ser-NH2 

40: R = 4/6 (CH2)5(CO)-MSH4 + 2/6 (CH2)5(CO)-Ser-NH2 
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Figure 3.7 Regioisomeric mixtures of mono- and multivalent constructs based on a 

sucrose scaffold bearing MSH4 ligands. 

  

Figure 3.8 Compounds 44-46 synthesized by Brabez et al. in 2011.131 

The divalent and trivalent constructs 45 and 46 exhibited 16-fold and 350-fold 

enhancements, respectively, in the measured IC50 values when compared to the 

monovalent construct 44 in competitive binding assays against an NDP-Ŭ-MSH-based 

probe.  The inter-ligand distances in 45 and 46 were estimated to be 24 ± 5 Å by 

molecular modeling. Compared to 46, all other homologs with higher inter-ligand 

distances (35-60 Å) were 5-44 times less potent in competitive binding assays.  

Structurally related dendrimeric constructs (Figure 3.9) bearing six (47) or nine 

(48) MSH4 ligands exhibited somewhat reduced inhibitory potencies as compared to 

46.132 While 46 had a Ki of 14 nM in competition binding assays, 47 and 48 had Ki values 

41: R = 1/8 MSH4 + 7/8 Ser-NH2 

42: R = 2.6/8 MSH4 + 5.4/8 Ser-NH2 

43: R = 4.1/8 MSH4 + 3.9/8 Ser-NH2 
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of 46 and 49 nM respectively. This suggests the possibility that the binding of additional 

ligands may not be feasible due to steric constraints. 

 

 

 

 

 

Figure 3.9 Dendrimeric compounds 47 and 48 synthesized by Brabez et al. in 2013. 

3.1.6 Focus of the Current Work 

The studies outlined above strongly suggest that narrow limits on ligand spacing 

exist for observation of true multivalent binding to MC4 receptors, at least for the 

engineered HEK293 cell line59 used in the current competitive binding assays of these 

molecules.  

 In light of prior work and the remarkable demonstration of multivalent binding by 

Brabez at al. in 2011, we wished to more fully evaluate the effects of ligand spacing and 

orientation on avidity while simplifying the scaffold to enhance the economy and 

versatility of the synthetic approach to useful multivalent molecules.  In the remainder of 

this chapter, we present syntheses and bioassay results from MSH4-bearing multivalent 

molecules based on phloroglucinol (49), tripropargylamine (50), and 1,4,7-

triazacyclononane (51) scaffold cores.  As a part of this study, we also describe new 
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protocols that improve the signal-to-noise ratio for in vitro binding assays when using 

engineered HEK293 cells. 

 

 

3.2  Results and Discussion 

3.2.1 Chemistry   

Commercially available phloroglucinol (49) was alkylated according to a reported 

method133 to produce trisalkyne 52 (Scheme 3.1).  Using microwave-assisted copper-

catalyzed azide-alkyne cyclization (CuAAC) reactions, the known serinamide azide 53129 

was attached to the phloroglucinol-derived hub, leading to 54a-c.  CuAAC reactions 

between 54b, 54c, 52 and the known MSH4 azide 55129 afforded mono-, bis-, and tris-

MSH4 constructs 56a-c, respectively.  

 

 

 

 

 

 

 

 

Scheme 3.1 Synthesis of phloroglucinol-based compounds 54a and 56a-c.47 
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Reaction vials and solvents were purged with argon to exclude oxygen from the system, 

mainly to prevent Glaser couplings and protect the Cu(I) species during the reaction. 

However, if air is introduced during handling processes, oxidation of the reactive Cu(I) 

species can occur. We observed that inclusion of sodium ascorbate in the reaction 

mixtures enhanced the repeatability of the product yields. 

Serinamide-containing constructs 57a-c were prepared from commercially 

available tripropargylamine (50) and azide 53 in a similar manner (Scheme 3.2).  

However, CuAAC reactions of 57b, 57c, and 50 with MSH4 azide 55 under the 

conditions used to prepare 56a-c were unsatisfactory.  For the synthesis of 58a and 58b, 

acceptable yields were obtained when tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine 

(TBTA) was omitted from the reaction mixture.  Normally TBTA stabilizes Cu(I) species 

and protects it from oxidation.134 In these reactions the product triazoles might serve this 

function. Along with added TBTA, the products might complex Cu(I) ions, reducing the 

reaction rate due to a depleted concentration of Cu(I) species.  Reaction of 50 with azide 

55 to produce 58c was more challenging.  Microwave-assisted reactions with different 

reagent compositions, solvents, and reaction times failed.  However, reaction of 50 with 

azide 55 in the presence of tetrakis(acetonitrile)copper(I) hexafluorophosphate (TACP) 

catalyst and 2,6-lutidine in a mixture of water and acetonitrile (ACN) for 4 days at room 

temperature provided 58c in 62% yield. 
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Scheme 3.2 Synthesis of tripropargylamine-based compounds 57a and 58a-c.47 

Reaction of 1,4,7-triazacyclononane (51) with propargyl bromide using a reported 

method135 gave 59 along with quaternary ammonium salts due to over-alkylation 

(Scheme 3.3).  By reducing the number of equivalents of propargyl bromide and 

controlling the reaction temperature during its addition, 59 was produced in 69% yield.  

The CuAAC reaction between 59 and azide 55 under the conditions used for preparation 

of 56a-c but without TBTA afforded compound 60 in 42% yield.  Removal of copper 

ions from the crude product 60 was especially difficult, possibly due to metal ion 

chelation by the side arms and the 1,4,7-triazacyclononane core.  It was necessary to 
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remove the copper ions by extraction136,137 because preparative HPLC does not remove 

them.  Fortunately, prolonged contact with dithizone in chloroform gave complete 

removal of the copper ions. If copper contamination is present, it is visible to the eye as 

the final product looks yellow-green instead of white. 

 

 

 

 

 

 

 

 

Scheme 3.3 Synthesis of 1,4,7-triazacyclononane-based compound 60.47 

 Compounds 56a-c, 58a-c, and 60 used in biological assays were Ó95% pure as 

determined by HPLC analysis (see Appendix B for analytical HPLC spectra). 

3.2.2 Biological Assays 

Using a new protocol (Chapter 7: Experimental), saturation binding assays were 

performed using the time-resolved fluorescence (TRF) probe, Eu-DTPA-PEGO-MSH7 

(8) and HEK293 cells engineered to overexpress MC4R (approximately 640,000 copies 

per cell) and human cholecystokinin 2 receptor (CCK2R, approximately 1,100,000 copies 

per cell).59  Saturation binding curves are depicted in Figure 3.10. The Kd for 8 calculated 
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from these assays was 21 ± 3 nM, which is consistent with the value of 27 ± 4 nM 

reported from saturation binding assays using an older protocol.22 

 Competitive binding assays employed the new binding assay protocol, HEK293 

cells engineered to overexpress MC4R and CCK2R, and TRF probe 8. Representative 

binding curves are depicted in Figures 3.11 and 3.12, and the results for all compounds 

are numerically summarized in Table 3.5. As a second line of validation for the new 

binding assay protocol, the fluorescence intensity value of each bio-assay data point in 

each competitive binding assay was normalized to the protein content present in the 

supernatant following processing of the cells (Chapter 7). This should give a measure of 

the fluorescence as a function of the cells in each assay well, correcting for any cell loss 

during assay manipulation. In all the competitive binding assays, similar results and the 

same trends were observed whether the Ki values were calculated from the fluorescence 

data or from data normalized to the protein content (Table 3.5). The Ki values calculated 

from the non-normalized data will be used in the discussion, for clarity and comparison 

(to previously reported data) purposes. Control compounds 54a and 57a did not inhibit 

the binding and uptake of 8 over the concentration range tested.  The mono-, di-, and 

trivalent constructs 56a-c exhibited Ki values of 990, 91, and 45 nM, respectively. The 

corresponding Ki values based on data normalized to protein content (as a measure of cell 

number) were 600, 64, and 45 nM. A similar trend was observed for constructs 58a-c, 

which exhibited Ki values of 2210, 69, and 36 nM, respectively. The corresponding Ki 

values normalized to protein content were 1730, 72, and 40 nM. Finally, the trivalent 

construct 60 exhibited a Ki value of 25 nM and a Ki value normalized to protein content 

of 29 nM. 
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Figure 3.10 Saturation binding curves for probe 8 generated using the six-well plate 

assay method.  Top:  Total binding ()̧ and non-specific binding (Â).  Bottom:  Specific 

binding (p).  The calculated Kd = 21 ± 3 nM (n = 5).47 

 

 



82 

 

 

 

 

Figure 3.11 Competition binding curves for the compounds 56a-c (top), 58a-c (middle), 

and 60 (bottom) against probe 8 (20 nM) generated using the six-well plate assay method.  

Control compounds 54a and 57a were not competitive inhibitors of 8 over the 

concentration ranges tested.47 
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Figure 3.12 Competition binding curves (normalized to the protein content) for the 

compounds 56a-c (top), 58a-c (middle), and 60 (bottom) against probe 8 (20 nM) 

generated using the six-well plate assay method.  Control compounds 54a and 57a were 

not competitive inhibitors of 8 over the concentration ranges tested.47 
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Table 3.5.  Results of competitive binding assays.a, 47 

Compound 

Ki ± SEM (nM)b Relative Potencyc 

raw datad normalized datae raw datad 
normalized 

datae 

54a nbf nbf nag nag 

56a 990 ± 140 600 ± 50 1 1 

56b 91 ± 13 64 ± 11 11 9 

56c 45 ± 11 45 ± 9 22 13 

57a nbf nbf nag nag 

58a 2210 ± 460 1730 ± 200 1 1 

58b 69 ± 12 72 ± 6 32 24 

58c 36 ± 4 40 ± 8 61 43 

60 25 ± 4 29 ± 1 nag nag 
 

aCompetition experiments were carried out against probe 8 (Kd = 21 nM, [8] = 20 nM) 

using HEK293 cells overexpressing MC4R and CCK2R. 
bSEM = standard error of the mean; n = 5 independent determinations. 
cRelative potency compared to the monovalent MSH4 construct with the same scaffold 

core.  
dKi value calculated from fluorescence data.  
eKi value calculated from fluorescence data normalized to protein content.  
fnb = no competitive binding observed.  
gna = not applicable. 

 

3.2.3 Discussion 

 Previously we prepared MSH4-bearing multivalent molecules based on 

linear124,126,128,129 and spherical60 scaffolds, most with inter-ligand distances in the 20-50 

Å range.  In competitive binding assays, these constructs exhibited the inhibitory potency 

of the MSH4 ligand statistically amplified by the number of ligands present in the 

construct.  In no case was potency attributable to multivalent binding observed. Divalent 

and trivalent binding to MC4 receptors was finally demonstrated by Brabez, et al., using 

the MSH4-bearing mono-, di-, and trivalent compounds 44-46.131 The inter-ligand 

distances in 45 and 46 were estimated to be 24 ± 5 Å by molecular modeling, suggesting 

that the limits on ligand spacing for multivalent binding to MC4 receptors had been 
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overestimated by the prior homology model,59 at least for the engineered HEK293 cell 

line used in the competitive binding assays.  To confirm Brabezô observations, we elected 

to pursue multivalent molecules based on the ñdisc-likeò cores afforded by 

phloroglucinol (49), tripropargylamine (50), and 1,4,7-triazacyclononane (51). These 

compounds have been used as cores for dendrimeric molecules138-141 and in syntheses of 

multivalent molecules.142-144 Their simplicity and commercial availability suggest 

synthetic versatility and economy, important considerations for implementation of a 

general strategy for ligand multimerization.  The kind, number, and spacing of the ligands 

can easily be controlled, and in the case of trivalent molecules, the ligands would be 

prearranged in a trigonal planar fashion.  

 In the event, assembly of 54a, 56a-c, 57a, 58a-c, and 60 by alkylations of 49 and 

51 with propargyl bromide, followed by CuAAC attachment of the placeholder 

serinamide ligand 53 and/or the MSH4 ligand 55 to trialkynes 50, 52, and 59 required 

short reaction sequences that were reasonably straightforward and efficient.   

 Standard high throughput TRF assays used to screen for functional binding are 

normally conducted with cells grown in 96-well plates (Costar 3603).33,145  In the present 

study with HEK293 cells, these assays exhibited relatively poor signal-to-noise ratios due 

to cell detachment during the multiple wash and reagent addition steps.  The use of more 

adherent A375 cells bearing melanocortin 1 receptors146 also gave poor signal-to-noise 

ratios due to the lower receptor expression levels of these cells.  While the engineered 

HEK293 cells express about 640,000 MC4 receptors per cell,59 the A375 cells express 

about 75,000 MC1 receptors per cell.146 
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 To improve the signal-to-noise ratios of the assays to provide more robust data for 

calculation of binding and inhibition constants, we shifted the assays from 96-well plates 

to 6-well plates in order to work with much larger populations of cells in a given sample 

well.  While the 96-well plates were seeded at 20,000 cells per well and grew to 90% 

confluence (~40,000-50,000 cells per well) over about three days, the 6-well plates were 

seeded at 240,000 cells per well and required five days to grow to 90% confluence (~1 ³ 

106 cells per well).  The significantly larger cell population meant that small losses of 

cells during assay manipulations would have a lesser effect on the precision of the TRF 

data.  To minimize the loss of cells during binding assays, solutions were carefully added 

down the sides of the well walls.  To reduce non-specific signal due to adherence of the 

probe to the wells, the cells were scraped from the wells after the binding incubation and 

transferred to micro-centrifuge tubes for post-assay processing.  These changes led to a 

robust assay with high precision and repeatability.   

 To test the consistency of a result from the new protocol in 6-well plates with a 

published result from a previous protocol in 96-well plates, a saturation binding assay 

was performed for the TRF probe 822,68 using the new protocol and HEK293 cells 

engineered to overexpress MC4R and CCK2R.59 The Kd for 8 calculated from this assay 

was 21 ± 3 nM, while the reported Kd for 8 from use of the previous protocol was 27 ± 4 

nM.22  This level of agreement was taken as a validation of the new protocol. 

 In the competitive binding assays, control compounds 54a and 57a did not inhibit 

the binding and uptake of the TRF probe 8 over the concentration range tested.  The 

monovalent constructs 56a and 58a exhibited Ki values consistent with monovalent 

MSH4 binding (approximately 1 µM).128 Impressively, the divalent constructs 56b and 
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58b exhibited Ki values of 91 and 69 nM, respectively, 11-fold and 32-fold lower than the 

corresponding monovalent molecules 56a and 58a.  These increases in potency are 

consistent with the 9-fold enhancement observed when 45 was compared to 44 using 

probe 822 and are indicative of multivalent binding.14   

 Compounds 56c and 58c possess three copies of MSH4 with what were presumed 

to be appropriate inter-ligand spacings for trivalent binding, and yet these compounds 

exhibited only two-fold enhancements in potency when compared with the corresponding 

divalent compounds 56b and 58b.  These results, attributable to statistical and/or 

proximity effects, stand in contrast with the 9-fold enhancement in potency observed for 

trivalent 46 (Ki = 4.3 nM) compared to divalent 45 (Ki = 37 nM) when competed against 

probe 8.22 Trivalent compound 60 exhibited a Ki of 25 nM, a value reasonably consistent 

with those of 56c (Ki = 45 nM) and 58c (Ki = 36 nM).   

 The possibility that these results might have been due to a limit to the dynamic 

range of the competitive binding assay was excluded by competing NDP-Ŭ-MSH (1) 

against probe 8. The Ki observed for 1 using the 6-well plate binding assay was 3.2 ± 0.4 

nM,147 a value consistent with earlier observations in 96-well plate binding assays.  Thus, 

the greater avidity of 46, i.e. its ability to bind trivalently, must be rooted in structural 

differences with 56c, 58c, and 60.  

 In the design phase of this work, the maximum inter-ligand distances for 46, 56c, 

58c, and 60, determined by the distances between the N-terminal nitrogen atoms of the 

histidine residues, were estimated to be 33, 33, 28, and 32 Å, respectively, assuming full 

extension of all chain segments.148 To better address issues that concern structure and 
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conformation, molecular dynamics studies were performed using Molecular Operating 

Environment (MOE).149 Views of representative conformations of 46, 56c, 58c, and 60 

are displayed in Figure 3.13.  

 

 
46 

 

 
56c 

 
58c 

 

 
60 

 

Figure 3.13 Views of representative conformations observed for compounds 46, 56c, 

58c, and 60.  The distances from the N-terminal nitrogen atoms of the histidine residues 

are given as a measure of the three inter-ligand distances. The average distances between 

ligands for 46, 56c, 58c, and 60 are 22, 22, 19, and 21 Å, respectively.47 
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Given a sufficiently long molecular dynamics run, the side arms of the C3 

symmetric molecules 56c, 58c, and 60 would display conformational equivalence (this 

equivalence is not possible for 46, since the path of attachment of one MSH4 ligand to 

the central atom differs from that of the other two ligands). However, at most points in 

time the spatial relationships between the ligands will vary. Over the 2 ns time courses of 

our molecular dynamics runs, the inter-ligand distances lay between 17.0-28.0 Å for 

compound 46, 19.5-24.5 Å for 56c, 16.5-21.0 Å for 58c, and 16.5-23.0 Å for 60.  These 

are at the low end of the 24 ± 5 Å range previously suggested for compound 46.131 

 It is generally held that, like other melanocortin receptors, MC4R forms 

constitutive dimers on the cell surface.150 If a third MC4 receptor (or a receptor dimer) 

approaches, a trimer (or a tetramer) may form, but it need not be symmetrical.  If the 

trimer is asymmetric, different inter-ligand distances may be required in order to 

simultaneously bridge three ligand binding sites.  It seems reasonable to conclude that the 

distance between ligand binding sites of dimeric MC4Rs can be bridged by any of the 

divalent or trivalent molecules we have studied. Furthermore, we postulate that 

compound 46 has sufficient ñreachò to permit simultaneous binding to a more remote 

ligand binding site on the third receptor of a trimer, whereas 56c, 58c, and 60 are unable 

to do so. Given the ready adaptability of the synthetic method described herein, we plan 

to examine this postulate by construction and testing of sets of trivalent molecules related 

to 56c, 58c, and 60 but possessing two shorter (inter-ligand distances ~17-20 Å) and one 

longer (inter-ligand distances ~20-32 Å) spacer arms. 
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 Finally, if the order of magnitude difference in avidity afforded by divalency is 

sufficient for distinguishing healthy from abnormal cells by discernment of receptor 

overexpression, medically useful compounds might result from attachment of imaging or 

therapeutic agents to scaffolds derived from 49-51.  We plan to pursue this line of 

investigation by replacement of the serinamide in 56b and 58b with radiolabels and 

fluorescent tags for use in in vitro saturation binding and uptake studies and in vivo 

imaging studies, respectively. These future directions are elaborated in Chapter 6. 
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CHAPTER IV: MULTIVALENT TARGETING OF 

CHOLECYSTOKININ RECEPTORS  

4.1 Introduction  

4.1.1 Cholecystokinin receptors and ligands 

Cholecystokinin (CCK) is a member of the ógutïbrainô family of peptide 

hormones, which mediates numerous regulatory functions in the gut and the brain.151 In 

the gastrointestinal system, CCK has been implicated in gastric emptying and distension, 

gallbladder contraction, pancreatic secretion, and intestinal motility.151 In the nervous 

system, CCK plays a role in learning and memory, anxiogenesis, nociception, and 

satiation.151,152  

CCK hormones are biosynthesized as a 115 amino acid prepro-CCK polypeptide 

that is cleaved posttranslationally to generate CCK-58.151 CCK-58 is the largest 

circulating form of the hormone in humans, rats, and dogs.153-155 From the amino 

terminus of the peptide, it undergoes sequential proteolytic cleavage at arginine residues 

generating shorter peptides such as CCK-39, CCK-33, CCK-22, sulfated CCK-8 [Asp-

Tyr(SO3H)-Met-Gly-Trp-Met-Asp-Phe-NH2] and CCK-7, unsulfated CCK-8 and CCK-7, 

CCK-5, and CCK-4 (Trp-Met-Asp-Phe-NH2).
151,156 The phenylalanine at the C-terminus 

of CCK is modified by a carboxyamidation during posttranslational processing151 and is 

essential for all CCK ligands to bind their cognate receptors.156,157 

There are two kinds of receptors that bind CCK hormones; CCK-1 receptor 

(CCK1R, formerly CCKAR), and the CCK-2 receptor (CCK2R, formerly CCKBR). Like 
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melanocortins, they are members of class A of the GPCR family. CCK1R is a 438 amino 

acid polypeptide, while the CCK2R contains 447 amino acids (Figure 4.1). A closer look 

at the CCK1R and CCK2R binding peptides shows two different pharmacophores that 

overlap with each other at the C-terminus; an octapeptide for binding CCK-1 receptors 

and a tetrapeptide for binding to CCK-2 receptors (Figure 4.2).  

CCK1 receptors are present mainly in the gallbladder muscularis, pancreatic 

neurons (in human, and also directly on pancreatic acinar cells in rodents), pyloric 

smooth muscle, and enteric neurons and central nervous system nuclei.62 CCK2 receptors 

are present in the gastric oxyntic mucosa and are widely distributed in the brain, with the 

highest concentrations in the striatum, cerebral cortex, and limbic system.62,156 As can be 

seen in Figure 4.2, sulfonation of the tyrosine residue at position 8 directs binding to 

CCK1R.  

For human CCK1R, the affinity order of the endogenous ligands is CCK58 Ó 

sulfated-CCK-8 >>> CCK8 > gastrin-17, CCK4.62 For the CCK2 receptor this order is 

sulfated-CCK8, CCK58 Ó gastrin-17, CCK8 > CCK4.62 Hence, the CCK4 ligand is the 

weakest binding member of the group, whether targeted to CCK1R or CCK2R. From the 

discussion thus far about multivalent molecules, it is clear that the best choice of 

endogenous ligand to use in a multivalent targeting strategy is the CCK4 ligand. 

For a multivalent targeting strategy, the CCK2 receptor provides a much more 

attractive target than CCK1R. The latter is implicated in a narrow range of tumors158, 

whereas the former is expressed in many carcinomas, including medullary thyroid 

carcinomas, small-cell lung cancers, gastroenteropancreatic neuroendocrine cancers,  
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Figure 4.1 Amino acid sequences of the human CCK1 (panel A) and CCK2 (panel B) 

receptors. These illustrate the proposed topology of these receptors. The filled black 

circles with white lettering represent conserved identical residues, while the gray circles 

represent homologous residues. Dotted lines represent disulfide bonds that have been 

demonstrated to exist. Reprinted from Pharmacology & Therapeutics v. 119, L. J. Miller, 

F. Gao, Structural basis of cholecystokinin receptor binding and regulation, 83-95. 

Copyright (2014), with permission from Elsevier. 
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Figure 4.2 Amino acid sequences for some human CCK and gastrin peptides, showing 

the pharmacophores for the CCK1R and CCK2R binding. Adapted from ref. 62. 

stromal ovarian cancers, astrocytomas, and gastrointestinal stromal cancers.159 In many of 

these, CCK2 receptors are overexpressed on malignant cell surfaces, providing an 

excellent prospect for targeted imaging and/or therapy via multivalent binding.19,20  

4.1.2 Previous work targeting cholecystokinin receptors via multivalent molecules 

Compared to work on the melanocortin receptors, there have been only a few 

attempts thus far at multivalent targeting of cholecystokinin receptors. This has been 

mainly due to the lack of a suitably weak peptide ligand for display on a multivalent 

construct. Even the minimal CCK4 pharmacophore demonstrates a low nM binding 

affinity for CCK2R, which makes it less desirable for a multivalent targeting approach. 

CCK-1 

pharmacophore 

CCK-2 

pharmacophore 

CCK58 

CCK38 

CCK33 

CCK8 

Gastrin34 

Gastrin17 
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 Rao et al. used a sucrose-derived scaffold to display multiple copies of a CCK4-

related ligand which were evaluated in competition binding assays against probe 10 using 

HEK293 cells overexpressing the CCK2 receptor.60 Compounds 62 (Ki = 2 nM) and 63 

(Ki = 0.8 nM) demonstrated binding enhancements of 34 and 84-fold respectively, as 

compared to compound 61 (Ki = 67 nM). Authors claimed the lack of significant binding 

enhancement from 62 to 63 might be due to the fact that the scaffold geometry (spherical) 

does not allow three ligands to simultaneously approach the binding surface. 

 

 

 

 

Figure 4.3 Regioisomeric mixtures of mono- and multivalent constructs of a sucrose 

based core bearing CCK4 ligands. 

 In 2013, Brabez et al. attempted to extend their successful demonstration of 

multivalent binding using a tetrahedral core bearing melanocortin ligands (Chapter 3, 

Section 3.1, compounds 44-46) to the cholecystokinin receptor system.49 This attempt 

was not successful, with all trimeric compounds exhibiting similar potency (IC50 = 5 ï 12 

nM) to the parental monovalent CCK4 ligand (IC50 = 16 nM). At best, only statistical 

and/or proximity enhancements in binding were observed (~ 2 fold). 

 Navath et al. evaluated the potency of mono-, di- and trivalent CCK compounds 

64-66 in competition binding assays against probe 10.160 Small increments in binding 

61: R = 1/8 CCK4 + 7/8 Ser-NH2 

62: R = 2.2/8 CCK4 + 5.8/8 Ser-NH2 

63: R = 3.6/8 CCK4 + 4.4/8 Ser-NH2 
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potency were observed for 65 (Ki = 0.80 nM) and 66 (Ki = 0.92 nM) when compared to 

the monovalent compound 64 (Ki = 3.5 nM). These results can also be attributed to 

statistical and proximity effects. 

 

 

 

 

 

 

 

 

Figure 4.4 Compounds 64-66 bearing CCK4 ligands. 

4.1.3 Current Work  

Given the lack of success in the aforementioned systems and the successful 

demonstration of multivalent binding in the melanocortin system, it seems clear that the 

potent CCK4 ligand is not a good candidate for demonstration of multivalency. However, 

to validate the newly synthesized probe 15, we synthesized and evaluated several CCK4 

trimers during the same time period that the work in section 4.1.2 was carried out. We 

extended the newly established in vitro bioassay protocol detailed in Chapter 3 to the 



97 

 

cholecystokinin receptor system. The synthesis of three CCK4 trimers and the bioassay 

data are discussed in the next sections of this chapter. 

4.2 Results and Discussion 

4.2.1 Chemistry 

The known compound Ac-CCK4 (Ac-Trp-Nle-Asp-Phe-NH2, 66) was 

synthesized for use as a blocking ligand in saturation assays and for use as a positive 

control in competitive binding assays. Since the primary use of probe 15 will  be in the 

development of multivalent molecules capable of selective binding to cells 

overexpressing CCK receptors, several trimeric compounds bearing CCK4 ligands were 

synthesized to validate the use of the new probe in competitive binding assays. For this 

endeavor we used commercially available phloroglucinol and tripropargylamine as the 

primary scaffolds to connect the CCK4 ligands to achieve trigonal symmetry in the final 

compounds. We chose three quite different inter-ligand distances to be evaluated since 

the inter-ligand distance for achievement of multivalent binding to CCK receptors has not 

been established. The azides 67 and 68, required for CuAAC attachment of the CCK4 

ligands to the scaffolds, were synthesized by solid phase synthesis using the known 

azides, 6-azidohexanoic acid and azidoacetic acid. 
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For use in the assembly of a PEGylated CCK4 trimer, PEG linker 71 was 

synthesized in three steps from tetraethylene glycol (Scheme 4.1). The ligand design to 

include a PEG linker was done with the hope of achieving increased water solubility and 

to observe the effects on the binding characteristics. Tetraethylene glycol was 

monoalkylated using 6-chlorohexyne to give the monoalkyl derivative 69. Compound 69 

was then alkylated with t-butyl bromoacetate to yield 70, which, upon deprotection, gave 

the final linker 71.  

 

 

 

 

 

 

 

Scheme 4.1 Synthesis of PEG linker 71. 

Interestingly, an alternate approach to the alkylation, attaching the bromoacetate 

moiety first, failed to give the monoalkylated product. While Jones oxidation of 69 to 

establish the carboxy terminus of the truncated linker 72 worked, better repeatability and 

ease of purification were attained using the procedure outlined in Scheme 4.1. 
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Linker 71 was attached via solid phase synthesis to the N-terminus of the resin-bound, 

protected CCK4 ligand to give the alkyne functionalized CCK4 ligand 73 following 

cleavage, deprotection, and purification by preparative HPLC. 

 

 

 

To provide the scaffold core (Scheme 4.2) for attachment of CCK4-alkyne 73, 

phloroglucinol was trialkylated using 1,6-dibromohexane to produce 74 in 31% yield. 

Reaction of 74 with sodium azide gave 75 in 83% yield. The CuAAC attachment of 73 to 

75 gave the PEG functionalized CCK4 trimer 76 in 17% yield.  

 

 

 

 

 

 

 

 

 

Scheme 4.2 Synthesis of phloroglucinol based PEGylated CCK4 trimer 76. 

The phloroglucinol-based alkyne 52 (Chapter 3) functioned as another scaffold 

core (Scheme 4.3). The CuAAC attachment of 67 and 68 to 52 and 50 resulted in the 

CCK4 trimers 77 and 78, respectively, each in 12% yield after HPLC purification. The 
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relatively hydrophobic nature of the CCK4 ligand results in easy emulsion formation 

during the dithizone extraction of copper ions. Care must be taken to let the layers 

separate fully during each extraction step, to achieve maximum product recovery. 

 

 

Scheme 4.3 Synthesis of short chain CCK4 trimers 77 and 78. 

Compounds 54a and 57a bearing serinamide ligands were previously described (Chapter 

3) and served here as controls in the competition binding assays. 
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4.2.2 Biological assays 

Saturation binding assays of probe 15 were conducted using HEK293 cells that 

overexpress the MC4 and CCK2 receptors59 using the recently optimized assay protocol, 

giving a Kd of 17 ± 2 nM for the CCK4 probe 15 (Figure 4.5). This Kd value is 

comparable with that of the previously described CCK receptor binding probe 10 (Kd = 

34.6 ± 3.9 nM).59 The slight increase in binding affinity of 15 in comparison to 10 could 

be due to the fact that the probe design now allows unhindered binding of the peptide 

ligand to the CCK2R since the ligand and the DTPA cage are separated by a spacer. 

Despite the shorter ligand length allowing for a more cost-effective and efficient 

synthesis, the binding characteristics remain impressive for probe 15. Due to the high 

expression levels of CCK2R on the cell surface (~ 1.1 million) and the large cell 

populations in the 6-well plate assay (~ 1 ³ 106 at 90% confluence), very high 

signal/noise ratios were observed in the binding assays.  

 

 

 

 

 

 

 

 

Figure 4.5.  Saturation binding curves for probe 15. Total binding (̧ ), non-specific 

binding (Â), and specific binding (ß).  The calculated Kd = 17 ± 2 nM (n = 5).   
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Competitive binding assays were conducted for compounds 66, 76, 77, and 78 

against probe 15 at a concentration of 15 nM, giving Ki values of 6.1, 30, 3.7, and 1.2 

nM, respectively (see Table 4.1 and Figure 4.6). As in the bioassays described in Chapter 

3, the fluorescence intensity of each data point in a competitive binding assay was 

normalized to the protein content present in the supernatant following processing of the 

cells. This gives a measure of the fluorescence normalized to the number of cells in each 

assay well, accounting for any cell loss during the assay manipulation. The corresponding 

Ki values for compounds 66, 76, 77, and 78 from the competitive binding assays based on 

data normalized to protein content were 4.4, 35, 4.8 and 1.8 nM, respectively (see Table 

4.1 and Figure 4.6).  

Table 4.1 Results of competitive binding assays.a 

Compound 

Ki ± SEM (nM)b Relative Potencyc 

raw datad 
normalized 

datae 
raw datad 

normalized 

datae 

Ac-CCK4 

(66) 
6.1 ± 2.1 4.4 ± 1.3 1 1 

76 30 ± 8 35 ± 7 0.2 0.1 

77 3.7 ± 0.4 4.8 ± 0.5 2 0.9 

78 1.2 ± 0.4 1.8 ± 0.5 5 2 

54a nbf nbf nae nag 

57a nbd nbf nae nae 

 

aCompetition experiments were carried out against probe 15 (Kd = 17 nM, [15] = 15 nM) 

using HEK293 cells overexpressing MC4R and CCK2R. 
bSEM = standard error of the mean; n = 4 independent determinations. 
c Relative potency compared to the Ac-CCK4 66 
dKi value calculated from fluorescence data.  
eKi value calculated from fluorescence data normalized to protein content.  
fnb = no competitive binding observed.  
gna = not applicable. 
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Figure 4.6 Competition binding curves for the compounds 66, 76, 77, and 78 against 

probe 15 (15 nM).  Control compounds 54a and 57a were not competitive inhibitors of 

15 over the concentration ranges tested. 

 

 

 

 

 

 

 

 

 

Figure 4.7 Competition binding curves (normalized to the protein content) for the 

compounds 66, 76, 77, and 78 against probe 15 (15 nM).  Control compounds 54a and 

57a were not competitive inhibitors of 15 over the concentration ranges tested. 
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In agreement with Chapter 3 data involving the melanocortin ligands, similar 

results and trends were observed, whether the Ki values were calculated from the 

fluorescence data or from data normalized to the protein content (Table 4.1). The Ki 

values calculated from the non-normalized data will be used in the discussion, for clarity 

and comparison (to previously reported data) purposes. As expected, the control 

compounds 54a and 57a did not hinder the binding and uptake of probe 15. The 

monovalent construct Ac-CCK4 66, used as a positive control, gave a Ki value (6.1 nM) 

comparable to what has been reported for other monovalent CCK4 ligands (Trp-Met-

Asp-Phe-NH2,  Ki = 3.1 nM161; scaffold-bound Trp-Met-Asp-Phe-NH2, Ki = 3.5 nM160; 

scaffold-bound Trp-(NMe)Nle-Asp-Phe-NH2, IC50 = 16 nM49), validating as comparable 

the performance of the new probe and the binding assay procedure. As mentioned before, 

given the high potency of the monovalent CCK4 ligand, we did not expect multivalent 

increases in binding avidity for any of the CCK4 trimers, even if the ligand spacing had 

been optimal.  

Only modest increases in inhibitory potency were observed for compounds 77 and 

78 that can be attributed to statistical and/or proximity enhancements in binding. 

Construct 76 with the presence of the PEG linker in the scaffold displays a significantly 

lower potency in binding as compared to the other trimers. PEGylation can result in such 

decreases of receptor binding affinity due to hydrophobic interactions with the targeting 

ligand that hinders the ligand-receptor binding.162,163 Based on the observations from 

these competitive binding experiments and our past work, further studies are underway to 

develop weaker binding ligands for the CCK receptors that can be used to demonstrate 

multivalent binding utilizing the newly synthesized probe. 
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In summary, we have successfully validated the novel TRF probe 15 in in vitro binding 

experiments, which demonstrates a large dynamic range in the response intensity to be 

utilized in the binding assays. Additionally this work reinforces the fact that the CCK4 

ligand has too strong of a monovalent binding affinity to CCK2R, which negates the 

possibility for its use in multivalent constructs targeting cholecystokinin-2 receptors. 
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CHAPTER V: PRELIMINARY STUDIES TOWARD  

ALTERNATIVE SCAFFOLDS 

5.1 Introduction  

5.1.1 Polymers as scaffolds 

The use of polymers has received great interest in the past several decades for the 

design of therapeutic agents.164,165 The ñRingsdorf modelò (Figure 5.1), put forth by 

Helmut Ringsdorf in 1975, describes a generic model for designing polymer-drug 

conjugates.164,166 It contains a bio-compatible hydrophilic polymer backbone covalently 

linked to therapeutic agents and targeting moieties via linkers.  

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Rationale for drug delivery via polymerīdrug conjugates. Reprinted with 

permission from (Larson et al., Chem. Mater. 2012, 24, 840ī853)164. Copyright 

(2014) American Chemical Society. 
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 The aqueous solubility of a properly designed polymer can be important since an 

estimated 40-60% of drugs exhibit poor bioavailability due to low solubility in 

water.164,167 The incorporation of targeting moieties (e.g. MSH4 or CCK4 ligands) would 

enable the polymer-peptide conjugate to bind specific cells or tissues. Most targeting 

strategies rely on the overexpression of cell surface markers in diseased cells as 

compared to normal cells.164 Sugars, hormones, growth factors, antibodies, antibody 

fragments, peptides, or other small molecules can be utilized as targeting 

moieties.164,168ī171 Typically conjugation of ligands and drugs to the high molecular 

weight polymeric carrier would avoid the interaction of the ligands and drugs with 

biological macromolecules, such as proteins, which could sequester the active ingredients 

and prevent them from arrival at the target.172 

An important use of polymer-drug conjugates has been the development of 

controlled-release therapeutics that use biodegradable polymer backbones and/or 

linkers.172 With proper design, the rate and duration of delivery of drug can be controlled 

to achieve the desired therapeutically effective concentration, avoiding large fluctuations 

associated with periodic administration which can lead to undesired side effects, organ 

damage, or toxicity.164,172 The polymeric backbone can also protect the drug and ligands 

attached to it while the conjugate travels to its target tissue. This is particularly useful for 

drugs with short plasma half-lives. 

 Another major advantage of polymer-based therapeutics is their high ñtherapeutic 

indexò. Therapeutic index is defined as the ratio between the toxic and the therapeutic 

doses of a given drug. An important factor in cancer therapy is to deliver cytotoxic 

amounts of a drug to the tumor, while minimizing side-effects on healthy tissues. One of 
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the primary ways to achieve a high therapeutic index for anticancer agents is through the 

ñenhanced permeability and retention (EPR) effectò.164,173 As compared to normal tissue, 

tumors often have poor lymphatic drainage and increased vascular permeability (Figure 

5.2). This can lead to increased levels of uptake of high MW compounds (e.g. polymer-

drug and polymer-imaging agent constructs) and low clearance levels after uptake. 

 

 

 

 

 

 

 

 

Figure 5.2 The enhanced permeability and retention (EPR) effect. Increased tumor 

accumulation of macromolecules occurs via a combination of increased extravasation and 

reduced lymphatic drainage in tumor tissues. Reprinted with permission from (Larson et 

al., Chem. Mater. 2012, 24, 840ī853)164. Copyright (2014) American Chemical Society. 

The challenges of using polymer-based therapeutics lay mainly in accumulation 

and/or toxicity of the carrier itself. To overcome the first issue the use of polymer carriers 

with sufficiently low molecular weights (< 50 KDa) or biodegradability facilitate renal or 

metabolic clearance within a reasonable time frame.172,174-176 To overcome the second 

issue requires careful evaluation of polymeric carriers in cellular and animal toxicity 

studies. Polymer carriers that have already been demonstrated to be non-toxic include 
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poly(vinyl pyrrolidone) (PVP),177,178 poly(vinyl alcohol) (PVA),179 polyglutamic acid 

(PGA),180 poly(malic acid),181 poly(ethylene glycol) (PEG),182 and N-(2-

hydroxypropyl)methacrylamide (HPMA)183 . 

In the context of this discussion, the poly(vinyl alcohol) based scaffold (Chapter 

3) described by Hruby and co-workers121 in 1994 is relevant. The PVA backbone was 

expected to be reasonably hydrophilic, while 10-16 copies of the recognition element 

NDP-Ŭ-MSH and 12-18 fluorescein labels were covalently bound on average to the 

scaffold via thioether or disulfide linkages. 

5.1.2 From poly(vinyl alcohol) to hydroxylated polyisoprene: Design for a new 

biocompatible scaffold 

After considering the shortcomings of the PVA scaffold, Mash and co-workers 

designed a poly-isoprene derived scaffold. It was envisioned that 

1) Polyisoprenes could be hydroxylated to form scaffolds with hgher aqueous solubility 

compared to PVA. Although PVA has a large number of hydroxyl groups, the 

formation of intramolecular hydrogen bonds can reduce its water solubility at 

physiological temperatures. This problem would be alleviated in a stereorandom 

hydroxylated polyisoprene scaffold. 
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Hydroboration was chosen for the hydroxylation chemistry, since boranes are highly 

reactive. Additionally, hydroborations are regiospecific, affording control over the 

position of the hydroxylation. This would lead to equivalent spacing of hydroxyl 

groups along the chain, affording predictable spacing between ligand attachment 

points and lessening the chance to form intramolecular hydrogen bonds. 

2) Weaker ligands are better suited for multivalent constructs than are high affinity 

ligands. Hence, NDP-Ŭ-MSH would be replaced by the weaker binding ligand MSH4. 

3) The ligand attachment chemistry could be altered to afford higher ligand/label 

coverage of the scaffold backbone. To this end, CuAAC reaction134,184 was chosen as 

an alternative to disulfide and maleimide attachement chemistries. 

 

 

 

 

With the above design in mind, Jagadish et al. and Alleti et al. did initial proof-of-

concept studies with smaller isoprene-derived compounds (Chapter 3) to establish the 

chemistry required before extension to a polymeric system.22,128,129 Squalene and 

solanesol-derived scaffold cores were hydroborated to achieve regiocontrolled but 

stereoisomerically mixed polyalcohol products, to which were attached pendant chains 

bearing alkyne or azide groups. MSH4 ligands were attached using the CuAAC reaction. 

The resultant multivalent compounds (Figures 3.5 and 3.6) exhibited statistical and 

proximity enhancements in binding. However these studies were successful in 

establishing/validating the chemical approach. 
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5.2 Current Work  

5.2.1 Current design 

Upon extending the chemistry from the squalene (Figure 3.5) to solanesol-derived 

constructs (Figure 3.6), two issues became more evident.  

First, the number of ligands on the scaffold was known only as an average value. The 

poly-hydroxylated compounds were inseparable by any form of chromatography owing 

to their similar polarities. This structural ambiguity hinders interpretation and comparison 

of the biological assay data from the competitive binding assays. Hence, an approach was 

devised that would enable the control of ligand number on a given scaffold. 

A second limitation was the dependence on competitive binding assays for acquiring 

the binding data. We wished to directly attach a reporter group to the multivalent scaffold 

to permit a direct readout of binding and/or uptake both in vitro and in vivo. 

To address these issues, a linear scaffold derived from solanesol was synthesized, 

with a controlled number of ligand attachment points, which could then be linked to a 

core sub-structure like cyclen. Figure 5.3 depicts this proposed structure, with three 

solanesol derived arms connected to the cyclen core. Each of the arms bears two ligand 

attachment points (with alkyne or azide ends). These solanesol-derived arms would be 

purified prior to attachment to the cyclen core so that the exact number of ligand 

attachments would be known (in this example, six). Additionally, the cyclen core would 

bear a reporter moiety (e.g. NBD, Cy5) capable of providing direct binding data 

measurements without the need for a competition assay. Following assembly, the MSH4 

ligands would be added to the ligand attachment points via the CuAAC reaction. 
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Figure 5.3 Proposed solanesol-derived multivalent construct with a controlled number of 

ligands. 

 

5.2.2 Progress thus far 

The first priority in getting to the multivalent scaffold depicted in Figure 5.3 was 

to get the purified, fully hydroxylated solanesol derivatives with two major 

considerations: 

a) A compatible end-group functionality (for conjugation to the cyclen core) 

b) A specific number of ligand attachment points on the scaffold 

To this end, commercially available solanesol was reacted with phosphorous 

tribromide to yield solanesyl bromide 79 in 85% yield (Scheme 5.1). Then, 79 was 

reacted with potassium phthalimide according to literature185 to yield solanesyl 

phthalimide derivative 80 in 49% yield. Experimenting with the reaction conditions we 
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increased the yield to 84% by switching the reaction solvent to THF and extending the 

reaction time. The hydroboration of 80 to yield 81 was not successful. 

Scheme 5.1 Solanesyl phthalimide route to obtain the solanesol-derived scaffold with a 

defined number of ligands. 

Disiamylborane was used as the hydroborating agent to gain better conversion 

and regioselectivity as compared to the conventional use of borane. The mild oxidant 

trimethylamine-N-oxide was chosen to preserve the end group functionality during the 

oxidation step. We acquired both over-reduced products (affecting the phthalimide 

group) and incomplete hydroboration during several attempts to optimize this reaction. 
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This resulted in our choosing of a different approach. The phthalimide protection was 

removed using hydrazine hydrate to form the free amine 82; hydroboration was then 

performed on this amine. Although the free amine 82 was obtained in quantitative yield, 

the hydroboration step was not successful (Scheme 5.2). 

 

Scheme 5.2 Attempt to hydroborate 80 after conversion to the free amine. 

At this juncture the endgroup functionality was changed from phthalimide to ethyl 

isonipecotate with the hope of attaining better compatibility for the hydroboration. Ethyl 

isonipecotate was reacted with 79, to yield ethyl N-solanesylisonipecotate (83) in 85% 

yield (Scheme 5.3). The hydroboration of this compound to yield 84 was successful, and 

this compound (Figure 5.4) was separable by normal phase column chromatography from 

compounds with incomplete hydroboration (e.g. eight hydroxyls etc.). However, the 

yields were not repeatable, giving only a 42% yield at the most successful attempt. With 

the limited success of this route, we sought to understand the difficulty to fully 

hydroborate these compounds, and to devise a better hydroboration approach. 
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Scheme 5.3 Synthesis of fully hydroxylated ethyl N-solanesylisonipecotate 84. 

Exploration of the literature led to two major findings; 

1) The conformation of the polyisoprene may be sufficiently solvent dependent to 

effect the reaction rate of the various double bonds in compounds 80, 82, and 83. 

This was demonstrated by van Tamelen et al. in selectively oxidizing the two 

terminal double bonds of squalene, while leaving the internal double bonds intact 

to yield 85 (Figure 5.5).186-188 

2) Potyen et al. found that tertiary amines can be used as additives to stabilize the 

borane solutions at higher temperatures.189 Typically hydroboration reactions that 

run for a long time (in the case of 84, 72 h) are carried out at 0 °C because the 

boranes are not thermally stable. Under regular conditions, boranes decompose to 

alkoxyboranes via reaction with the solvent. 
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Figure 5.4 Mass spectrum of 84.  

 

 

 

 

 

 

 

 

Figure 5.5 Selective oxidation of the terminal double bonds of squalene by van Tamelen 

et al.186 

aIҌ 
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Disiamylborane, our hydroboration reagent of choice, is even less stable then BH3. If 

the boranes can be used at higher temperatures, perhaps the increased conformational 

flexibility of the polyisoprenes could afford better access by the hydroborating reagent to 

the internal double bonds. The methods described by Potyen et al. were for BH3, and 

were not extended to other hydroborating reagents. This approach was first validated on 

our smaller polyisoprene model system, squalene. The tertiary amine additives described 

by Potyen et al. were quite specific and in some cases relatively expensive. We decided 

to use a more commonly available tertiary amine, H¿nigôs base (N,N-

diisopropylethylamine, DIPEA), in our reactions. These conditions were validated to be 

effective in the squalene model system (Scheme 5.4) giving comparable yields to what 

was reported previously128. However, extension of the same chemistry to synthesize 81 

and 84 was not successful. 

 

 

 

 

 

 

 

Scheme 5.4 Using a tertiary amine additive to stabilize disiamylborane in a 

hydroboration reaction at room temperature. 
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CHAPTER V I : SUMMARY AND FUTURE DIRECTIONS  

6.1 Summary 

The research presented in this dissertation concerned the development of methods 

for synthesis and purification of Eu-chelated probes and the targeting of melanocortin and 

cholecystokinin receptors with multivalent ligand displays.  

The preparation of the TRF probe Eu-DTPA-PEGO-MSH7 (8) by the methods 

described (Chapter 2) gave an overall yield of 47%, a significant improvement over the 

9% yield achieved previously. A modified xylenol orange spectrophotometric assay was 

developed to detect micomolar levels of unchelated europium ion contamination in TRF 

probes, which cause significant background signal in DELFIA ligand binding assays.  

Use of EmporeÊ chelating disks was shown to provide an efficient and reliable method 

for the selective removal of unchelated Eu ions. These methods should find widepread 

use in the preparation of water-soluble metal chelate-peptide conjugates. 

This dissertation also described the development of an improved in vitro binding 

assay involving HEK293 cells. The propensity of these cells for detachment from wells 

during assay manipulations compromised the consistency of the previously established 

96-well plate assay. By switching to a six-well plate assay, larger cell populations per 

each well/data point were employed, which minimized the percentage cell loss, making 

the assay more reproducible and robust. The effect of cell loss in the new assay protocol 

was checked by normalizing the TRF data to the dissolved protein content of each assay 

sample. The normalized binding curves exhibit the same trends in binding potency and 
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approximately the same binding constants, showing that cell losses during these assay 

manipulations were not detrimental to the end result of the assay. 

The new assay was validated by its use to evaluate melanocortin receptor-targeted 

ligands and cholecystokinin receptor-targeted ligands. For the latter assays, a novel TRF 

probe based on the minimum required binding element for CCK2R was synthesized. The 

Eu-DTPA-PEGO-CCK4 probe (15) was subjected to saturation binding assays, then used 

in competetive binding assays against Ac-CCK4 and CCK4 trimers 76-78. This work 

reinforced the fact that the CCK4 ligand has too strong of a monovalent binding affinity 

for CCK2R, which negates the possibility of its use in multivalent constructs targeting 

these receptors.  

 In Chapter 3, short and efficient syntheses of multivalent molecules targeted to 

melanocortin receptors were demonstrated based on three commercially available 

trigonal core scaffolds: phloroglucinol, tripropargylamine, and 1,4,7-triazacyclononane. 

The divalent MSH4 constructs bound to MC4R with 11-34 times greater potency than the 

monovalent controls, indicating a cooperative mode of binding. The trivalent constructs 

bound to MC4R with 22-61 times greater potency as compared to the monovalent 

controls. The potentiation (~2³) shown by the trivalent constructs as compared to the 

divalent compounds can be attributed to statistical and/or proximity effects. Molecular 

dynamics runs suggest the inter-ligand distances lay between 17.0-28.0 Å for compound 

46, 19.5-24.5 Å for 56c, 16.5-21.0 Å for 58c, and 16.5-23.0 Å for 60.  These are at the 

low end of the 24±5 Å range previously suggested for compound 46. It is possible to say, 

based on this data and those presented for divalent constructs by others (in Chapter 3), an 

inter-ligand distance of 17-21 Å (or maybe even shorter depending on the linker 



120 

 

flexibility) would be sufficient to achieve synergistic divalent binding. We hypothesize 

that the third ligand arm of the trivalent MSH4 constructs 56c, 58c, and 60 does not have 

a long enough reach to bind to a third receptor or a receptor dimer, as compared to the 

trivalent construct 46 studied by Brabez et al.131 despite having similar numbers of atoms 

between the ligands. The fact that MC4R has been shown to form constitutive 

homodimers supports this hypothesis.116
 A discussion of possible future directions to 

explore this and other testable hypotheses (given in italics) that have risen from and 

during the work presented in this dissertation appears in the next section. 

6.2 Future Directions 

¶ The same trends seen in the binding of multivalent constructs targeting melanocortin 

receptors in this work are demonstrable in more physiologically relevant systems. 

The HEK293 cells used in the assay described in this work are engineered to 

overexpress MC4R (~640,000 receptors per cell) and CCK2R (~1.1 million receptors per 

cell). However, physiological expression levels of receptors are often much lower (< 

100,000 receptors per cell), making the data obtained in these assays of questionable 

relevance to real systems. It would be worthwhile to evaluate the compounds prepared 

herein in a system closer to physiological receptor expression levels. In this regard, the 

melanocortin-targeted compounds 56a-c, 58a-c, and 60 should be evaluated using A375 

cells which bear ~75,000 MC1R cell surface receptors. Although assays with these cells 

using 96-well plates failed to yield acceptable signal/noise ratios, the new assay protocol 

with higher cell populations may yield acceptable data. A375 cells are more adherent 

compared to the HEK293 cells, which would further improve the assay quality and 
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reproducibility by minimizing the effects of cell losses during assay manipulations. Given 

the fact that human melanoma cells overexpress MC1R, the binding data generated using 

the A375 cell line would be more relevant to the target disease. 

¶ The spatial requirements for high avidity involving divalent binding to melanocortin 

receptors are less stringent due to the presence of constitutive homodimers. 

Although divalent MSH constructs tethered by linkers have been studied reasonably 

well, the results have been not entirely consistent. Some studies have shown significant 

enhancements in binding avidity for divalent constructs with reasonably short linker 

lengths (20 ï 30 Å), while in some cases twenty-fold enhancements in binding were seen 

for constructs with linker lengths  >50 Å.119 This suggests the possibility that the 

presence of constitutive homodimers may facilitate the second ligand binding event for 

divalent constructs independent of ligand spacing. After the first ligand binds, the second 

binding event would readily occur unless the entropic penalty associated with the second 

ligand binding are not too high. This postulate can be examined by gradual variation of 

linker length between ligands on a divalent molecule bearing MSH4 ligands. Most of the 

past work done in this area has used the MSH7 ligand and in some cases transiently 

transfected cells. By conducting these assays with constructs based on the MSH4 ligand 

and using stably transfected cells (allowing for more consistent comparison across 

different cell passage numbers), we could examine whether receptor dimerization plays a 

role in multivalent binding to melanocortin receptors.  

¶ The inter-ligand distance requirements to crosslink three melanocortin receptors are 

different from those required to crosslink two receptors. 
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MSH4 homotrimers such as 87 (Figure 6.1) could be constructed by simple 

modification of the syntheses described in Chapter 3. The number of atoms on one of the 

linkers can be varied to probe the optimal distance required to achieve a third binding 

event. The shorter ligand spacing could be kept at 17-21 Å since these distances 

permitted divalent binding to MC4R. Given that 46 with a maximal inter-ligand distance 

of ~28 Å was able to achieve trivalent binding, it is logical to assume the longer linker 

length should be varied in the vicinity of ~28 Å. Having too high a linker length may 

produce higher entropic costs and may negate trivalent binding.  

 

 

 

 

 

 

 

 

 

 

Figure 6.1 Probing the inter-ligand distance required to achieve a trivalent binding event.    

¶ More accurate measurements of the thermodynamic equilibrium constants and cell-

surface receptor numbers relevant to the receptor/ligand binding can be acquired by 

conducting binding assays at low temperatures. 

Receptor cycling during the binding assays and the mobility of the receptors (or 

receptor dimers) on the cell surface of live cells require that kinetic factors be considered 
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with respect to receptor-ligand binding. Thermodynamic parameters like Kd and Ki 

determined by the assay protocols described in this dissertation are inadequate for the live 

systems under study. Apart from the kinetic considerations involving the receptors stated 

above, the high throughput assay protocols may not provide enough time to achieve a 

true thermodynamic equilibrium. Hulme et al. have derived a requirement in terms of a 

ligands receptor binding half-life to safely assume equilibrium binding in a binding assay 

(assuming the system is not challenged by the additional kinetic factors mentioned 

above).190 Here a binding incubation time requirement of greater than five time the t1/2 

value was deemed to be necessary to assume close-to-complete equilibration. Applying 

this to the melanocortin systems, other kinetic complications aside, a binding incubation 

time of >43 h would be required to assume reasonable thermodynamic equilibrium within 

the system if the NDP-Ŭ-MSH (t1/2 = 8.5 h)23 is used as the ligand. 

 Work done by Sullivan et al. in 2006 shows such errors in Kd calculated from 

saturation binding compared to kinetic analysis.190,191 The Kd of [3H]NBI 42 902 binding 

to membranes expressing the type 1 GnRH receptor determined in saturation binding 

studies with an incubation time of 2 h was 200 pM. However, radioligand dissociation 

experiments gave a half-life of 4 h, suggesting that an adequate incubation time in 

saturation binding studies would have been at least 20 h. Failure to attain equilibrium in 

the saturation binding studies led to an underestimated potency. The true Kd, calculated 

from kinetic analysis (koff/kon), was 29 pM. 

 In the binding studies described in this dissertation, work with live cells does not 

provide an opportunity for a straightforward analysis of the binding data. Among other 

factors, receptor cycling and the migration of receptors across cell membranes 
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significantly affect ligand-receptor binding equilibria. However, conducting the binding 

assays at 4 °C would help to minimize the receptor-internalization, resulting in closer 

alignment of thermodynamic parameters such as Kd and Ki with the measured values. 

Optimal binding equilibration times (> 5t1/2) should be provided based on the off rate of 

the ligand used in the binding assays. Comparisons of values obtained at 4 °C with those 

obtained at 37 °C can give a measure of how receptor-cycling and related kinetic 

processes effect ligand binding to the target receptors. 

¶ The on-rates of potent (i.e. NDP-Ŭ-MSH) and weaker (MSH4, MSH7) receptor 

binding ligands are relatively similar, while the off-rates are significantly different. 

The NDP-Ŭ-MSH ligand has a very low off rate from MC1R. So we shifted to MSH4 

and MSH7 as ligands of choice for probes as well as multivalent molecules targeting 

melanocortin receptors. However, the association/dissociation kinetics of these ligands 

have not been explored. Knowing the on and the off rates of these ligands is important to 

interpreting results from binding studies under equilibrium or near-equilibrium 

conditions, as well as for predicting binding properties in the design of multivalent 

constructs. A comprehensive study involving all three of these peptides (NDP-Ŭ-MSH, 

MSH7, and MSH4) would prove valuable. The determination of the kon  and koff can be 

achieved via the use of radioligands. The assay can be performed at 4 °C to minimize 

effects from receptor internalization. 

 Obtaining the association rates (kon) can be achieved by first performing receptor 

saturation assays in the vicinity of the approximate Kd value at different concentrations of 

the radioligand. A plot of specific binding vs. the time elapsed (t) can be generated which 
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fits to the equation 6.1.190 The kobs values for each free ligand concentration can be found 

from these graphs. 

Ὑὒ Ὑὒ Ὑὒ Ὡ  Ὑὒ    Equation 6.1 

RL = receptor-ligand complex concentration (i.e. the specific binding signal) 

RL0 = receptor-ligand concentration at the start, which is equal to zero in an 

association experiment. 

RLeq = receptor-ligand concentration at equilibrium 

kobs = observed rate constant for the association of RL.  

The observed rate constant of the association reaction (equation 6.2) would 

increase with the free ligand concentration ([L]) . Re-plotting the kobs as a function of [L] 

would give the kon value as the slope of the linear plot while the koff can be estimated from 

the intercept. 

Ὧ  Ὧ ὒ  Ὧ    Equation 6.2 

For the determination of the koff using a separate experiment, the receptors could 

first be pre-labeled with a large excess (10 ³ Kd) of the radiolabelled ligand for complete 

saturation. Removal of the solution will yield cells with bound radiolabel, resulting in the 

highest level of signal. Then dissociation of the radioligands can be facilitated by the 

addition of a receptor-saturating concentration (1000 ³ Kd) of an unlabeled competing 

ligand (f. ex. unlabeled NDP-Ŭ-MSH) which prevents rebinding of the radioligand. 

Removal of the media and recounting at specific time intervals will give a measure of the 

decay of the radioligand signal. The dissociation time-course can then be analyzed using 

an exponential function (equation 6.3) by plotting total binding signal vs. time, yielding 

the Ὧ  and t1/2 values for the ligand under consideration. 
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Ὑὒ ὙὒὩ     Equation 6.3 

¶ Multivalent binding to cholecystokinin receptors can be achieved by the use of less 

potent CCK4 analogs. 

The development of weaker binding ligands is necessary for development of 

multivalent compounds targeting cholecystokinin receptors. The ligand CCK4 (WMDF-

NH2) has too high a binding affinity. A less potent ligand could be sought out by 

scanning a particular amino acid of the tetrapeptide with other amino acids of the L- or 

the D- series. Another approach would be to synthesize a retro-inverso-peptide from the 

D-amino acids (fdmw-NH2). The retro-inverso-peptide would have a similar arrangement 

of the side chains in space but a different backbone directionality, including placement of 

the terminal carboxy and amino groups. Validation of such compounds as bonafide 

ligands in both receptor-binding efficiency and agonist/antagonist behavioral studies is 

necessary before proceeding to multivalent molecule development. 

¶ Exceptionally high avidity for binding to melanocortin receptor dimers can be 

achieved by simultaneous divalent targeting of ligand dimers using two divalent 

constructs connected with appropriately spaced linkers. 

Expanding upon the concept of targeting divalent receptor complexes, constructs 

capable of higher valency than described in this dissertation could be developed. For 

example, a family of compounds 88 with varying linker lengths (and/or types of linkers, 

hydrocarbon, PEGO, Pro-Gly singly or in combination) could be synthesized and 

evaluated to demonstrate tetravalent binding (Figure 6.2). Using a polymer-ligand-drug 

conjugate strategy, compounds like 89 could also be constructed for multivalent 
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attachment. Due caution must be exercised so as to not sterically hinder the binding 

ability of the individual ligands. 

 

 

 

 

 

 

 

 

 

Figure 6.2 Developing receptor homodimer targeted multivalent molecules. Compound 

series 88 could be used to probe the inter-receptor distance required to achieve tri- and 

higher valent binding. Compound 89 could be used as a polymer-ligand conjugate for 

therapeutic or imaging applications. 

¶ A heteromultivalent targeting approach involving the receptor dimer/oligomer 

concept will  achieve higher selectivity of binding to a targeted cell type. 

Development of heteromultivalent molecules to target cell surface receptors is a field 

of study that could allow for high selectivity in binding to a specific cell type. For 

example, studies have been carried out to target both cholecystokinin and melanocortin 
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receptors on HEK293 cell lines overexpressing these receptors.37,59 The initial studies 

have shown limitations that need to be addressed in the further development of such 

work. Ideally, a) both ligands used should have similar binding affinities towards their 

respective receptors, b) the receptor expression levels for both targeted receptors should 

be similar. 

 Proof-of-concept studies for this approach can use the HEK293 cell system that 

overexpresses the CCK2R and MC4R, especially if the receptor expression levels can be 

further controlled to similar levels. With our hypothesis that melanocortin receptors 

should be considered as constitutive homodimers in future multivalent work, the 

cholecystokinin receptors may also exhibit similar behavior on the cell surface. It has 

been shown through BRET192,193 studies that CCK receptors tend to form constitutive 

homo- and heterodimers (CCK1R with CCK2R).194 Assuming similar behavior in the 

HEK293 cell system under study, we could use constructs like 88 that link a dimer of 

MSH4 with a dimer of a weak CCK4 analog to achieve heteromultivalent binding.  

¶ The avidity afforded by divalent binding is sufficient to achieve selective binding to 

melanoma cells. 

If the binding potency gained by the divalent constructs is sufficient to discern 

malignant cells from healthy cells, the third ligand arm of a divalent MSH4 construct like 

90 (Figure 6.3) can be altered to bear a reporter group or a therapeutic agent. 

Possible reporter groups should provide good signal to noise with minimum 

interference from cellular autofluorescence in biological binding assays (in vitro or in 

vivo). In this regard, near-infrared (NIR) dyes may be a good option.195-197 These dyes 
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have absorption and emission bands typically higher than 600 nm, so the effect of 

autofluoresence is minimal. Many NIR dyes been developed, some functionalized with 

ready-to-conjugate end groups. As an example, azide 91 is commercially available198 and 

should be relatively easy to conjugate to a construct like 90, providing the fluorophore 

attached to a divalent MSH4 derivative (92).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3 Synthesis of a fluorophore attached divalent MSH4 derivative. The shown 

Cy5 dye has a excitation ɚmax of 646 nm, an emission ɚmax of 662 nm, and an extiction 

coefficient of 250,000 L mol-1 cm-1.198 

  



130 

 

CHAPTER VII: EXPERIMENTAL  

7.1 Materials and Methods 

Commercial reagents were used as supplied unless otherwise noted. 

Dichloromethane (DCM) and tetrahydrofuran (THF) were dried by passage through 

activated alumina.  Dimethylsulfoxide (DMSO) and N,N-dimethylformamide (DMF) 

were dried by contact with activated 4 Å molecular sieves, followed by distillation under 

reduced pressure. Analytical thin-layer chromatography (TLC) was carried out on pre-

coated silica gel 60 F-254 plates with staining by 10% phosphomolybdic acid (PMA) 

solution in ethanol or aqueous potassium permanganate solution and heat. Reactions done 

under microwave conditions utilized a Biotage Initiator 2.0 microwave reactor. Column 

chromatography was performed using silica gel 60 (200ï400 mesh).  Melting points were 

recorded on an Electrothermal® Mel-Temp® apparatus (Model 1001) and are 

uncorrected.  IR spectra were recorded on a Thermo Nicolet iS5 FT-IR 

Spectrophotometer using NaCl plates (for liquids) or as KBr pellets (for solids).  NMR 

spectra were recorded at 500 MHz or 600 MHz for 1H NMR and at 125 MHz or 150 

MHz for 13C NMR on a Bruker DRX-500 or a Bruker DRX-600 NMR instrument.  

Chemical shifts (ŭ) are expressed in ppm and are internally referenced for 1H NMR 

(CDCl3 7.26 ppm, methanol-d4 3.31 or 4.87 ppm, and DMSO-d6 2.50 ppm) and 13C NMR 

(CDCl3 77.16 ppm, methanol-d4 49.00 ppm, and DMSO-d6 39.52 ppm).  Optical rotations 

were measured on a Rudolph Research Autopol III polarimeter using a 50 mm sample 

cell (1 mL volume). Preparative scale reversed-phase HPLC was performed using a 19 ³ 

250 mm Waters XBridgeÊ 10 Õm OBDÊ C18 preparative HPLC column.  Unless 

otherwise noted, a linear gradient of mobile phase was used over 45 min from 0-90% 
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acetonitrile/water containing 0.1% TFA.  The flow rate was 10 mL/min, and a dual 

channel UV detector was used at 230 and 280 nm.  Analytical HPLC was performed on a 

3.0 ³ 150 mm Waters XBridgeÊ 3.5 Õm C18 analytical HPLC column.  For the Eu 

labeled samples a linear gradient of mobile phase was used over 30 min from 10-90% 

acetonitrile/triethylammonium acetate buffer (pH 6.0). For all other compounds, a linear 

gradient of mobile phase from 10-90% acetonitrile/water containing 0.1% TFA was used 

over 30 min.  The flow rate was 0.3 mL/min and a dual channel UV detector was used at 

220 and 280 nm.  EmporeÊ chelating disks (47 mm, 3M company) or Chelex® 100 resin 

(analytical grade, Bio-Rad Laboratories) were used in the Eu ion removal process.  A 

Beckman ὲÊ 350 pH/Temperature/mV meter equipped with a FUTURAÊ refillable 

combination pH electrode was used for pH measurements in xylenol orange assay 

procedures. A VWR® SympHonyÊ pH meter (Model SB20) equipped with a Ag/AgCl 

electrode was used for all other pH measurements. UV-visible spectra were recorded on a 

UV-2401PC UV-visible spectrophotometer (Shimadzu Corporation).  ESI mass 

measurements were performed on a Bruker 9.4 T Apex-Qh hybrid Fourier transform ion-

cyclotron resonance (FT-ICR) instrument using standard ESI conditions.  The samples 

were dissolved in acetonitrile/water 1:1 containing 0.1% formic acid in a concentration 

range of 1-30 µM.  Engineered HEK293 cells overexpressing both MC4R and CCK2R 

were used to measure the affinity of the probes and multivalent molecules by means of 

saturation or competitive binding assays. All compounds evaluated in bioassays had 

purities of Ó 95% as determined by analytical HPLC.  Unless otherwise specified, all cell 

incubations were done in a Fisher ScientificÊ IsotempÊ CO2 incubator (Model 3530) 

maintained at 37 °C and 5% CO2 atmosphere. Europium-based time-resolved 
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fluorescence (TRF) competitive binding assays were employed to study the binding of all 

multivalent constructs and controls.  Centrifugations were performed using a VWR 

Galaxy 7 microcentrifuge or a Fischer Scientific Model 59A microcentrifuge. TRF was 

measured using a VICTORTM X4 2030 Multilabel Reader (PerkinElmer) employing the 

standard Eu TRF measurement settings (340 nm excitation, 400 µs delay, and emission 

collection for 400 µs at 615 nm). 

7.2 Synthesis of Compounds in Chapter 2 

7.2.1 Synthesis of DTPA-PEGO-MSH7 (12) 

DTPA-PEGO-MSH7 was synthesized manually via an NŬ-Fmoc solid-phase 

peptide synthesis strategy using a modified version of the previously published 

procedure.47  Instead of Tentagel S resin (0.24 mmol/g loading) used in the previous 

work, Rink amide AM resin (200-400 mesh, 0.68 mmol/g loading) was used. Resin (1 g) 

was allowed to swell in THF for 1 h in a polypropylene syringe equipped with a 

polypropylene frit.  THF was removed, a solution of 20% piperidine in DMF (15 mL) 

was added, and the tube shaken for 2 min.  This solution was removed, 20% piperidine in 

DMF (15 mL) was again added, and the mixture shaken for another 18 min.  After the 

removal of the solution, the resin was washed sequentially with DMF (3 ³ 15 mL), DCM 

(3 ³ 15 mL), DMF (3 ³ 15 mL), 0.5 M HOBt in DMF (15 mL), 0.5 M HOBt in DMF + a 

drop of 0.01 M bromophenol blue solution in DMF (15 mL), DMF (2 ³ 15 mL), and 

DCM (15 mL) in that order.  The amino acid (3 eq, 2.04 mmol) to be coupled was 

activated by reaction in DMF (15 mL) in a glass vial with Cl-HOBt (345 mg, 2.04 mmol) 

and DIC (512 mg, 4.08 mmol) over two minutes.  This solution was then added to the 
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resin, and the syringe shaken for 1 h.  The coupling solution was removed and the resin 

was washed with DMF (3 ³ 15 mL), DCM (3 ³ 15 mL), and DMF (3 ³ 15 mL).  Free 

amine groups were capped by shaking the resin with acetic anhydride/pyridine (6 mL, 

1:1) for 20 min.  The resin was washed again with DMF (3 ³ 15 mL), DCM (3 ³ 15 mL), 

and DMF (3 ³ 15 mL).  The coupling cycle was then repeated for each of the remaining 

amino acids in the sequence.  The Kaiser test was used to determine coupling completion 

at each attachment step.  The PEGO linker (Novabiochem 8510310001) was then 

attached following the same coupling cycle, with the activation of Fmoc-PEGO-OH (2.04 

mmol in 4.1 mL of DCM) with Cl-HOBt (345 mg, 2.04 mmol) and DIC (512 mg, 4.08 

mmol) in DMF (10 mL).  

One fourth of the resin made above (0.17 mmol) was placed in a syringe reactor, 

and 20% piperidine in DMF (4 mL) was added.  The syringe was shaken for 2 min, and 

the solution removed.  Further 20% piperidine in DMF (4 mL) was added, and the 

syringe shaken for 18 min.  The resin was then washed thoroughly with dry DMSO (6 ³ 4 

mL).  DTPA dianhydride (620 mg, 1.7 mmol, 10 eq) and HOBt monohydrate (520 mg, 

3.4 mmol, 20 eq) were placed in a capped vial with dry DMSO (5 mL).  This suspension 

was heated at 70 °C for 5 min.  The suspension cleared, and the solution was stirred for a 

further 15 min at rt.  This solution was then taken into the syringe reactor and shaken for 

1 h.  The resin was then washed (5 min shaking for each wash) with DMSO (2 ³ 4 mL), 

THF (2 ³ 4 mL), 20% aqueous THF (4 mL), 5% diisopropylethylamine in THF (4 mL), 

THF (3 ³ 4 mL), and DCM (4 mL) in that order.  

A cleavage cocktail (3 mL) consisting of TFA, thioanisole, triisopropylsilane, and 

H2O (9.1:0.3:0.3:0.3) was injected into the syringe reactor, which was shaken for 4 h at 
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rt.  The solution was then collected into a 15 mL centrifuge tube and the resin washed for 

2 min with further aliquots of TFA (2 ³ 2 mL).  The combined TFA solutions were 

concentrated in the centrifuge tube under a stream of argon, and the product precipitated 

by the addition of cold ether (8 mL).  The tube was centrifuged and the supernatant 

removed.  The pellet was washed with cold ether (3 ³ 6 mL), air dried, dissolved in 1 M 

acetic acid, and lyophilized.  The resultant solid was subjected to reversed-phase HPLC, 

product-containing fractions combined, and lyophilized to give 174.6 mg (62% yield) of 

the product DTPA-PEGO-MSH7 (12) as a fluffy white solid.  LRMS (ESI) m/z 

calculated for C74H112N19O25 [M+H] + 1666.8, observed 1666.5; calculated for 

C74H113N19O25 [M+2H]2+ 833.9, observed 833.9. 

7.2.2 Synthesis of Eu-DTPA-PEGO-MSH7 (8) 

7.2.2.1 Initial synthesis and purification  

The metal-free precursor DTPA-PEGO-MSH7 12 (11.0 mg, 6.60 µmol) was 

dissolved in 0.1 M ammonium acetate solution at a concentration of 1 mg/mL.  The pH 

was then adjusted to 7-8 with aqueous 0.1 M NH4OH, and EuCl3Å6 H2O in water (353.6 

µL of a 0.022 M solution, 7.92 µmol, 1.2 eq) was added.  The reaction mixture was 

stirred at rt overnight.  Salts were removed using a Sep-Pak® C18 reverse-phase (500 mg) 

column as previously reported.22,33  The product-containing fractions were concentrated 

and lyophilized to obtain the product Eu-DTPA-PEGO-MSH7 (8) as a fluffy white solid 

(9.1 mg) in 76% yield. HRMS (FT-ICR) m/z calculated for C74H110N19O25
153Eu 

[M+2H]2+ 908.8567, observed 908.8503; analytical HPLC, tR = 12.2 min. 
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7.2.2.2 Evaluation of unchelated Eu content 

Preparation of acetate buffer (pH = 5.81) 

To a beaker of distilled water (800 mL) was added concentrated acetic acid (2.87 

mL).  The pH was adjusted to 5.81 with a solution of 1 M sodium hydroxide.  The 

volume was then brought up to 1 L using distilled water. 

Preparation of xylenol orange solution 

The tetrasodium salt of xylenol orange (8 mg, 10.5 µmol) was dissolved in acetate 

buffer (250 mL) to yield an orange-colored solution.  The UV/visible spectrum (350 ï 

700 nm) was recorded for this solution for comparison purposes.  The solution was then 

frozen in 20 mL aliquots and stored at -20 °C until needed.  This solution was stable for 

at least three months, as previously reported.56 

Preparation of the standard curve for the Eu-xylenol orange complex 

A series of Eu ion solutions (range 50-400 µM) were prepared using an atomic 

absorption standard solution of europium(III) nitrate (970 ppm) diluted into acetate 

buffer.  Xylenol orange solution (950 µL) was added to a semi-micro cuvette, followed 

by 50 µL of a Eu ion solution.  The mixture was shaken vigorously, and the absorbance 

of the solution was read.  A calibration curve (section 7.5) was plotted using the 

absorbance at 573 nm (corrected by subtracting the absorbance of an acetate buffer 

blank) versus Eu ion concentration. 

Spectrophotometric determination of unchelated europium ion concentration 

The Eu-DTPA-PEGO-peptide conjugates analyzed in this work were first 

dissolved in DMSO and/or water at a peptide concentration of 1ï2 mM.  To quantify the 
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unbound Eu ion content of a given solution, 50 µL of the solution was mixed with the 

xylenol orange solution (950 µL) in a cuvette and the absorbance at 573 nm read.  The 

standard curve was then used to calculate the concentration of unchelated Eu ion in the 

solution. 

7.2.2.3 Use of EmporeÊ chelating disks for removal of unchelated europium ions 

An EmporeÊ chelating disk (47 mm) was placed on a sintered glass filter holder 

base (47 mm) fitted to a 1 L filter flask.  The disk was wetted with 2-5 mL of distilled 

water, as per the manufacturerôs instructions.  This resulted in swelling of the disk.  The 

solvent reservoir was then clamped onto the base, completing the apparatus.  Nitric acid 

(3 M, 20 mL) was added, the disk allowed to soak in this solution for 1 min, then a 

vacuum was applied, drawing the acid solution through the filter.  The disk was washed 

on the filter under vacuum with water (2 ³ 50 mL).  The disk was allowed to go dry 

between each wash.  To put the disk in its most active ammonium form, 100 mL of 0.1 M 

ammonium acetate buffer (pH 5.3, made up in HPLC grade water) was added to the 

solvent reservoir and the disk allowed to soak for 1 min.  The solution was then drawn 

through the disk by applying a vacuum, and the disk left to dry for 5-20 min before 

sample loading.  During this time, the apparatus was disassembled, cleaned thoroughly 

with distilled water followed by HPLC grade water, and the apparatus reassembled for 

use. 

The peptide sample (10-14 mg) in water (3 mL/mg, pH 5 to 7) was passed 

through the disk at a flow rate of 30-40 mL/min to allow maximum binding interactions.  

The disk was then washed with water (50 mL) and acetonitrile/water (20:80, 25 mL).  

The combined filtrates were transferred to a round bottom flask and lyophilized to give 
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the purified product 8 in quantitative recovery.  The product was analyzed by HRMS and 

analytical HPLC.  The success of unchelated Eu ion removal was determined by 

comparison of the results of xylenol orange assays before and after the passage of the 

sample through the disk. 

7.2.2.4 Use of Chelex® 100 resin for removal of unchelated europium ions 

Chelex® 100 resin (analytical grade, 2 g) was placed in a polypropylene syringe 

equipped with a polypropylene frit.  The resin was washed with 1 M hydrochloric acid 

(15 mL, syringe shaken for 5 min), followed by water (2 ³ 15 mL, syringe shaken for 5 

min).  To put the resin in its most active ammonium form, 15 mL of 0.1 M ammonium 

acetate buffer (pH 5.3) was added and the syringe was shaken for 20 min.  After removal 

of the ammonium acetate solution, the peptide sample (4-6 mg) in water (3 mL/mg, pH 5 

to 7) was loaded into the syringe and the syringe was shaken for 1 h.  The solution was 

then collected in a round bottom flask and the resin washed with 20/80 acetonitrile/water 

(5 mL, syringe shaken for 5 min) and water (5 mL, syringe shaken for 5 min).  The 

solution and washings were combined, concentrated, and lyophilized, giving the purified 

product 8 in <30% recovery.  The product was analyzed by HRMS and analytical HPLC.  

The success of unchelated Eu ion removal was determined using xylenol orange assays as 

previously described. 

7.2.3 Synthesis of Eu-DTPA-PEGO-CCK4 (15) 

7.2.3.1 Resin bound protected CCK4 peptide (13) 

For the synthesis of probe 15, compounds 66-68, and 73, resin-bound protected 

CCK4 peptide 13 was synthesized manually via an NŬ-Fmoc solid-phase peptide 
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synthesis strategy on Rink amide AM resin (200-400 mesh, 0.68 mmol/g loading). Resin 

(1 g) was allowed to swell in THF for 1 h in a polypropylene syringe equipped with a 

polypropylene frit.  THF was removed, a solution of 20% piperidine in DMF (15 mL) 

was added, and the tube was shaken for 2 min. This solution was removed, 20% 

piperidine in DMF (15 mL) was again added, and the mixture was shaken for another 18 

min.  After removal of the solution, the resin was washed sequentially with DMF (3 ³ 15 

mL), DCM (3 ³ 15 mL), DMF (3 ³ 15 mL), 0.5 M HOBt in DMF (15 mL), 0.5 M HOBt 

in DMF + a drop of 0.01 M bromophenol blue solution in DMF (15 mL), DMF (2 ³ 15 

mL), and DCM (15 mL) in that order.  The amino acid (3 eq) to be coupled was activated 

by reaction in DMF (15 mL) in a glass vial with Cl-HOBt (1-hydroxy-6-

chlorobenzotriazole, 3 eq) and DIC (6 eq) over two min.  This solution was then added to 

the resin and the syringe shaken for 1 h.  The coupling solution was removed and the 

resin was washed with DMF (3 ³ 15 mL), DCM (3 ³ 15 mL), and DMF (3 ³ 15 mL).  

Free amine groups were capped by shaking the resin with acetic anhydride/pyridine (1:1, 

6 mL) for 20 min.  The resin was washed with DMF (3 ³ 15 mL), DCM (3 ³ 15 mL), and 

DMF (3 ³ 15 mL).  The coupling cycle was then repeated for each of the remaining 

amino acids in the sequence.  The Kaiser test was used to determine coupling completion 

at each attachment step. Following four coupling cycles, the resin-bound protected CCK4 

tetrapeptide 13 was obtained. 

7.2.3.2 DTPA-PEGO-CCK4 (14) 

The PEGO linker was attached to a portion (~0.34 mmol) of resin-bound peptide 

13 following the conventional coupling cycle, with the activation of Fmoc-PEGO-OH 

(1.02 mmol in 2.04 mL of DCM, Novabiochem 8510310001) with Cl-HOBt (1-hydroxy-
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6-chlorobenzotriazole , 173 mg, 1.02 mmol) and DIC (256 mg, 2.04 mmol) in DMF (5 

mL). After 2 h, coupling completion was ascertained by the Kaiser test, and the resin was 

washed sequentially with DMF, DCM, and DMF (3 × 8 mL each). 

One half of the resin made above (~0.17 mmol) was placed in a syringe reactor, 

and 20% piperidine in DMF (4 mL) was added.  The syringe was shaken for 2 min and 

the solution removed. Additional 20% piperidine in DMF (4 mL) was added and the 

syringe shaken for 18 min.  The solution was removed and the resin was then washed 

thoroughly with dry DMSO (9 ³ 4 mL).  DTPA dianhydride (620 mg, 1.7 mmol, 10 eq) 

and HOBt monohydrate (520 mg, 3.4 mmol, 20 eq) were placed in a capped vial with dry 

DMSO (5 mL).  This suspension was heated at 70 °C for 5 min.  The suspension cleared, 

and the solution was stirred for a further 15 min at rt.  This solution was then taken up 

into the syringe reactor and the mixture shaken for 1 h.  The resin was then washed (5 

min shaking for each wash) with DMSO (2 ³ 4 mL), THF (2 ³ 4 mL), 20% aqueous THF 

(4 mL), 5% diisopropylethylamine in THF (4 mL), THF (3 ³ 4 mL), and DCM (2 ³ 4 

mL) in that order.  

A cleavage cocktail (3 mL) consisting of TFA, thioanisole, triisopropylsilane, and 

H2O (9.1:0.3:0.3:0.3) was injected into the syringe reactor, which was shaken for 4 h at 

rt.  The solution was then collected into a 15 mL centrifuge tube and the resin washed for 

2 min with further aliquots of TFA (2 ³ 2 mL).  The combined TFA solutions were 

concentrated in the centrifuge tube under a stream of argon, and the product precipitated 

by the addition of cold ether (8 mL).  The tube was centrifuged and the supernatant 

removed.  The pellet was washed with cold ether (3 ³ 6 mL), air dried, dissolved in 

H2O/ACN, and lyophilized.  The resultant solid was subjected to reversed-phase HPLC 
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(mobile phase gradient of 0-90% acetonitrile/water containing 0.1% TFA over 45 min, tR 

= 22.9 min), product-containing fractions were combined, and lyophilized to give 14 as a 

fluffy white solid. Yield 75.0 mg (0.059 mmol, 35%); HRMS (FT-ICR) m/z calculated 

for C58H84N11O21 [M-H]- 1270.5849, observed 1270.5832. 

7.2.3.3 Eu-DTPA-PEGO-CCK4 (15) 

The metal-free precursor 14 (20.0 mg, 15.7 µmol, 1 eq) was dissolved in 0.1 M 

ammonium acetate solution at a concentration of 1 mg/mL.  The pH was then adjusted to 

7-8 with aqueous 0.1 M NH4OH, and EuCl3Å6 H2O (11.5 mg, 31.4 µmol, 2.0 eq) was 

added.  The reaction mixture was stirred at rt overnight.  Salts were removed using a Sep-

Pak® C18 reverse-phase (500 mg) column as previously reported. 22,33 The product-

containing fractions were concentrated and lyophilized to obtain the product Eu-DTPA-

PEGO-CCK4 15 as a fluffy white solid (16.2 mg, 11.4 µmol, 73%). The presence of 

unbound europium ions was confirmed by a xylenol orange assay.68 

An EmporeÊ chelating disk (47 mm) was placed on a sintered glass filter holder 

(47 mm) base fitted to a 1 L filter flask.  The disk was wetted with 2-5 mL of distilled 

water, as per the manufacturerôs instructions.  This resulted in swelling of the disk.  The 

solvent reservoir was then clamped onto the base, completing the apparatus. Nitric acid 

(3 M, 20 mL) was added, the disk allowed to soak in this solution for 1 min, then a 

vacuum was applied, drawing the acid solution through the filter.  The disk was washed 

on the filter under vacuum with water.  The disk was allowed to go dry between each 

wash (2 ³ 50 mL).  To put the disk in its most active ammonium form, 100 mL of 0.1 M 

ammonium acetate buffer (pH 5.3, made up in HPLC grade water) was added to the 

solvent reservoir and the disk allowed to soak for 1 min.  The solution was then drawn 
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through the disk by applying a vacuum, and the disk left to dry for 5-20 min before 

sample loading.  During this time, the apparatus was disassembled, cleaned thoroughly 

with distilled water followed by HPLC grade water, and the apparatus reassembled for 

use. 

The peptide sample (15.0 mg) in water/acetonitrile (3 mL/mg, pH 5 to 7, with a 

minimum amount of acetonitrile required to fully dissolve the compound) was passed 

through the disk at a flow rate of 30-40 mL/min to allow maximum binding interactions.  

The disk was then washed with acetonitrile/water (50:50, 30 mL).  The combined filtrates 

were transferred to a round bottom flask and lyophilized to give the purified product 15. 

The success of removal of unchelated Eu ions was determined by a xylenol orange 

assay.68 97% recovery (14.6 mg); HRMS (ESI-ICR) m/z calculated for C58H84EuN11O21 

[M+2H]2+ 711.7527, observed 711.7527; analytical HPLC, tR = 13.82 min. 

7.3 Synthesis of Compounds in Chapter 3 

7.3.1 Solid Phase Synthesis 

NDP-Ŭ-MSH (1) and the MSH4 derivative azide 55 were synthesized manually 

via a NŬ-Fmoc solid-phase peptide synthesis strategy.  Tentagel S resin (0.24 mmol/g 

loading) was used for the synthesis of 1 and Rink amide AM resin (200-400 mesh, 0.68 

mmol/g loading) was used for the synthesis of 55. Resin (1 g) was allowed to swell in 

THF for 1 h in a polypropylene syringe equipped with a polypropylene frit. THF was 

removed, a solution of 20% piperidine in DMF (15 mL) was added, and the tube was 

shaken for 2 min.  This solution was removed, 20% piperidine in DMF (15 mL) was 

again added, and the mixture was shaken for another 18 min.  After removal of the 
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solution, the resin was washed sequentially with DMF (3 ³ 15 mL), DCM (3 ³ 15 mL), 

DMF (3 ³ 15 mL), 0.5 M 1-hydroxybenzotriazole (HOBt) in DMF (15 mL), 0.5 M HOBt 

in DMF + a drop of 0.01 M bromophenol blue solution in DMF (15 mL), DMF (2 ³ 15 

mL), and DCM (15 mL) in that order.  The amino acid (3 eq) to be coupled was activated 

by reaction in DMF (15 mL) in a glass vial with 1-hydroxy-6-chlorobenzotriazole (Cl-

HOBt, 3 eq) and diisopropyl carbodiimide (DIC, 6 eq) over two min.  This solution was 

then added to the resin and the syringe shaken for 1 h.  The coupling solution was 

removed and the resin was washed with DMF (3 ³ 15 mL), DCM (3 ³ 15 mL), and DMF 

(3 ³ 15 mL).  Free amine groups were capped by shaking the resin with acetic 

anhydride/pyridine (1:1, 6 mL) for 20 min.  The resin was washed with DMF (3 ³ 15 

mL), DCM (3 ³ 15 mL), and DMF (3 ³ 15 mL).  The coupling cycle was then repeated 

for each of the remaining amino acids in the sequence.  The Kaiser test199 was used to 

determine coupling completion at each attachment step.   

 For the synthesis of 1, half (approximately 0.12 mmol) of the resin-bound, side 

chain-protected Fmoc-NDP-Ŭ-MSH was treated as follows.  A solution of 20% piperidine 

in DMF (8 mL) was added and the tube shaken for 2 min.  The solution was removed, 

20% piperidine in DMF (8 mL) was added, and the mixture shaken for 18 min.  After the 

removal of the solution, the resin was washed sequentially with DMF (3 ³ 8 mL), DCM 

(3 ³ 8 mL), and DMF (3 ³ 8 mL).  N-terminal acylation was accomplished by treatment 

with a mixture of acetic anhydride/pyridine (1:1, 1 mL) in DMF (2 mL) for 1 h.  The 

resin was then washed with DMF (3 ³ 8 mL), DCM (3 ³ 8 mL), DMF (3 ³ 8 mL), THF 

(8 mL), and DCM (8 mL), then left to dry for 1 h.  
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 For the synthesis of azide 55, the N-terminal histidine residue was acylated using 

activated 6-azidohexanoic acid (2.04 mmol) in 15 mL of DCM with Cl-HOBt (345 mg, 

2.04 mmol, 3 eq) and DIC (512 mg, 4.08 mmol, 6 eq).  

 A cleavage cocktail (6 mL for 1 and 10 mL for 55) consisting of TFA, 

thioanisole, triisopropylsilane, and H2O (9.1:0.3:0.3:0.3) was added to the resin and the 

syringe was shaken for 4 h at rt. The solution was transferred to a 15 mL centrifuge tube 

and the resin washed with further aliquots of TFA (2 ³ 2 mL, 2 min).  The combined 

TFA solutions were concentrated in the centrifuge tube under a stream of argon, and the 

product precipitated by the addition of cold ether (8 mL).  The tube was centrifuged and 

the supernatant removed.  The pellet was washed with cold ether (3 ³ 6 mL), air dried, 

dissolved in 1 M acetic acid, and lyophilized.  The resultant solid was subjected to 

reversed-phase preparative HPLC, product-containing fractions combined, and the 

solutions lyophilized. 

NDP-Ŭ-MSH (1).21,128 White solid; yield 53% (83 mg, 0.050 mmol); HRMS (FT-ICR) 

m/z calcd. for C78H112N21O19  [M+H]+ 1646.8438, found 1646.8487; analytical HPLC tR 

= 12.77 min. 

MSH4 Azide (55).129 Off-white solid; yield 72% (384 mg, 0.49 mmol); HRMS (FT-ICR) 

m/z calcd. for C38H51N14O5 [M+H]+ 783.41614, found 783.41606; analytical HPLC tR = 

13.61 min. 

7.3.2 1,3,5-Tris(prop -2-yn-1-yloxy)benzene (52)133,200  

To a round bottomed flask purged with argon was added DMF (20 mL), propargyl 

bromide (80% in toluene, 8.020 mL, 72 mmol, 4.5 eq), and K2CO3 (8.95 g, 64.8 mmol, 
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4.0 eq).  A solution of phloroglucinol (7, 2.02 g, 16.0 mmol, 1.0 eq) in DMF (12 mL) was 

added at rt dropwise with stirring over 15 min.  After 4 d the solids were removed by 

filtration and washed with DCM.  The filtrate and washings were concentrated in vacuo 

to yield a reddish slurry.  To this material was added DCM (100 mL) and the mixture 

washed with water (3 x 100 mL) and brine (2 x 100 mL).  The resultant red organic layer 

was dried over sodium sulfate, filtered, and volatiles removed in vacuo to yield 4.1 g of a 

red slurry.  This material was subjected to column chromatography on silica gel 60 with a 

mobile phase of 20% ethyl acetate in hexanes.  The product-containing fractions were 

combined, volatiles removed in vacuo, and the resultant solid recrystallized from hexanes 

to give 52 as an off-white solid.  Yield 1.85 g (7.6 mmol, 48%); Rf 0.47 (20% ethyl 

acetate/hexanes, visualization PMA); mp 82-84 °C (lit50 mp 83 °C); IR (KBr, cm-1) 3278, 

3268, 3257, 2907, 2133, 2114, 1616; 1H NMR (500 MHz, CDCl3) ŭ 6.27 (s, 3H, Ar C-

H), 4.65 (d, J = 2.4 Hz, 6H, CH2), 2.53 (t, J = 2.4 Hz, 3H, CſC-H); 13C NMR (125 MHz, 

CDCl3) ŭ 159.48 (Ar C-O), 95.61 (Ar C=C-O), 78.39 (CſC-H), 75.87 (CſC-H), 56.11 

(CH2). 

7.3.3 N-(1-Amino-3-hydroxy-1-oxopropan-2-yl)-6-azidohexanamide (53)129   

To a stirred solution of 6-azidohexanoic acid201 (6.00 g, 36.2 mmol, 1.0 eq) and 

N-hydroxysuccinamide (4.73 g, 39.9 mmol, 1.1 eq) in CHCl3/DMF (9:1, 15 mL) was 

added N-(3-dimethylaminopropyl)-Nǋ-ethylcarbodiimide hydrochloride (7.80 g, 39.9 

mmol, 1.1 eq).  The mixture was stirred under argon overnight at rt.  Chloroform was 

removed under vacuum and the resultant liquid partitioned between 1 N HCl (50 mL) and 

ether (50 mL).  The organic layer was washed with 1 N HCl (3 ³ 50 mL), 5% NaHCO3 (2 

³ 50 mL), water (2 ³ 50 mL), and brine (2 ³ 50 mL).  The organic layer was then dried 
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using anhydrous sodium sulfate, filtered, and concentrated under vacuum to produce the 

succinamide ester to be used in the next step. Yield 8.20 g (32.3 mmol, 89%); 1H NMR 

(500 MHz, CDCl3) ŭ 3.26 (t, J = 6.9 Hz, 2H), 2.84ï2.72 (m, 4H), 2.59 (t, J = 7.4 Hz, 2H), 

1.81ï1.67 (m, 2H), 1.64ï1.54 (m, 2H), 1.52ï1.40 (m, 2H); 13C NMR (125 MHz, CDCl3) 

ŭ 169.21, 168.39, 51.10, 30.78, 28.38, 25.87, 25.61, 24.15. 

To a solution of serinamide hydrochloride (3.30 g, 23.0 mmol, 1.1 eq) in DMF 

(50 mL) was added triethylamine (3.21 mL, 23.0 mmol, 1.1 eq).  To the resultant white 

suspension was added the succinamide ester from above (5.32 g, 20.9 mmol, 1.0 eq) and 

the reaction mixture stirred overnight.  Volatiles were removed under vacuum and the 

resultant slurry subjected to flash column chromatography using a mobile phase of 10% 

MeOH/CHCl3.  Product-containing fractions were combined and solvents removed in 

vacuo to give 53 as a white solid, mp 94-96 °C (lit201 mp 94-96 °C).  Yield 3.81 g (15.7 

mmol, 75%); Rf 0.38 (10% MeOH/CHCl3, visualization KMnO4); 
1H NMR (500 MHz, 

methanol-d4) ŭ 4.47 (t, J = 5.3 Hz, 1H, CH), 3.96ï3.70 (m, 2H, O-CH2), 3.33 (t, J = 6.9 

Hz, 2H, N3-CH2), 2.34 (t, J = 7.5 Hz, 2H, CH2), 1.67 (m, 4H, overlapped CH2), 1.56ï1.35 

(m, 2H, CH2); 
13C NMR (125 MHz, methanol-d4) ŭ 175.98 (CO), 175.09 (CO), 63.11, 

56.43, 52.27, 36.62, 29.61, 27.35, 26.21. 

7.3.4 6,6',6''-(4,4',4''-((Benzene-1,3,5-triyltris(oxy))tris(methylene))tris(1 H-1,2,3-

triazole-4,1-diyl))tris( N-((S)-1-amino-3-hydroxy-1-oxopropan-2-yl)hexanamide) 

(54a) 

DMF and a microwave vial (0.5-2 mL) were purged with argon for 30 min.  To 

the vial were added tris(alkyne) 52 (49 mg, 204 mmol, 1.0 eq), serinamide azide 53 (304 
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mg, 1.25 mmol, 6.0 eq), TBTA (66.2 mg, 124.9 mmol, 0.6 eq), and TACP (46.6 mg, 

124.9 mmol, 0.6 eq) in that order.  To this mixture was added 600 mL of argon-purged 

DMF, whereupon a green solution was obtained.  Sodium ascorbate (27.2 mg, 137.4 

mmol, 1.1 eq per TACP) was added in a single portion and the solution color changed to 

light brown.  The walls of the vial were washed down with 400 mL of argon-purged 

DMF, the vial sealed, and irradiated in a microwave reactor to maintain a temperature of 

100 °C for 4 h.  The reaction mixture was then cooled, volatiles removed in vacuo, and 

the residue subjected to flash column chromatography using DCM/MeOH/conc NH4OH 

(5:2:0.5) as the eluent.  Product-containing fractions were combined and volatiles were 

removed in vacuo, leaving an oily yellow residue.  This was dissolved in H2O (10 mL) 

and the minimum amount of ACN necessary to effect solution and the mixture 

lyophilized, yielding 161 mg (166 mmol, 81%) of 54a as a white solid; Rf 0.29 

(DCM/MeOH/conc NH4OH 5:2:0.5, visualization KMnO4); mp 83-85 °C; [a]25
D +43.90 

(c 0.66, ACN/H2O 1:1); IR (KBr, cm-1) 3321 (br), 2932, 2863, 1675 (CO); 1H NMR (500 

MHz, DMSO-d6) ŭ 8.23 (s, 3H), 7.73 (d, J = 8.1 Hz, 3H), 7.25 (s, 3H), 7.03 (s, 3H), 6.34 

(s, 3H), 5.09 (s, 6H), 4.83 (t, J = 5.5 Hz, 3H), 4.35 (t, J = 7.1 Hz, 6H), 4.20 (dt, J = 8.1, 

5.4 Hz, 3H), 3.54 (hept, J = 5.5 Hz, 6H), 2.22ï2.10 (m, 6H), 1.82 (p, J = 7.3 Hz, 6H), 

1.52 (p, J = 7.5 Hz, 6H), 1.23 (p, J = 7.7 Hz, 6H); 13C NMR (125 MHz, DMSO-d6) ŭ 

172.25, 171.99, 159.88, 142.42, 124.40, 94.54, 61.80, 61.22, 54.86, 49.28, 34.90, 29.49, 

25.49, 24.48; HRMS (FT-ICR) m/z calcd. for C42H64N15O12 [M+H] + 970.4853, found 

970.4864. 
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7.3.5 6,6'-(4,4'-(((5-(Prop-2-yn-1-yloxy)-1,3-

phenylene)bis(oxy))bis(methylene))bis(1H-1,2,3-triazole-4,1-diyl))bis(N-((S)-1-

amino-3-hydroxy-1-oxopropan-2-yl)hexanamide) (54b) 

DMF and a microwave vial (0.5-2 mL) were purged with argon for 30 min.  To 

the vial were added tris(alkyne) 52 (72.3 mg, 301 mmol, 1.0 eq), serinamide azide 53 

(146.4 mg, 602 mmol, 2.0 eq), TBTA (99.2 mg, 187 mmol, 0.6 eq), and TACP (69.8 mg, 

187 mmol, 0.6 eq) in that order.  To this mixture was added 600 mL of argon-purged 

DMF, whereupon a green solution was obtained.  Sodium ascorbate (40.8 mg, 206 mmol, 

1.1 eq per TACP) was added in a single portion, and the solution color changed to a light 

brown.  The walls of the vial were washed down with 400 mL of argon-purged DMF, the 

vial sealed, irradiated in a microwave reactor to maintain a temperature of 100 °C for 4 h.  

The reaction mixture was then cooled, volatiles removed in vacuo, and the residue 

subjected to flash column chromatography using DCM/MeOH/conc NH4OH (5:2:0.25) as 

the eluent.  The product-containing fractions were combined and volatiles were removed 

in vacuo, leaving an oily yellow residue.  This was dissolved in H2O (5 mL) and the 

minimum amount of ACN necessary to effect solution and the mixture lyophilized, 

giving 68 mg (93.6 mmol, 31%) of 54b as a white solid; Rf 0.42 (DCM/MeOH/conc 

NH4OH 5:2:0.25, visualization KMnO4); mp 72-74 °C; IR (KBr, cm-1) 3295 (br), 2937, 

2865, 2118 (CſC), 1676 (CO); 1H NMR (500 MHz, DMSO-d6) ŭ 8.23 (s, 2H), 7.74 (d, J 

= 8.1 Hz, 2H), 7.25 (s, 2H), 7.03 (s, 2H), 6.38 (s, 1H), 6.27 (d, J = 1.9 Hz, 1H), 5.09 (s, 

4H), 4.84 (t, J = 5.4 Hz, 2H), 4.75 (d, J = 2.2 Hz, 2H), 4.35 (t, J = 7.1 Hz, 4H), 4.20 (dt, J 

= 7.9, 5.4 Hz, 2H), 3.60ï3.46 (m, 4H), 2.15 (t, J = 7.1 Hz, 4H), 1.89ï1.73 (m, 4H), 1.60ï

1.44 (m, 4H), 1.32ï1.17 (m, 4H); 13C NMR (125 MHz, DMSO-d6) ŭ 172.25, 171.99, 
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159.83, 158.99, 142.37, 124.40, 94.76, 94.69, 79.19, 78.21, 61.80, 61.26, 55.55, 54.87, 

49.28, 34.90, 29.49, 25.48, 24.48; HRMS (FT-ICR) m/z calcd. for C33H47N10O9 [M+H] + 

727.35220, found 727.35184.  

7.3.6 (S)-N-(1-Amino-3-hydroxy-1-oxopropan-2-yl)-6-(4-((3,5-bis(prop-2-yn-1-

yloxy)phenoxy)methyl)-1H-1,2,3-triazol -1-yl)hexanamide (54c)  

DMF and a microwave vial (0.5-2 mL) were purged with argon for 30 min. To the 

vial were added tris(alkyne) 52 (292.7 mg, 1.22 mmol, 2.0 eq), serinamide azide 53 

(148.2 mg, 609.1 mmol, 1.0 eq), TBTA (64.6 mg, 121.8 mmol, 0.2 eq), and TACP (45.4 

mg, 121.8 mmol, 0.2 eq) in that order. To this mixture was added 600 mL of argon-purged 

DMF, whereupon a green solution was obtained. Sodium ascorbate (26.5 mg, 113 mmol, 

1.1 eq per TACP) was added in a single portion, and the solution color changed to a light 

brown.  The walls of the vial were washed down with 400 mL of argon-purged DMF, the 

vial sealed, and irradiated in a microwave reactor to maintain a temperature of 100 °C for 

4 h.  The reaction mixture was then cooled, volatiles removed in vacuo, and the residue 

subjected to flash column chromatography using DCM/MeOH/conc NH4OH (5:0.5:0.1) 

as the eluent.  The product-containing fractions were combined and volatiles were 

removed in vacuo, leaving an oily yellow residue.  This was dissolved in H2O (5 mL) and 

the minimum amount of ACN necessary to effect solution and the mixture lyophilized, 

giving 141 mg (292 mmol, 48%) of 54c as a white solid; Rf 0.25 (DCM/MeOH/conc 

NH4OH 5:0.5:0.1, visualization KMnO4); mp 58-59 °C; IR (KBr, cm-1) 3419, 3289 (br), 

2938, 2862, 2120 (CſC), 1659 (CO), 1602 (phenyl); 1H NMR (600 MHz, DMSO-d6) ŭ 

8.22 (s, 1H), 7.71 (d, J = 8.1 Hz, 1H), 7.26ï7.22 (m, 1H), 7.03 (s, 1H), 6.31 (d, J = 2.1 
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Hz, 2H), 6.23 (t, J = 2.1 Hz, 1H), 5.08 (s, 2H), 4.82 (t, J = 5.6 Hz, 1H), 4.75 (d, J = 2.5 

Hz, 3H), 4.35 (t, J = 7.1 Hz, 2H), 4.21 (dt, J = 8.2, 5.4 Hz, 1H), 3.57ï3.50 (m, 4H), 2.15 

(td, J = 7.3, 2.7 Hz, 2H), 1.82 (p, J = 7.4 Hz, 2H), 1.53 (p, J = 7.5 Hz, 2H), 1.27ï1.19 (m, 

2H); 13C NMR (125 MHz, DMSO-d6) ŭ 172.23, 171.97, 159.76, 158.95, 142.31, 124.37, 

94.98, 94.92, 79.12, 78.25, 61.80, 61.30, 55.58, 54.83, 49.28, 34.89, 29.48, 25.48, 24.48; 

HRMS (FT-ICR) m/z calcd. for C24H30N5O6 [M+H] + 484.2191, found 484.2191.  

7.3.7 6,6'-(4,4'-(((5-((1-((6S,9R,12S)-12-((1H-Imidazol-4-yl)methyl)-1-amino-6-(((S)-

1-amino-3-(1H-indol-3-yl)-1-oxopropan-2-yl)carbamoyl)-9-benzyl-1-imino-8,11,14-

trioxo-2,7,10,13-tetraazanonadecan-19-yl)-1H-1,2,3-triazol -4-yl)methoxy)-1,3-

phenylene)bis(oxy))bis(methylene))bis(1H-1,2,3-triazole-4,1-diyl))bis(N-(1-amino-3-

hydroxy-1-oxopropan-2-yl)hexanamide) (56a)   

To a microwave vial (0.2ï0.5 mL) purged with argon were added 54b (28.2 mg, 

38.8 mmol, 1.0 eq), MSH4 azide 55 (48.5 mg, 61.9 mmol, 1.5 eq), TBTA (4.4 mg, 8.3 

mmol, 0.2 eq), and TACP (3.1 mg, 8.3 mmol, 0.2 eq).  To this mixture were added 150 mL 

of argon-purged DMF and sodium ascorbate (1.8 mg, 9.1 mmol, 1.1 eq per TACP).  The 

vial walls were washed down with 50 µL of argon-purged DMF, the vial sealed, and 

irradiated in a microwave reactor to maintain a temperature of 100 °C for 4 h.  Volatiles 

were removed in vacuo and the residue dissolved in H2O (50 mL).  The aqueous solution 

was extracted with a solution of dithizone in chloroform (0.5 mM, 3 ³ 30 mL) and 

chloroform (2 ³ 30 mL).  The resulting aqueous solution was lyophilized, giving 56.2 mg 

of residue.  Preparative reversed phase HPLC gave 9.3 mg (6.2 µmol, 16%) of 56a as a 
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white solid; HRMS (FT-ICR) m/z, calcd. for C71H98N24O14 [M+2H]2+ 755.3842, found 

755.3849; analytical HPLC tR 12.32 min. 

7.3.8 6,6'-(4,4'-(((5-((1-(6-((1-Amino-3-hydroxy-1-oxopropan-2-yl)amino)-6-

oxohexyl)-1H-1,2,3-triazol -4-yl)methoxy)-1,3-

phenylene)bis(oxy))bis(methylene))bis(1H-1,2,3-triazole-4,1-diyl))bis(N-((S)-1-(((R)-

1-(((S)-1-(((S)-1-amino-3-(1H-indol-3-yl)-1-oxopropan-2-yl)amino)-5-guanidino-1-

oxopentan-2-yl)amino)-1-oxo-3-phenylpropan-2-yl)amino)-3-(1H-imidazol-4-yl)-1-

oxopropan-2-yl)hexanamide) (56b) 

To a microwave vial (0.2-0.5 mL) purged with argon were added 54c (28.5 mg, 

58.9 mmol, 1.0 eq), MSH4 azide 55 (145.8 mg, 186.1 mmol, 3 eq), TBTA (13.1 mg, 24.8 

mmol, 0.4 eq), and TACP (9.2 mg, 24.8 mmol, 0.4 eq).  To this mixture was added 300 mL 

of argon-purged DMF and sodium ascorbate (5.4 mg, 27.3 mmol, 1.1 eq per TACP).  The 

vial walls were washed down with 50 mL of argon-purged DMF, the vial sealed, and 

irradiated in a microwave reactor to maintain a temperature of 100 °C for 4 h.  Volatiles 

were removed in vacuo and the residue dissolved in H2O (50 mL).  The aqueous solution 

was extracted with a solution of dithizone in chloroform (1.2 mM, 3 ³ 30 mL) and 

chloroform (2 ³ 30 mL).  The resulting yellow aqueous solution was lyophilized, giving 

136 mg of residue.  Preparative reversed phase HPLC gave 27.4 mg (13.4 mmol, 23%) of 

56b as a white solid; HRMS (FT-ICR) m/z calcd. for C100H131N33O16 [M+2H]2+ 

1025.02203, found 1025.02205; analytical HPLC tR 13.06 min. 

7.3.9 6,6',6''-(4,4',4''-((Benzene-1,3,5-triyltris(oxy))tris(methylene))tris(1 H-1,2,3-

triazole-4,1-diyl))tris( N-((S)-1-(((R)-1-(((S)-1-(((S)-1-amino-3-(1H-indol-3-yl)-1-
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oxopropan-2-yl)amino)-5-guanidino-1-oxopentan-2-yl)amino)-1-oxo-3-

phenylpropan-2-yl)amino)-3-(1H-imidazol-4-yl)-1-oxopropan-2-yl)hexanamide) 

(56c) 

To a microwave vial (0.2-0.5 mL) purged with argon were added MSH4 azide 55 

(87 mg, 111.1 mmol, 6.0 eq), TBTA (11.7 mg, 22 mmol, 1.2 eq), and TACP (8.2 mg, 22 

mmol, 1.2 eq).  To this mixture was added 125 mL (18.5 mmol. 1.0 eq) of a solution of 52 

in DMF (35.6 mg/mL).  Sodium ascorbate (4.8 mg, 24 mmol, 1.1 eq per TACP) was 

added followed by 75 mL of argon-purged DMF.  The vial was sealed and irradiated in a 

microwave reactor to maintain a temperature of 100 °C for 4 h.  The reaction mixture was 

then cooled, volatiles removed in vacuo, and the residue dissolved in H2O (60 mL).  The 

aqueous solution was extracted with a solution of dithizone in chloroform (0.5 mM, 3 ³ 

30 mL) and chloroform (3 ³ 30 mL).  The resulting yellow aqueous phase was 

lyophilized, giving 80 mg of residue.  Preparative reversed phase HPLC gave 24.5 mg 

(9.5 mmol, 51%) of 56c as a fluffy white solid; HRMS (FT-ICR) m/z calcd. for 

C129H165N42O18 [M+3H]3+ 863.77661, found 863.77676; analytical HPLC tR 13.41 min. 

7.3.10 6,6',6''-(4,4',4''-(Nitrilotris(methylene))tris(1 H-1,2,3-triazole-4,1-diyl))tris( N-

((S)-1-amino-3-hydroxy-1-oxopropan-2-yl)hexanamide) (57a) 

Using the procedure outlined for 54a, compound 57a was prepared from 50 (28.9 

mL, 200 mmol, 1.0 eq), serinamide azide 53 (292 mg, 1.2 mmol, 6.0 eq), TBTA (95.4 mg, 

180 mmol, 0.9 eq), and TACP (67.1 mg, 180 mmol, 0.9 eq), sodium ascorbate (39.2 mg, 

198 mmol, 1.1 eq per TACP), and DMF (1 mL).  Purification by flash chromatography 

(mobile phase DCM/MeOH/conc NH4OH 5:2:0.5) afforded 172 mg (200 mmol, 100%) of 
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57a as a yellow oily residue; Rf 0.24 (DCM/MeOH/conc NH4OH 5:2:0.5, visualization 

KMnO4); [a]25
D +1.18 (c 0.56, ACN/H2O 1:1); IR (KBr, cm-1) 3313 (br), 2930, 2861, 

1654 (CO); 1H NMR (500 MHz, methanol-d4) ŭ 8.01 (s, 3H), 4.44ï4.39 (m, 9H), 3.81ï

3.73 (m, 12H), 2.29 (t, J = 7.4 Hz, 6H), 1.93 (p, J = 7.1 Hz, 6H), 1.67 (p, J = 7.5 Hz, 6H), 

1.39ï1.28 (m, 6H); 13C NMR (125 MHz, methanol-d4) ŭ 175.89, 175.10, 145.19, 125.54, 

63.11, 56.51, 51.16, 36.47, 30.89, 26.97, 25.97; HRMS (FT-ICR) m/z calcd. for 

C36H61N16O9 [M+H] + 861.48019, found 861.47968.  

7.3.11 6,6'-(4,4'-((Prop-2-yn-1-ylazanediyl)bis(methylene))bis(1H-1,2,3-triazole-4,1-

diyl))bis(N-((S)-1-amino-3-hydroxy-1-oxopropan-2-yl)hexanamide) (57b)   

Using the procedure outlined for 54b, compound 57b was prepared from 50 (59.2 

mL, 410 mmol, 1.0 eq), serinamide azide 11 (200 mg, 820 mmol, 2.0 eq), TBTA (84.8 mg, 

160 mmol, 0.4 eq), and TACP (59.6 mg, 160 mmol, 0.4 eq), sodium ascorbate (34.9 mg, 

180 mmol, 1.1 eq per TACP), and DMF (2 mL). Purification by flash chromatography 

(mobile phase DCM/MeOH/conc NH4OH 5:2:0.5) afforded 76.1 mg (123 mmol, 30%) of 

57b as a yellow oily residue; Rf 0.34 (DCM/MeOH/conc NH4OH 5:2:0.5, visualization 

KMnO4); 
1H NMR (500 MHz, methanol-d4) ŭ 7.95 (s, 2H), 4.41 (m, 6H), 3.84 (s, 4H), 

3.82ï3.72 (m, 4H), 3.36ï3.33 (m, 2H), 2.73 (t, J = 2.4 Hz, 1H), 2.29 (t, J = 7.4 Hz, 4H), 

1.92 (p, J = 7.2 Hz, 4H), 1.66 (p, J = 7.5 Hz, 4H), 1.39ï1.27 (m, 4H); 13C NMR (125 

MHz, methanol-d4) ŭ 175.87, 175.09, 145.32, 125.35, 78.70, 75.64, 63.09, 56.48, 51.14, 

48.72, 42.58, 36.45, 30.89, 26.94, 25.94; HRMS (FT-ICR) m/z calcd. for C27H44N11O6 

[M+H] + 618.3471, found 618.3471. 
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7.3.12 (S)-N-(1-amino-3-hydroxy-1-oxopropan-2-yl)-6-(4-((di(prop-2-yn-1-

yl)amino)methyl)-1H-1,2,3-triazol -1-yl)hexanamide (57c)   

Using the procedure outlined for 54c, compound 57c was prepared from 50 (178 

mL, 1.23 mmol, 3.0 eq), serinamide azide 53 (100 mg, 410 mmol, 1.0 eq), TBTA (43.5 

mg, 82 mmol, 0.2 eq), and TACP (30.6 mg, 82 mmol, 0.2 eq), sodium ascorbate (17.9 mg, 

90 mmol, 1.1 eq per TACP), and DMF (700 mL).  Purification by flash chromatography 

(mobile phase DCM/MeOH/conc NH4OH 5:1:0.1) afforded 108.4 mg (290 mmol, 71%) 

of 57c as a yellow oily residue; Rf 0.37 (DCM/MeOH/conc NH4OH 5:1:0.1, visualization 

KMnO4); 
1H NMR (500 MHz, methanol-d4) ŭ 7.91 (s, 1H), 4.44ï4.38 (m, 3H), 3.84 (s, 

2H), 3.81ï3.73 (m, 2H), 3.45 (d, J = 2.4 Hz, 4H), 3.35 (s, 1H), 2.69 (t, J = 2.4 Hz, 2H), 

2.29 (t, J = 7.4 Hz, 2H), 1.93 (p, J = 7.2 Hz, 2H), 1.67 (p, J = 7.5 Hz, 2H), 1.35 (tt, J = 

9.7, 6.6 Hz, 2H); 13C NMR (125 MHz, methanol-d4) ŭ 175.84, 175.04, 144.89, 125.32, 

79.00, 75.18, 63.08, 56.42, 51.14, 48.47, 42.48, 36.44, 30.90, 26.94, 25.93; HRMS (FT-

ICR) m/z calcd. for C18H27N6O3 [M+H] + 375.2139, found 375.2139. 

7.3.13 6,6'-(4,4'-((((1-((6S,9R,12S)-12-((1H-Imidazol-4-yl)methyl)-1-amino-6-(((S)-1-

amino-3-(1H-indol-3-yl)-1-oxopropan-2-yl)carbamoyl)-9-benzyl-1-imino-8,11,14-

trioxo-2,7,10,13-tetraazanonadecan-19-yl)-1H-1,2,3-triazol -4-

yl)methyl)azanediyl)bis(methylene))bis(1H-1,2,3-triazole-4,1-diyl))bis(N-((S)-1-

amino-3-hydroxy-1-oxopropan-2-yl)hexanamide) (58a)  

Using the procedure given for the synthesis of 56a, compound 58a was prepared 

from 57c (183 mL of a 0.41 M solution in DMF, 75 mmol, 1.0 eq), MSH4 azide 55 (88.1 

mg, 112.5 mmol, 1.5 eq), TACP (5.6 mg, 15 mmol, 0.2 eq), sodium ascorbate (3.3 mg, 
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16.5 mmol, 1.1 eq per TACP), and DMF (117 mL).  No TBTA was used in this reaction.  

Preparative reversed phase HPLC gave 20.9 mg (14.9 µmol, 33%) of 58a as an off-white 

solid; HRMS (FT-ICR) m/z calcd. for C65H94N25O11 [M+H] + 1400.7559, found 

1400.7562; analytical HPLC tR 10.41 min. 

7.3.14 6,6'-(4,4'-((((1-(6-(((S)-1-Amino-3-hydroxy-1-oxopropan-2-yl)amino)-6-

oxohexyl)-1H-1,2,3-triazol -4-yl)methyl)azanediyl)bis(methylene))bis(1H-1,2,3-

tri azole-4,1-diyl))bis(N-((S)-1-(((R)-1-(((S)-1-(((S)-1-amino-3-(1H-indol-3-yl)-1-

oxopropan-2-yl)amino)-5-guanidino-1-oxopentan-2-yl)amino)-1-oxo-3-

phenylpropan-2-yl)amino)-3-(1H-imidazol-4-yl)-1-oxopropan-2-yl)hexanamide) 

(58b) 

Using the procedure given for the synthesis of 56b, compound 58b was prepared 

from 57b (120 mL of a 0.50 M solution in DMF, 60 mmol, 1.0 eq), MSH4 azide 55 (141 

mg, 180 mmol, 3 eq), TACP (8.9 mg, 24 mmol, 0.4 eq), sodium ascorbate (5.2 mg, 26.4 

mmol, 1.1 eq per TACP), and DMF (130 mL).  No TBTA was used in this reaction.  

Preparative reversed phase HPLC gave 46.3 mg (23.9 mmol, 40%) of 58b as a white 

solid; HRMS (FT-ICR) m/z cacld. for C94H128N34O13 [M+2H]2+ 970.51946, found 

970.51975; analytical HPLC tR 11.88 min. 

7.4.15 6,6',6''-(4,4',4''-(Nitrilotris(methylene))tris(1H -1,2,3-triazole-4,1-diyl))tris( N-

((S)-1-(((R)-1-(((S)-1-(((S)-1-amino-3-(1H-indol-3-yl)-1-oxopropan-2-yl)amino)-5-

guanidino-1-oxopentan-2-yl)amino)-1-oxo-3-phenylpropan-2-yl)amino)-3-(1H-

imidazol-4-yl)-1-oxopropan-2-yl)hexanamide) (58c) 
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A solution of 50 in ACN (571 mL of 0.035 M solution, 20 mmol, 1.0 eq) was 

added to a microwave vial (0.5-2 mL) purged with argon.  To this mixture were added 

H2O (500 mL), MSH4 azide 55 (94 mg, 120 mmol, 6.0 eq), 2,6-lutidine (470 mL of 0.085 

M solution in ACN, 40 mmol, 2.0 eq), and TACP (29 mg, 78 mmol, 3.9 eq) in that order.  

The walls of the vial were rinsed down with 540 mL of H2O, the vial sealed, and left to 

stir at rt for 4 days.  The reaction mixture was then diluted with H2O (40 mL), extracted 

with a solution of dithizone in chloroform (2.0 mM, 3 ³ 30 mL) and chloroform (3 ³ 30 

mL), and lyophilized to give 95 mg of residue.  Preparative reversed phase HPLC gave 

31.0 mg (12.5 mmol, 62%) of 58c as an off-white solid; HRMS (FT-ICR) m/z cacld. for 

C123H162N43O15 [M+3H]3+ 827.10730, found 827.44156; analytical HPLC tR 12.29 min. 

7.3.16 1,4,7-Tri(prop -2-yn-1-yl)-1,4,7-triazonane (59)135  

To a stirred solution of 1,4,7-triazacyclononane hydrochloride (51, 250 mg, 1.02 

mmol, 1.0 eq) in toluene/ethanol (1:1, 5 mL) was added potassium hydroxide (355 mg, 

6.3 mmol, 6.3 eq).  After 30 min, the flask was cooled in an ice-water bath and propargyl 

bromide (80% in toluene, 0.317 mL, 2.13 mmol, 2.1 eq) was added dropwise as a 

solution in toluene/ethanol (1:1, 5 mL).  The reaction mixture was allowed to attain rt and 

was stirred for 24 h.  The resultant suspension was filtered to remove the solid matter and 

volatiles removed in vacuo to give a brownish solid.  Flash chromatography on silica gel 

initially buffered with 1% triethylamine in hexanes using MeOH/DCM/conc NH4OH 

(0.5:9.5:0.05) as the eluent afforded 171 mg (0.70 mmol, 69%) of 59 as a yellowish oil 

which solidified upon standing overnight; Rf 0.38 (MeOH/DCM/conc NH4OH 

0.5:9.5:0.05, visualization KMnO4); mp 52-53 °C; IR (KBr, cm-1) 3292, 3276, 3262, 
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3133, 2922, 2804, 2082 (CſC); 1H NMR (500 MHz, CDCl3) ŭ 3.42 (d, J = 2.4 Hz, 6H, 

N-CH2-Cſ), 2.79 (s, 12H, N-CH2-CH2-N), 2.14 (t, J = 2.3 Hz, 3H, CſC-H); 13C NMR 

(125 MHz, CDCl3) ŭ 80.34 (-CſC-H), 71.63 (-CſC-H), 53.77 (N-CH2-CH2-N), 46.82 

(N-CH2-Cſ); HRMS (FT-ICR) m/z calcd. for C15H22N3 (M+H)+ 244.18082, found 

244.18044. 

7.3.17 6,6',6''-(4,4',4''-((1,4,7-Triazonane-1,4,7-triyl)tris(methylene))tris(1 H-1,2,3-

triazole-4,1-diyl))tris( N-((S)-1-(((R)-1-(((S)-1-(((S)-1-amino-3-(1H-indol-3-yl)-1-

oxopropan-2-yl)amino)-5-guanidino-1-oxopentan-2-yl)amino)-1-oxo-3-

phenylpropan-2-yl)amino)-3-(1H-imidazol-4-yl)-1-oxopropan-2-yl)hexanamide) (60) 

Using the procedure given for the synthesis of 46c, compound 60 was prepared 

from MSH4 azide 55 (75.0 mg, 95.7 mmol, 4.5 eq), TACP (4.7 mg, 12.7 mmol, 0.6 eq), 

59 (5.2 mg, 21.2 mmol, 1.0 eq), sodium ascorbate (2.8 mg, 14 mmol, 1.1 eq per TACP), 

and DMF (300 mL).  No TBTA was used in this reaction.  Additionally, at each of the 

dithizone extractions, the aqueous and chloroform layers were stirred rapidly together in 

an Erlenmeyer flask for 30 min.  Extra contact time is necessary to make sure any copper 

chelated by the macrocyclic ring is removed.  Preparative reversed phase HPLC gave 

23.1 mg (8.9 mmol, 42%) of 60 as a fluffy white solid; HRMS (FT-ICR) m/z calcd. for 

C129H175N45O15 [M+4H]4+ 648.6073, found 648.6074; analytical HPLC tR 12.43 min. 

7.4 Biological Assays for Chapter 3 

7.4.1 Preparation of solutions   

Stock solutions of the MSH4 constructs 56a-c, 58a-c, and 60, control compounds 

54a and 57a, and the Eu-DTPA-PEGO-MSH7 probe (8) were made up in DMSO at a 
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nominal concentration of 2.0 mM based on measured weights of solutes.  Except for the 

control compounds, concentrations were refined by comparison to a DTrp standard 

solution (0.50 mM) using analytical HPLC. Selective growth media for cell growth was 

prepared by supplementing Dulbeccoôs Modified Eagle Medium (DMEM) with 10% fetal 

bovine serum, 1% penicillin-streptomycin, 0.1% zeocin, and 0.8% geneticin. Basic buffer 

was prepared by dissolving 5.97 g of 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid 

(HEPES) and 2 g BSA in 1 L of DMEM.  The pH of this solution was adjusted to 7.4 

using 2 N NaOH and the solution sterilized by filtration through a 0.22 mm filter 

(Corning, 431117, 500 mL bottle-top filter, sterile) under vacuum.  Binding buffer was 

prepared by supplementing DMEM (1 L) with HEPES (5.97 g), BSA (2 g), 1,10-

phenanthroline (1 mL of a 1 M solution in EtOH), leupeptin (1 mL of a 500 mg/L 

aqueous solution), and bacitracin (1 mL of a 200 g/L aqueous solution).  The pH of this 

solution was adjusted to 7.4 using 2 N NaOH and the solution sterilized by filtration 

through a 0.22 mm filter (Corning, 431117, 500 mL bottle-top filter, sterile) under 

vacuum. 

7.4.2 Cell culture  

Dual (MC4R/CCK2R) expressing HEK293 cells59 were maintained in selective 

growth media.  For the binding assays, cells were plated into 6 well plates (Greiner Bio-

One, 657160, Cell Culture Multi-well Plates, Polystyrene, 6 wells) at 240,000 cells per 

well in a total volume of 3 mL (2 mL of the selective growth media added initially to 

each well, followed by 1 mL of cell suspension).  On the third day after plating, 

additional selective growth media (1 mL) was carefully added to each of the wells so as 
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not to disturb the cells.  The cells were left to grow until ~90% confluence was achieved 

(usually by day 5) before conducting assays. 

7.4.3 Saturation binding assays 

Six solutions containing both the probe Eu-DTPA-PEGO-MSH7-NH2 (8) and 

NDP-Ŭ-MSH (1) were made in 1.2 mL of binding buffer in separate micro-centrifuge 

tubes (one per each well).  All six tubes contained 1 mM concentrations of NDP-Ŭ-MSH 

(1), while the concentration of the probe 8 was varied across the six tubes (1, 10, 25, 50, 

100, 250 nM). These six solutions were used to assess nonspecific binding.  A second set 

of six solutions (1.2 mL each) contained the probe 8 at the same concentrations without 

NDP-Ŭ-MSH.  These solutions were used to assess total binding. 

To commence an assay, cell-containing 6-well plates (³ 2) were removed from 

the incubator and the selective growth media removed by careful aspiration.  The twelve 

prepared solutions detailed above were carefully transferred (1 mL per well) by pipette 

down the well walls (to minimize disturbance of the cells, which can result in cell loss 

during media exchanges).  The plates were then maintained in a CO2 incubator at 37 °C 

for 1 h. 

Solutions were then removed by careful aspiration and 600 mL of basic buffer 

were added to each well.  The cells were scraped from each well individually using a Cell 

Scraper (18 cm, GeneMate) and transferred in suspension to separate 1.7 mL micro-

centrifuge tubes.  The wells and scraper were rinsed with 600 mL of basic buffer and the 

rinses combined with the corresponding suspension.  One scraper was used across the 

wells measuring total binding, and another was used across the wells measuring non-

specific binding. 
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The tubes containing the cell suspensions were centrifuged (3000 rpm for 3 min) 

in a micro-centrifuge.  After removing the supernatant, the cells were resuspended in 

basic buffer (1 mL) and incubated for 5 min in a 37 °C water bath during each of three 

wash cycles.  After the final wash, 600 mL of DELFIA Enhancement Solution (Perkin 

Elmer 1244-104) was added to each cell pellet, the tubes mixed using a vortex mixer, and 

incubated for 1 h in a water bath maintained at 37 °C.  

Following the incubation, cells and cell fragments were pelleted (5000 rpm for 5 

min) and 4 ³ 100 mL aliquots of each supernatant were transferred to a 96 well plate 

(Perkin-Elmer, 6005060, tissue culture treated B&W Isoplate-96) for fluorescence 

measurement using a VICTOR X4 2030 Multilabel Reader.  

7.4.4 Competitive binding assays 

Immediately before an assay, twelve solutions (1350 mL each) of compounds to 

be tested were made up in binding buffer in microcentrifuge tubes at concentrations 

ranging from 10 mMï0.10 nM.  Each of the tubes also contained the Eu-DTPA-PEGO-

MSH7 probe 8 at a concentration of 20 nM.  Cell-containing 6-well plates (³ 2) were 

removed from the incubator and the selective growth media removed by careful 

aspiration.  The twelve prepared solutions from above were carefully transferred (1 mL 

per well) by pipette down the well walls.  The plates were then maintained in a CO2 

incubator at 37 °C for 1 h. 

After 1 h, solutions were removed by careful aspiration and 600 mL of basic 

buffer were added to each well.  The cells were scraped from each well using a Cell 

Scraper (18 cm, GeneMate) and transferred in suspension to separate 1.7 mL micro-
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centrifuge tubes.  The wells and scraper were rinsed with 600 mL of basic buffer and the 

rinses combined with the corresponding suspension. 

The cell suspensions were centrifuged (3000 rpm for 3 min) in a micro-centrifuge. 

After removing the supernatant, the cells were resuspended in basic buffer (1 mL) and 

incubated for 5 min in a 37 °C water bath during each of three wash cycles.  After the 

final wash, 600 mL of DELFIA Enhancement Solution (Perkin Elmer 1244-104) was 

added to each cell pellet, the tubes mixed using a vortex mixer, and incubated in a water 

bath maintained at 37 °C for 1 h.  

Following the incubation, cells and cell fragments were pelleted (5000 rpm for 5 

min) and 4 ³ 100 mL aliquots of each supernatant were transferred to a 96 well plate 

(Perkin-Elmer, 6005060, tissue culture treated B&W Isoplate-96) for fluorescence 

measurement using a VICTOR X4 2030 Multilabel Reader.  

7.5 Protein Assay for Fluorescence Normalization 

The dissolved protein content in each of the micro-centrifuge tubes from the 

bioassays was quantified using the Bio-Rad protein assay.202 The manufacturer-supplied 

lyophilized BSA standard was reconstituted in DI water to provide a standard solution 

with a concentration of 1.4 mg/mL.  By serial dilution, five solutions (0.50, 0.25, 0.12, 

0.080, and 0.050 mg/mL) of BSA were prepared.  Dye reagent was prepared by dilution 

of 25 mL of the dye concentrate (Bio-Rad) into 100 mL of DI water, followed by 

filtration through a Whatman #1 filter.  To quantify protein content in each assay sample, 

3 ³ 10 mL of each supernatant solution from the micro-centrifuge tubes was transferred to 

a 96 well clear bottomed plate (Corning Inc., 353072, Falcon multiwell flat-bottom plates 

with lids, sterile).  Control solutions were also placed in the same plate (3 ³ 10 mL of 
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each BSA concentration) along with a blank (DI water, 3 ³ 10 mL).  The reagent dye 

solution was then added to all wells using a multi-channel pipette at 200 mL per well.  

The sample and the reagent in the well were mixed by repeated (5³) depressing of the 

pipette plunger.  After mixing, the plate was left at rt for 10-15 min, and the absorbance 

measured at 595 nm.  Absorbance values from the standard solutions were used to 

construct a calibration curve (Figure 7.1).   

 

 

 

 

 

 

 

 

Figure 7.1 Representative protein assay calibration curve. y = 0.9038 x + 0.2725 (R2 = 

0.99).  

Using the protein content calibration curves, the dissolved protein content of each 

of the samples was quantified.  The observed fluorescence value of each sample (i.e. data 

point) was normalized to the dissolved protein content according to the following 

equation. Then, the competition binding curves were constructed using the normalized 

data values.  
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7.6 Synthesis of Compounds in Chapter 4 

7.6.1 Ac-CCK4 (66) 

To 13 (0.34 mmol) in a polypropylene syringe equipped with a polypropylene frit 

was added a solution of 20% piperidine in DMF (8 mL), and the tube was shaken for 2 

min.  This solution was removed, 20% piperidine in DMF (8 mL) was again added, and 

the mixture was shaken for another 18 min.  After removal of the solution, the resin was 

washed sequentially with DMF (3 ³ 8 mL), DCM (3 ³ 8 mL), and DMF (3 ³ 8 mL). A 

1:1 (30 eq) mixture of acetic anhydride (960 µL) and pyridine (820 µL) in DMF (3 mL) 

was taken up into the syringe reactor, which was then shaken for 1 h. The resin was 

washed with DMF (3 ³ 8 mL), DCM (3 ³ 8 mL), DMF (3 ³ 8 mL), THF (3 ³ 8 mL), and 

DCM (3 ³ 8 mL). Cleavage from the resin, removal of TFA, and subsequent 

lyophilization according to the procedure outlined for 14 gave 190 mg of crude material. 

Following reversed-phase preparative HPLC (mobile phase gradient of 10% at 0 min ï 

50% at 8 min ï 55% at 20 min, acetonitrile/water containing 0.1% TFA, tR = 13.3 min), 

product-containing fractions were combined, and the solution lyophilized to give 5 as a 

fluffy  white solid. Yield 82 mg (0.13 mmol, 39%); mp, decomposes at 232 °C; HRMS 

(ESI-ICR) m/z calcd. for C32H41N6O7 [M+H] + 621.3031, found 621.3029; analytical 

HPLC tR = 17.47 min. 

7.6.2 (S)-4-(((S)-1-Amino-1-oxo-3-phenylpropan-2-yl)amino)-3-((S)-2-((S)-2-(6-

azidohexanamido)-3-(1H-indol-3-yl)propanamido)hexanamido)-4-oxobutanoic Acid  

(67) 
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Using the coupling procedures outlined in 7.2.3.1, compound 67 was prepared 

from 6-azidohexanoic acid (0.34 g, 2.04 mmol, 3 eq) and 13 (~0.68 mmol). Cleavage 

from the resin, removal of TFA, and subsequent lyophilization according to the procedure 

outlined for 3 gave 421 mg of crude material. Following reversed-phase preparative 

HPLC (mobile phase gradient of 10% at 0 min ï 50% at 10 min ï 90% at 25 min, 

acetonitrile/water containing 0.1% TFA, tR = 17.7 min), product-containing fractions 

were combined and the solution lyophilized to provide 67 as a fluffy  white solid. Yield 

198 mg (0.28 mmol, 41%); HRMS (ESI-ICR) m/z calcd. for C36H48N10O10 [M+H] + 

718.36712, found 718.36708. 

7.6.3 (S)-4-(((S)-1-Amino-1-oxo-3-phenylpropan-2-yl)amino)-3-((S)-2-((S)-2-(2-

azidoacetamido)-3-(1H-indol-3-yl)propanamido)hexanamido)-4-oxobutanoic Acid 

(68) 

To a solution of sodium azide (11.5 g, 176 mmol, 2.5 eq) in water (60 mL) was 

added bromoacetic acid (10.0 g, 70.5 mmol, 1 eq) at 0 °C, and the resultant solution 

stirred at rt for 24 hours [23]. After complete consumption of starting material, the 

reaction was diluted with aqueous 1 N HCl (150 mL), and extracted with diethyl ether (4 

³ 50 mL). The organic layer was dried with anhydrous Na2SO4, filtered, and evaporated 

in vacuo to yield azidoacetic acid as a clear oil. Yield 6.1 g (60.4 mmol, 86%); Rf 0.32 

(20% EtOAc/DCM, visualization KMnO4); IR (NaCl plate, cm-1) 3500-2500 (br), 2924, 

2113, 1728; 1H NMR (500 MHz, CDCl3) ŭ 10.07 (s, 1H), 3.97 (s, 2H); 13C NMR (125 

MHz, CDCl3) ŭ 174.27, 50.11. 
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Using the coupling procedures outlined in 7.2.3.1, compound 68 was prepared 

from azidoacetic acid (0.21 g, 2.04 mmol, 3 eq) and 13 (~0.68 mmol). Cleavage from the 

resin (10 mL of cleavage cocktail), removal of TFA, and subsequent lyophilization 

according to the procedure outlined for 14 gave 355 mg of crude material that was 

subjected to reversed-phase preparative HPLC (mobile phase gradient of 10% at 0 min ï 

50% at 8 min ï 55% at 20 min, acetonitrile/water containing 0.1% TFA, tR = 14.6 min), 

product-containing fractions combined, and the solutions lyophilized to give 7 as a fluffy 

white solid. Yield 230.9 mg (0.35 mmol, 51%); HRMS (ESI-ICR) m/z calcd. for 

C32H40N9O7 [M+H] + 662.3045, found 662.3044. 

7.6.4 Synthesis of PEGylated CCK4 

7.6.4.1 3,6,9,12-Tetraoxaoctadec-17-yn-1-ol (69) 

To a flame dried round bottomed flask purged with argon was added sodium 

hydride (1.23 g, 48.7 mmol, 2 eq) and anhydrous THF (100 mL). After the resultant 

slurry was cooled to 0 °C in an ice-bath, tetraethylene glycol (16.95 mL, 97.2 mmol, 4 

eq) was added slowly via syringe. After stirring for 15 min at 0 °C, the flask was left to 

come to room temperature and a yellow solution was obtained. To this was added 

dropwise 6-chlorohex-1-yne (3 mL, 24.3 mmol, 1 eq) dissolved in anhydrous THF (20 

mL). After addition, the flask was immersed in an oil bath and the reaction mixture 

heated at reflux for 24 h. The flask was cooled, and 50 mL of H2O was added to quench 

the reaction. After diluting the solution further with 100 mL of H2O, the product was 

extracted with EtOAc (75 mL ³ 4). The combined organic layers were washed with brine 

(100 mL), dried with anhydrous Na2SO4, filtered, and concentrated in vacuo to yield 5.4 
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g of a residue which was subjected to flash column chromatography (mobile phase 

gradient of 50-100% ethyl acetate in hexanes) to give 69 as a yellow oil. Yield 4.09 g 

(14.9 mmol, 61%); Rf 0.24 (EtOAc, visualization KMnO4); IR (NaCl plate, cm-1) 3455, 

3259, 2868, 2114, 1955; 1H NMR (500 MHz, CDCl3) ŭ 3.65 ï 3.60 (m, 2H), 3.60 ï 3.48 

(m, 14H), 3.39 (t, J = 6.4 Hz, 2H), 2.88 (t, J = 5.9 Hz, 1H), 2.12 (td, J = 7.0, 2.7 Hz, 2H), 

1.88 (t, J = 2.6 Hz, 1H), 1.65 ï 1.56 (m, 2H), 1.55 ï 1.47 (m, 2H); 13C NMR (125 MHz, 

CDCl3) ŭ 84.23, 72.48, 70.62, 70.53, 70.50, 70.49, 70.27, 70.01, 68.44, 61.56, 28.55, 

25.07, 18.12; HRMS (ESI-ICR) m/z calcd. for C14H26KO5 [M+K]+ 313.14118, found 

313.14116. 

7.6.4.2 tert-Butyl 3,6,9,12,15-Pentaoxahenicos-20-yn-1-oate (70) 

The monoalkylated derivative 69 (3.03 g, 10.8 mmol, 1 eq) was dissolved in 15 

mL of anhydrous THF. This was added to a suspension of sodium hydride (330 mg, 13 

mmol, 1.2 eq) in anhydrous THF (85 mL) at 0 °C. The resultant solution was stirred at 0 

°C for 30 min, and t-butyl bromoacetate (3.25 mL, 21.6 mmol, 2 eq) was added over 5-10 

min. The resultant mixture was left to stir at rt for 24 h. It was then diluted with 150 mL 

of H2O and extracted with EtOAc (75 mL ³ 3). The combined organic layers were 

washed with brine (100 mL), dried with anhydrous Na2SO4, filtered, and concentrated in 

vacuo. The residue was subjected to flash column chromatography (mobile phase of 50% 

ethyl acetate in hexanes), to give 70 as a yellow oil. Yield 2.68 g (6.9 mmol, 64%); Rf 

0.29 (50% EtOAc/hexanes, visualization KMnO4); IR (NaCl plate, cm-1) 3304, 2869, 

2116, 1747; 1H NMR (500 MHz, CDCl3) ŭ 3.93 (s, 2H), 3.64 ï 3.58 (m, 4H), 3.58 ï 3.51 

(m, 10H), 3.51 ï 3.47 (m, 2H), 3.39 (t, J = 6.4 Hz, 2H), 2.12 (td, J = 7.0, 2.7 Hz, 2H), 

1.87 (t, J = 2.6 Hz, 1H), 1.64 ï 1.56 (m, 2H), 1.55 ï 1.46 (m, 2H), 1.38 (s, 9H); 13C NMR 
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(125 MHz, CDCl3) ŭ 169.69, 84.37, 81.56, 70.77, 70.76, 70.65, 70.64, 70.61, 70.15, 

69.08, 68.48, 28.69, 28.17, 25.21, 18.26. HRMS (ESI-ICR) m/z calcd. for C20H36NaO7 

[M+Na]+ 411.23532, found 411.23547. 

7.6.4.3 3,6,9,12,15-Pentaoxahenicos-20-yn-1-oic Acid (71) 

The dialkylated linker 70 (1.05 g, 2.60 mmol) was dissolved in 2 mL of DCM and 

a mixture of TFA (5 mL) and DCM (3 mL) was added slowly at rt. After 1.5 h, volatiles 

were removed under vacuum to yield a brown liquid which was subjected to flash column 

chromatography (mobile phase gradient of 50-100% ethyl acetate in hexanes), giving 71 

as a pale yellow oil. Yield 0.70 g (2.1 mmol, 81%); Rf 0.28 (10% MeOH/DCM, 

visualization KMnO4); IR (NaCl plate, cm-1) 3500-2500 (br), 2869, 2114, 1759; 1H NMR 

(500 MHz, CDCl3) ŭ 10.06 (s, 1H), 4.09 (s, 2H), 3.70 ï 3.64 (m, 2H), 3.64 ï 3.54 (m, 

12H), 3.53 ï 3.49 (m, 2H), 3.41 (t, J = 6.4 Hz, 2H), 2.12 (td, J = 7.1, 2.7 Hz, 2H), 1.88 (t, 

J = 2.6 Hz, 1H), 1.65 ï 1.57 (m, 2H), 1.54 ï 1.46 (m, 2H); 13C NMR (125 MHz, CDCl3) 

ŭ 172.94, 84.28, 71.14, 70.69, 70.57, 70.49, 70.43, 70.37, 69.95, 68.61, 68.48, 28.52, 

25.08, 18.16; HRMS (ESI-ICR) m/z calcd. for C16H28NaO7 [M+Na]+ 355.17272, found 

355.17252. 

7.6.4.4 3,6,9,12-tetraoxaoctadec-17-ynoic acid (72) 

Sodium dichromate (0.78 g, 2.6 mmol, 1.3 eq) was dissolved in H2O (5 mL) to 

yield an orange colored solution. This solution was cooled to 0 °C in an ice-water bath 

and concentrated H2SO4 (0.78 mL) was added slowly to yield the dark-red solution of the 

Jones reagent. 
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To a stirred solution of the monoalkylated derivative 69 (0.55 g, 2.0 mmol, 1 eq) 

in acetone (10 mL) at 0 °C was added the Jones reagent (prepared above) dropwise. The 

resultant mixture was left to react for 30 min, and the excess oxidant quenched by the 

addition of isopropanol (5 mL). The volatiles were removed in vacuo, and the resultant 

solution in water diluted with water (50 m), and extracted with EtOAc (50 mL ³ 4). The 

combined organic layers were washed with brine, dried with anhydrous Na2SO4, filtered, 

and concentrated in vacuo. The resultant crude material was subjected to flash column 

chromatography (mobile phase of 75% ethyl acetate in hexanes) to give 72 as a yellow 

oil. Yield 0.34 g (1.2 mmol, 59%); Rf 0.21 (10% MeOH/DCM, visualization KMnO4); 
1H 

NMR (500 MHz, CDCl3) ŭ 10.29 (s, 1H), 4.06 (s, 2H), 3.64 (dt, J = 5.1, 3.2 Hz, 2H), 3.62 

ï 3.52 (m, 8H), 3.52 ï 3.47 (m, 2H), 3.39 (t, J = 6.5 Hz, 2H), 2.09 (td, J = 7.1, 2.6 Hz, 

2H), 1.86 (t, J = 2.6 Hz, 1H), 1.62 ï 1.54 (m, 2H), 1.53 ï 1.43 (m, 2H).; 13C NMR (125 

MHz, CDCl3) ŭ 173.12, 84.11, 70.93, 70.56, 70.38, 70.31, 70.29, 70.26, 69.86, 68.45, 

68.33, 28.34, 24.92, 18.00. 

7.6.4.5 (3S,6S,9S)-9-((1H-Indol-3-yl)methyl)-3-(((S)-1-amino-1-oxo-3-phenylpropan-

2-yl)carbamoyl)-6-butyl -5,8,11-trioxo-13,16,19,22,25-pentaoxa-4,7,10-

triazahentriacont-30-ynoic Acid (73) 

For the synthesis of 73, a similar coupling cycle to that described in 7.2.3.1 was 

used to couple alkyne-PEG-acid 71 (0.70 g, 2.10 mmol, 3 eq) to ~0.68 mmol of 13. Here, 

bromophenol blue was not used in the coupling cycle, a coupling time of 2 h was 

employed, and post-coupling acylation was not performed. 
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Cleavage from the resin (10 mL of cleavage cocktail), removal of TFA, and 

subsequent lyophilization according to the procedure outlined for 14 gave a solid, which 

was subjected to reversed-phase preparative HPLC (mobile phase gradient of 10-90% 

acetonitrile/water containing 0.1% TFA over 45 min, tR = 16.9 min). Product-containing 

fractions were combined and the solutions lyophilized to produce 73 as a fluffy white 

solid. Yield 243 mg (0.27 mmol, 40%); HRMS (ESI-ICR) m/z calcd. for C46H65N6O12 

[M+H] + 893.46550, found 893.46609. 

7.6.5 Synthesis of the PEG incorporated CCK4 trimer  

7.6.5.1 1,3,5-Tris((6-bromohexyl)oxy)benzene (74) 

To a stirred solution of 1,6-dibromohexane (36.3 g, 142.7 mmol, 9 eq) in DMF 

(300 mL) were added phloroglucinol (2.0 g, 15.9 mmol, 1 eq) and potassium carbonate 

(13.2 g, 95.4 mmol, 6 eq). The resultant light yellow suspension was stirred for 36 h at rt. 

The solution was filtered to remove solids, and the DMF evaporated under vacuum. The 

resultant slurry was partitioned between ether (200 mL) and 10% NaOH (aq, 200 mL). 

The aqueous layer was extracted with ether (200 mL), the combined organic layers were 

washed with brine (2 ³ 150 mL), dried with anhydrous Na2SO4, filtered, and evaporated 

under vacuum. The brown oily residue was subjected to flash column chromatography 

(chloroform:hexanes 6:4) to give 74 as a clear oil. Yield 3.0 g (4.9 mmol, 31%); Rf 0.20 

(chloroform/hexanes 6:4, visualization PMA); IR (NaCl plate, cm-1) 3095, 3003, 2936, 

2859, 1598; 1H NMR (500 MHz, CDCl3) ŭ 6.05 (s, 3H), 3.91 (t, J = 6.4 Hz, 6H), 3.42 (t, 

J = 6.8 Hz, 6H), 1.93 ï 1.85 (m, 6H), 1.81 ï 1.73 (m, 6H), 1.55 ï 1.43 (m, 12H); 13C 
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NMR (125 MHz, CDCl3) ŭ 160.94, 93.91, 67.82, 33.92, 32.80, 29.16, 28.03, 25.42. 

HRMS (ESI-ICR) m/z calcd. for C24H40Br3O3 [M+H] + 615.05016, found 615.04996. 

7.6.5.2 1,3,5-Tris((6-azidohexyl)oxy)benzene (75) 

To a round bottomed flask purged with argon were added 74 (0.56 g, 0.82 mmol, 

1 eq), DMF (3 mL), and sodium azide (0.41 g, 6.3 mmol, 6.6 eq). The resultant mixture 

was stirred overnight and then partitioned between ether (40 mL) and water (30 mL). The 

organic layer was washed with water (30 mL), brine (25 mL ³ 2), dried with anhydrous 

Na2SO4, filtered, and concentrated in vacuo. The resultant viscous oil was subjected to 

flash column chromatography (10% EtOAc/hexanes) to give 75 as a clear viscous oil. 

Yield 0.34 g (67.8 mmol, 83%); Rf 0.36 (10% EtOAc/hexanes, visualization PMA); IR 

(NaCl plates, cm-1) 3011, 2936, 2862, 2094, 1599; 1H NMR (500 MHz, CDCl3) ŭ 6.05 (s, 

3H), 3.91 (t, J = 6.4 Hz, 6H), 3.27 (t, J = 6.9 Hz, 6H), 1.77 (m, 6H), 1.68 ï 1.58 (m, 6H), 

1.53 ï 1.39 (m, 12H); 13C NMR (125 MHz, CDCl3) ŭ 160.91, 93.84, 67.76, 51.42, 29.15, 

28.85, 26.55, 25.75; HRMS (ESI-ICR) m/z calcd. for C24H40N9O3 [M+H]+ 502.32486, 

found 502.32453. 

7.6.5.3 (3S,3'S,3''S,6S,6'S,6''S,9S,9'S,9''S)-29,29',29''-(((Benzene-1,3,5-

triyltris(oxy))tris(hexane -6,1-diyl))tris(1 H-1,2,3-triazole-1,4-diyl))tris(9 -((1H-indol-

3-yl)methyl)-3-(((S)-1-amino-1-oxo-3-phenylpropan-2-yl)carbamoyl)-6-butyl -5,8,11-

trioxo-13,16,19,22,25-pentaoxa-4,7,10-triazanonacosanoic Acid) (76) 

To a microwave vial (0.2-0.5 mL) purged with argon were added TBTA (9.5 mg, 

18 mmol, 1.2 eq), TACP (6.7 mg, 18 mmol, 1.2 eq), and CCK4-PEG-alkyne 73 (80.4 mg, 

90 mmol, 6 eq). This mixture was dissolved in 150 mL of argon-purged DMF, and 75 



170 

 

(29.0 mL of a 0.518 M solution in DMF, 15 mmol, 1.0 eq) and sodium ascorbate (3.9 mg, 

19.8 mmol, 1.1 eq per TACP) were added.  The vial walls were washed down with 75 mL 

of argon-purged DMF, the vial sealed, and irradiated in a microwave reactor to maintain 

a temperature of 100 °C for 4 h.  Volatiles were removed in vacuo and the residue 

dissolved in H2O (50 mL).  The aqueous solution was extracted with a solution of 

dithizone in chloroform (0.5 mM, 3 ³ 30 mL) and chloroform (2 ³ 30 mL).  The resulting 

aqueous solution was lyophilized, giving 30 mg of residue.  Preparative reversed phase 

HPLC (mobile phase gradient of 10% at 0 min ï 70% at 13 min ï 60% at 20 min, 

acetonitrile/water containing 0.1% TFA, tR = 19.8 min) gave 76 as a white solid after 

lyophilization. Yield 7.9 mg (2.5 mmol, 17%); HRMS (ESI-ICR) m/z calcd. for 

C162H234N27O39 [M+3H]3+ 1060.5714, found 1060.5729; analytical HPLC tR = 25.12 min. 

7.6.6 Synthesis of short chain CCK4 trimers 

7.5.6.1 (3S,3'S,3''S)-3,3',3''-(((2S,2'S,2''S)-2,2',2''-(((2S,2'S,2''S)-2,2',2''-((6,6',6''-

(((Benzene-1,3,5-triyltris(oxy))tris(methylene))tris(1 H-1,2,3-triazole-4,1-

diyl))tris(hexanoyl))tris(azanediyl))tris(3-(1H-indol-3-

yl)propanoyl))tris(azanediyl))tris(hexanoyl))tris(azanediyl))tris(4-(((S)-1-amino-1-

oxo-3-phenylpropan-2-yl)amino)-4-oxobutanoic Acid) (77) 

To a microwave vial (0.5-2 mL) purged with argon were added CCK4-azide 67 

(80.6 mg, 112.2 mmol, 6 eq), TBTA (11.9 mg, 22.4 mmol, 1.2 eq), and TACP (8.4 mg, 

22.4 mmol, 1.2 eq). This mixture was dissolved in 500 mL of argon-purged DMF, and 52 

(150 mL of a 0.122 M solution in DMF, 18.3 mmol, 1.0 eq) and sodium ascorbate (4.9 

mg, 24.7 mmol, 1.1 eq per TACP) were added.  The vial walls were washed down with 
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400 mL of argon-purged DMF, the vial sealed, and irradiated in a microwave reactor to 

maintain a temperature of 100 °C for 4 h.  Volatiles were removed in vacuo and the 

residue dissolved in H2O/ACN (100 mL).  The aqueous solution was extracted with a 

solution of dithizone in chloroform (0.5 mM, 3 ³ 40 mL) and chloroform (2 ³ 40 mL), 

then lyophilized. Preparative reversed phase HPLC (mobile phase gradient of 10% at 0 

min ï55% at 15 min ï 80% at 25 min, acetonitrile/water containing 0.1% TFA, tR = 16.6 

min) gave 77 as a white solid after lyophilization. Yield 5.2 mg (2.2 mmol, 12%); HRMS 

(ESI-ICR) m/z calcd. for C123H155N27O24 [M+2H]2+ 1197.0864, found 1197.0872; 

analytical HPLC tR = 22.42 min. 

7.6.6.2 (3S,3'S,3''S)-3,3',3''-(((2S,2'S,2''S)-2,2',2''-(((2S,2'S,2''S)-2,2',2''-((2,2',2''-

((nitrilotris(methylene))tris(1 H-1,2,3-triazole-4,1-

diyl))tris(acetyl))tris(azanediyl))tris(3-(1H-indol-3-

yl)propanoyl))tris(azanediyl))tris(hexanoyl))tris(azanediyl))tris(4-(((S)-1-amino-1-

oxo-3-phenylpropan-2-yl)amino)-4-oxobutanoic acid) (78) 

To a microwave vial (0.5-2 mL) purged with argon were added CCK4-azide 68 

(79.4 mg, 120 mmol, 6 eq). To this was sequentially added argon-purged DMF (500 mL), 

TACP (29 mg, 78 mmol, 3.9 eq), 2,6-lutidine (470 mL, 40 mmol, 2 eq), and 50 (571 mL of 

a 0.035 M solution in DMF, 20 mmol, 1.0 eq).  The vial walls were washed down with 

400 mL of argon-purged DMF, the vial sealed, and stirred at rt for 4 days. Volatiles were 

removed in vacuo and the residue dissolved in H2O/ACN (250 mL).  The aqueous 

solution was extracted with a solution of dithizone in chloroform (1.5 mM, 3 ³ 50 mL) 

and chloroform (2 ³ 50 mL), then lyophilized. Preparative reversed phase HPLC (mobile 
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phase gradient of 10% at 0 min ï55% at 15 min ï 80% at 25 min, acetonitrile/water 

containing 0.1% TFA, tR = 15.1 min) gave 78 as a white solid after lyophilization. Yield 

5.2 mg (2.5 mmol, 12%); HRMS (ESI-ICR) m/z calcd. for C105H128N28O21 [M+2H]2+ 

1058.48989, found 1058.49173; analytical HPLC tR = 21.18 min. 

7.7 Biological Assays for Chapter 4 

7.7.1 Preparation of solutions 

Stock solutions of the CCK4 constructs 76-78, control compounds 66, 54a, and 

57a, and the Eu-DTPA-PEGO-CCK4 probe 15 were made up in DMSO at a nominal 

concentration of 2.0 mM based on measured weights of solutes.  Except for the control 

compounds, exact concentrations were determined by comparison to a DTrp standard 

solution (0.50 mM) using analytical HPLC.  Selective growth media for cell growth was 

prepared by supplementing Dulbeccoôs Modified Eagle Medium (DMEM) with 10% fetal 

bovine serum, 1% penicillin-streptomycin, 0.1% zeocin, and 0.8% geneticin.  Basic 

buffer was prepared by dissolving 5.97 g HEPES and 2 g BSA in 1 L of DMEM.  The pH 

of this solution was adjusted to 7.4 using 2 N NaOH and the solution sterilized by 

filtration through a 0.22 mm filter (Corning®, 431117, 500 mL bottle-top filter, sterile) 

under vacuum.  Binding buffer was prepared by supplementing DMEM (1 L) with 

HEPES (5.97 g), BSA (2 g), 1,10-phenanthroline (1 mL of a 1 M solution in EtOH), 

leupeptin (1 mL of a 500 mg/L aqueous solution), and bacitracin (1 mL of a 200 g/L 

aqueous solution).  The pH of this solution was adjusted to 7.4 using 2 N NaOH and the 

solution sterilized by filtration through a 0.22 mm filter (Corning, 431117, 500 mL bottle-

top filter, sterile) under vacuum. 
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7.7.2 Cell culture 

Dual (MC4R/CCK2R) expressing HEK293 cells59 were maintained in selective 

growth media.  For the binding assays, cells were plated into 6 well plates (Greiner Bio-

One, 657160, Cell Culture Multi-well Plates, Polystyrene, 6 wells) at 240,000 cells per 

well in a total volume of 3 mL (2 mL of the selective growth media added initially to 

each well, followed by 1 mL of cell suspension).  On the third day after plating, 

additional selective growth media (1 mL) was carefully added to each of the wells so as 

not to disturb the cells.  The cells were left to grow until ~90% confluency was achieved 

(usually by day 5) before conducting assays. 

7.7.3. Saturation binding assays 

Six solutions containing both the Eu-DTPA-PEGO-CCK4 probe 15 and Ac-

CCK4 66 were made in 1.2 mL of binding buffer in separate micro-centrifuge tubes (one 

per each well).  All six tubes contained 1 mM concentrations of Ac-CCK4 66, while the 

concentration of the probe 15 was varied across the six tubes (0.1, 10, 25, 50, 100, 250 

nM).  These six solutions were used to assess nonspecific binding.  A second set of six 

solutions (1.2 mL each) contained the probe 15 at the same concentrations without the 

blocking ligand Ac-CCK4.  These solutions were used to assess total binding. 

To commence an assay, cell-containing 6-well plates (³ 2) were removed from 

the incubator and the selective growth media removed by careful aspiration.  The twelve 

prepared solutions detailed above were carefully transferred (1 mL per well) by pipette 

down the well walls (to minimize disturbance of the cells, which can result in cell loss 

during media exchanges).  The plates were then maintained in a CO2 incubator at 37 °C 

for 1 h. 
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Solutions were then removed by careful aspiration and 600 mL of basic buffer 

were added to each well.  The cells were scraped from each well individually using a Cell 

Scraper (18 cm, GeneMate) and transferred in suspension to separate 1.7 mL micro-

centrifuge tubes.  The wells and scraper were rinsed with 600 mL of basic buffer and the 

rinses combined with the corresponding suspensions.  One scraper was used across the 

wells measuring total binding, and another was used across the wells measuring non-

specific binding. 

The tubes containing the cell suspensions were centrifuged (3000 rpm for 3 min) 

in a micro-centrifuge.  After removing the supernatant, the cells were re-suspended in 

basic buffer (1 mL) and incubated for 5 min in a 37 °C water bath during each of three 

wash cycles.  After the final wash, 600 mL of DELFIA Enhancement Solution (Perkin 

Elmer 1244-104) was added to each cell pellet, the tubes mixed using a vortex mixer, and 

incubated for 1 h in a water bath maintained at 37 °C.  

Following the incubation, cells and cell fragments were pelleted (5000 rpm for 5 

min) and 4 ³ 100 mL aliquots of each supernatant were transferred to a 96 well plate 

(Perkin-Elmer, 6005060, tissue culture treated B&W Isoplate-96) for fluorescence 

measurement using a VICTOR X4 2030 Multilabel Reader.  

7.7.4 Competitive binding assays 

Immediately before an assay, twelve solutions (1350 mL each) of compounds to 

be tested were made up in binding buffer in microcentrifuge tubes at concentrations 

ranging from 10-5 to 10-12 M.  Each of the tubes also contained the Eu-DTPA-PEGO-

CCK4 probe 15 at a concentration of 15 nM.  Cell-containing 6-well plates (³ 2) were 

removed from the incubator and the selective growth media removed by careful 
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aspiration.  The twelve prepared solutions from above were carefully transferred (1 mL 

per well) by pipette down the well walls.  The plates were then maintained in a CO2 

incubator at 37 °C for 1 h. 

After 1 h, solutions were removed by careful aspiration and 600 mL of basic 

buffer were added to each well.  The cells were scraped from each well using a Cell 

Scraper (18 cm, GeneMate) and transferred in suspension to separate 1.7 mL micro-

centrifuge tubes.  The wells and scraper were rinsed with 600 mL of basic buffer and the 

rinses combined with the corresponding suspensions. 

The cell suspensions were centrifuged (3000 rpm for 3 min) in a micro-centrifuge. 

After removing the supernatant, the cells were re-suspended in basic buffer (1 mL) and 

incubated for 5 min in a 37 °C water bath during each of three wash cycles.  After the 

final wash, 600 mL of DELFIA Enhancement Solution (Perkin Elmer 1244-104) was 

added to each cell pellet, the tubes mixed using a vortex mixer, and incubated in a water 

bath maintained at 37 °C for 1 h.  

Following the incubation, cells and cell fragments were pelleted (5000 rpm for 5 

min) and 4 ³ 100 mL aliquots of each supernatant were transferred to a 96 well plate 

(Perkin-Elmer, 6005060, tissue culture treated B&W Isoplate-96) for fluorescence 

measurement using a VICTOR X4 2030 Multilabel Reader.  

7.8 Synthesis of Compounds in Chapter 5 

7.8.1 Solanesyl bromide (79)129 

In a round bottomed flask under an Ar atmosphere, solanesol (44.0 g, 69.7 mmol, 1.0 eq) 

was dissolved in anhydrous THF (130 mL). The flask was cooled to -10 °C in an ice-salt 
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bath, and phosphorus tribromide (3 mL, 31.8 mmol, 0.46 eq) in anhydrous THF (10 mL) 

was added dropwise in to the stirred solution. Reaction was maintained at -10 ï 0 °C for 

2 hours, and then the reaction quenched by the addition of methanol (450 mL) where 

solanesyl bromide precipitates. The resultant cold suspension was filtered to obtain 79 as 

a pale yellow solid. Yield = 41.20 g (59.4 mmol, 85%); 1H NMR (500 MHz, Chloroform-

d) ŭ 5.53 (ddq, J = 8.5, 7.1, 1.3 Hz, 1H), 5.17 ï 5.06 (m, 8H), 4.02 (d, J = 8.4 Hz, 2H), 

2.09 (dp, J = 13.4, 6.7, 6.1 Hz, 18H), 1.99 (dd, J = 9.5, 6.1 Hz, 14H), 1.73 (d, J = 1.4 Hz, 

3H), 1.69 (t, J = 1.3 Hz, 3H), 1.61 (d, J = 1.3 Hz, 21H), 1.26 (s, 3H); 13C NMR (125 

MHz, CDCl3) ŭ 143.74, 135.80, 135.15, 135.09, 135.06, 135.04, 135.01, 131.37, 124.55, 

124.42, 124.41, 124.40, 124.37, 124.30, 123.51, 120.68, 39.91, 39.89, 39.86, 39.70, 

29.87, 29.82, 26.94, 26.88, 26.84, 26.80, 26.28, 25.86, 17.85, 16.24, 16.20, 16.17, 16.15. 

7.8.2 Solanesyl phthalimide (80) 

In a round bottomed flask under an Ar atmosphere, solanesyl bromide 79 (3.15 g, 4.54 

mmol) was dissolved in anhydrous THF (40 mL). To this was added potassium 

phthalimide (2.57 g, 13.6 mmol, 3 eq) in three portions over 5 min, and the resultant 

suspension stirred at rt. After 36 h, the reaction mixture was partitioned between water 

(100 mL) and EtOAc (75 mL). The aqueous layer was extracted with further EtOAc (2 x 

50 mL). The combined organic layers were washed with brine (1 x 100 mL), dried with 

anhydrous sodium sulfate, filtered, and concentrated in vacuo. The resultant crude solid 

was purified by flash column chromatography (mobile phase 3% EtOAc/Hex) to yield 80 

as a yellow-brown solid. Yield = 2.87 g (3.8 mmol, 84%); 1H NMR (500 MHz, CDCl3) ŭ 

7.83 (dd, J = 5.4, 3.1 Hz, 2H), 7.69 (dd, J = 5.5, 3.1 Hz, 2H), 5.27 (ddt, J = 8.4, 7.1, 1.4 

Hz, 1H), 5.17 ï 5.08 (m, 8H), 4.28 (d, J = 7.1 Hz, 2H), 2.12 ï 1.91 (m, 32H), 1.84 (d, J = 
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1.3 Hz, 3H), 1.68 (d, J = 1.5 Hz, 3H), 1.60 (s, 21H), 1.57 (t, J = 1.6 Hz, 6H); 13C NMR 

(125 MHz, CDCl3) ŭ 168.23, 140.80, 135.53, 135.05, 135.03, 135.01, 133.89, 132.47, 

131.36, 124.54, 124.42, 124.40, 124.39, 124.31, 123.77, 123.26, 118.10, 39.90, 39.88, 

39.84, 39.66, 35.96, 26.93, 26.88, 26.83, 26.42, 25.86, 17.84, 16.55, 16.19, 16.17. 

7.8.3 Solanesyl amine (82) 

To a suspension of 80 (0.55 g, 0.72 mmol, 1 eq) in absolute ethanol (5 mL) was 

added hydrazine hydrate (1 mL, 31.9 mmol, 44 eq), and the resultant mixture stirred at 45 

°C. After 30 min the suspension was filtered while hot, and the filtrate evaporated to 

dryness.  Chloroform (10 mL) was added to the residue and stirred at rt for another 30 

min, and the resultant suspension filtered under vacuum. The precipitate was washed with 

further chloroform (2 ³ 2 mL). The combined filtrates were concentrated in vacuo to 

yield crude solanesyl amine 82 in quantitative yield (0.46 g, 0.72 mmol) which was used 

in the next step without further purification. 1H NMR (500 MHz, CDCl3) ŭ 5.23 (tq, J = 

6.8, 1.3 Hz, 1H), 5.13 ï 5.05 (m, 8H), 3.25 (d, J = 6.8 Hz, 2H), 2.12 ï 1.87 (m, 32H), 

1.65 (d, J = 1.4 Hz, 3H), 1.61 (d, J = 1.2 Hz, 3H), 1.57 (d, J = 1.6 Hz, 21H), 1.56 (s, 3H), 

0.84 (dd, J = 6.6, 2.0 Hz, 2H). 

7.8.4 Ethyl N-solanesylisonipecotate (83) 

In a round bottomed flask under an Ar atmosphere, 79 (23.80 g, 34.3 mmol, 1.0 eq) was 

dissolved in anhydrous ether (100 mL). To this solution was added sequentially 

triethylamine (7.3 mL, 51.6 mmol, 1.5 eq) and ethyl isonipecotate (8.2 mL, 51.6 mmol, 

1.5 eq). The resultant creamy-orange solution was left to stir overnight at rt. After 

reaction completion, the contents were partitioned between water (150 mL) and EtOAc 
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(150 mL). The aqueous layer was extracted with further five portions of EtOAc (5 ³ 200 

mL). The combined organic layers were washed with brine (200 mL ³ 2), dried with 

anhydrous sodium sulfate, filtered, and evaporated under vacuum. The resultant orange-

oily crude material was subjected to flash column chromatography using 5% 

EtOAc/Hexanes as the mobile phase to yield 83 as pale yellow solid. Yield = 22.55 g 

(29.3 mmol, 85%). mp 30-31 °C; 1H NMR (500 MHz, CDCl3) ŭ 5.26 (tt, J = 5.6, 1.3 Hz, 

1H), 5.11 (tddd, J = 8.8, 7.0, 3.4, 1.4 Hz, 8H), 4.12 (q, J = 7.1 Hz, 2H), 2.95 (d, J = 7.0 

Hz, 2H), 2.88 (d, J = 11.4 Hz, 2H), 2.27 (tt, J = 11.0, 4.1 Hz, 1H), 2.15 ï 1.93 (m, 34H), 

1.92 ï 1.84 (m, 2H), 1.83 ï 1.70 (m, 2H), 1.68 (q, J = 1.3 Hz, 3H), 1.63 (d, J = 1.2 Hz, 

3H), 1.60 (t, J = 1.4 Hz, 24H), 1.24 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3) ŭ 

175.27, 138.77, 135.34, 135.11, 135.05, 135.03, 135.00, 131.36, 124.54, 124.42, 124.40, 

124.39, 124.32, 124.08, 121.10, 77.41, 77.16, 76.91, 60.38, 56.46, 53.10, 39.96, 39.90, 

39.88, 28.49, 26.93, 26.88, 26.87, 26.84, 26.59, 25.85, 17.84, 16.62, 16.21, 16.19, 16.16, 

14.38. 

7.8.5 Ethyl 1-(2,6,10,14,18,22,26,30,34-nonahydroxy-3,7,11,15,19,23,27,31,35-

nonamethylhexatriacontyl)piperidine-4-carboxylate (84) 

To a round bottomed flask under an Ar atmosphere was added a BH3 (1 M 

solution in THF, 56 mL, 56 mmol), and the flask cooled in an ice-salt bath (0 to -10 °C). 

To this solution was added 2-methyl-2-butene (2 M solution in THF, 56 mL, 112 mmol). 

After 2.5 h of stirring at 0 to -10 °C, a solution of 83 (1.59 g, 2.06 mmol, 1 eq) in 

anhydrous THF (15 mL) was added over 30 min to the reaction flask. The reaction was 

stirred at 0 °C for 3 hours and then left in a refrigerator at 4 °C. After 72 h, the flask was 
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taken out from the refrigerator and placed in an ice-water bath. To this was added 

trimethylamine N-oxide (19.5 g, 175 mmol, 3.1 eq per borane) in small aliquots. After 

addition was complete the flask was stirred for another 30 min till bubble formation 

ceased. Then the flask was attached with a condenser and the contents refluxed for 24 h  

After 24 h, volatiles were removed in vacuo and the contents partitioned between 

water (~100 mL) and ether in a continuous liquid-liquid extractor. After adding sodium 

chloride to saturate the aqueous layer, the aqueous layer was continuously extracted for 

72 h with ether. From this extract, volatiles was removed under vacuum and the resultant 

residue purified by flash column chromatography using a gradient elution of 3% MeOH 

in CHCl3 (200 mL), 10% MeOH in CHCl3 (800 mL), and 15% MeOH in CHCl3 (till 

product elution). The product containing fractions were combined and solvent removed 

under vacuum to yield 84 as a white solid. Yield = 0.80 g (0.86 mmol, 42%). 1H NMR 

(500 MHz, DMSO-d6) ŭ 4.28 ï 4.13 (m, 6H), 4.08 (q, J = 7.1 Hz, 2H), 4.01 ï 3.93 (m, 

1H), 3.78 (s, 1H), 3.59 ï 3.44 (m, 1H), 3.27 ï 3.12 (m, 5H), 3.09 (dq, J = 8.5, 4.4 Hz, 

1H), 2.88 (s, 1H), 2.05 ï 1.85 (m, 3H), 1.65 ï 1.07 (m, 42H), 1.05 ï 0.71 (m, 41H). 

7.8.6 2,6,10,15,19,23-hexamethyltetracosane-3,7,11,14,18,22-hexaol (86)128 

Using Borane/DIPEA 

To a round bottomed flask under an Ar atmosphere was added a BH3 (1 M 

solution in THF, 21 mL, 21 mmol, 1.5 eq per double bond), and the flask cooled in an 

ice-salt bath (0 to -10 °C). To this solution was added DIPEA (37 µL, 0.21 mmol, 0.01 

mol% to borane) and 20 mL of anhydrous THF. After 5 min of stirring, a solution of 

squalene (1.19 mL, 2.39 mmol, 1 eq) in anhydrous THF (15 mL) was added over 10 min 
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in to the reaction flask. The reaction was stirred at 0 °C for 3 hours and then at rt. After 

72 h, the flask was cooled again to 0 °C, and 3 N NaOH (9 mL) was added in small 

portions. To this solution was added 30% hydrogen peroxide (9 mL) in a dropwise 

manner and the reaction mixture stirred overnight at rt. 

The contents of the reaction flask were poured in to a continuous liquid-liquid 

extractor. After adding sodium chloride to saturate the aqueous layer, the aqueous layer 

was continuously extracted for 72 h with ether. From this extract, volatiles was removed 

under vacuum and the resultant residue purified by flash column chromatography using a 

gradient elution of DCM (200 mL), 6% MeOH in DCM (300 mL), and 8% MeOH in 

DCM (till product elution). The product containing fractions were combined and solvent 

removed under vacuum to yield 86 as a white solid. Yield = 0.76 g (1.5 mmol, 63%)  

Using Disiamylborane/DIPEA 

To a round bottomed flask under an Ar atmosphere was added a BH3 (1 M 

solution in THF, 29 mL, 29 mmol), and the flask cooled in an ice-salt bath (0 to -10 °C). 

To this solution was added DIPEA (51 µL, 0.29 mmol, 0.01 mol% to borane) and 2-

methyl-2-butene (2 M solution in THF, 29 mL, 58 mmol). After 2.5 h of stirring at 0 to -

10 °C, a solution of squalene (1.19 mL, 2.39 mmol, 1 eq) in anhydrous THF (15 mL) was 

added over 10 min in to the reaction flask. The reaction was stirred at 0 °C for 3 hours 

and then at rt. After 72 h, the flask was cooled again to 0 °C, and 3 N NaOH (12 mL) was 

added in small portions. To this solution was added 30% hydrogen peroxide (12 mL) in a 

dropwise manner and the reaction mixture stirred overnight at rt. 
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The contents of the reaction flask were poured in to a continuous liquid-liquid 

extractor. After adding sodium chloride to saturate the aqueous layer, the aqueous layer 

was continuously extracted for 72 h with ether. From this extract, volatiles was removed 

under vacuum and the resultant residue purified by flash column chromatography using a 

gradient elution of DCM (200 mL), 6% MeOH in DCM (300 mL), and 8% MeOH in 

DCM (till product elution). The product containing fractions were combined and solvent 

removed under vacuum to yield 86 as a white solid. Yield = 0.86 g (1.7 mmol, 71%). 1H 

NMR (500 MHz, CDCl3) ŭ 3.67 ï 3.22 (m, 6H), 1.84 ï 1.32 (m, 26H), 1.21 ï 1.06 (m, 

4H), 0.98 ï 0.81 (m, 26H). 

7.9 Data Analysis   

7.9.1 Software 

NMR data were analyzed using MestReNova software (Mestre Lab Research S. 

L., version 7.1.1) software.  Biological data analysis was performed using GraphPad 

Prism software (version 5.04).   

7.9.2 Molecular dynamics studies 

To model the molecular orientations of the MSH4 ligands of compounds 46, 56c, 

58c, and 60 at or near physiologic conditions and temperatures, molecular dynamics 

simulations were carried out using MOE2013.08 (Chemical Computing Group, Inc., 

Montreal) and programs therein.  The AMBER 99 force field was used.  Before starting 

the dynamics simulation, each molecule was first built and energy minimized, solvated in 

a water shell (between 4800 and 5900 waters per molecule), then re-minimized to relax 

unfavorable contacts.  In each case, the system was then heated from 300 to 310 K over 
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100 ps.  Following equilibration for 100 ps, the production stage continued for 2 ns, with 

trajectories recorded every 0.5 ps starting with the heating stage.  The lowest energy 

conformation of each molecule observed during its MD run is depicted in Figure 3.13 of 

the dissertation.  

7.9.3 Data analysis for the binding assays 

7.9.3.1 Saturation binding 

The total and nonspecific binding curves were generated from the binding assay data 

using nonlinear regression analysis and fitted to the ñOne-site Total and Nonspecific 

Bindingò equation. 

Specific = Bmax*X  / (X + Kd)    (Equation S1) 

Nonspecific = NS*X + Background   (Equation S2) 

For Total Binding: Y = specific + nonspecific 

For Nonspecific binding: Y = nonspecific 

Where;  

Á Bmax is the maximum specific binding in the same units as Y. 

Á Kd is the equilibrium binding constant, in the same units as X. It is the radioligand 

concentration needed to achieve a half-maximum binding at equilibrium. 

Á NS is the slope of nonspecific binding in Y units divided by X units. 

Á Background is the amount of nonspecific binding with no added radioligand. This 

represents counter background. If the counter automatically subtracts off the 

background signal, Background can be constrained to a constant value of zero. 

The specific binding curves were generated using nonlinear regression analysis and fitted 

to the ñOne site - Specific Binding with Hill Slopeò equation (Equation S3, for probe 8) 

or the ñOne site - Specific Bindingò equation (Equation S4, for probe 15). 

Y = Bmax*X^h/(Kd^h + X^h)   (Equation S3) 

Y = Bmax*X /(Kd + X)    (Equation S4) 

Where; h = Hill slope. 
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7.9.3.2 Competitive binding 

Competitive binding data were analyzed using nonlinear regression analysis and fitted to 

the ñOne site - Fit Kiò equation.  

  log EC50 = log (10^log Ki*(1 + [RL] /[Hot Kd]))  (Equation S5) 

Y = Bottom + (Top-Bottom) / (1+10^(X - Log EC50)) (Equation S6) 

Where;  

¶ Top and Bottom are plateaus in the units of Y axis. 

¶ Ki is the molar equilibrium dissociation constant of the unlabeled ligand. 

¶ [RL]  is the concentration of labeled ligand in nM. For 8 [RL] = 20 nM, and for 15 

[RL] = 15 nM 

¶ [Hot Kd] is the equilibrium dissociation constant of the labeled ligand in nM. For 

8 [Hot Kd] = 21 nM, and for 15 [Hot Kd] = 17 nM. 

 

 

 

 

 

 

 

 

 

 



184 

 

 

 

 

 

 

 

APPENDIX A: 1H AND 13C NMR SPECTRA 
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1H-NMR Spectrum of 52 
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13C-NMR Spectrum of 52 
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1H-NMR Spectrum of 53 
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13C-NMR Spectrum of 53 
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1H-NMR Spectrum of 54a 
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13C-NMR Spectrum of 54a 
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1H-NMR Spectrum of 54b 
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13C-NMR Spectrum of 54b 
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1H-NMR Spectrum of 54c 
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13C-NMR Spectrum of 54c 
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1H-NMR Spectrum of 57a 
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13C-NMR Spectrum of 57a 
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1H-NMR Spectrum of 57b 
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13C-NMR Spectrum of 57b 
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1H-NMR Spectrum of 57c 
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13C-NMR Spectrum of 57c 
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1H-NMR Spectrum of 59 
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13C-NMR Spectrum of 59 
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1H-NMR Spectrum of 69 
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13C-NMR Spectrum of 69 
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1H-NMR Spectrum of 70 
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13C-NMR Spectrum of 70 
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1H-NMR Spectrum of 71 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1
H

 N
M

R
 (

5
0

0
 M

H
z
, 
C

D
C

l 3)
 
ŭ
 
1
0
.
0
6
 
(
s
,
 
1
H
)
,
 
4
.
0
9
 
(
s
,
 

2
H

),
 3

.7
0

 ï
 3

.6
4

 (
m

, 
2

H
),

 3
.6

4
 ï
 3

.5
4

 (
m

, 
1

2
H

),
 3

.5
3

 ï
 

3
.4

9
 (

m
, 
2

H
),

 3
.4

1
 (

t,
 J 
=

 6
.4

 H
z
, 
2

H
),

 2
.1

2
 (

td
, J 
=

 7
.1

, 

2
.7

 H
z
, 
2

H
),

 1
.8

8
 (

t,
 J 
=

 2
.6

 H
z
, 
1

H
),

 1
.6

5
 ï
 1

.5
7

 (
m

, 

2
H

),
 1

.5
4

 ï
 1

.4
6

 (
m

, 
2

H
). 



208 

 

13C-NMR Spectrum of 71 
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1H-NMR Spectrum of 72 
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13C-NMR Spectrum of 72 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1
3 C

 N
M

R
 (

1
2

5
 M

H
z
, 
C

D
C

l 3)
 
ŭ
 
1
7
3
.
1
2
,
 
8
4
.
1
1
,
 

7
0

.9
3

, 
7

0
.5

6
, 
7

0
.3

8
, 
7

0
.3

1
, 
7

0
.2

9
, 
7

0
.2

6
, 

6
9

.8
6

, 6
8

.4
5

, 
6

8
.3

3
, 
2

8
.3

4
, 
2

4
.9

2
, 
1

8
.0

0
.

 



211 

 

1H-NMR Spectrum of 74 
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13C-NMR Spectrum of 74 
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1H-NMR Spectrum of 75 
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13C-NMR Spectrum of 75 
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1H-NMR Spectrum of 79 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1
H

 N
M

R
 (

5
0

0
 M

H
z
, C

D
C

l 3
)
 
ŭ
 
5
.
5
3
 
(
d
d
q
,
 

J 
=

 8
.5

, 
7

.1
, 
1

.3
 H

z
, 

1
H

),
 5

.1
7

 ï
 5

.0
6

 (
m

, 
8

H
),

 4
.0

2
 (

d
, J 
=

 8
.4

 H
z
, 
2

H
),

 2
.0

9
 (

d
p

, J 
=

 

1
3

.4
, 
6

.7
, 
6

.1
 H

z
, 
1

8
H

),
 1

.9
9

 (
d
d

, 
J 

=
 9

.5
, 
6

.1
 H

z
, 

1
4

H
),

 1
.7

3
 (

d
, 

J 
=

 1
.4

 H
z
, 
3

H
),

 1
.6

9
 (

t,
 J 
=

 1
.3

 H
z
, 
3

H
),

 1
.6

1
 (

d
, J 
=

 1
.3

 H
z
, 

2
1

H
),

 1
.2

6
 (

s
, 
3

H
). 



216 

 

13C-NMR Spectrum of 79 
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1H-NMR Spectrum of 80 
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13C-NMR Spectrum of 80 
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1H-NMR Spectrum of 82 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1
H

 N
M

R
 (

5
0

0
 M

H
z
, 
C

D
C

l 3)
 
ŭ
 

5
.2

3
 (

tq
, J

 =
 6

.8
, 
1

.3
 H

z
, 

1
H

),
 5

.1
3

 ï
 5

.0
5

 (
m

, 
8

H
),

 3
.2

5
 (

d
, J 
=

 6
.8

 H
z
, 
2

H
),

 2
.1

2
 ï
 

1
.8

7
 (

m
, 
3

2
H

),
 1

.6
5

 (
d

, J 
=

 1
.4

 H
z
, 
3

H
),

 1
.6

1
 (

d
, J 
=

 1
.2

 

H
z
, 
3

H
),

 1
.5

7
 (

d
, J 

=
 1

.6
 H

z
, 
2

1
H

),
 1

.5
6

 (
s
, 
3

H
),

 0
.8

4
 (

d
d

, 

J 
=

 6
.6

, 
2

.0
 H

z
, 
2

H
). 

 



220 

 

1H-NMR Spectrum of 83 
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13C-NMR Spectrum of 83 
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