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Abstract 

The early detection and successful treatment of many human cancers would be 

facilitated by the availability of reagents that could seek out and selectively bind to 

cancer cells and report their existence and location by non-invasive molecular imaging. 

Our focus is on developing such reagents, which target human cancers that presently 

are difficult to detect, such as melanoma. We wish to apply the multivalency concept 

to differentiate between healthy cells and melanoma cells. Melanoma cells are known 

to over-express α-melanocyte stimulating hormone receptors. A successful multivalent 

construct should show greater avidity towards melanoma cells than healthy cells due to 

the synergistic effects arising from multivalency. 

Both oligomeric and shorter linear constructs bearing the minimum active 

sequence of melanocyte stimulating hormone, His-DPhe-Arg-Trp-NH2 (MSH4), which 

binds with low micromolar affinity to α-melanocyte stimulating hormone receptors, 

were synthesized. Binding affinities of these constructs were evaluated in a competitive 

binding assay by competing with labeled ligands, Eu-DTPA-PEGO-MSH7 and/or Eu-

DTPA-PEGO-NDP-α-MSH. The engineered cell line HEK293 CCK2R/hMC4R, 

which is genetically modified to over-express both the cholecystokinin 2 receptor 

(CCK2R) and human melanocortin 4 receptor (hMC4R), was used to test the 

multivalent constructs. 

The oligomers were rapidly assembled using microwave-assisted copper 

catalyzed azide-alkyne cycloaddition between a dialkyne derivative of MSH4 (both 

protected and deprotected forms) and a diazide derivative of (Pro-Gly)3 as co-

monomers. Mixtures with up to five MSH4 residues per chain were obtained at low 

monomer concentrations and with up to ten MSH4 units per chain at high monomer 

concentrations. Three oligomer mixtures were further analyzed based on their degree 
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of oligomerization and the route by which the MSH4 monomers were oligomerized, 

protected vs deprotected. All three mixtures showed evidence for at least partial 

cyclization. The completive binding assay against Eu-DTPA-PEGO-MSH7 showed 

only a statistical enhancement of binding for the three mixtures of oligomers when 

calculated based on the total MSH4 concentration. However, when the calculation of 

avidity is based on an estimation of the particles numbers, there was a seven times 

enhancement of binding compared to a monovalent MSH4 control. 

 The shorter linear multivalent MSH4 constructs were synthesized using readily 

available ethylene glycol, glycerol, and mannitol as core scaffolds with maximum inter-

ligand distances ranging from 27 – 37 Å. The divalent construct showed nanomolar 

binding with 29-fold and 18-fold enhancements in potency compared to a monovalent 

control when competed against the probes Eu-DTPA-PEGO-MSH7 and Eu-DTPA-

PEGO-NDP-α-MSH, respectively. The maximum inter-ligand distance of this divalent 

construct was 27 Å. The trivalent and the tetravalent constructs also showed nanomolar 

binding with only statistical enhancement when compared to the divalent construct. The 

hexavalent construct showed a twelve-fold enhancement of binding compared to the 

monovalent construct, but was clearly less potent than the structurally related 

tetravalent construct. This study showed that beyond a certain ligand density, the 

binding towards hMC4R is adversely affected.  

 Based on the binding data for our oligomers and shorter linear constructs, we 

envisioned a universal oligomeric scaffold with pendant ligands. It is our hypothesis 

that clusters of two ligands with an inter-ligand distance of about 27 Å distributed along 

an oligomeric backbone would have high potency towards melanocortin receptors. This 

scaffold could be modified to vary inter-ligand distances and densities of ligand 

presentation as necessary for a given receptor/ligand combination. 
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Chapter 1 

Introduction 

 

 
1.1 Overview 

 At the beginning of the 20th century, Paul Ehrlich introduced the concept of a 

“magic bullet” to describe chemotherapeutic agents that will kill only diseased cells 

without harming normal cells.1  His vision catalyzed research into targeted therapeutics.  

Drugs developed to target cancer include monoclonal antibodies,2,3 tumor- associated 

antigens,4 and kinase inhibitors.5 Though there have been many advances, selectivity 

remains a difficult problem.3 The concept of “multivalency” has been developed in 

recent years to make cell-specific imaging and therapeutic agents,.6 Herein we describe 

our multivalent approach for developing selective reagents which target human cancers 

that presently are difficult to detect, such as melanoma.  

1.2 Multivalency and Multivalent Interactions 

 Valency of an entity in the context of cellular or molecular biology represents 

the number of separate structural units (same or similar) simultaneously connected 

through non-bonded interactions to another entity. If the number of connections is one 

the construct is termed monovalent, if two divalent, and so on.6,7 

 The interaction between a monovalent structural unit and its corresponding 

partner is called a monovalent interaction. The most common example in biology is the 

receptor – ligand interaction. A monovalent interaction of a single ligand and a single 

receptor is shown in Figure 1.1 (a). This gives rise to a monovalent complex. Similarly, 

the simultaneous interaction between multiple ligands in one moiety and multiple 

independent receptors gives rise to a multivalent complex (Figure 1.1 b). Two key 
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concepts are “structural valency” and “functional valency”. The structural valency is 

the number of recognition elements present and the functional valency is the number of 

recognition elements that actually take part in the interaction.8 The value for functional 

valency must be experimentally determined, and this is often difficult. Therefore, 

multivalency generally refers to the structural valency of a particular entity.6 

 Two subtypes of multivalent interactions are possible, homo-multivalent 

interactions, where all the receptor-ligand pairings are identical, and hetero-multivalent 

interactions, where different receptor-ligand pairings are involved.6  

 

 

 

a)  

 

 

 

 

b)  

 

 

Figure 1.1 Schematic representations of cell surface receptor-ligand complexes.  

a) Monovalent interaction (𝐾𝑚𝑜𝑛𝑜
  = Monovalent association constant) 

b) Multivalent interaction (𝐾𝑁
𝑚𝑢𝑙𝑡𝑖  = Multivalent association constant) 

                      n ≥ 0, N = n+2 
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 Through multiple interactions, the multivalent compounds bind to the cell more 

tightly than do the monovalent compounds (discussed in detail in section 1.3). This 

enhanced affinity, called avidity, is the key advantageous feature in a multivalent 

interaction.6  

 Nature uses multivalent strategies to create tighter binding interactions utilizing 

low affinity ligands.7 Occurrences of multivalent interactions are seen in some cell 

surface receptors, deoxyribonucleic acid (DNA), lectins, ion channels, toxins, viruses, 

bacteria, and antibodies.8 For example, in the adhesion of the influenza virus to 

mammalian bronchial epithelial cell surfaces, the association of the viral cell surface 

protein trimer, hemagglutanin to a single sialoside on the cell surface is very weak (Kd 

~ 2 mM). Interaction of multiple copies of hemagglutanin with sialic acids makes the 

adhesion very tight, and eventually infection takes place.6 In addition to increased 

avidity, biological systems are benefitted by other functional advantages of multivalent 

binding. These include a means to modulate biological responses, receptor clustering, 

signal transduction, and selectivity.9  

1.3 Exploiting Multivalent Binding 

 Nature’s ability to achieve successful physiological responses via multivalent 

interactions is intriguing. Significant efforts are being made by scientists to capitalize 

on this strategy to make useful biologically relevant synthetic compounds.6  

 Many parameters must be considered for crafting a useful multivalent ligand. 

Initially, one should identify a specific biological function and a suitable system 

(receptor and ligand) which could be modulated by applying the multivalency concept. 

Next, the multivalent scaffold must be designed. Factors to consider include the 

scaffold shape, size, solubility, inter-ligand distances and geometry, the characteristics 
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of the linkers used to tether the ligands, and the density of the ligand presentation.6 

Unfortunately, a lack of knowledge of the biological system of interest can often hold 

up progress.  Knowledge of the inter-receptor distances, conformations of the receptor, 

and receptor density are critical since a mismatch in any of these parameters can result 

in inefficient binding. Along with issues of ligand design and synthesis, biology-related 

questions such as development of proper assay techniques, assessment of toxicity, and 

study of the changes in signal transduction must be considered. 

 It would be useful to understand the mechanisms involved in multivalent 

binding. Both thermodynamic and entropic parameters must be considered. Since 

multivalent attachment involves a series of events, analysis is very complicated. 

Consider simple models of a monovalent complex and a multivalent complex with N 

points of attachment. (Figure 1.1 b). Here the affinity constant (𝐾𝑚𝑜𝑛𝑜) expresses the 

binding strength of the monovalent complex. It is related to the Gibbs free energy of 

association (Δ𝐺mono) by the van’t Hoff equation 1.1. In the multivalent system with N 

ligands tethered to receptors, the association constant is expressed as 𝐾𝑁
𝑚𝑢𝑙𝑡𝑖  and is 

related to the Gibbs free energy (Δ𝐺N
multi) as in equation 1.2.6,7 

 

                               Δ𝐺mono      =   - RT ln(𝐾𝑚𝑜𝑛𝑜)            ---- 1.1    

                              Δ𝐺N
multi          =   - RT ln(𝐾𝑁

𝑚𝑢𝑙𝑡𝑖)                    ---- 1.2 

    

 The average Gibbs free energy change (Δ𝐺ave
multi ) of a single receptor-ligand  

interaction in a multivalent system is given by the equation 1.3. 
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                                                              ---- 1.3

              

 Separately, N individual receptors interacting with N ligands will have a total 

Gibbs free energy change of (N Δ𝐺mono) 

 The ratio between Δ𝐺N
multi and N Δ𝐺mono gives the degree of cooperativity10, 

and the cooperativity coefficient10 (α) can be expressed as shown in equation 1.4.6,7 

  

α    =   Degree of cooperativity   =                                                       ---- 1.4 

 

According to the accepted nomenclature11,12, if,  

 (α > 1) the interaction is positively cooperative or synergistic. Here Δ𝐺ave
multi  is greater    

              than 𝛥𝐺𝑚𝑜𝑛𝑜  

 (α = 1) noncooperative or additive. Here there is no difference between Δ𝐺ave
multi   

                  and 𝛥𝐺𝑚𝑜𝑛𝑜 

 (α < 1) the interaction is negatively cooperative. Here Δ𝐺ave
multi is smaller than 𝛥𝐺𝑚𝑜𝑛𝑜 

 Degree of cooperativity can also be expressed as in equation 1.5 by solving for 

   𝐾𝑁
𝑚𝑢𝑙𝑡𝑖  equations7 1.1 – 1.4. 

                                           𝐾𝑁
𝑚𝑢𝑙𝑡𝑖  = (𝐾𝑚𝑜𝑛𝑜)αN                                                             ---- 1.5 

  

 While the expressions of cooperativity in equation 1.4 and 1.5 correlate well 

with traditional biochemistry examples, they fail to reflect the actual comparison of 

binding strengths in multivalent systems of interest to us.13 For example, the binding of 

four molecules of oxygen to tetrameric hemoglobin exhibits cooperativity, but often 

with multivalent interactions this is not the case.7 Multivalent binding is much stronger 

Δ𝐺ave
multi   

t 

 

N 
= 

Δ𝐺N
multi 

 

Δ𝐺ave
multi 

 

Δ𝐺N
multi 

N Δ𝐺mono 

 Δ𝐺mono 

 

= 



32 

 

than what is implied by the magnitude of alpha. Lee, et al. studied the binding affinities 

of mono, di, and trivalent galactose-containing oligosaccharides to C-type lectins on 

hepatocytes.14 The receptor densities on these cells were unknown. The binding 

affinities obtained were 𝐾𝑚𝑜𝑛𝑜 = 7 × 104 M-1, 𝐾2
𝑑𝑖 = 3 × 107 M-1 (420 𝐾𝑚𝑜𝑛𝑜), and 𝐾3

𝑡𝑟𝑖 

= 2 × 108 M-1 (2857 𝐾𝑚𝑜𝑛𝑜). Since  𝐾2
𝑑𝑖 < (𝐾𝑚𝑜𝑛𝑜)2 and 𝐾3

𝑡𝑟𝑖 < (𝐾𝑚𝑜𝑛𝑜)3 these binding 

events show negative cooperativity.7 But the divalent and trivalent compounds show 

stronger binding than the monovalent compound. Tight binding in a multivalent 

complex does not always require positive cooperativity and free energy does not have 

to positively correlate with the number of ligands bound. Thus, Mammen, et al. 

introduced a new empirical oriented parameter to describe the enhancement of binding 

in polyvalent systems: the enhancement factor β,7 which is the ratio between 

multivalent avidity and monovalent affinity (Equation 1.6). The higher the value of β, 

the more potent is the multivalent compound.  

                                                

                                           β   =                                                                                    ---- 1.6                     

      

 The parameter β is useful for systems where N is unknown but the total quantity 

of the bound polyvalent molecule is known.7  

 In the current study we do not measure affinity constants. Instead, the ratio of 

inhibition constants (Ki) of the corresponding monovalent control and the multivalent 

constructs is used to evaluate enhancement of binding. Higher the ratio, the more potent 

is the multivalent construct. 

 Now considering the enthalpy of binding, the parameter Δ𝐺N
multi is related to 

the enthalpy (𝛥𝐻𝑁
𝑚𝑢𝑙𝑡𝑖) and entropy (𝛥𝑆𝑁

𝑚𝑢𝑙𝑡𝑖) of a multivalent interaction in the 

standard equation as shown in 1.7 where T is the temperature in Kelvin.7 

𝐾𝑁
𝑚𝑢𝑙𝑡𝑖  

𝐾𝑚𝑜𝑛𝑜 
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                                                      Δ𝐺N

multi = Δ𝐻N
multi  –T Δ𝑆N

multi                                       ---- 1.7 

 

  

 This Δ𝐻N
multi  is estimated to be the sum of the enthalpies of N individual 

monovalent interactions, that is (Δ𝐻N
multi ~ N 𝛥𝐻𝑚𝑜𝑛𝑜), but could be higher or lower 

depending on the other interactions around the active site. If the binding of one ligand 

with a certain negative enthalpy change to the receptor causes the binding of another 

ligand to have a greater negative enthalpy change it is termed as enthalpically enhanced 

binding. Schoen, et al. investigated the binding of five independent 

Gal(β1,3)GalNAc(β1,4)(NeuAc(α2,3))Gal(β1,4)Glc(β)-ceramide monomers 

to pentameric cholera toxin using calorimetric studies.15 They showed that the binding 

constant of the first ligand was lower than the binding constant of the second ligand by 

a factor of four. All the Gal(β1,3)GalNAc(β1,4)(NeuAc(α2,3))Gal(β1,4)Glc(β)-

ceramide monomers binding to the cholera toxin show similar change of entropy, thus 

the differences in free energy are due to the differences in enthalpy. Based on these 

observations, Mammen, et al. concluded that this binding is enthalpically enhanced.7 

Such cases are extremely rare in multivalent binding.  A second possibility is the first 

binding could interfere with the second binding. Here enthalpy for the polyvalent 

interaction is less favorable than expected from N equivalent monovalent binding 

events. This is called enthalpically diminished binding. In general, conformationally 

rigid polyvalent systems are more likely to show enthalpically diminished binding. 

Misalignment will cause less favorable binding of the second and higher ligands due to 

strain.7 

 The change in entropy caused by polyvalent interactions (ΔS𝑁
𝑚𝑢𝑙𝑡𝑖) is composed 

of the changes in translational (ΔS𝑡𝑟𝑎𝑛𝑠,𝑁
𝑚𝑢𝑙𝑡𝑖 ), rotational (ΔS𝑟𝑜𝑡,𝑁

𝑚𝑢𝑙𝑡𝑖), and conformational 
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(ΔS𝑐𝑜𝑛𝑓,𝑁
𝑚𝑢𝑙𝑡𝑖 ) entropies of the receptor and ligand upon association. In addition, changes 

in the entropy of the surrounding water (ΔS𝑤𝑎𝑡𝑒𝑟,𝑁
𝑚𝑢𝑙𝑡𝑖 ) also factor in largely due to the 

entropy of hydrophobic interactions. This relationship is shown in equation 1.8.7 

 

                     ΔS𝑁
𝑚𝑢𝑙𝑡𝑖  =  ΔS𝑡𝑟𝑎𝑛𝑠,𝑁 

𝑚𝑢𝑙𝑡𝑖 +  ΔS𝑟𝑜𝑡,𝑁
𝑚𝑢𝑙𝑡𝑖  +  ΔS𝑐𝑜𝑛𝑓,𝑁

𝑚𝑢𝑙𝑡𝑖  +  ΔS𝑤𝑎𝑡𝑒𝑟,𝑁
𝑚𝑢𝑙𝑡𝑖            ---- 1.8 

  

 The translational entropy arises from the freedom of a molecule to translate 

independently through space. ΔS𝑡𝑟𝑎𝑛𝑠  is directly proportional to the logarithm of the 

molecule’s mass and inversely proportional to the logarithm of the concentration.16 

 The rotational entropy arises from the molecule’s ability to rotate in space and 

is related to the three principal moments of inertia Ix, Iy, Iz as ΔS𝑟𝑜𝑡 ∝  ln(Ix Iy Iz).
17 

 Conformational entropy is an intrinsic property of a molecule. In a peptide, the 

backbone dihedral angles φ, ψ, and ω and side chain rotamers are used as descriptors 

of conformational entropy.18 For example, conformational entropy of the peptide is 

lowered by the presence of proline residues, because the cyclic side chain restricts the 

angle φ to approximately -60 ͦ.19  

 Overall, enthalpy and entropy effects must be balanced to produce a successful 

multivalent ligand. If a ligand array is flexible, the entropic cost will be higher than that 

of a more rigid system. On the other hand, flexibility might permit ligands of the 

multivalent construct to bind to the receptor without a large increase in strain, unlike in 

a rigid ligand array.7   

 Two terms important in the kinetics of multivalent binding are the rate of 

association (kon) and the rate of dissociation (koff). Kinetic studies done by Kramer, et 

al. on bivalent cyclic guanosine monophosphate demonstrated that the decrease in koff 

is more likely the reason for it’s enhanced affinity.20 According to Mammen, et al. the 

thermodynamic cost for the binding of a monovalent construct and the first binding 

http://en.wikipedia.org/wiki/Cyclic_guanosine_monophosphate
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event of a multivalent construct can be assumed to be the same or similar, and both 

binding events are expected to have the same rate of association kon.
7,21 In a multivalent 

interaction the overall dissociation rate koff is determined by the last dissociation of the 

monovalently bound receptor-ligand complex to give the unbound multivalent ligand 

and receptor(s).7 Breaking N receptor-ligand interactions in a multivalently bound 

complex is slower than breaking a single interaction in a monovalently bound complex. 

Therefore it seems reasonable to assume that koff will be slower for a multivalently 

bound complex than koff for the related monovalently bound complex.7 

 Different binding modes possible for monovalent and multivalent binding are 

illustrated in Figure 1.2.  

 For monovalent interactions, the binding mechanisms available are limited. 

Typically one observes single-site biding (Figure 1.2 a). 22  

 Multivalent ligands, on the other hand, can exhibit avidity due to a variety of 

binding types, including  chelation effects (Figure 1. 2 b), statistical binding (Figure 

1.3 c), clustering (Figure 1.2 d), and subsite binding (Figure 1.4 e).22,23 

Chelation effects - Chelation is widely used to explain the stability of metal-

polydentate complexes. The complex becomes stronger with the addition of covalently 

linked attachment points, e.g. Cu(II) ethylenediamine complex is more robust than 

Cu(II) (MeNH2)2 complex. Likewise, it is more difficult to break up a multivalent 

complex with more than one receptor – ligand interaction than monovalent complex 

due to an increase in koff.  

Statistical binding – The presence of more than one ligand in one molecule increases 

the local concentration of the ligand near the binding site. When one ligand dissociates 

from the receptor, the probability of that receptor being reoccupied by another ligand 
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of the same multivalent array is higher than occupancy by a ligand on a second array. 

This gives rise to enhanced avidity.  

Cluster effect - Here multivalent interactions cause receptors to aggregate. Not only 

enhanced avidity, but also the clustering can affect the signaling processes of the ligand-

bound receptors.  

Subsite binding - This is a type of chelation where a secondary site of a single receptor 

in proximity to the primary biding site (such as in nuclear hormone receptors24) interacts 

with a second pharmacophore present in the multivalent ligand.  Two-site binding 

prevents dissociation due to a lowering of koff.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



37 

 

 

Monovalent binding 

 

a) 

 

 

Multivalent binding 

 

                b)         c) 

 

 

                d)    e) 

 

                                           

Figure 1.2 Schematic representation of different binding modes (Adapted from     

                 reference 23 with permission by the publisher) 

               a) Single site binding  b) Chelation effect      c) Statistical binding   

               d) Cluster effect           e) Subsite binding         
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 To date both synthetic multivalent effectors (to induce a biological activity) and 

inhibitors (to block a biological activity) have been synthesized.6 Architectures used for 

different biological systems include one-dimensional linear scaffolds,25 rigid 

scaffolds,26 branched scaffolds,27,28 chain-like scaffolds (polymer,22,29 peptide,30 

peptoid31,32), and three dimensional surface scaffolds.33-36 One successful example of 

binding of a synthetic multivalent construct to effect an outcome is the neutralization 

of Shiga like toxin (SLT) by a tailored carbohydrate multivalent compound.37 SLT 

belongs to the AB5 toxins family and are classified into subgroups SLT-I and SLT-II 

on the basis of their relatedness to the prototypic Shiga toxin expressed by S. 

dysenteriae.38,39 The pentavalent B-subunits serve as a sugar-binding lectin. These 

recognize Gal-α1,4-Glc-β1,4-Glc carbohydrate (Pk trisaccharide) linked to glycolipid 

Gb3. Three saccharide-binding sites are found in each B subunit. All fifteen saccharide-

binding sites of the B pentamer are aligned on one face of the toxin. The A subunit is 

attached to the opposite face of the pentameric B-subunits, allowing all binding sites to 

engage with cell surface receptors.40,41 Kitov, et al. synthesized a compound with five 

arms radiating from a central glucose core. At the end of each arm a Pk dimer was 

attached to give the decavalent starfish-shaped compound 1 (Figure 1.3). Each arm was 

designed to match ~ 30 Å radial span from the toxin pore to the periphery. The Pk dimer 

in 1 was placed (~ 10 Å separation) to bridge the binding sites 1 and 2 of the B subunit. 

Compound 1 showed more than a million fold greater inhibition of SLT-I compared to 

the monomeric Pk 2. A crystal structure showed that SLT-IB pentamer and 1 form a 2:1 

sandwich complex. A diagram of half of the 1:SLT-1 B5 sandwich complex is shown 

in Figure 1.4.37 
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Figure 1.3 Pentameric compound 1 and   

                  the control monomer 237 

 

 

 

 

 

 

 The information gained from working with multivalent ligands can be used to 

elucidate details of receptor structure and function, e.g. receptor proximity/clustering 

(dimerization or oligomerization), receptor stoichiometry, and receptor orientation. 

 

Figure 1.4 Diagram of half of the  

                  Compound 1:SLT-1 B5 sandwich complex 

                  (reprinted with permission by the publisher)37 
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Multivalent ligands are extensively studied today for applications as therapeutic 

agents.6,42,43 Multivalent ligands have been developed to treat neurodegenerative 

diseases like Parkinson’s, Alzheimer’s, and schizophrenia where traditional drugs have 

been shown to be ineffective.44 At present there is no cure for Alzheimer’s disease. The 

drugs available today such as the N-methyl-D-aspartate antagonist Memantine and the 

acetylcholinesterase inhibitor Aricept can only slow down the progression of the 

disease and give temporary cognitive improvement. Thus, many research groups are 

employing multivalent strategies to target stages of β amyloid aggregation in 

Alzheimer’s disease.45 

 Equipped with the knowledge of the potentiality of multivalent biding, we 

sought to apply this concept to solve a prevailing health problem. Recent research has 

shown that peptide receptors are up-regulated in certain tumors (Table 1.1).46,47 This 

phenotypic feature is widely employed to differentiate between normal cells and cancer 

cells via both multivalent and single molecule binding.48,49 
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Table 1.1 Peptide receptors up-regulated in tumors46,47 

 

a GPCR (G-protein coupled receptors) 

b Two out of three subtypes are GPCR. Recently found third subtype is  

   a single transmembrane domain50 

c Cell-surface transmembrane protein 

Receptor Tumor 

Somatostatina 

Neuroendocrine, non-Hodgkin’s lymphoma, melanoma, 

breast, pancreatic, gastric, colon, prostate, lung, medullary 

thyroid cancer and small cell lung cancer 

Cholecystokinina 
Medullary thyroid cancer ,  small cell lung cancer , pancreatic, 

astrocytoma, ovarian 

Vasoactive 

intestinal peptidea 

Small cell lung cancer, colon, gastric, breast, pancreatic, 

prostate, urinary bladder, lymphoma, meningioma 

Neurotensinb Small cell lung cancer, colon, exocrine pancreatic, prostate 

Bombesina 
Small cell lung cancer, glioblastoma, colorectal, gastric, 

prostate, ovarian, breast 

αvβ3 integrinc Melanoma, neuroblastoma, breast 

α-Melanocyte 

stimulating 

hormone 

Melanoma 

Neuropeptide Ya Neuroblastoma, glioblastoma, breast 

Substance Pa 
Small cell lung cancer,  medullary thyroid cancer, 

glioblastoma, astrocytoma, breast 

Glucagon like 

peptide 1 
Intestinal and bronchial carcinoids, insulinomas, gastrinomas 

Chemokine 

receptora 
Colorectal, breast, prostate, and lung 
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 Referring to Table 1.1, our attention was drawn by melanoma, whose 

occurrence in the United States has increased more than any other cancer and also 

remains a serious health issue worldwide.51 

 

1.4 Melanoma Diagnosis and Treatment 

 Melanoma is the most common aggressive form of skin cancer. Melanoma 

originates in the melanocytes.52 Melanocytes are the cells that are responsible for 

pigmentation.53,54 These cells are mainly found in the epidermal layer of the skin. About 

90% of the deaths caused by cutaneous tumors are from melanoma.55 Predominant 

occurance of melanoma in exposed skin reflects the fact that UV radiation is a causal 

agent.56 Other risk factors for melanoma include increased numbers of dysplastic nevi, 

skin type (fair individuals with green or blue eyes and lightly colored hair are more at 

risk), and genetic inheritance.55 

 The prognosis in cases of melanoma is strongly related to its stage of 

development.55,57,58 There is a high probability of complete cure for patients with early 

detection and surgical removal of tumors. The five year survival rate is 54% for those 

whose tumors have spread into vicinal nymph nodes beyond the epidermis. For patients 

with disseminated melanoma, the five year survival rate is only 6%.55 Thus, the 

importance of early detection of melanoma cannot be overstated. 

 Given the importance of early detection, simple tools which can be implemented 

on a daily basis have been introduced.  Examples include the mnemonic device 

“ABCDEF” (Asymmetry, Border irregularity, Color variation, Diameter > 6 mm, 

Evolution, Family history)59 and the Glasgow 7-point checklist (change in size, shape, 

color, sensory change, diameter of 7 mm or greater, presence of inflammation, crusting, 

or bleeding).60 While awareness via skin self-examination is imperative for early 
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detection of melanoma, advanced methods with high reliability are also needed. 

Traditional skin biopsy is used as the gold standard in diagnosis, but this invasive 

method becomes impractical for those who have multiple dysplastic nevi. Today, visual 

and optical technologies are used by dermatologists and clinicians for diagnosis of 

melanoma,55,61 including baseline image comparison, sequential digital 

epiluminescence microscopy, reflectance confocal microscopy, spectrophotometric 

intracutaneous analysis, optical coherence tomography, automated instrumentation for 

image analysis, high resolution ultra sound, electrical bioimpedance, SolarScan,  

MoleMax, and MelaFindTM. However, these technologies still require detection by a 

“good clinical eye” for evaluating the lesion.55 The use of genetic marker strategies like 

epidermal genetic information retrieval62 are still in the preliminary testing phase. 

 The presence of melanoma in the cutaneous layer should permit detection more 

readily than internal cancers. More than 40 years ago, Dr. Neville Davis stated 

“Melanoma writes its message in the skin with its own ink, and it is there for all of us 

to see. Some see but do not comprehend.”63 Unfortunately, we are still unable to 

effectively “see” this cancer at its earliest stages, but if realized, might lead to a 

prognosis of 100% survival. 

 Treatment of melanoma depends on the stage of the disease, type, location, the 

patient’s age, and health status.55 The primary treatment for melanoma identified at 

early stages is surgical excision. For cases of extensive metastasis this is not an option, 

and so these patients are treated with radiation therapy, especially for brain and bone 

metastasis. Radiation therapy will not cure the tumor, but can shrink it, thereby reducing 

discomfort, but also will damage the surrounding normal tissue.61 Thus, side effects 

occur. Single agent chemotherapy is another treatment method used.64,65 Cytotoxic 

agents kill rapidly dividing cells by impairing cell division.  Many agents, such as 
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nitrosureas, vinca alkaloids, platinum drugs, taxanes, topoisomerase inhibitors, and 

anthracyclines have failed to show more than a 20% response rate or increased 

survival.65 In 1975 the Food and Drug Admistration approved Dacarbazine, the first 

drug for metastatic melanoma. The drugs Temozolomide and Cisplatin are also 

available, but overall single agents or multi-drug combinations have largely failed to 

give successful outcomes. 

 Adjuvant therapy, where the immune system is set to attack melanoma cells, 

has also been used to treat melanoma.66,67 Some examples of inducing agents include 

Ipilimumab (Yervoy), cytokines (interferon-alfa and interleukin-2), and Imiquimod 

(Zyclara) – a topically applied cream for stage 0 melanoma where the cancer has not 

grown deeper than the epidermis. However, immunotherapy has serious side effects 

and can reduce the quality of life, hence it must be carefully administered.  The clinical 

results indicate that immunotherapy or combined immune-chemotherapy are no better 

than chemotherapy alone.58 Development of a vaccine against melanoma is in the 

testing stage.53 

 Currently the main therapeutic focus is on targeted drug delivery. In this strategy 

the genetic mutation and the affected signaling pathway in the diseased cells are 

identified.52,68 Then, therapeutic agents are selected and applied. The mitogen-activated 

protein kinase pathway (RAS-RAF-MEK-ERK) and the phosphatidylinositol 3-kinase 

pathway are two signaling pathways commonly activated in melanoma (Figure 1.5).69 

Inhibition of some mutant proteins expressed in these pathways has been shown to 

shrink the tumors.53 Some examples include Mekinist/Trametinib in combination with 

Tafinlar/Dabrafenib (RAF inhibitor) and Sorafenib (BRAF inhibitor). Mutations in N-

RAS, Phosphatase and tensin homolog, KIT, and guanine nucleotide-binding protein 

G(q) subunit alpha are being tested for potential use in targeted therapy.53 Other 
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signaling pathways like the β-catenin pathway, Signal transducer and activator of 

transcription 3 pathway, notch pathway, and apoptic pathway are also under 

investigation.53 However, not all melanoma patients exhibit the same mutations.69 Each 

patient has to be genetically screened for their cancer genes prior to drug administration, 

which is expensive. The latest drug Mekinist/Tafinlar has a long list of side effects.70 

Another drawback is that the cancer tends to return after treatment is terminated.69 

These facts suggest that targeted drug therapy is not fully developed as a treatment 

strategy. 

 The current state of melanoma diagnosis and treatment reinforces our goal to 

make selective targeting agents towards this tumor type.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 Melanocyte developmental genes and melanoma (Image taken from      

                  reference 69 with permission by the publisher). 
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1.5 The Melanocortin System  

 The melanocortin receptor (MCR) system consists of five subtypes, 

melanocortin-1-receptor (MC1R), melanocortin-2-receptor (MC2R), melanocortin-3-

receptor (MC3R), melanocortin-4-receptor (MC4R), and melanocortin-5-receptor 

(MC5R).71-74 These belong to class A of the GPCR super family, along with rhodopsin. 

All are seven transmembrane proteins (Figure 1.6).75,76 Upon stimulation by an agonist, 

MCRs activate the cyclic adenosine monophosphate (cAMP) signal transduction 

pathway.71,72 MCRs were present early in vertebrate evolution, an indication of the 

physiological importance of these receptors.77 

 

 

 

 

 

 

 

 

Figure 1.6 Schematic diagram of the seven transmembrane GPCR. (Taken from  

                  reference 76)  

 

 The endogenous agonists for MCRs are the melanocortin peptides, or 

melanocortins. These are comprised of adrenocorticotropic hormone (ACTH) and α-, 

β-, and γ-melanocyte stimulating hormones (α-, β-, and γ-MSH).78-80 As shown in 

Figure 1.7, melanocortins derive from post-translational processing of the precursor 

molecule proopiomelanocortin (POMC).77 POMC is also the precursor for opioid 

peptides and CLIP (corticotropin-like intermediate lobe peptide).81,82 
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Figure 1.7 Schematic picture of post-translational processing of POMC (Taken from    

                  reference 77 (Reprinted with permission by the publisher). 

 

 The amino acid sequences for the melanocortins are shown in Table 1.2.77,78,80 

All share the common core tetrapeptide His-Phe-Arg-Trp, the minimum required active 

peptide towards MCRs.83 ACTH (1-13) and α-MSH share a common sequence, but α-

MSH is N-terminally acetylated and amidated at the C-terminus. Hruby, et al. 

developed the highly potent agonist NDP-α-MSH (Ac-Ser-Tyr-Ser-Nle-Glu-His-DPhe-

Arg-Trp-Gly-Lys-Pro-Val- NH2) which possessed prolonged stability by substituting 

norlucine for methionine and D-phenylalanine for phenylalanine.84 The cyclic lactam 

analogue of α-MSH, MT-II (Ac-Nle4-c[Asp5-His6-DPhe7-Arg8-Trp9-Lys10]-NH2)
85,86 is 

another synthetic analogue which is highly potent towards human MC1R, MC3R, 

MC4R, and MC5R. Interestingly, endogenous antagonists for MCRs exist. Two such 

peptides are agouti and agouti related protein.87,88 SHU-9119 is a synthetic cyclic 

peptide antagonist at MCR’s with the sequence Ac-Nle4-c[Asp5-His6-DNal(2’)7-Arg8-

Trp9-Lys10]-NH2.
86,89 This analogue also shows prolonged stability. Due to their 

potency and stability, NDP-α-MSH, MT-II, and SHU-9119 are widely used to study 

the pharmacology and physiology of melanotropins in vitro and in vivo.90 
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Table 1.2 Amino acid sequences for melanocortins77,79,81 

 

 

 MC1R was the first member of the MCR gene family to be cloned in 1992. The 

relative affinity of the natural melanocortins for human MC1R is α-MSH ≥ACTH > β-

MSH >> γ-MSH. It is expressed in skin cells (keratinocytes, melanocytes, and 

fibroblasts) including melanoma cells, immune cells, and endothelial cells.72-75 

Stimulation of MC1R on melanocytes by α-MSH induces melanogenesis.90,91 

 MC2R is selectively activated by ACTH. It is responsible for mediating 

production and release of steroids by the adrenal cortex, their daily variation, and stress-

related fluctuations. It is primarily expressed in the adrenal cortex. Studies have shown 

that human melanoma cells also express some MC2R. 72-75 

 MC3R recognizes γ-MSH , ACTH, α-MSH, and β-MSH equally.92  It’s roles 

are modulation of autonomic functions, feeding, and inflammation. MC3R is expressed 

in brain, placenta, and gut. These receptors are not reported to be found in melanoma 

or the adrenal cortex. Studies have shown that activation of MC3R gives rise to anti-

inflammatory effects. 72-75 

 MC4R was the second cloned receptor in this family. The order of affinity for 

the melanocortins is very similar to MC1R: α-MSH = ACTH > β-MSH >> γ-MSH. It 

is involved in autonomic and neuroendocrine functions, and in sexual behavior. Upon 

biding to MC4R, α-MSH inhibits food intake, so it has been investigated for obesity 

treatment. These receptors are expressed exclusively in the brain - cortex, thalamus, 

Name Sequence 

ACTH (1-39)                       SYSMEHFRWGKPVGKKRRPVKVYPNGAEDESAEAFPLEF 

α-MSH                   Ac-SYSMEHFRWGKPV-NH2 

β-MSH     AEKKDEGPYRMEHFRWGSPPKD 

γ-MSH                          YVMGHFRWDRF 
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hypothalamus, brainstem, and the spinal cord. The presence of MC4R in peripheral 

tissue has not been shown. 72-75 

 MC5R is widely distributed in the adrenal glands, fat cells, kidney, liver, lung, 

lymph nodes, bone marrow, thymus, mammary glands, testis, ovary, pituitary, uterus, 

esophagus, stomach, duodenum, skin, lung, skeletal muscle, and exocrine glands. The 

affinity sequence for melanocortins is α-MSH > β-MSH > ACTH > γ-MSH.93 Role of 

MC5R is to regulate exocrine gland function and certain immune responses. 72-75 

 

1.6 Melanoma and the Melanocortin System 

 The clinical studies done by Ghanem, et al. observed that the plasma and tumors 

taken from melanoma patients have increased levels of α-MSH.94 These observations 

were supported by studies done later by Liu, et al..95 Their immunohistochemical data 

provided evidence for α-, β- and γ-melanocyte stimulating hormone expression in 

cutaneous malignant melanoma of the nodular type. There is evidence to support both 

promotion and inhibition of melanoma by α-MSH.96 However, these experiments were 

mostly done on murine melanoma cells, not on human melanoma cells. In any case it 

is clear that α-MSH could be used as a marker for diagnosis and assessment of 

melanoma. Siegrist, et al. showed that 10 out of 12 melanoma cell lines they studied 

expressed high affinity for α-MSH.97 Data suggest a majority of melanoma cells express 

MCRs.98-100 Up-regulation of MC1R on melanoma cells was further proved by studies 

done by Bagutti, et al101,102 and Miao, et al.103 

 Moreover, there is evidence suggesting melanocortin receptors form dimer 

complexes on cell surfaces.104-108 Western blot and co-immunoprecipitation studies 

done by Sa´nchez-Laorden, et al. suggest that MC1R undergoes constitutive 

dimerization in heterogolous cells overexpressing these receptors.104 Further, they 
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demonstrated that the dimerization occurs in melanoma cells stably expressing near-

physiological levels of MC1R. Thus, they argued the presence of dimerization is not an 

artifact of protein over-expression or cell solubilization. Using more advanced 

bioluminescence resonance energy transfer (BRET) studies, Mandrika, et al. also 

showed the presence of constitutive homo and hetero dimers of MC1R and MC3R.107 

In addition, MC4R has also been shown to exist as constitutive homo dimers as 

evidenced by co-immunoprecipitation108 and BRET106 studies.  

 Collectively, this evidence suggests that the melanocortin system is an excellent 

system for the application of the multivalent concept in order to understand receptor 

behavior and synthesize selective targeting agents for melanoma receptors. 

 As stated earlier, the inter-receptor distance is an important parameter to 

consider when designing multivalent ligands. One early estimation was calculated 

based on the receptor number and the cell diameter of HBL human melanoma cells. 

Assuming an even distribution of receptors on the cell surface, the inter-receptor 

distance was calculated to be between 2400 Å - 3000 Å.100 

 Conn, et al. studied the effect of a dimeric gonadotropin hormone antagonist on 

gonadotropin hormone receptors, which are GPCRs. Their study suggested that the 

antagonist became an agonist when they were able to crosslink two gonadotropin 

hormone receptors within a distance of 15 – 150 Å.109 

 Several groups have estimated the inter-receptor distance between two 

rhodopsin receptors based on its crystal structure.110,111 To date there is no crystal 

structure available for MCRs. Since the rhodopsin structure is closely related to 

MCRs,112 we assumed that these estimations are relevant to MCRs as well. 

 Fotiadis, et al. studied the organization of the prototypical GPCR rhodopsin in 

its native membrane by electron and atomic force microscopy. Disc membranes from 
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mice were isolated and observed by atomic force microscopy at room temperature. A 

semi-empirical molecular model for the rhodopsin paracrystal suggested a 35 – 77 Å 

inter-receptor distance.111 

 More recently, Handl, et al. reported a distance of 20 – 50 Å between binding 

sites of two adjacent GPCRs (Figure 1.8). Their estimation was the result of molecular 

simulation studies based on the crystal structure of rhodopsin.113  

 

 

 

 

 

 

Figure 1.8 The distance estimations between the binding sites of two adjacent GPCRs 

                    Binding sites are arranged in a) head-to-head b) head-to-tail  

                    c) tail-to-tail (Reprinted with permission by the publisher). 

 

 For these estimations, the possible presence of additional lipid domain 

swapping was not considered.113 The arrangement of a particular GPCR could be type-

specific, and extrapolation of the data from one receptor to another may not be done 

with precision.  

 Figure 1.9 a shows a schematic diagram of a healthy cell with a normal number 

of receptors and Figure 1.9 b shows a melanoma cell with an up-regulated/over-

expressed receptor number. A multivalent ligand with the correct structure and 

properties could bind more tightly to melanoma cells than to normal cells, which lack 

the high density of receptors needed for cooperative binding. The slow dissociation 

a) b) c) 
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rates linked with greater avidity would result in a longer retention of the multivalent 

ligand on the cancer cell. As shown in Figure 1.9 b, a multivalent ligand equipped with 

a payload could serve imaging and/or therapeutic purposes due to the selective binding 

at the melanoma cells.  

 

 

 

 

           

 

 

 

 

 

Figure 1.9   a) Normal cell interactions with a multivalent ligand 

                    b) Melanoma cell interactions with a multivalent ligand 
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1.7 Multivalent Ligands Targeting Melanocortin Receptors: Background 

 Targeting of melanocortin receptors via multivalency was reported as early as  

1978.114 Kriwaczek, et al. synthesized tobacco mosaic virus carrying about 500 

molecules of biologically active α-melanotropin analogues. The authors claimed that 

the elevated hormonal activity they observed in isolated skin of Rana pipiens was 

associated with cooperative binding interactions. 

 Since then many research groups have employed multivalent strategies to target 

melanocortin receptors. 

 Sharma, et al. in 1994 demonstrated the ability of multivalent ligand-mediated 

targeting of melanocortin receptors. A poly(vinyl alcohol) scaffold bearing a 

fluorescein isothiocyanate-derived tag  and pendant NDP-α-MSH ligands as in 3 and 4 

(Figure 1.10) bound to melanocortin receptors on mouse and human melanoma cells 

specifically and irreversibly.115 

 

 

 

 

 

 

 

 

 

Figure 1.10 Poly(vinyl alcohol)  conjugates 3 and 4 with fluorescein isothiocyanate    

                    and NDP-α-MSH115 
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 In 1996 Carrithers, et al. designed an α-MSH dimer (4) connected to a 

polylysine backbone via uncharged [(Gly)3 plus 6-aminohexanoic acid] linkers. The 

Cys-β-Ala served as the dimerization point via a disulfide bond (Figure 1.11). The 

ligands were evaluated by a functional melanocyte dispersion assay. In wild type 

melanophores, the dimer stimulated dispersion with an EC50 value seven times greater 

than the monomer, indicating the practical potential of multivalent ligands as cell-

specific targeting agents.116 

 

 

 

 

Figure 1.11 Carrithers’ dimer (Linker = 6-aminohexanoic acid).116 Maximum inter-  

                     ligand distance ~ 186 Å (basis for estimation is given in Figure 2.6) 

 

 Vagner, et al. studied the effect of the spacer between two MSH4 ligands on 

binding affinity.117 Compounds 6 - 10 were synthesized with spacers of varying length 

and rigidity and were tested on HEK293 cells transfected with hMC4R against the 

probe 125I-NDP-α-MSH.  Binding data for these are given in Table 1.3. The dimeric 

tetrapeptides showed varying EC50 values indicating that the length and the type of the 

spacer are influential factors contributing to multivalent binding.  
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Table 1.3 Binding affinities of  

MSH4 homodimers (Ac-His-DPhe-Arg-Trp-Spacer-His-DPhe-Arg-Trp-NH2)
117  

 

No Type of spacer a Spacing in  Åb EC50 (nM) 

6 No spacer 0 264 

7 Pro-Gly-Pro 10 14 

8 (AMB)2
c 16 123 

9 PEG-Su-19d 22 662 

10 (βAla-Gly)3- βAla 29 571 

a Spacer is incorporated to the tetrapeptide via amide bonds 

b Basis for maximum inter-ligand distance estimation is shown in Figure 2.6 

c AMB is 4-aminobezoic acid         

d PEG-Su-19                   
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 Vagner, et al. in 2006 made another series of divalent MSH4 and NDP-α-MSH 

compounds tethered by rigid spacers, including phenyl naphthyl (11) and phenyl (12a), 

biphenyl (12b), and terphenyl (12c) (Figure 1.12).118 Only statistical enhancement of 

binding was observed for the bis-NDP-α-MSH constructs and bis-MSH4 (12c spacer) 

compared to the corresponding monomer control. More than statistical enhancement of 

binding was observed for bis-MSH4 constructs tethered by 12a, 12b, and 11 spacer. 

The observed enhancement of affinities for these of constructs were inversely 

proportional to the estimated molecular moments of inertia, with the bis-MSH4 

construct linked by shorter phenyl spacer (12a) showing up to 23-fold enhancement of 

binding. This enhancement of binding was attributed to statistical rebinding due 

increased local concentration of the dimer near the receptors.  

 

 

 

 

 

 

 

Figure 1.12 Rigid linkers 11, 12a, 12b, and 12c (basis for maximum inter-ligand     

                   distance estimation is shown in Figure 2.6)118 
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 Bowen, et al. reported the design, synthesis, and activity of a branched flexible 

spacer for bioactive peptides.119 A fluorescent dansyl moiety was attached to one or two 

NDP-α-MSH or MSH4 ligands via a 25 atom (~ 32 Å, see Figure 2.6) PEG spacer (13, 

Figure 1.13). The binding studies to hMC4R showed that while the spacer did not 

interfere with binding to the receptor, these constructs did not show evidence of 

multivalent binding. This could be due to the high entropy associated with the flexible 

spacer. 

 

 

 

 

Figure 1.13 Divalent MSH constructs based on a branched flexible spacer.119 

 

 Handl, et al. reported a study of bivalent ligands employing MSH7 as the active 

ligand.113 A series of constructs was made using spacers with varying lengths of semi-

rigid Pro-Gly repeats, flexible poly(ethylene glycol) (PEGO) repeats, or a combination 

of the two. The lowest EC50 of 11 nM, which was nine times more potent than the 

corresponding monomer (14), arose from the two constructs 15 (inter-ligand spacing ~ 

42, see Figure 2.6 Å)  and 16 (inter-ligand spacing ~ 92 Å, see Figure 2.6)  shown in 

Figure 1.14.  It was predicted that these two linker types can assume different overall 

geometries and contribute to similar binding affinities. Further studies were suggested 

to assess the actual optimal linker length and differentiation in binding modes.  
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Figure 1.14 MSH7 constructs 14, 15, and 16113 

 

 Searching for additional scaffolds for multivalent ligand displays, the Mash 

group reported the synthesis of squalene120,121 and solanesol122 derived constructs. 

Preformed scaffolds were decorated with MSH4 ligands via copper-catalyzed 3 + 2 

cyclization of azide and alkyne functional groups (CuAAC). The regio- and 

stereoisomeric mixture of 18 was three times more potent than the monovalent mixture 

17, in a competitive binding assay against a Eu probe derived from NDP-α-MSH.120 

Similarly, variant of 18, the mixture of 20, also showed a three-fold enhancement of 

binding compared to its monovalent counterpart 19 when assayed against a Eu probe 

derived from NDP-α-MSH.121 Both these data suggest statistical enhancement of 

binding.  
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Figure 1.15 Squalene-derived compounds 17, 18, 19, and 20 (maximum inter-ligand 

distance ~ 40 - 59 Å, Figure 2.6 shows basis for this estimation). 

 

 The solanesol-derived constructs (21, Figure 1.16) with up to four MSH4 units 

(maximum inter-ligand distance ~ 26 - 102 Å, see Figure 2.6) showed modest 

enhancements of binding attributed to statistics and increased local concentrations of 

ligands near the cell surface. The wide range of inter-ligand distances used in the 

construct could have been the reason for it’s inability to exhibit multivalent binding at 

hMC4R.122  

 

 

 

Figure 1.16 Solanesol-derived multivalent constructs 21  
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 Work done by Brabez, et al. in 2011 successfully demonstrated for the first time 

multivalent binding to hMC4R using monomer (22), dimer (23), and trimer (24) with 

inter-ligand distances of 24±5 Å (Figure 1.17).123 IC50 values for these compounds are 

given in Table 1.4. The scaffolds were synthesized via SPPS and tested on HEK 293 

cells over-expressing both hMC4R and cholecystokinin 2 receptor (CCK2R) against a 

Eu-NDP-α-MSH probe. Extending this work, the authors synthesized dendrimeric 

compounds with six and nine MSH4 units attached.124 However, a valency beyond three 

did not increase the affinity. In fact, these dendrimeric constructs showed less binding 

potency compared to the trivalent construct 24. IC50 values were 46±8 nM for the 

hexavalent construct and 49±9 nM for nonavalent construct, indicating that further 

structural optimization of the constructs is needed in order to make higher valency 

multivalent compounds successful or that there is a limit on the effect of valency on 

avidity at the hMC4R receptors tested in this study. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.17 Multivalent scaffolds 22, 23, and 24 described in reference 123 
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Table 1.4 IC50 of the compounds 22, 23, and 24123 

 

 

 

 

 

 

 In addition, melanocortin receptors have been targeted with heterobivalent 

ligands. This strategy can allow high selectivity of binding to selected pairs of receptors. 

In this line, the ligand combination of MSH7/Deltorphin II (δ-Opioid receptor 

agonist)125, MSH7/CCK6 (Cholecystokinin 2 receptor agonist)126, and α-MSH (3–

13)/cyclic Arg-Gly-Asp peptide (to exert a pro-apoptotic effect on the targeted cancer 

cells)127 have been studied. Our current focus is on developing homomultivalent 

ligands. Thus, heteromultivalent ligands will not be discussed in detail here. 

 Even though extensive studies towards melanocortin receptor targeting via 

multivalent ligands have been carried out, none has yet made a clinical impact. The 

ligand architecture plays a key role in receptor-ligand binding.23 Better understanding 

of which type of ligand presentation works best for a particular receptor system would 

benefit from the availability of diverse of architectures which could be modified with 

synthetic ease. 

 The upcoming chapters will discuss the design and synthesis of novel 

oligomeric and shorter linear scaffolds for multivalent display of melanocortins and 

their biological evaluation. 

 

 

Compound IC
50

 (nM) 

22 4900±760 

23 310±73 

24 14±1.5 
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Chapter 2 

Click-Derived Oligomers for Multivalent Ligand Displays 

2.1 Introduction  

 From a synthetic chemist’s perspective there is a challenge to design easy-to-

make multivalent constructs which are adaptable to cellular demands, such as inter-

receptor distances, receptor density, bioavailability, solubility etc. Such constructs 

would be valuable for understanding multivalent ligand and receptor engagement. 

Often multiple modifications are needed to reach the ultimate goal of building an ideal 

multivalent compound. Thus, ease of structural adaptability of the design would be very 

advantageous.  

 We envisioned that a linear oligomer bearing MSH4 ligands would dynamically 

explore the cell surface and enable cross-linking of two or more receptors on the cell 

surface.  Herein we propose a method to rapidly assemble multivalent oligomeric 

constructs to display ligands as a linear array.  
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2.2 Oligomer Design 

 Figure 2.1 illustrates two possible designs that can be used to make oligomers. 

In Oligomer “A” the ligand is incorporated in the backbone, while in Oligomer “B” the 

pendant ligands are attached to the main chain via linkers. This chapter will discuss in 

detail the design and synthesis of type “A” oligomers. Type “B” oligomers will be 

discussed in Chapter 4.  

  

 

 

Figure 2.1 Oligomer designs 

 A schematic representation of the proposed oligomer is shown Figure 2.2. 

“Ligand” indicates a receptor recognition element, while “Spacer” indicates the linker 

used to connect the ligands/recognition elements. Ligands and the spacers together form 

the oligomer backbone. 

 

 

 

Figure 2.2 Schematic representation of the proposed oligomer 
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A - 

B - 

= Linker 

Ligand Spacer 
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 One strategy we could follow to build the oligomer in Figure 2.3 is the step-by-

step addition of monomers to the growing chain end as shown in Scheme 2.1.  

 

 

 

 

 

 

Scheme 2.1 Step-by-step addition of the ligand and spacer to build the oligomer 

 

 In this strategy, some number of coupling cycles must be completed in order to 

obtain oligomers of the desired length. Each step might require functional group 

protection, deprotection, and product purification. Thus, this approach can become 

tedious and inefficient when longer oligomers are required. Solid phase peptide 

synthesis128 (SPPS) enables step-by-step construction of ligands to a growing peptide 

chain. However, building up a long peptide chain often becomes less efficient when 

more than fifty amino acids are to be coupled.129 

 Another approach involves copolymerization of ligand and spacer monomers. 

An oligomer can rapidly be assembled by reacting bifunctional co-monomers as shown 

in Scheme 2.2.  

 

 

 

Oligomer 
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Scheme 2.2   Co-polymerization of the ligand and spacer to build the oligomer 

  

 By changing and optimizing conditions such as concentration and time of 

reaction, a desired average oligomer length might be realized. Due to these advantages, 

a step growth polymerization130 strategy was chosen to build the oligomers. The beauty 

in this oligomer design is its ease of modification. For example, the spacer length can 

be modified for screening inter-receptor distances. It also allows for a mix and match 

approach to oligomer preparation. For instance, a common spacer could be utilized in 

combination with two or more different ligands to produce multiple types of oligomers 

which target different receptor systems.  

 The monomers we intend to use include peptides. Thus, a suitable step growth 

polymerization130 technique which is compatible with such functionalized monomers 

is required. In search of such a technique we examined the click chemistry strategy due 

to its versatility. In the next section will describe the available click chemistry 

techniques and the strategy we have chosen for monomer assembly. 
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2.3 Click Chemistry 

 Click chemistry is a powerful strategy which enables the rapid synthesis of 

novel molecular frameworks.  

 Inspired by nature’s striking preference to make carbon-heteroatom bonds over 

carbon-carbon bonds for assembly of multimers from monomers, the concept of click 

chemistry was first introduced by Sharpless, et al. in 2001.131,132 The idea was to form 

heteroatom linkages (C-X-C) between small molecules to generate novel compounds 

reliably on both small and large scales.  

 

According to the authors131,132, click reactions should, 

1. Be modular 

2. Be wide in scope 

3. Be high yielding 

4. Produce harmless byproducts which can be removed by non-chromatographic 

methods. 

5. Be stereospecific         

6. Require simple reaction conditions (ideally insensitive to water and oxygen) 

7. Use readily available starting materials and reagents 

8. Involve simple product isolation 

9. Produce products stable under physiological conditions 

 Click reactions should be highly thermodynamically favorable (usually greater 

than 20 kcal mol-1). Sharpless describes click reactions as “spring loaded” to a single 

trajectory, as they tend to give single products. Reactions that fall into this category are 

depicted in schemes 2.3 – 2.8.             
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Scheme 2.3 General example of a 1,3-dipolar cycloaddition133 between an azide 

                     and an alkyne 

 

 

 

 

 

       

     

 

Scheme 2.4 General examples of hetero Diels-Alder reactions134,135 

 

 

 

 

     Cyclic sulfates (X =                )    Cyclic sulfamidates (X =  )                                                                           

     Aziridines (X = NH)                               Epoxides (X = O) 

     Aziridinium ions (X = +NR2)                  Episulfonium ions (X = +SR) 

Scheme 2.5 Schematic diagram of nucleophilic ring opening reactions131 
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Scheme 2.6 Some non-aldol click reactions132 

  

 

 

 

 

 

      

 

       

           

 

 

 

 

        

 

 

 

Scheme 2.7 General examples of  a) Staudinger ligation136  

                     b) Modified Staudinger ligation137 c) Native chemical ligation138 

                     d) Sulfo-click139 
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Scheme 2.8 General examples of  a) Sulfenyl halide addition140  

                                b) Thiol-ene coupling141 (R1 and R2 are electron withdrawing groups) 

 

2.3.1 Choice of “Click” Reaction 

 The objective of the oligomer design is to rapidly stitch together multiple copies 

of one or more ligands. A reaction which meets this requirement is the 1,3-dipolar 

cycloaddition between an azide and an alkyne.133 Since the use of Cu(I) as a catalyst to 

accelerate the cycloaddition and to selectively obtain 1,4-disubstituted 1,2,3-triazole 

products was discovered by Sharpless142 and Meldal143, copper catalyzed azide alkyne 

cycloaddition (CuACC) has been used by a plethora of researchers.144-147   

 Azides and alkynes can easily be installed into peptides via both solid and 

solution phase syntheses. Though these two moieties are highly energetic, they are 

rather unreactive, allowing for orthogonal use with other functional groups. The 

reaction can be performed in variety of solvents using various Cu(I) sources.148 Since 

we are making ligands which are targeting receptors on cell surfaces, it is important 

that the oligomerization does not generate moieties that interfere with the activity and 

the pharmacokinetics of the multivalent peptide ligand. Moreover, the triazole moiety 

resembles the peptide bond but it is not prone to hydrolysis or enzymatic degradation, 

and cannot be easily oxidized or reduced.132,149,150 Figure 2.3 compares the structures 

of the amide bond and the triazole unit. 132,145 
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Figure 2.3 Comparison of the peptide bond (C-α distance) and the 1,2,3-triazole ring 

(distance between the carbons attached to the 1 and 4 positions)132,145 

 

 In addition, our group has extensive experience using CuAAC in preparing 

MSH4 incorporated multivalent compounds.120-122 

2.4 CuACC in Macromolecules 

 Due to its versatility, CuACC has being used by researchers for synthesizing 

various macromolecules for a broad range of applications. These include dendrimers,151 

star-like polymers,152 brush polymers,153 nanoparticles,154 hydrogels155 polymers via 

step growth polymerization,156,157 atom transfer radical polymerization,158,159 and 

reversible addition fragment polymerization.160,161 

 As described earlier, our goal is to make linear oligomeric multivalent 

constructs baring peptides at regular intervals. For this purpose, the step growth 

polymerization technique employing CuACC seemed very appealing. 
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2.4.1 Step Growth Polymerization Using CuACC 

 Johnson, et al. first reported the catalyst-free thermal 1,3-dipolar cycloaddition 

of 4-azido-1-butyne to yield polyethylene triazole polymers.162 

 Since the introduction of the use of Cu(I) catalysts, syntheses of linear polymers 

containing polytriazoles have been widely employed to create materials with specific 

properties. Both AB type156,157 (bifunctional monomer with terminal azide and alkyne) 

polymerizations and A2 + B2 type163-167 (bis-azide monomer and bis-alkyne monomer) 

copolymerization have been reported.  

2.4.2 Step Growth Polymerization Using CuACC in Peptide Constructs 

 The orthogonality of CuACC chemistry with amide functional groups is very 

advantageous for its use with peptides. Meldal, et al.143 successfully demonstrated the 

use of CuACC in making peptidotriazoles via SPPS.  

 In 2007 Dijk, et al. reported a successful polymerization of azido-phenylalanyl-

alanyl-propargyl amide 25 using CuACC (Scheme 2.9).157 With monomer 

concentrations above 836 mmol/L, predominantly linear polymers with n = 80-150 

were obtained (CuOAc, microwave at 100  ͦ C for 30 min). Room temperature conditions 

(CuSO4/Na ascorbate, 3 days) with similar concentrations gave only low molecular 

weight linear oligomers (n = 0-20). Under dilute reaction conditions (CuOAc, monomer 

concentration 167 mmol/L, CuOAC, microwave at 100 ͦ C for 30 min), cyclic oligomers 

(n = 0-10) were formed predominantly.  
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Scheme 2.9 Schematic diagram of  work done by Dijk, et al.157 

 

 Broadening the scope of this polymerization reaction, the same group then 

synthesized biodegradable polymers using N3-Phe-Ala-Lys-propargyl amide as the 

monomer for synthesis polymer 26 and N3-Phe-Ala-Glyc-Lys-propargyl amide as 

monomer for synthesizing polymer 27 (Figure 2.4).156 Both of these polymers were 

designed to be water soluble and contain the recognition sites for the enzymes trypsin 

and chymotrypsin. Similar reaction conditions were used as in the previous example. 

With monomer concentrations 800 mmol/L under microwave conditions at 100 ͦ C for 

30 min. Oligomer 26 was obtained in quantitative yield with an average n ~ 26 and 27 

was obtained in 89% yield with an average n ~ 21. 
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Figure 2.4 Biodegradable polymers156 

 

 To study the self-assembly of a polymer into well-defined β sheets and 

hierarchical nanofibrils, Yu, et al. used an alanyl glycine (AG)3 hexapeptide derivatized 

with terminal azide and alkyne groups.168 With a monomer concentration of 1000 

mmol/L (CuOAc, 80 ͦ C, oil bath 2 h) oligomer 28 with an average n ~ 16 was as 

obtained. The authors chose AG units as they are commonly found in antiparallel β 

sheet formation of silk. To avoid premature aggregation during the polymerization and 

for ease of polymer  processing and characterization, an acid-cleavable 2,4-

dimethoxybenzyl protecting group was introduced onto one amide group and was later 

cleaved to give the unprotected polymer 29 (Scheme 2.10) 

 Hartwig, et al. used the same AB strategy in 2010 to create polypseudopeptides 

with variable stereochemistry and studied their post-functionalization and 

conformational behavior in solution.169 Azide and alkyne-derivatized lysine-based 

monomers with either (L,L) or (D,L) stereochemistry were subjected to various 

polymerization conditions (monomer concentration ranges from 440 to 1400 mmol/L 

at room temperature over periods from 3 to 14 days). The resulting polymers (30, 
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Scheme 2.10) had n values ranging from 23 to 43. Deprotection of the polymer (30) 

was carried out using TFA to give 31. They reported that when the polymerization 

reaction mixture became highly viscous, stirring did not increase the polymer size 

significantly.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.10   a) Yu’s (AG)3 polytriazole 29 

                        b) Hartwig’s lysine-based  polytriazole 31  
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 Grieshaber, et al. followed the A2 + B2 strategy to synthesize elastin-mimetic 

hybrid polymers to study cross-linking and elastomeric properties.170 Alkyne-

terminated AKA3KA peptide was copolymerized with α,ω-azido-PEG (100 mmol/L 

monomer concentration, CuSO4/Na ascorbate/TBTA, 80  ͦ C, 2 days) to give the 

multiblock oligomer 32 (n ~  3-5) (Figure 2.5). In the same line they reported another 

elastin-mimetic hybrid polymer with cell-binding domains (CBD). α,ω-azido-PEG and 

two types of alkyne-terminated AK2 peptides with sequences of 

DGRGX(AKAAAKA)2X (AK2-CBD1) and X(AKAAAKA)2XGGRGDSPG (AK2-

CBD2, X = propargylglycine) were copolymerized separately (18–20 mmol/L monomer 

concentrations). The resulting oligomers had an estimated five to seven repeats of PEG 

and AK2 peptides. (33, 34, Figure 2.5). 

 In 2013, Grieshaber, et al. reported nanoparticle formation from hybrid 

multiblock copolymer(s).171  Bis-azido poly(tert-butyl acrylate) was copolymerized 

with bis-alkyne VPGVG peptide (29 mmol/L monomer concentrations, CuOAc, 80  ͦ C, 

24 h)   to give hybrid oligomer, containing up to six constituent building blocks. TFA 

treatment removed the tert-butyl groups from the polymer to give the final deprotected 

polymer (35, Figure 2.5). 

 The work reported by Guo, et al. described the design and synthesis of poly(ε-

lysine)-analogous polymers (36) which imitate poly(ε-lysine) 37.172 Bis propargyl N-

benzyloxycarbonylaspartic or N-benzyloxycarbonylglutamic acid was copolymerized 

with bis-azido Z-Asp or Z-Glu (500 mmol/L in each monomer, CuBr, microwave at 

100  ͦ C  for 30 min). n values ranged from ~ 28 to ~ 66 depending on the monomer 

combination. Post polymerization, the protecting groups were removed by treating with 

TFA. Deprotected polymers 36 are shown in Figure 2.5 
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 As seen in the above examples CuAAC could be successfully carried out both 

with and without protecting groups on the amino acid side chains. Both the AB strategy 

and the A2 + B2 strategy were used to provide the desired oligomers/polymers. 

Dependence of the degree of polymerization on the monomer concentration could not 

be generalized as it changed with the type of the peptide monomers. Overall CuAAC 

under microwave conditions seemed to be very efficient to give the final constructs in 

less time.  
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Figure 2.5 a) – d) Peptide polytriazoles   e) Poly(ε-lysine) 
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2.5. Monomer Building Blocks 

 For our synthesis the A2 + B2 strategy was chosen. It allows for construction of 

an oligomer with alternating ligands and spacers. In our system we decided to use a bis-

alkyne version of the minimum active sequence of α-MSH (38), the tetrapeptide His-

DPhe-Arg-Trp. Inclusion of DPhe over Phe makes the peptide more resistant to 

enzymatic cleavage and increases its bioactivity.173 The activity of this tetrapeptide is 

generally not affected by C and N terminal modification.173-176 Also it has low a 

micromolar binding affinity.83,84,176 Therefore, synergistic effects arising from 

multivalency should be more apparent. This MSH4 fragment is represented by 

“Ligand” in Figure 2.2. As the “Spacer” in Figure 2.2, for connecting the ligands, a 

bis-azido derivative of (Pro-Gly)3 (39) was chosen. The presence of cyclic proline gives 

increased rigidity to the backbone, whereas glycine introduces flexibility. Thus, this 

hexapeptide is semi-rigid.113,177 A linker like biphenyl was excluded, as we thought it 

would give too much rigidity to the backbone. Scheme 2.11 depicts the design of the 

oligomer with the bis-alkyne MSH4 (38) and bis-azido (Pro-Gly)3 (39) monomers.   
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 Figure 2.6 a illustrates the basis for estimating the maximum inter-ligand 

distance. The base (2x) of an isosceles triangle with two equal sides R and an apex of θ 

can be calculated using equation 2.1.178 In the alkane backbone depicted in Figure 2.6 

b, C3-C4 and C4-C5 have bond lengths of 1.5 Å and the apex at C4 is equal to the 

typical sp3 bond angle 109 ͦ . Solving for 2x, equation 2.1 gives a distance of  2.4 Å. 

Therefore, the maximum spatial diatance from C1 to C7 would be 7.2 Å. The distance 

between atoms separated by n (an even number of) bonds is given by 1.2 n.  

 

a) 

 

 

b)  

 

 

 

 

 

 

 

Figure 2.6 a) Isosceles triangle              

                  b) Alkane chain illustrating the apex angle generated by C3, C4,   

                      and C5 and the spatial distance between C3 and C5 

 

 

 

Atoms bonds Distance  Å 

3 2 2.4 

4 3 3.6 

48 47 56 

 

R R 

2x

θ  
x = R sin (1/2 θ)  ---- 2.1 

2.4 Å 

109 ͦ 
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 Accordingly, the maximum spatial distance between the ligands in the proposed 

oligomer is ~ 56 Å (any helical conformations arising due to the (Pro-Gly)3
113

 segment 

are ignored). This is at the upper end of the estimated distance (20-50 Å)111 between 

binding sites of adjacent GPCR’s. We anticipated that our spacer would be able to 

conformationally adjust to allow the ligands to bind to the receptors that are situated 

within the estimated range. It is important to note that the azide alkyne cycloaddition 

could occur by four different combinations of monomer ends (that is C terminal of the 

ligand reacting with either N or C terminal of the spacer and vice versa). In this design 

we are not addressing the dependence of the directionality of adjacent ligands for 

binding and clustering receptors. 

 

2.6 Monomer Synthesis 

2.6.1 Bis-alkyne MSH4 Monomer 38 

 Solution phase synthesis of the bis-alkyne monomer 38 was chosen over SPPS 

with the aims of synthesizing-gram quantities of material and to access both protected 

and deprotected MSH4 monomers. 

 The synthesis started by making 6-amino-1-hexyne (41) from commercially 

available N-(5-hexynyl)phthalimide (40) according to the literature179 (Scheme 2.12). 

TLC (Thin layer chromatography) indicated the presence of amine in the workup water 

layers. To extract a maximum amount of the amine we used ether in a continuous 

extractor for 5 days. This increased the amine yield from 40% to a more satisfactory 

76%. The amine was carried to the next step without further purification or 

characterization.   
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Scheme 2.12 Synthesis of 6-amino-1-hexyne (16)179 

 

 Next an activated mixture of N-(9-fluorenylmethoxycarbonyl)-tryptophan, 

(Fmoc-Trp-OH) (42) containing Diisopropylethylamine (DIEA) and O-(benzotriazol-1-

yl)-N,N,N,N′-tetramethyluronium hexafluorophosphate (HBTU) in THF was added to a 

solution of 41 to afford 43 in 73% yield. The Fmoc protecting group in 43 was removed 

by treatment with tris(2-aminoethyl)amine (TAEA) and the resulting free amino 

compound was coupled with activated Fmoc-Arg(Boc)2-OH (44). The remaining amino 

acids, 46 and 48, were added sequentially following this Fmoc strategy. (Scheme 2.13). 

We used Fmoc-Arg(Boc)2-OH instead of the more commonly used Nα-Fmoc-Nω-

(2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl)-L-arginine (Fmoc-Arg(pbf)-

OH) to achieve complete of cleavage the protecting groups during deprotection of the 

monomer 38 and ease of purification. Finally, 5-hexynoic acid (50) was coupled to the 

free amino end of the tetrapeptide to make bis-alkyne 51 in 74% yield. Each protected 

peptide derivative (43, 45, 47, 49, and 38) was purified via gravity column 

chromatography and was characterized using NMR, MS, IR, and optical rotation. 

Deprotection 51 of was carried out according to the literature.120 A portion (0.3 mmol) 

of 51 was deprotected to give 38 in 41% yield after HPLC purification and was 

characterized by MS.  
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Scheme 2.13 Synthesis of the bis-alkyne MSH4 monomers 38 and 51 

 

2.6.2 Bis-azido (Pro-Gly)3 Co-monomer 39 

 Synthesis of the bis-azido (Pro-Gly)3 39 was carried out by Dr. Suryakiran 

Navath, a postdoctoral researcher in our group. The hexapeptide derivative was put 

together in a convergent way. First, the N-terminal azido proline (Fragment A) and the 

C terminal azido glycine (Fragment B) were synthesized. These fragments are 

highlighted in boxes in Figure 2.7. Syntheses of these two terminal fragments are 

shown in Schemes 2.14 and 2.15.  
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Figure 2.7 Bis-azido (Pro-Gly)3 co-monomer 39 with N and C terminal fragments  

                  labelled in boxes 

 

 

 

     

      

      

   

 

 

 

 

 

 

 

 

Scheme 2.14 Synthesis of the azido proline derivative (Fragment A in 

   

                      Figure 2.7)180,181  

 

 

 

 

Fragment A 

Fragment B 
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Scheme 2.15 Synthesis of azido glycine derivative (Fragment B in Figure 2.7)182 

          

 The synthesis was continued building from the C to N terminal end as shown in 

Scheme 2.16 by sequential additions of commercially available Gly(Boc)-Pro-OH (64). 

Finally, the free amino end of 68 was coupled with activated 57 to afford bis-azido 

(Pro-Gly)3 spacer 39 in 40% (overall 23% over six steps).  
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2.7 Oligomerization  

2.7.1 CuACC Reaction of Protected bis-alkyne MSH4 (51) and  

         bis-azido (Pro- Gly)3 (39) 

 The first set of CuAAC reactions was carried out with protected bis-alkyne 

MSH4 51 and bis-azido (Pro-Gly)3 39 (Scheme 2.17). In general mixtures of 51, 39, 

tetrakis(acetonitrile)copper(I) hexafluorophosphate (TACP), and tris-(benzyltriazolyl-

methyl)amine (TBTA) in degassed DMF were subjected to microwave radiation 

(varying conditions are described under each Run). Reaction mixtures were taken up in 

20 mL of DCM and an aqueous workup was used to remove copper ions as described 

in the Experimental Section. The resulting oligomer mixtures (labelled as protected 

oligomer in Scheme 2.17) containing side chain protected amino acids were then 

subjected to deprotection with a cocktail of trifluoroacetic acid (TFA):thioanisole: 

triisopropylsilane (TIPS):water (91:03:0.3:0.3) to obtain the deprotected final 

oligomers (labelled as deprotected oligomer in Scheme 2.17). After workup, 

precipitation in ether, solubilization, and lyophilization, white powders were obtained.  

Work up details for each Run are given in the experimental section. The solids were 

analyzed by matrix-assisted desorption/ionization time-of flight (MALDI-TOF). Table 

2.1 summarizes the reaction conditions and results of Runs 1 through 6. 
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Scheme 2.17 General oligomerization scheme with protected bis-alkyne 51 and spacer    

                      39  
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2.7.1.1 Run 1  

 A mixture of 51 and 39 at 18 mmol/L final concentration in each monomer 

(0.027 mmol) in DMF (1.5 mL) was subjected to microwave heating at 100  ͦ C for 2 h.  

The yield based on total monomer weight was 71%. The oligomer mixture obtained 

from this trial is denoted “O1”, the MALDI-TOF spectrum of this mixture is shown in 

Figure 2.8, and the corresponding peak list is given in Table 2.2.  

2.7.1.2 Run 2  

 A mixture of 51 and 39 at 36 mmol/L final concentration in each monomer 

(0.027 mmol) in DMF (750 µL) was subjected to microwave heating at 100 ͦ C for 2 h.  

The yield based on total monomer weight was 26%. The oligomer mixture obtained 

from this trial is denoted “O2”, the MALDI-TOF spectrum of this mixture of is shown 

in Figure 2.9, and the corresponding peak list is given in Table 2.3.  

2.7.1.3 Run 3  

 A mixture of 51 and 39 at 180 mmol/L final concentration in each monomer 

(0.027 mmol) in DMF (150 µL) was subjected to microwave heating at 100 ͦ C for 2 h.  

The reaction mixture turned into an amorphous gel. This was not soluble in common 

organic solvents. When the gel was subjected to deprotection, the solution became red 

in color and the gel did not dissolve upon stirring for 2 h. Hence no further 

characterization of this oligomer mixture (O3) was possible.  

2.7.1.4 Run 4   

 A mixture of 51 and 39 at 180 mmol/L final concentration in each monomer 

(0.027 mmol) in DMF (150 µL) was subjected to microwave heating at 100 ͦ C for 1 h. 

The reaction mixture became green, very viscous, and was not readily soluble in DCM 
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upon workup. The reaction mixture was transferred to a small round bottom flask with 

1 mL of extra DMF. Some undissolved material stuck to the reaction tube and was not 

transferble.  DMF was then removed under high vacuum. The residue was subjected to 

deprotection, precipitated in ether, and dissolved in water and lyophilized. The yield 

was 47% based on the total monomer weight. The MALDI-TOF spectrum of this 

oligomer mixture, O4, is given in Figure 2.10 and the corresponding peak list is given 

in Table 2.4.  

2.7.1.5 Run 5  

 Due to the insolubility problem in Run 4, the reaction time was reduced while 

keeping the same concentrations. A mixture of 51 and 39 at 180 mmol/L final 

concentration each monomer (0.027 mmol) in DMF (150 µL) was subjected to 

microwave heating at 100 ͦ C for 30 min. The resulting mixture became green and was 

less viscous than Run 4 and was readily soluble in DCM. After workup, deprotection, 

precipitation in ether, solubilization, and lyophilization a white powder was obtained. 

The yield was 36% based on the total monomer weight. The MALDI-TOF spectrum of 

this oligomer mixture, O5, is given in Figure 2.11 and the corresponding peak list is 

given in Table 2.5. 

2.7.1.6 Run 6  

 Run 5 was repeated and this time worked up differently. A mixture of 51 and 

39 at 180 mmol/L final concentration in each monomer (0.027 mmol) in DMF (150 µL) 

was subjected to microwave heating at 100 ͦ C for 30 min. The reaction mixture was 

added drop by drop to water (50 mL) with stirring. The white precipitate was collected 

by centrifugation, deprotected and analyzed. The yield based on the total monomer 
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weight was 43%. The MALDI-TOF spectrum of this oligomer mixture, O6, is given in 

Figure 2.12 and the corresponding peak list is given in Table 2.6. 

 

Table 2.1 Summary of reactions between 51 and 39  

 

 

 

 

 

 

 

 

a Yield after deprotection, workup and lyophilization. Calculated based on total 

monomer weight of deprotected bis-alkyne MSH4 monomer 38 and bis-azido (Pro-

Gly)3 co-monomer 39. Starting weight of protected bis-alkyne MSH4 monomer 51 used 

in the reaction was converted to the corresponding weight of the deprotected bis-alkyne 

MSH4 monomer 38. This amount was used as the total deprotected bis-alkyne MSH4 

incorporated in the deprotected oligomer.  

 

 

 

 In the following Tables 2.2 through 2.6 letter the A denotes the structure 

fragment derived from bis-alkyne MSH4 51 and the letter B denotes structure fragment 

derived from bis-azido (Pro-Gly)3 39.  

 

Run 
Oligomer 

mixture 

Concentration of 51 

and 39 (mmol/L) 

Reaction 

time 

(min) 

% 

Yielda 

1 O1 18 120 71 

2 O2 36 120 29 

3 O3 180 120 
No 

data 

4 O4 180 60 47 

5 O5 180 30 36 

6 O6 180 30 43 
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Figure 2.8 MALDI-TOF spectrum of oligomer mixture O1 from Run 1.   

                  The insert is a vertical expansion of the higher m/z region. 

 

Table 2.2 Peak list for oligomer mixture O1 

 

 

 

Peak 

number 
Oligomer population 

Calculated m/z 

(M + H)+ 
Observed m/z 

1 A 818.4 819.3 

2 AB 1561.9 1563.1 

3 ABA 2379.3 2380.1 

4 ABAB 3122.7 3123.5 

5 ABABA 3940.2 3941.1 

6 ABABAB 4683.6 4683.7 

7 ABABABA 5501.0 5504.5 

8 ABABABAB 6244.4 6246.5 

9 ABABABABA 7061.9 7053.7 

1 

2 

3 

4 

5 

6 

6 

7 
8 

7 8 

9 

9 
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Figure 2.9 MALDI-TOF spectrum of oligomer mixture O2 from Run 2.   

                  The insert is a vertical expansion of the higher m/z region 

 

Table 2.3 Peak list for oligomer mixture O2 

 

 

 

 

Peak 

number 
Oligomer population 

Calculated m/z 

(M + H)+ 
Observed m/z 

1 AB 1561.9 1563.6 

2 ABA 2379.3 2382.1 

3 ABAB 3122.7 3126.2 

4 ABABA 3940.2 3944.6 

5 ABABAB 4683.6 4688.9 

6 ABABABA 5501.0 5507.5 

7 ABABABAB 6244.4 6251.5 

8 ABABABABA 7061.9 7069.8 

1 

2 

3 

4 5 6 

6 

7 8 
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Figure 2.10 MALDI-TOF spectrum of oligomer mixture O4 from Run 4.   

                  The insert is avertical expansion of the higher m/z region 

 

Table 2.4 Peak list for oligomer mixture O4 

 

 

 

 

Peak 

number 
Oligomer population 

Calculated 

m/z (M + H)+ 
Observed m/z 

1 AB 1561.9 1560.2 

2 ABA 2379.3 2379.9 

3 ABAB 3122.7 3122.4 

4 ABABA 3940.2 3942.1 

5 ABABAB 4683.6 4682.2 

6 ABABABA 5501.0 5502.5 

7 ABABABAB 6244.4 6245.2 

8 ABABABABA 7061.9 7063.6 

9 ABABABABABABABABABAB 15608.8 15605.9 

1 

3 

4 5 

6 7 

9 

8 

8 

2 
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Figure 2.11 MALDI-TOF spectrum of oligomer mixture O5 from Run 5.   

                  The insert is a vertical expansion of the higher m/z region 

 

Table 2.5 Peak list of oligomer mixture O5 

Peak 

number 
Oligomer population 

Calculated m/z 

(M+) 
Observed m/z 

1 A 818.4 816.2 

2 AB 1561.9 1561.3 

3 ABA 2379.3 2380.5 

4 ABAB 3122.7 3125.1 

5 ABABA 3940.2 3943.4 

6 ABABAB 4683.6 4687.5 

7 ABABABA 5501.0 5505.5 

8 ABABABAB 6244.4 6249.4 

9 ABABABABA 7061.9 7067.2 

10 ABABABABAB 7805.3 7809.7 

11 ABABABABABA 8622.7 8629.5 

12 ABABABABABABA 10183.6 10190.1 

13 ABABABABABABABA 11744.5 11751.0 

 

1 

2 

3 

4 

5 

6 
7 

8 9 13 

10 12 13 

12 11 

9 

8 

11 
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Figure 2.12 MALDI-TOF spectrum of oligomer mixture O6 from Run 6.   

                  The insert is a vertical expansion of the higher m/z region 

 

Table 2.6 Peak list of oligomer mixture O6 

 

 

 

 

Peak 

number 
Oligomer population 

Calculated m/z 

(M+) 
Observed m/z 

1 AB 1561.9 1560.3 

2 ABA 2379.3 2380.1 

3 ABAB 3122.7 3123.3 

4 ABABA 3940.2 3942.5 

5 ABABAB 4683.6 4687.5 

6 ABABABA 5501.0 5504.2 

7 ABABABAB 6244.4 6246.8 

8 ABABABABA 7061.9 7064.3 

9 ABABABABAB 7805.3 7808.5 

10 ABABABABABA 8622.7 8627.0 

9 

8 7 
6 

5 4 

3 

2 

1 

8 

7 

6 

10 
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2.7.2 CuACC Reaction With Deprotected bis-alkyne MSH4 (38) and bis-azido   

         (Pro-Gly)3 (39). 

 A second set of CuAAC reactions was carried out with deprotected bis-alkyne 

MSH4 38 and bis-azido (Pro-Gly)3 39 to produce oligomers (labelled as deprotected 

oligomer in Scheme 2.18).  In general, mixtures of 38, 39, TACP, and TBTA in 

degassed DMF were subjected to microwave heating. The reaction mixtures were taken 

up in 20 mL of chloroform, an aqueous workup was used to remove copper ions, and 

the solution lyophilized to give a white powders.  Work up details for each Run are 

given in the experimental section. These solids were analyzed by MALDI-TOF. Table 

2.7 Summarizes the reactions between 38 and 39.  

 

 

 

 

 

 

 

 

 

Scheme 2.18 General oligomerization scheme with deprotected bis-alkyne 38 and  

                      bis-azido 39 
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2.7.2.1 Run 7  

 A mixture of 38 and 39 at 180 mmol/L final concentration in each monomer 

(0.027 mmol) in DMF (150 µL) was subjected to microwave heating at 100 ͦ C for 20 

min.  The yield based on total monomer weight was 71%. The oligomer mixture 

obtained from this trial is denoted “O7”, the MALDI-TOF spectrum of this mixture is 

shown in Figure 2.13, and the corresponding peak list is given in Table 2.8.  

2.7.2.2 Run 8  

 A mixture of 38 and 39 at 180 mmol/L final concentration in each monomer 

(0.027 mmol) in DMF (150 µL) was subjected to microwave heating at 100 ͦ C for 30 

min.  The yield based on total monomer weight was 95%. The oligomer mixture 

obtained from this trial is denoted “O8”, the MALDI-TOF spectrum of this mixture is 

shown in Figure 2.14, and the corresponding peak list is given in Table 2.9. 

2.7.2.3 Run 9  

 A mixture of 38 and 39 at 180 mmol/L final concentration in each monomer 

(0.027 mmol) in DMF (150 µL) was subjected to microwave heating at 150 ͦ C for 30 

min. The reaction mixture turned brown unlike in other Runs where it turned green. 

The yield based on total monomer weight was 70%. The oligomer mixture obtained 

from this trial is denoted “O9”, the MALDI-TOF spectrum of this mixture of is shown 

in Figure 2.15 and the corresponding peak list is given in Table 2.10. 

2.7.2.4 Run 10 

 A mixture of 38 and 39 at 180 mmol/L final concentration in each monomer 

(0.027 mmol) in DMF (150 µL) was subjected to microwave heating at 100 ͦ C for 40 

min.  The yield based on total monomer weight was 71%. The oligomer mixture 
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obtained from this trial is denoted “O10”, the MALDI-TOF spectrum of this mixture 

of is shown in Figure 2.16, and the corresponding peak list is given in Table 2.11. 

2.7.2.5 Run 11  

 A mixture of 38 and 39 at 180 mmol/L final concentration in each monomer 

(0.027 mmol) in DMF (150 µL) was subjected to microwave heating at 100 ͦ C for 80 

min.  The reaction mixture was very viscous. The yield based on total monomer weight 

was 71%. The oligomer mixture obtained from this trial is denoted “O11”, the MALDI-

TOF spectrum of this mixture of is shown in Figure 2.17, and the corresponding peak 

list is given in Table 2.12. 

 

Table 2.7 Summary of the reactions between 38 and 39.  

 

 

 

 

 

 

a Yield after work up and lyophilization, calculated based on total monomer weights of 

38 and 39. 

b Reaction at 150 ͦ C 

 

In the following Tables 2.8 through 2.12 the letter A denotes the structure fragments 

derived from bis-alkyne MSH4 38 and the letter B denotes structure fragments derived 

from bis-azido (Pro-Gly)3 39. 

 

Run 
Oligomer 

mixture 

Concentration of 38 

and 39 (mmol/L) 

Reaction 

time 

(min) 

% 

Yielda 

7 O7 180 20 71 

8 O8 180 30 95 

9 O9 180 30b 70 

10 O10 180 40 71 

11 O11 180 80 71 
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Figure 2.13 MALDI-TOF spectrum of oligomer mixture O7 from Run 7.   

                    The insert is a vertical expansion of the higher m/z region. 

 

 

Table 2.8 Peak list of oligomer mixture O7 

 

 

 

 

 

 

Peak 

number 
Oligomer population 

Calculated m/z 

(M + H)+ 
Observed m/z 

1 AB 1561.9 1561.8 

2 BAB 2305.3 2305.2 

3 ABAB 3122.7 3122.6 

4 BABAB 3866.1 3865.9 

5 ABABAB 4683.6 4683.4 

6 BABABAB 5427.0 5427.0 

7 ABABABAB 6244.4 6246.8 

8 BABABABAB 6987.9 6988.5 

3 

4 

5 

8 7 
6 

2 

1 

8 
6 

7 
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Figure 2.14 MALDI-TOF spectrum of oligomer mixture O8 from Run 8.   

                  The insert is a vertical expansion of the higher m/z region. 

 

 

Table 2.9 Peak list of oligomer mixture O8 

 

 

Peak 

number 
Oligomer population 

Calculated m/z 

(M + H)+ 
Observed m/z 

1 AB 1561.9 1554.9 

2 BAB 2305.3 2300.3 

3 ABA 2379.3 2376.6 

4 ABAB 3122.7 3119.7 

5 BABAB 3866.1 3864.2 

6 ABABAB 4683.6 4682.9 

7 BABABAB 5427.0 5426.7 

8 ABABABAB 6244.4 6249.3 

9 BABABABAB 6987.9 6993.3 

10 ABABABABAB 7805.3 7809.0 

11 BABABABABAB 8548.7 8555.2 

12 BABABABABABAB 10109.6 10118.1 

13 BABABABABABABAB 11670.4 11673.4 

7 6 

3 

5 

4 

2 

1 

9 8 
10 11 

12 

13 
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Figure 2.15 MALDI-TOF spectrum of oligomer mixture O9 from Run 9.   

                   

 

 

Table 2.10 Peak list of oligomer mixture O9 

 

Peak 

number 
Oligomer population 

Calculated m/z 

(M + H)+ 
Observed m/z 

1 AB 1561.9 1547.8 

2 BAB 2305.3 2294.1 

3 ABAB 3122.7 3113.3 

4 ABABAB 3866.1 3859.5 

3 

1 

2 

4 
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Figure 2.16 MALDI-TOF spectrum of oligomer mixture O10 from Run 10.   

                  The insert is a vertical expansion of the higher m/z region. 

Table 2.11 Peak list of oligomer mixture O10 

 

Peak 

number 
Oligomer population 

Calculated m/z 

(M + H)+ 
Observed m/z 

1 AB 1561.9 1552.8 

2 BAB 2305.3 2298.0 

3 ABA 2379.3 2372.9 

4 ABAB 3122.7 3118.1 

5 BABAB 3866.1 3863.3 

6 ABABA 3940.2 3938.0 

7 ABABAB 4683.6 4682.6 

8 BABABAB 5427.0 5427.0 

9 ABABABA 5501.0 5501.8 

10 ABABABAB 6244.4 6246.1 

11 BABABABAB 6987.9 6990.0 

12 ABABABABA 7061.9 7063.7 

13 ABABABABAB 7805.3 7808.9 

14 BABABABABAB 8548.7 8552.3 

15 ABABABABABA 8622.7 8625.1 

16 ABABABABABAB 9366.2 9369.0 

17 BABABABABABAB 10109.6 10116.4 

18 ABABABABABABAB 10927.0 10934.4 

19 BABABABABABABAB 11670.4 11676.2 

20 ABABABABABABABAB 12487.9 12495.3 

9 

10 

12 

11 

13 

13 

14 

15 

16 

17 

18 
19 

20 

8 

7 

6 

5 

4 

3 

2 

1 
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Figure 2.17 MALDI-TOF spectrum of oligomer mixture O11 from Run 11.   

                  The insert is a vertical expansion of the higher m/z region. 

 

Table 2.12 Peak list of oligomer mixture O11. 

 

 

 

 

 

 

Peak 

number 
Oligomer population 

Calculated m/z 

(M + H)+ 
Observed m/z 

1 AB 1561.9 1558.4 

2 BAB 2305.3 2305.5 

3 ABAB 3122.7 3123.6 

4 BABAB 3866.1 3868.8 

5 ABABAB 4683.6 4687.4 

6 BABABAB 5427.0 5435.7 

7 ABABABAB 6244.4 6252.0 

8 BABABABAB 6987.9 6998.8 

9 ABABABABAB 7805.3 7804.0 

10 BABABABABAB 8548.7 8562.7 

11 BABABABABABAB 10109.6 10119.2 

1 

2 

3 

4 

5 
6 

5 

6 

7 
8 

9 10 11 
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2.8 Discussion of the Oligomerization Products 

 MALDI-TOF results indicate the presence of (A + B)n, (A + B)n +A, and/or (A 

+ B)n + B type oligomers in the population. The presence of (A + B)n + A type (69),  

and (A + B)n + B type (70) oligomers (Figure 2.18) were clearly identified  by MALDI-

TOF as they have distinct m/z values. (A + B)n type linear (71) and cyclic oligomers 

(72) (Figure 2.19) were not distinguishable from each other as they have the same m/z 

values. The directionally of the peptide ligands will give rise to different structural 

isomers of oligomers with the same molecular formula. For example four structural 

isomers are possible for the linear (A + B)1 oligomer construct. The number of possible 

structural isomers increase with the degree of oligomerization. These structural 

variations were not considered in this study as it is impossible to identify them by 

MALDI-TOF analysis.  
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 The reactions between the protected bis-alkyne MSH4 51 and bis-azido (Pro-

Gly)3 39 clearly indicate an increasing degree of oligomerization with increasing 

monomer concentrations. The oligomer mixture O1 resulting from the lowest monomer 

concentration in the series (18 mmol/L) showed the presence of up to the [(A + B)4 +A] 

oligomer construct. Run 3, with ten times higher monomer concentrations (180 

mmol/L) at the same reaction time resulted in an insoluble amorphous gel. This is taken 

as evidence for a higher degree of polymerization, but oligomer mixture O3 could not 

be analyzed due to solubility problems. A very viscous reaction mixture was obtained 

in Run 4 with 180 mmol/L monomer concentrations at a shorter reaction time. MALDI-

TOF analysis of oligomer mixture (O4) obtained in this Run showed the presence of 

constructs with up to ten AB repeats – (A + B)10. Reactions run for 30 minutes at the 

same high monomer concentrations resulted in viscous, but readily soluble (in DCM) 

mixtures.  The observed degree of oligomerization in O5 was up to [(A + B)7 + A]. The 

attempt to precipitate the protected oligomer in Run 6 in water did not show any 

improvement in the oligomer population of O6 over O5.  

 All the oligomerization Runs with the deprotected bis-alkyne MSH4 38 and bis-

azido (Pro-Gly)3 (39) were carried out at 180 mmol/L monomer concentrations. This 

concentration was chosen as high monomer concentrations gave higher degrees of 

oligomerization in the earlier Runs. Here the reactants were subjected to microwave 

heating for increasing periods of time. It is known that step growth polymerization 

products grow exponentially with time.130 Comparing Run 7 (20 min) and Run 10 (40 

min) there was a significant increase in the degree of oligomerization. (compare 

MALDI-TOF spectra of oligomers O7 and O10). Increasing the reaction time from 40 

min to 80 min (Run 11) did not appear to increase oligomerization in the MALDI-TOF 

analysis even though the resulting reaction mixture of Run 11 was more viscous than 
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in Run 10. Since these reaction mixtures became more and more viscous, the reaction 

times were not extended past 80 min. Run 9 at an elevated temperature (at 150 ͦ C) 

resulted in a brown colored mixture, unlike the Runs at 100 ͦ C in which it turned green. 

The level of oligomerization was also low (Oligomer O9). This could be due to peptide 

decomposition at the elevated temperature. 

2.8.1 Further Analysis of the Oligomer Products 

 Oligomer mixtures, O1 (Run 1), O5 (Run 5), and O10 (Run 10) were chosen 

for further analysis based on the degrees of oligomerization and the two different 

methods by which they were formed. (protected vs deprotected amino acid side chains). 

 The IR spectrum of monomer 38 has a very weak alkyne (C≡C) stretching 

vibration at 2115 cm-1 (Figure 2.20) and therefore one would not expect to see this 

peak in the oligomer mixtures if a residual triple bond was present at one or both chain 

ends. On the other hand, the azide stretching vibration of monomer 39 absorbs strongly 

at 2098 cm-1 (Figure 2.21). In O10’s IR spectrum, where both free azide and alkyne 

groups must occur, one can clearly see the corresponding azide stretching vibration at 

2099 cm-1 (Figure 2.22). In IR spectra of the O1 (Figure 2.23) and O5 (Figure 2.24) 

oligomer mixtures, there is no corresponding peak for the azide stretching vibration.  
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  This can be explained by looking at the lower m/z end of the MALDI-TOF 

spectra of O1 and O5. Here some unreacted A is in evidence. The presence of excess 

A could be due to discrepancies in weighing the small amounts of starting materials (~ 

20 mg). In oligomers O1 and O5 no [(A + B)n + B] products (70) are seen. In the 

presence of excess A, all of the chain-terminal B moieties that possess free azides 

appear to be capped. Thus no azide stretching vibration is seen in the IR for O1 and 

O5. The (A + B)n product if linear, should show a peak corresponding to an azide 

stretching vibration. But we do not see a peak at 2098 cm-1. It is possible that most of 

(A + B)n we see in O1 and O5 are cyclized products, thus no azide peak appears in the 

IR.  

 In the case of O10 the IR spectrum is not indicative of the presence of linear vs 

cyclized (A + B)n products (71 vs 72) as there is a  stretching vibration at 2099 cm-1 

corresponding to azide functionality. To analyze these (A + B)n products a synthetic 

method was developed.  

 The fluorescent [N-(hex-5-yn-1-yl)-4-(methyl(7-nitrobenzo[c][1,2,5] 

oxadiazol-4-yl)amino)butanamide] (NBD alkyne) 73 was synthesized as shown in 

Scheme 2.19  from NBD acid 74 (synthesized by Dr. Ramesh Alleti, in Mash Group) 

The activated N-hydroxy succinamide ester 75 was treated with 6-amino-1-hexyne 41 

to afford 76 in 75% yield over two steps.  
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Scheme 2.19 Synthesis of [N-(hex-5-yn-1-yl)-4-(methyl(7-  

                       nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)butanamide] 

 

 In addition to it’s use in analyzing for the presence of cyclized products, the 

possibility of tagging ends of the linear oligomers with a fluorescent capping agent was 

another motive for its synthesis and use. Further, fluorescent NBD moiety having a λmax  

at 482 nm183 and Trp in MSH4 having a λmax at 280 nm,122 one could do ratiometric 

calculations to estimate the degree of the oligomerization. In such a study a high    

( 
λmax 280 

λmax 482 
) ratio would be indicative of a high degree of oligomerization, whereas lower 

ratios would be indicative of lesser degrees of oligomerization. 

 Initially, reaction between 76 and bis-azido (Pro-Gly)3 (39) was used to check 

the conditions (Scheme 2.20). After validating this reaction, the same conditions were 

used for the reaction of the oligomer O10 with excess 76 (Scheme 2.21). 
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Scheme 2.20 Capping the bis-azide 39 with fluorescent agent 76 

 

 

 

 

 

Scheme 2.21 Capping of oligomer mixture O10 with NBD alkyne 76 

 

 The crude mixture obtained in Scheme 2.21 was analyzed by MALDI-TOF 

(Table 2.13). m/z values over 5100 were not distinguishable from the baseline. 
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Table 2.13 MALDI-TOF results for mixture O12 obtained as in Scheme 2.21 

a MALDI-TOF spectra are given in the Appendix A 

Structure 
Calculated 

m/z 

Observed 

m/z 

Assigned peak 

numbera 

[(A + B)1 + H]+ 1561.9 1561.7 1 

[(A + B)1 + Na]+ 1583.8 1583.7 2 

[(A + B)1 + Cu]+ 1623.8 1623.6 3 

[(A + B)1 + NBD]+ 1920.0 1920.8 4 

[(A + B)1 + NBD + Cu]+ 1982.9 1982.7 5 

[(A + B)1 + B + H]+ 2304.3 none  

[(A + B)1 + B + NBD]+ 2663.4 none  

[(A + B) + B + 2NBD + H]+ 3022.6 3023.2 6 

[(A + B) + A + H]+ 2379.3 2379.1 7 

[(A + B) + A + Cu]+ 2441.2 2440.9 8 

[(A + B)2 + H]+ 3122.7 3122.4 9 

[(A + B)2 + Cu]+ 3184.6 3184.3 10 

[(A + B)2 + NBD + H]+ 3481.9 3482.1 11 

[(A + B)2 + NBD + Cu]+ 3543.8 3543.6 12 

[(A + B)2 + B + H]+ 3866.2 none  

[(A + B)2 + B + NBD + H]+ 4225.3 none  

[(A + B)2 + B + 2NBD + H]+ 4584.5 4588.2 13 

[(A + B)2 + A + H]+ 3940.2 3942.2 14 

[(A + B)3 + H]+ 4683.6 4687.7 15 

[(A + B)3  + NBD + H]+ 5042.75 5044.6 16 
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 Some (A + B)n (n = 1, 2, 3) peaks remained evident, while peaks corresponding 

to NBD tagged [(A + B)1 + NBD], [(A + B)2 + NBD], and [(A + B)3 + NBD] were also 

observed. As expected, all the [(A + B)n + B] constructs disappeared and the 

corresponding doubly tagged [(A + B)n + B + 2NBD] peaks were visible. The presence 

of the NBD tagged (A + B)n peaks is indicative that some of these products were 

acyclic. The (A + B)n + NBD products also confirm that (A + B)n are not non-covalently 

bound dimers or trimers of (A + B)1. Non-covalently bound peptide peaks are 

sometimes observed in MALDI analyses when the concentration of the peptides 

increases in the MALDI plate. Our results are in agreement with those of Dirk, et al.157 

who saw this type of cyclization at comparable concentrations. However, their AB type 

monomers (2 amino acids) were small in comparison with ours and the maximum 

reported cycle had only 22 amino acid residues. In our case the (A + B)3 has 30 amino 

acid residues, and the (A + B)7, if cyclic, has 70 residues. Proline, glycine, and D-amino 

acids in a peptide have been reported to promote cyclization by introducing β-turns into 

the structure.184 Our oligomers are rich with proline, glycine and D-phenylalanine. The 

presence of these amino acids in the backbone could have contributed to cyclization of 

our oligomers.  

 Another observation we made in our mass spectral analysis is that low m/z 

values have a higher intensity and the high m/z values have a lower intensity on a per 

mole basis. To get an accurate measure of the relative abundance of the oligomers in a 

given mixture, the ionization process, ion transmission, and ion detection have to be 

independent or a known function of the mass and the oligomer structure.185-188 The 

sample preparation, and in the case of TOF analyzers, the ion acceleration, and ion 

focusing are also contributing factors.185-188 In our study we only looked at our data 

qualitatively, as the mass spectra were not standardized for the factors mentioned 
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above. A preliminary test was done by mixing in a 1:1molar ratio squalene 

derivatives121 20 (m/z 2244.6) and 19 (m/z 1381.9) (Figure 2.25) and subjecting the 

mixture to MALDI-TOF analysis under the conditions used in our analyses. As shown 

in Figure 2.26, the intensity of the higher mass peak was attenuated. This is clear 

evidence that our oligomer mixtures could be of much higher order than they appear in 

the various mass spectra.  

 

 

 

 

 

 

 

 

 

Figure 2.25 Structures of the squalene derived MSH4 derivatives121 used in the    

                    MALDI- TOF spectrum in Figure 2.26 

 

 

20 

19 
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Figure 2.26 MALDI-TOF of mixture of 19 and 20 (1:1 molar ratio) 

 The presence of unreacted lower oligomer constructs means that the 

oligomerization has not gone to completion in the reaction times employed. However, 

products from more extended reaction times could not be analyzed due to solubility 

issues.  

  Before pursuing any separation of these oligomer mixtures, we elected to test 

their (O1, O5, and O11) biological activity. 

 As controls for the biological studies, bis-serinamide derivative 79 and the bis- 

MSH4 derivative 81 were synthesized as shown in the Schemes 2.22 and 2.23. Alkyne 

serinamide derivative 78 and the MSH4 alkyne derivative 80 were synthesized as 

reported in literature.119 Bis-azido (Pro-Gly)3 39 was reacted with alkyne serinamide 78 

under heating from microwave radiation. Bis-serinamide detivative 79 was obtained in 

50% yield after purification via gravity column chromatography (synthesized by Dr. 

Suryakiran Navath). Similarly, bis-azido (Pro-Gly)3 39 was reacted with alkyne MSH4 

derivative 80 to give bis-MSH4 derivative 81 in 34% yield after HPLC purification.  

m/z =1381.9 19 

m/z = 2244.6, 20 
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Scheme 2.22 Synthesis of bis-serinamide 79 (Maximum inter ligand distance ~ 55 Å) 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.23 Synthesis of bis-MSH4 derivative 81 (Maximum inter ligand distance   

                      ~ 55 Å) 
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2.9 Biological Studies 

 Compounds 79, 81, and the oligomer mixtures O1, O5, and O10 were evaluated 

for their binding affinity in a competitive binding assay using time resolved 

fluorescence (TRF).189-192  

 TRF assays are highly advantageous over traditional radiolabelled assays for 

monitoring ligand-receptor interactions due to their sensitivity, safety (no radioactive 

biohazards), and adaptability for high throughput screening.189-75 The lanthanide-based 

luminescence utilized in TRF assays has narrow emission bands, large Stokes shifts, 

limited photo-bleaching, and long luminescent lifetimes. These give rise to much more 

sensitivity and reduced background noise than regular fluorophores.189-75 For our 

biological evaluations dissociation-enhanced lanthanide fluoroimmuno assay 

(DELFIA) (PerkinElmer Lifesciences) was employed.193    

 The cell line used was HEK-293 cells engineered to overexpress the human 

melanocortin 4 receptor (hMC4R) and the human cholecystokinin 2 receptor 

(hCCK2R) – (HEK-293 hMC4R/CCK2R). These cells stably express hMC4R at 6 ×105 

receptors per cell and hCCK2R at 1×106 receptors per cell.194 In this assay we are 

targeting hMC4R. The actual melanoma related receptors, hMC1R (human 

melanocortin 1 receptor) and hMC4R, have similar pharmacophores.71 Thus, results 

obtained here should be valid for a system containing hMC1R as well. Since these are 

dual expressing cells, the information gained from multivalent constructs targeting 

hMC4R could be applied to constructs targeting hCCK2R and mixtures of the two 

receptors. 
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2.9.1 Bioassays 

 A saturation binding curve was generated for the probe Eu-DTPA-PEGO-

MSH7-NH2 (82),121 in competition with the potent ligand NDP-α-MSH84,121 to evaluate 

non-specific binding according to the literature protocol.121 Probe 82 showed a 

significant separation between total and non-specific binding with a Kd of 27 nM.121 

This value was used to calculate the Ki values in competitive binding assays. 

 

 

 

 

 

Figure 2.27 Eu-DTPA-PEGO-MSH7 probe121 

 

 Competitive binding assays were carried out as described in the literature 

against the probe 82.121 A series of dilutions of the test compounds starting from 

different concentrations were screened to come up with the optimum concentration 

range to generate good competitive binding curves. The details of these procedures and 

sample formulation are given in the experimental section in Chapter 5. The Ki values 

obtained are listed in Table 2.14. The Ki values for the oligomers (O1, O5, and O10) 

were calculated based on the total MSH4 concentration.122  

 The Ki value for the monovalent MSH4 compound 83 (Figure 2.28) listed in 

the Table 2.14 was taken from reference 121. The competition assay for this 83 was 

carried out by Dr. Ramesh Alleti in parallel with the current series using the same 

protocols and the same cell line. 
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Figure 2.28 Monovalent MSH4 derivative 83121 

 

 

Table 2.14 Competitive binding assay data for 79, 81, 83, O1, O5, and O10 (probe 82,   

                   cell line HEK293 CCK2R/MC4R) 

a The Ki was calculated using the equation Ki = IC50/(1+([ligand]/Kd)), where 

  [ligand] refers to the concentration of the probe used as the labeled competed     

  ligand, here it was 20 nM 

 
b The value given represents the average of n independent competition binding 

   experiments, each done in quadruplicate 

c Compound 79 was unable to inhibit the binding of probe 82 in the concentration  

   range tested.  

 
d Ki calculated based on per mole of 81 

e Ki calculated based on the total MSH4 concentration 

 

Construct Ki (nM)a nb 

79 NBc 1 

83 350 ± 28    4121 

81 280 ± 55d 5 

O1 190 ± 24e 6 

O5 270 ± 31e 7 

O10 200 ± 32e 5 
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2.9.2 Discussion 

 As expected, serinamide derivative 79 was unable to block probe 82 from 

binding to hMC4R over the concentration range tested (10-5 – 10-12 M). The divalent 

compound – bis-MSH4 81 showed a 1.2 times enhancement of binding compared to 

the monovalent compound (83). This small enhancement could be attributed to a 

statistical effect and/or due to a higher local concentration of ligand near the receptors. 

This information suggests that bivalent (81) is unable to cross-link binding sites of two 

adjacent receptors simultaneously. The ≤ 56 Å semi-rigid linker seemed not to be 

conformationally adjusting to allow multivalent binding as anticipated. Interestingly, 

all the oligomers (O1, O5, and O10) tested showed comparable binding affinities to 

that of the bivalent (81). These values are based on the total MSH4 concentration 

present in each oligomer mixture. A Ki value on a per oligomer basis could not be 

generated since these were heterogeneous mixtures. Even so, the binding curves 

generated in separate experiments were reproducible as shown in the Figure 2.29. All 

competitive binding curves had R2 values around 0.9.  
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Figure 2.29 Competitive binding assay curves a) O1 vs Probe 82  

                    b) O5 vs Probe 82   c) O10 vs Probe 82 

 

 Referring to the MALDI-TOF spectra of these oligomers (Figures 2.8, 2.11, 

and 2.16), it is clear that they contain molecules bearing more than one copy of MSH4. 

Thus, the true Ki values of these oligomers could be much lower than those given in 

Table 2.14. In addition, these oligomer mixtures contain both linear and cyclic 

oligomeric constructs, further complicating the data analysis. The oligomer mixture O1 

generated at lower monomer concentrations potentially contains a high fraction of 

cyclic products. The Ki value for O1 was 1.8 times better than the monovalent (83). 

These data suggest that these cyclic oligomeric constructs are equally potent for binding 

at hMC4R. Conformationally constrained cyclic melanotropin analogs containing 

a) b) 

c) 
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disulfide and lactam rings have been shown to act as agonists at melanocortin 

receptors.85,90  

2.10 Conclusion  

 One-pot oligomerization of bis-alkyne MSH4 (51 and 38) and bis-azido (Pro-

Gly)3 (39) using a step growth polymerization gave oligomeric mixtures of varying 

length.  

 The degree of oligomerization could be controlled by varying the monomer 

concentrations. Further optimizations of the structures of the monomers are required to 

overcome solubility issues faced in extended reaction times. Such constructs arising 

from high degrees of oligomerization might be separated from lower masses via 

separation techniques such as HPLC and size exclusion chromatography. The distance 

between the ligands in the divalent MSH4 control, approximately 55 Å seemed not to 

be appropriate for promoting multivalent binding. Inter-ligand distances shorter than 

what was used in this study need to be tested.  

 The oligomers made in this study showed promising biological activity in the 

competitive binding assay. Therefore, developing this strategy further has the potential 

for rapidly producing oligomers that are capable of simultaneous binding to clustering 

two or more receptors, and possibly play a role in receptor clustering.  
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Chapter 3 

Shorter Linear Scaffolds for Multivalent Ligand Displays 

 

 

3.1 Introduction 

 

 Access to a library of different architectures which can be used to make 

multivalent constructs would be immensely helpful to elucidate higher order biological 

mechanisms involving cellular receptors. Brabez et al. in 2011 reported multivalent 

binding to hMC4R with a construct (24, Chapter 1) having inter-ligand distances of 

24±5 Å.123 This distance was near the lower limit of the previously calculated inter-

receptor distance for two adjacent GPCR’s (20 – 50 Å).113 Construct 24 displayed a 

“tripodal” geometry and was built via SPPS. Given these results, and the lack of 

multivalency displayed by constructs based on many other scaffolds,120-122,195 including 

our oligomers mixtures discussed in the previous chapter, it was thought prudent to 

explore further this distance dependence. In addition, the impact of different 

orientations of the ligands displayed for multivalent binding was unknown. For this 

purpose we decided to test the effect of linearity of a scaffold with shorter inter-ligand 

distances towards hMC4R binding. 

 

 

3.2 Squalene-Derived Scaffold 

 

 Scaffolds previously employed for multivalent display of ligands targeted to 

melanocortin receptors include several linear constructs made by the Mash group.120-

122 Two scaffolds derived from squalene (Figure 3.1) were active towards hMC4R as 

described in Chapter 1.  
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Figure 3.1 Previously reported squalene derived constructs 18 and 20120,121 

 

 Our initial model for a linear scaffold envisioned a squalene-derived multivalent 

compound with shorter inter-ligand distances. Squalane hexaol (85), obtained by 

hydroboration and oxidation squalene (84), offers six hydroxyl groups that might be 

modified for ligand attachment (Scheme 3.1). Previously synthesized 85 was available 

to us for this task.121 

 

 

 

 

 

 

 

 

 

Scheme 3.1 Synthesis of squalane hexaol 851121 
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 Earlier work by our group had produced monovalent and divalent compounds 

derived from 84. As described previously, this chemistry gives rise to regio- and 

stereoisomeric mixtures. At this point we were less concerned about having 

stereoisomers because the backbone of 85 is flexible and was believed to have the 

potential to span the distance between receptors. Having a regioisomeric mixture was 

more concerning and undesirable. It would not serve our purpose in investigating the 

effect of inter-ligand distance on binding affinity. We intended to extend the valency 

beyond two and get to the homogenous hexavalent compound. The synthetic scheme 

envisioned for the synthesis of the hexavalent squalene-derived MSH4 construct (89) 

is shown in Scheme 3.2. The distance between any two adjacent ligands in 89 is 26 or 

27 atoms, or ≤ 32 Å. Hexakis-O-propargylsqualane hexaol 87 might be synthesized by 

peralkylating squalane hexaol 85 with commercially available propargyl bromide (86). 

Too many azides in a molecule increases the risk of explosion. Therefore as a safety 

precaution, introduction six alkynes was chosen over introduction of six azides into 85. 

CuAAC between 87 and 6-azidohexanoyl MSH4 derivative 88 would give the final 

hexavalent compound 89.  
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Scheme 3.2 Planned synthesis of hexavalent squalene derived scaffold 87 and 

multivalent construct 89. 

 

3.2.1 Attempted Synthesis of 87 

 Various reaction conditions were unsuccessful for the preparation of the 

hexakis-O- propargyl squalane haxaol 87 (Scheme 3.3).  TLC of the crude product 

obtained under the reaction condition 1 in Scheme 3.3 indicated the occurrence of up 

to two alkylations when compared against the similar bis-O-hexynyl squalane hexaol 

(parent alkyne of 20).  The 1H NMR of the presumed bis-O-propargyl squalane hexaol 

of trial 1 (Scheme 3.3) was consistent with di-O-propargylation. That the alkylation did 

not proceed beyond two O-alkylations under the reaction conditions 2 – 4 given in 

Scheme 3.3 was indicated by TLC. The bis-O-propargyl squalane hexaol product was 

subjected to deprotonation with n-BuLi and exposed to propargyl bromide, but the TLC 
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spot corresponding to the starting material did not disappear. It was concluded that 

some the hydroxyl groups of the squalane hexaol are not prone to deprotonation, 

possibly due to strong intramolecular hydrogen bonding. Phase transfer catalysts are 

sometimes used to overcome the inefficiency of the classical Williamson ether 

synthesis for synthesizing polyol ethers,196 but we decided to discontinue the use of 

squalane hexaol as a scaffold.  

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.3 Attempted synthesis of hexakis-O-propargyl squalane hexaol 87 

 

3.3 Towards Readily Available Linear Scaffolds 

 The unsuccessful synthesis of hexakis-O-propargyl squalane hexaol caused us 

to consider other alternatives for linear scaffolds. Economical and easily synthesized 

scaffolds would be very advantageous for scaling up reactions. Having this goal in 

mind, we turned to commercially available D-mannitol (90) as a core structure for 
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preparation of a hexavalent construct. Similarly, a tetravalent compound based on 

readily available 3,4-di-O-methyl-D-mannitol 91, a trivalent compound based on 

glycerol 92, and a divalent compound based on ethylene glycol 93 were targeted 

(Figure 3.2). The proposed scaffolds are not rigid, as C-C bonds in the cores are 

conformationally mobile. This offers the tethered ligands conformational freedom to 

achieve binding with two or more receptors.   

 This series of scaffolds with increasing valency and comparable inter-ligand 

distances could be used to study valency effects for multivalent binding at hMC4R or 

other receptors when presented in linear displays. 

 

 

 

 

Figure 3.2 Core-structures 90 - 93 for linear scaffolds 

 

 We envisioned a D-mannitol-derived scaffold (94) with 24 - 28 atoms between 

MSH4 ligands (Scheme 3.4). The scaffold, 1,2,3,4,5,6-hexakis-O-propargyl-D-

mannitol197 (94) obtained via alkylation with propargyl bromide (86) would be reacted 

with 6-azidohexanoyl MSH4 (88) to give the desired 95. 

 



135 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.4 Synthetic plan for D-mannitol derived scaffold 94197 and multivalent 

construct 95  

 

3.4 Synthesis of Compounds 94, 96, 100, and 88 

 Following commonly used alkylation procedures using NaH in DMF, scaffolds 

94 and 1,2,3-tris-O-propargylglycerol198 (96) were synthesized in 34% and 45% yields, 

respectively (Scheme 3.5). 

 

 

 

 

 

 

 

Scheme 3.5 Synthesis of 94197 and 96198 
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  To prepare 3,4-di-O-methyl-D-mannitol (91), D-mannitol (90) was first reacted 

with acetone (97) in the presence of ZnCl2 as a catalyst to afford 1,2,5,6-di-O-

isopropylidene-D-mannitol (98) in 54% yield. This yield was comparable to the value 

reported by Baer.199 It is important to note that care was taken not run the reaction more 

than the reported 2 h duration. Formation of 98 and isomer 1,2,3,6-di-O-isopropylidene-

D-mannitol are reported to be simultaneous, though the latter is formed in negligible 

amounts under the conditions we employed.200 However, prolonged reaction times give 

larger amounts of the undesired isomer. 1H and 13C NMR of 98 were as expected with 

no evidence of by-products, and so the material was carried on in the next steps. The 

hydroxyl groups of 98 were methylated using MeI and NaH to give 1,2,5,6-di-O-

isopropylidene-3,4-di-O-methyl-D-mannitol201 (99) in 71% yield. Hydrolysis of the 

isopropylidene protecting groups and subsequent recrystallization from ethanol gave 

9112 in 41% yield. Finally, alkylation with 10 afforded 3,4-di-O-methyl-1,2,5,6-O-

propargyl-D-mannitol (100) in 45% yield (Scheme 3.6) 

 

 

 

 

 

 

 

Scheme 3.6 Synthesis of 3,4-di-O-methyl-1,2,5,6-O-propargyl-D-mannitol (100)200,201 

 

 The ligand  88, 6-azidohexanoyl MSH4, was synthesized manually via SPPS 

employing an 9-Fluorenylmethoxycarbonyl (Nα-Fmoc)/tert-butyl (t-Bu) solid-phase 
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peptide synthesis strategy and standard DIC (diisopropyl carbodiimide)/Cl-HOBt (6-

chloro-1-hydroxybenzotriazole) coupling on Rink amide resin (101) as reported in the 

literature.122 The activated Fmoc-protected amino acids 42, 102, 46, and 48 were 

sequentially added to the free amine end of the growing peptide chain on resin as shown 

in Scheme 3.7. Finally, 6-azidohexanoic acid 53 was added to the free N-terminus of 

the protected tetrapeptide. Deprotection of the peptide and cleavage from the resin was 

carried out using a cocktail of TFA:thioanisole:TIPS:water (9.1:0.3:0.3:0.3) and 

afforded 88 in 58% yield after HPLC purification (Scheme 3.7). Compound 88 was 

characterized by MS. 

 

 

 

 

 

 

 

Scheme 3.7 Solid phase peptide synthesis of 88 

 

3.5 CuAAC Reaction 

 The CuACC reaction was carried out between 94 and an excess of 88 with 

CuSO4/sodium ascorbate in THF:water (15:3) for 3 days at room temperature. A 

mixture was obtained composed of products 104 with from one to six MSH4 ligands 

attached to the D-mannitol scaffold (Scheme 3.8). This reaction was repeated under 

microwave heating in the presence of TACP and TBTA in DMF, but the results were 

not satisfactory. Another reaction was carried out in which two 2 equivalents of sodium 
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ascorbate relative to the amount of the TACP catalyst were added to make sure Cu(I) 

was available for the reaction, but no improvement was seen.  

 

 

 

 

 

 

 

 

 

Scheme 3.8 CuACC reactions between 94 and 88 

 The CuAAC reactions of 88 with scaffolds 96 and 100, respectively, under 

microwave heating were also unsuccessful. We observed either incomplete reactions or 

products arising from decomposition. In the MS, products arising from cleavage of the 

O-propargyl bond were observed. The propargyl ethers 94, 96, and 100 do not have a 

long shelf life even when stored in refrigerator at 4 ͦ C. The pale yellow compounds 

became darker with time, and TLC analysis indicated decomposition of the products. 

We were required to make fresh batches of propargyl ethers for each CuACC reaction. 

To make sure that no acidic impurities were present in our product, a saturated K2CO3 

wash was used during the workup. In addition compounds 94, 96, and 100 were purified 

by gravity column chromatography using hexanes and EtOAc (~70:30) as the eluent,  
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but the problem of decomposition still persisted. 

 Next, separation of the D-mannitol derivatives with different valency (mixture 

107) by HPLC was attempted. Despite using different gradients of the mobile phase, 

we were unable to separate individual products from the mixtures. To confirm that these 

D-mannitol-derived compounds were biologically active, we carried out one 

competition assay with a purified mixture of 107 containing from four to six MSH4 

ligands per scaffold. The assay procedure described in Chapter 2 using 96-well plates 

was employed. Indeed, the mixture showed a competitive binding curve with a Ki value 

of 180 nM based on the total MSH4 concentration. The range of per particle Ki values 

based on 4 - 6 MSH4 ligands per scaffold is thus 30 - 45 nM (180 nM divided by four 

to get the Ki value of 45 nM corresponding to a scaffold baring 4 MSH4 ligands etc.)  

 

3.6 New Approach for Shorter Linear Scaffolds 

 These encouraging biological results caused to us revisit our design and our 

synthetic strategy. Propargyl bromide was used as the alkylating agent because it is 

commercially available. Referring to Figure 3.3, we decided to adjust the carbon chain 

lengths of 94 and 88. The new D-mannitol derivative 105 would have six O-hexynyl 

arms. To match the overall spacer length with the earlier combination, new 2-

azidoacetyl MSH4 derivative 106 would employed.  
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Figure 3.3 Comparison of combinations of the CuAAc partners 94, 88 and 105, 106 

 

 2-Azido acetic acid123 108 was successfully synthesized from 2-bromoacetic 

acid 107 in good yield (Scheme 3.9). 

 

 

 

 

Scheme 3.9 Synthesis of 2-azidocetic acid 108123 

 

 The synthesis of the new 2-azidoacetyl MSH4 derivative 106 was carried out 

following the same SPPS method described earlier. This time the N-terminus of the 

tetrapeptide was coupled with activated 2-azido acetic acid 108. After deprotection and 
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94 

88 
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HPLC purification 106 was obtained in 65% yield and was characterized by MS 

(Scheme 3.10)  

 

 

 

 

 

 

Scheme 3.10 Synthesis of 2-azidoacetic MSH4 derivative 106 

 

 To synthesize O-hexynyl derivatives, 6-iodo-1-hexyne202 (111) was chosen as 

the alkylating agent. Iodides are good leaving groups in SN2 reactions.  Compound 111 

was synthesized from commercially available 6-chloro-1-hexyne (110) as in Scheme 

3.11. 

 

 

 

Scheme 3.11 Synthesis of 6-iodo-1-hexyne 11113 

  The reaction of D-mannitol 90 with 111 using a standard alkylation procedure 

in NaH and DMF gave 1,2,3,4,5,6-hexakis-O-hexynyl-D-mannitol 105 in 31% yield. It 

is worth noting that 6-iodo-1-hexyne 111 must not contain any residual acetone from 
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the previous reaction (Scheme 3.11). Following the same alkylating procedure, the 

1,2,5,6-tetra-O-hexynyl-3,4-di-O-methyl-D-mannitol 112 and 1,2,3-tris-O-

hexynylglyceol 113 were synthesized in 40% and 25% yields, respectively. To obtain 

the divalent construct, ethylene glycol 93 was subjected to alkylation under similar 

conditions to afford 1,2-bis-O-hexynylethylene glycol 114 in 56% yield (Scheme 3.12).  
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Scheme 3.12 Synthesis of O-hexynyl derivatives 105, 112, 113, and 114 
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3.7 CuAAC reactions of 105 and 112 - 114 

 CuAAC between 105 and 2-azidoacetyl MSH4 derivative 106 was carried under 

microwave heating (Scheme 3.13). Both the 4 h and 2 h reactions went to completion 

as confirmed by mass spectrometry. Product 115 was purified by HPLC and afforded 

yields of 57% and 67% respectively. The 1 h reaction showed a very small m/z peak 

corresponding to the construct with five attached ligands and one unreacted O-hexynyl 

arm, indicating incomplete reaction. Therefore, 2 h was chosen as the optimal reaction 

time for CuAAC reactions of 106 with scaffolds 112 – 114.  

 

 

 

 

, 

 

 

 

 

 

 

 

 

 

Scheme 3.13 Synthesis of hexavalent construct 115 

 Following the same procedure, the tetravalent (116) and trivalent (117) MSH4 

compounds were synthesized in good yields (Scheme 3.14). Divalent MSH4 compound 

 

 

 

(Ligands 27 - 32 Å apart) 
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118 was synthesized in 37% yield (Scheme 3.15). The reaction of 114 with previously 

synthesized 88 afforded the divalent 119 in 8% yield after HPLC purification. 

Compound 119 and peptide 88 had very close tR values with 119 eluting before 88. 

HPLC purification was repeated two additional times, and only the first half of the 

overlapped peak was collected to make sure of the purity of the product. Thus, the 

reported yield is low due product loss during purification. (Scheme 3.15) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(Ligands 27 - 29 Å apart) 

Scheme 3.14 Synthesis of MSH4 compounds 116 and 117 

 

(Ligands 27 - 32 Å apart) 
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Scheme 3.15 Synthesis of MSH4 compounds 118 and 119 

 

 Compound 122, (S)-2-(2-azidoacetamido)-3-hydroxypropanamide, was made 

as shown in Scheme 3.16. Activated 2-azidoacetic acid-N-succinimide ester (120)203 

was synthesized from 108 and commercially available N-hydroxysuccinamide (74). 

Reaction of 120 with commercially available serinamide hydrochloride (121) afforded 

122 in 66% yield over 2 steps. 

 
(Ligands 27 Å apart) 

(Ligands 37 Å apart) 
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Scheme 3.16 Synthesis of (S)-2-(2-azidoacetamido)-3-hydroxypropanamide 122 

 

 To synthesize monovalent MSH4 124, an excess of 114 was reacted with 122 

to produce monoserinamide-mono-O-hexynyl derivative 126 in 67% yield after 

purification via gravity column chromatography. This compound was then reacted with 

106 following the above-mentioned CuAAC conditions to yield 124 in 43% yield 

(Scheme 3.17) 

 

 

  

   

   

  

 

       

 

Scheme 3.17 Synthesis of monovalent 124 
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 The serinamide control compounds 125, 126, and 127 were also synthesized 

using the microwave heating conditions by reacting the corresponding O-hexynyl 

ethers 105, 112, and 113 with 122. The products were purified via gravity column 

chromatography on silica gel 60 to afford 128, 129, and 130 in 58, 74, and 75% yields, 

respectively (Scheme 3.18). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.18 CuACC reactions to give multivalent serinamide derivatives 125, 126,      

                     and 127 
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3.8 Biological Assay 

 Initially, competitive binding assays of the constructs were carried out 

following the TRF assay protocol described in Chapter 2 using the 96-wells plates (the 

96-well assay protocol is described in the experimental section in Chapter 5). The same 

HEK 293 CCK2R/MC4R cell line which was used in the evaluation of the oligomer 

constructs was used. Unfortunately, this time we were unable to produce good 

competitive binding curves due to cell loss during the washing steps. The problem 

persisted in every new passage brought up.  

 

3.8.1 Binding Assay with A375/MC1R Cell Line 

 At this point it was decided to try another cell line for the biological assay. An 

A375/MC1R cell line was suggested to us by our collaborators. A375/MC1R stably 

expresses MC1R at 75,000 receptors per cell.204 Saturation binding curves of both Eu-

DTPA-PEGO-MSH7 (82) and Eu-DTPA-PEGO-α-NDP (131) probes (Figure 3.4) on 

the new A375/MC1R cell line were generated on 96-well plates according to reported 

literature.121,204  

 

 

 

 

 

 

 

Figure 3.4 Probes 82 and 128 used in the TRF assay121 
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 The cells were adhering tightly to the assay plates, and there was no problem of 

cell loss during the washing steps. But the signal intensity of the total binding was low 

with both probes (Figure 3.5). A competitive binding curve could not be generated due 

to low signal-to-noise ratios. Low signal intensity could be due to lesser amounts of 

receptors present on A375/MC1R cells.      

 

 

 

 

 

 

 

 

Figure 3.5 Saturation binding curves performed on A375/MC1R cell line using 96-well   

                  plate assay  a) NDP probe 128 b) MSH7 probe 82  

                  (Blocking ligand NDP-α-MSH84 129) 

 In order to increase the signal intensity, a new six-well plate assay was 

developed and first used locally by Prof. Ron Lynch and Mr. Craig Weber to overcome 

the low signal intensity given by their Glucogon like peptide 1 expressing cell line. 

Corning CoStar 96- well plates (part #3603) have a cell growth area of 0.32 cm2 per 

well while Greiner Bio-One 6-well plates (VWR 82050-842) have a cell growth area 

of 9.6 cm2 per well. The idea was to increase the signal intensity by increasing the 

number of cells that generate it. In addition, the use of six well plates should minimize 

the effect of non-specific binding of the probe to the assay plates. 

 

b) a) 
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 Details of the binding assay protocol are given in the experimental section in 

Chapter 5. In brief, A375/MC1R cells were seeded at 180,000 cells per well. Cells were 

grown until 80-90% confluence was achieved. Saturation binding assays were carried 

out according to the procedure described in the experimental section. Despite many 

trials, we were unable to generate good saturation curves with the A375/MC1R cell 

line. 

  

3.8.2 Biological Assays with the HEK 293 CCK2R/MC4R Cell Line Using the Six    

         Well Plate TRF Assay Protocol  

 When used in 96-well plate assays, HEK 293 CCK2R/MC4R cells had the 

tendency to come off the plates during solution changes. Given our difficulties with the 

A375/MC1R cell line, we turned to the HEK293 CCK2R/MC4R cells on the six well 

assay method.  

 After a series of optimizations, a reliable six well plate assay protocol for HEK 

293 CCK2R/MC4R was developed.  

 Initially, the cells were seeded at 180,000 cells per well. After three to four days 

the confluence had reached about 80%. The cells did not adhere well to the plates after 

the 1 h incubation with test solutions, and non-specific binding was unacceptably high. 

Seeding was increased to 240,000 cells per well. Confluence reached about 90% by the 

fourth or fifth day, the cells were much better adhering, and generally the saturation 

curves exhibited good separation between total and non-specific binding. Still, on some 

days the saturation curves could not be generated due to cell loss by detachment after 1 

h incubation.  Cells are initially seeded with 3 mL of growth media. We became 

concerned that by the fifth day the cells might be under stress due to a lack of nutrients. 

Therefore, another 1 mL of growth media was added on the 3rd day after seeding. This 
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made the cells very well behaved, and good saturation curves could normally be 

generated. Figure 3.6 shows one representative saturation curve generated for the NDP 

probe 128. The cell loss (by detachment from the assay plate) after the 1 h incubation 

with test ligands was less than 5% of the total cells in a well (eye estimate). Detailed 

procedures for saturation and the competitive binding assays are given in the 

experimental section in Chapter 5. The Kd values for the two probes (82 and 128) from 

saturation binding in the six well format are given Table 3.1. 

 

 

 

 

 

Figure 3.6 Saturation binding curve for NDP probe 128 with the six well plate TRF 

assay protocol. (Blocking ligand NDP-α-MSH). Cell line – HEK293 CCK2R/MC4R 

 

Table 3.1 Kd values of the probes 82 and 128  

                (Cell line HEK293 CCK2R/MC4R) 

 

 

 

a Probes were synthesized by N.G.R.D. Elshan according to the literature 

b Number of trials included in the mean 

c This Kd value was generated by N.G.R.D. Elshan 

 

 

Probea Kd  (n)b 

Eu-DTPA-PEGO-MSH7 (82) 21±3 nMc (5) 

Eu-DTPA-PEGO-NDP-α-MSH (128) 12±1 nM (4) 
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3.9 Normalization of the Signal Intensity to the Amount of Protein Content 

 To assure that there is no shift of the binding curves due to cell loss during the 

assay, a protein normalization experiment was performed. During the assay, addition 

of the enhancement solution lyses the cells, releasing soluble proteins. The TRF 

intensity measured for each concentration of the compounds under testing was 

normalized to the amount of protein present in the supernatant. The protein 

concentration present was determined in mg/mL using a colorimetric assay described 

by Bradford.205 Binding of the dye Coomassie Brilliant Blue G-250 to protein causes a 

shift in the absorption maximum of the dye from 465 to 595 nm. The amount of the 

protein is estimated from a standard curve generated using bovine serum albumin. 

Graphs were plotted for each binding curve with a new y-axis [ratio of the original TRF 

signal to amount of protein, expressed as a.u./(mg/mL)] and the corresponding 

concentration of the testing compound in the x-axis. In saturation binding assays, the 

x-axis reports the concentration in nM of the probe, while in competitive binding 

assays, x-axis reports the Log (concentration) of the compounds under testing. 

  Kd and Ki values were generated using Graphpad Prism software as previously 

reported.121 There was no significant difference in Kd and Ki values between the original 

and normalized graphs, thus confirming that the new six well assay protocol is not 

significantly affected by cell loss. 
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3.10 Competitive Binding Assay of the Constructs 115, 116, 117, 118, 119, 124, 125,   

         126, 127, and 129 

 Competitive binding assays of the multivalent ligands were carried out against 

the Eu-DTPA-PEGO-MSH7 probe 82 following the six well plate TRF assay protocol. 

Details are given in the experimental section in Chapter 5. The HEK 293 

CCK2R/MC4R cell line was used for all assays. Serial of dilutions of the ligands were 

screened to come up with the optimum concentration ranges (values are given in the 

experimental section) to generate good competitive binding curves.  

 Table 3.2 lists the Ki values obtained from the competitive binding assays and 

the Ki values obtained after normalizing the fluorescence intensity to the amount of 

protein present in the supernatant following cell digestion. As described in the previous 

section, the error due to cell loss during the new 6-well protocol is minimal as confirmed 

by comparing the original Ki values with the normalized Ki values. In almost every case 

the Ki and normalized Ki values were within experimental error of each other. The Ki 

values will be used in the discussion from this point forward. To assure the binding 

affinity trend we see is valid, two types of multivalent constructs were screened at a 

time. For example, if the monovalent and the divalent compounds were screened on 

day one, the next day the divalent and the trivalent compounds were screened and so 

on. Ki values obtained on different days were averaged to give the final values.  
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Table 3.2 Competitive binding data with Eu-DTPA-PEGO-MSH7 Probe 82 

                  (Cell line – HEK 293 CCK2R/hMC4R) 

 

 

 

Construct Valency 
Inter-ligand 

distancea 

Ki
b  nM (n)c  

Before 

normalization to 

the protein content  

Ki
b  nM (n)c  

After 

normalization to 

the protein content  

124 1 - 1300±180 (4) 1200±210 (4) 

118 2 27 Å 46±4 (4) 42±3 (4) 

119 2 37 Å 110±12 (4) 140±40 (4) 

117 3 27 - 29 Å 34±6 (4) 30±3 (4) 

127 3 27- 29 Å NBd NBd 

116 4 27 - 32 Å 39±5 (4) 26±2 (4) 

126 4 27 - 32 Å NBd NBd 

115 6 27 - 32 Å 110±5 (4) 130±28 (4) 

125 6 27 - 32 Å NBd NBd 

129 1 - 3.2±0.4 (4) 2.9±0.9 (4) 

a Basis for maximum spatial inter-ligand distance calculation is shown in Figure 2.6,  

   Chapter 2 

b Ki = IC50/(1 + ([probe]/Kd), where [probe] = 20 nM, Kd = 21 nM 

c The value given represents the average of n independent competition   

   binding experiments 

 

d = Constructs 130, 129, and 128 was unable to inhibit the binding of probe  

      48 in the concentration range tested 
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 As expected the serinamide control compounds 125, 126, and 127 were unable 

to inhibit the binding of probe 82 in the concentration range tested. 

 The Ki of the monovalent compound 124 was 1300±180 nM. This is in accord 

with reported binding affinities of monovalent MSH4 constructs.120  Interestingly, the 

divalent compound 118 with a maximum inter-ligand spacing of 27 Å had a Ki of 46±4 

nM. This is 28 times more potent than the monovalent construct 124. This huge jump 

can be attributed to multivalent binding where two receptors are simultaneously 

occupied by the divalent ligand. A mere statistical enhancement of binding would have 

given only about a two-fold enhancement of binding. The second binding event must 

be taking place before the first ligand is released, giving rise to a chelate effect as 

described in Chapter 1.  

 The divalent compound 119 with a maximum inter-ligand spacing 37 Å apart 

had a Ki of 110±12 nM. Compared to 124 this is twelve times as potent, again 

suggesting multivalent binding. But it was less potent than the shorter counterpart 118. 

Mammen, et al.7 calculated the change in entropy on freezing a single, rotating carbon-

carbon bond to be approximately 0.5 kcalmol-1. If all the bonds rotating freely lose all 

degrees of torsional freedom upon complexation, the upper limit of the loss in 

conformational entropy (ΔSconf) would be 0.5N kcalmol-1 where N is the number of 

single bonds in the tether linking two ligands or receptors. Accordingly, the longer 119 

would pay a greater entropic cost than 118 in order to cross-link the receptors. Also it 

could be that two adjacent receptors are placed closer than the span of the ligands of 

119. The time taken by 119 to conformationally adjust and bind to the second receptor 

could be longer than that of the shorter divalent construct 118. This delay could be 

compromising the chelation within the koff of the first receptor – ligand complex, 

resulting in less efficient binding. 
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 For the trivalent compound 117 with a maximum inter-ligand spacing of 27 - 

29 Å apart Ki was 34±6 nM. The additional ligand did not bring about a comparably 

large enhancement in binding. The increment in potency, 1.3 times that divalent 118, 

could originate from statistical enhancement. This result indicates that the linear 

trivalent compound 117 is unable to cross-link three receptors simultaneously.  

 Tetravalent compound 116 with maximum inter-ligand spacing of 27 - 32 Å 

exibited a Ki of 39±5 nM. As with trivalent 117, the tetravalent 116 did not show a large 

increase in binding potency with the additional ligand.  

 The hexavalent compound 115 with a maximum inter-ligand spacing of 27 - 32 

Å had a Ki of 110±5 nM. This is twelve times more potent than the monovalent 127, 

but it is less potent than the structurally similar di-, tri-, and tetravalent compounds 118, 

117, and 116. The unexpected lack of potency observed for 115 given the increased 

number of ligands could be caused by steric interference. The high density of ligands 

in 115 could result in improper orientation of the ligands at the receptor binding sites. 

Since 115 contains six positively charged arginine residues, it is also possible that the 

hydration sphere of 115 is less easily disrupted than those of other constructs, thus 

preventing the ligands in 115 from binding to the receptors. Brabez, et al. also observed 

a similar decrease in potency going from the trivalent 24 to hexavalent and nonavalent 

MSH4 constructs.124 In a study of inhibitory properties of neoglycocongugates, Perez-

Balderas,197 et al. observed a two-fold decrease in binding affinity going from 130 to 

131 (Figure 3.7). These results, along with the observations in our study, suggests that 

the ligand density is a crucial factor in multivalent binding, and that are increase in the 

ligand density can adversely affect the binding affinity of the ligands of the multivalent 

construct to receptors. 
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Figure 3.7 Structures of neoglycoconjugates 130 and 131197 

 

 The competitive binding assay was also run using the highly potent ligand NDP-

α-MSH 129 and gave a Ki value of 3.2±0.4 nM, which was comparable to the reported 

low nanomolar values.84,121 This result confirmed that the inability to generate Ki values 

lower than ~ 30 nM for our multivalent ligands is not associated with the assay protocol. 

 In 2013 we suggested that it is a prudent practice to test the binding affinities 

employing both MSH7 (82) and NDP (128) probes.121 Therefore we carried out a 

second set of competitive binding studies of 124, 118, and 117 against the more potent 

NDP-based probe 128.  Data are given in Table 3.3. The fluorescence intensity was 

used to calculate Ki values and also normalized to the amount of protein present to give 

normalized Ki values. The Ki values obtained against NDP probe 128 were higher than 

the corresponding Ki values obtained against the MSH7 probe 82. This trend is expected 

since the NDP probe 128 shows a higher potency towards hMC4R than does probe 82.  
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Table 3.3 Competitive binding data with Eu-DTPA-PEGO-NDP-α-MSH Probe 128 

                  Cell line – HEK293 CCK2R/MC4R 

 

 The monovalent compound 127 had a Ki of 2500±300 nM. The divalent 

compound 118 had a Ki of 140±5 nM, eighteen times more potent than 124. The 

trivalent compound 117 had a Ki of 130±4 nM, 1.1 times more potent than the divalent 

118. These results are consistent with the trend of the Ki values listed in Table 3.2. Here 

we proved that the huge the jump in Ki we see going from monovalent to either divalent 

or trivalent is reproducible with a different variant of the probe.  

 Reasons for the inability of multivalent constructs with more than two ligands 

to show a significant enhancement of binding are unclear. As described in Chapter 1 

the melanocortin receptors are believed to form homo-dimers.104-108 There is mounting 

evidence that MC4R exists as constitutive dimers.106,108 The reason for Ki not changing 

significantly in tri- and tetravalent scaffolds could be because these ligands were unable 

Construct Valency 
Inter-ligand 

distancea 

Ki
b  nM (n)c  

Before 

normalization to the 

protein content  

Ki
b  nM (n)c  

After normalization 

to the protein 

content  

124 1 - 2500±300 (4) 2700±500 (4) 

118 2 27 Å 140±5 (4) 140±9 (4) 

117 3 27 - 29 Å 130±4 (4) 130 ±20 (4) 

a Basis for maximum spatial inter-ligand distance calculation is shown in  

   Figure 2.6, Chapter 2 

b Ki = IC50/(1 + ([probe]/Kd), where [probe] = 10 nM, Kd = 12 nM 

c The value given represents the average of n independent competition   

   binding experiments 
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to find and bind crosslink to the next receptor dimer.  Another possibility is that once a 

constitutive dimer has both receptors occupied, it is internalized. If so, extra copies of 

the ligand are no longer in play. 

3.11 Summary and Conclusion 

 A series of multivalent compounds was successfully synthesized with varying 

valency and inter-ligand distances. Divalent compound 118 (ligands ≤ 27 Å apart) 

showed a 28-fold enhancement vs MSH7 probe 82 and an 18-fold enhancement vs NDP 

probe 128 compared to the monovalent control compound 127, suggesting the 

occurrence of multivalent binding. Divalent compound 119 (ligands 37 Å apart) was 

less potent than 118, but showed a 12-fold enhancement vs MSH7 probe 82 compared 

to the monovalent control 124. There was no significant enhancement of binding seen 

with additional ligands in trivalent 117 or tetravalent 116 compounds compared to 

divalent 118. Interestingly, the hexavalent compound 115 showed less binding potency 

than 116-118, but still remained in the nanomolar range with a 12-fold enhancement of 

binding compared to monovalent control 124. In summary, it can be concluded that for 

binding at two adjacent hMC4R on dual expressing HEK 293 CCK2R/hMC4R cells, a 

divalent linear construct with ligands approximately 27 Å apart was very successful. 

The binding affinity was not correlated to the number of tethered ligands beyond a 

valency of two in the linear constructs studied. At a certain ligand density (in our case 

six ligands within 27 - 32 Å) binding is adversely affected. When designing a 

multivalent ligand targeting hMC4R not only the inter-ligand distance but the density 

of ligands has proven to be a major influential factor. We have demonstrated 

multivalency from readily available core scaffolds, such as ethylene glycol, glycerol 

and D-mannitol. The optimum ligand density and spacing on a scaffold to achieve 
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multivalent binding towards hMC4R is the next question that we have to answer. 

Approaches to answering this question will be discussed in the Chapter 4. 
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Chapter 4 

Conclusion and Future Directions 

 

 
4.1 Summary 

 

 Early detection is the key to successful treatment of many human cancers. In 

this dissertation we reported the design, synthesis, and testing of multivalent constructs 

targeted to melanocortin receptors. Melanocortin 1 receptors (MC1R) are over-

expressed in melanomas.94,97,103,206,207 Our aim was to achieve greater avidity towards 

melanocortin receptors with multivalent constructs by utilizing the synergistic effects 

arising from multivalency. A successful multivalent construct should have a 

significantly greater avidity for cells with over-expressed MC1Rs than for healthy cells. 

Oligomer constructs were rapidly assembled using microwave-assisted copper 

catalyzed azide-alkyne cycloaddition between a bis-alkyne derivative of MSH4 

(protected and deprotected) and a bis-azide derivative of (Pro-Gly)3 as co-monomers. 

Mixtures with up to five MSH4 residues per chain were obtained at low monomer 

concentrations and with up to ten MSH4 residues per chain at high monomer 

concentrations. Here, MSH4 ligands were placed at a maximum spatial distance of 55 

Å. The shorter linear MSH4 constructs were synthesized using ethylene glycol, 

glycerol, and D-mannitol as core scaffolds. In this series, the MSH4 ligands were place 

at maximum spatial distances of from 27 – 37 Å. 

The MSH4 constructs were evaluated for their biological potency using 

competitive binding assays employing as the labeled probe either Eu-DTPA-PEGO-

MSH7 or Eu-DTPA-PEGO-NDP-α-MSH and an engineered cell line, HEK 293 

CCK2R/hMC4R. 
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The mixtures of oligomers showed statistical enhancement of binding at 

hMC4R based on the total MSH4 present in the mixture. The fact that these 

heterogeneous mixtures did not exhibit adverse binding towards the hMC4R was 

encouraging. Further development of this strategy has the potential for rapid synthesis 

of oligomers with enhanced avidity towards melanocortin receptors, as well as other 

cell surface receptors.  

 The shorter linear constructs exhibited low nanomolar binding towards hMC4R. 

The divalent construct 118 with the ligands at a maximum of 27 Å apart showed 28-

fold and 18-fold enhancements in binding compared to the monovalent construct 124 

when competed against the probes Eu-DTPA-PEGO-MSH7 and Eu-DTPA-PEGO-

NDP-α-MSH, respectively. The divalent construct 119 with ligands further apart (37 Å 

maximum separation) was less potent than 118, but was still 12-fold better than the 

monovalent construct 124 when competed against the probe Eu-DTPA-PEGO-MSH7. 

Binding data for the divalent construct 118 was consistent with the binding data 

reported by Brabez, et al.123 In that study, divalent construct 23 (Chapter 1) with ligands 

24±5 Å apart showed a 16-fold enhancement of binding compared to the monovalent 

22 when competed against a variant of the labelled NDP probe. Their binding study 

was done using the same HEK 293 CCK2R/MC4R cell line. Collectively, these results 

suggests that ~ 25 Å is the optimum inter-ligand distance to cross-link two hMC4Rs in 

this engineered cell line. 

The tri- and tetravalent constructs (117 and 116) were 38-fold and 34-fold more 

potent than the monovalent construct 124, respectively when competed against the Eu-

DTPA-PEGO-MSH7 probe, did not exhibit a significant enhancement in binding 

compared to the divalent 118. When competed against the Eu-DTPA-PEGO-NDP-α-

MSH probe, trivalent 117 showed 20-fold increase in potency compared to the 
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monovalent 124. Again no significant enhancement was seen compared to the divalent 

118. In contrast, the trivalent construct 24 in the Brabez, et al. study showed another 

22-fold enhancement going from the divalent to the trivalent construct. Their ligand 

orientation was “tripodal”, whereas our constructs were linear. Whether the geometry 

of ligand presentation causes this discrepancy in the binding affinity remains an open 

question.  

 The hexavalent construct 115 was less potent that the structurally related 

tetravalent construct 116, but was still 12-fold better that the monovalent construct 124. 

This study suggests that beyond a certain ligand density, the binding towards 

melanocortin receptors is adversely affected. This is in keeping with results from 

Brabez, et al. with larger dendritic assemblies.124 

4.2 Prospective Binding Studies 

The studies described herein were carried out on cells which are genetically engineered 

to over-express the cholecystokinin 2 receptor (1×106 receptors per cell) and the 

melanocortin 4 receptor (6 ×105 receptors per cell).194 Actual physiological expression 

of MC1R on melanoma cells is much less. In addition, at such high receptor densities 

the probability that the receptors form dimers would be expected to increase. The 

presence of constitutive dimers (already in dimer form) of MC1R and MC4R have been 

reported by several groups.104-108  Given these facts, it would be wise to set up 

experiments to evaluate the binding potency of the divalent construct at different levels 

of receptor expression. The results of such a study could provide information on 

receptor clustering and help in the optimization of multivalent constructs. However, a 

major concern in such a study would be sensitivity. Performing competitive binding 

assays with low receptor numbers could be difficult due to low signal-to-noise ratios 

for TRF asssays. Moreover, in the current competitive binding assays the ligand and 
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the receptors are not at true thermodynamic equilibrium. Rather, binding, uptake, and 

recycling of receptors occur during the assay. Therefore receptor recycling also has to 

be considered to evaluate actual ligand potency. Performing assays at 4 ͦ C or the use of 

membrane preparations are methods that could be used to separate multivalent ligand-

receptor binding from uptake. 

 Assay methods that have been used to monitor ligand-induced receptor 

clustering include quantitative precipitation,208 turbidity measurement,209 and 

quenching of fluorescence quenching.210,211 These assays mainly used receptor 

suspensions,23 but potentially could be utilized to probe association of receptors in the 

presence and absence of the multivalent ligands. 

 Binding studies done by Carrithers, et al. demonstrated that at least some α-

MSH antagonist dimers act as agonists at high concentration.116 These findings were 

similar to those of Conn, et al.109  Their study showed that pure gonadotropin 

stimulating hormone receptor antagonists become agonists when presented as dimers. 

Thus, multivalent ligands could exert different effects than the corresponding 

monomeric constructs. Comparison of the binding of the multivalent MSH4 constructs 

with other subtypes of MCRs is worth study. 

 

4.3 Design of a “Universal” Scaffold for Ligand Oligomerization 

 A signal transduction study done by Brabez, et al. indicated that even though 

the highly potent trivalent construct seemed to cluster three receptors, it activates only 

one to release cAMP.123 This observation, together with the binding data for our 

oligomers and shorter linear constructs, led to the design of a universal oligomeric 

scaffold with pendant ligands (Figure 4.1 a). It is our hypothesis that clusters of two 

ligands with an inter-ligand distance of ~ 25 Å distributed along an oligomeric 
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backbone would have higher potency towards melanocortin receptors. In addition, the 

synthesis could be modified to produce heteromultivalent ligands (Figure 4.1 b and c). 

By appropriately mixing and matching, ligand pairs could be built to target cells 

expressing different combinations of receptors. 
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Figure 4.1 Schematic diagram of possible multivalent oligomers 

                  a) Homomultivalent oligomer design 

                  b) and c) Heteromultivalent oligomer designs 

 

 

 

 

 

 

 

 

a) 

b) 

c) 
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4.4 Synthesis  

Building on our previous experience in making oligomers, we initially proposed 

an oligomerization as depicted in Scheme 4.1. The hydroquinone dialkyne (133) could 

be reacted with suitable spacers (134) to give oligomers 135.  

  

 

 

 

 

Scheme 4.1.  A “universal” scaffold for ligand oligomerization 

 

The synthesis of 133 started by reacting commercially available 2,5-

dimethoxybenzaldehyde (136) with triethyl 4-phosphonocrotonate (137) in a Horner-

Wadsworth-Emmons olefination reaction to afford the ester 138 in 73% yield.212 Ester 

138 was subjected to hydrogenation to give the ester 139 in 97% yield.212 Next, the 

methoxy ethers in 139 were cleaved by reaction with 48% HBr, followed by 

esterification of the resulting compound 140, to give methyl ester 141 in 85% yield over 

two steps. Methyl ester 141 was reacted with commercially available 6-chloro-1-

hexyne (110) to give the compound 142 in 91% yield. Finally hydrolysis of the ester 

142 afforded the hydroquinone dialkyne 134 in 84% yield. The hydroquinone dialkyne 

monomer 133 was synthesized on gram scales and is ready for use (Scheme 4.2). 

Currently, this project awaits more information about the correct spacing between the 

ligand clusters. 

 

 

 

133 134 135 
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Scheme 4.2 Synthesis of hydroquinone dialkyne 133    
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  To conclude, in this project we were able to establish a successful method for 

rapid assembly of oligomers containing the minimum active sequence of melanocyte 

stimulating hormone (MSH4) via azide-alkyne cycloaddition (CuAAC).  Highly potent 

di-, tri- and tetravalent MSH4 constructs were made from readily available starting 

materials. We were able to develop a new time-resolved fluorescence assay to 

overcome problems associated with the engineered cell line used for biological studies. 

Contributions of the current study should be immensely useful in designing and 

synthesizing highly potent and selective multivalent constructs towards melanocortin 

receptors over-expressed in melanoma. 
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Chapter 5 

Experimental Section 
 

 

5.1 General experimental methods 

 Dichloromethane (DCM), diethyl ether, and tetrahydrofuran (THF) were dried 

by passage through alumina columns under a positive pressure of argon. Trifuoroacetic 

acid (TFA, 99%), acetic acid (CH3CO2H, 99.7%), anhydrous N,N-dimethylformamide 

(DMF, 99.8%), spectrograde acetonitrile, absolute ethanol, Methanol (MeOH) and 

dimethylsulfoxide  (DMSO) were used as supplied. (BOC)2(Arg)OH was purchased 

from Chem-Impex international. Rink Amide AM (200 – 400 mesh) resin and other 

Fmoc amino acids were purchased from Novabiochem. For moisture sensitive 

reactions, glassware was flame-dried under argon. Solutions were concentrated in 

vacuo using a rotary evaporator. Analytical thin-layer chromatography (TLC) was 

performed on pre-coated silica gel 60 F-254 glass plates. TLC plates were visualized 

using UV light and/or staining. The stains commonly used were iodine vapor, ninhydrin 

stain (2.25 g ninhydrin, 22.5 mL glacial AcOH, 750 mL n-butanol), and PMA stain (5 

g phosphomolybdic acid, 100 mL 95% EtOH). Solid phase peptide synthesis was 

monitored using Kaiser the test213 to confirm peptide coupling (Kaiser solution - 

Solution A = 5 g of ninhydrin in 100 mL of EtOH. Solution B = 80 g of melted phenol in 

20 mL of EtOH. Solution C = 2 mL of 1 mM aqueous potassium cyanide in 98 mL of 

pyridine. Two drops of solutions A, B, and C were added to a small sample of resin in test 

tube and heated at 100  ͦ C). Gravity chromatography was performed using silica gel 60 

(70-230 mesh). Flash chromatography was performed using silica gel 60 (230-400 

mesh). Preparative HPLC was performed on a 19×256 mm Waters X-Bridge 

Preparative C18 column. The mobile phase was 10–90% acetonitrile and water 
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containing 0.1% trifluoroacetic acid (TFA) within 45 min. The flow rate was 10 

mL/min. The dual UV detector system operated at 230 and 280 nm. Melting points are 

uncorrected. Infrared spectra were recorded on a Thermo Nicolet iS5 FTIR 

spectrometer using KBr pellets (solids) and NaCl plates (oils). Nuclear magnetic 

resonance (NMR) spectra were recorded at 500 MHz (Bruker DRX-500) and 600 MHz 

(Bruker DRX-600) for 1H NMR and at 125 MHz (Bruker DRX-500) for 13C NMR. 

Chemical shifts (δ) are expressed in ppm and coupling constants (J) are expressed in 

Hz. NMR spectra are internally referenced to CDCl3 (7.26 ppm) and CD3OD (3.30 

ppm) for 1H NMR, and CDCl3 (77.0 ppm) and CD3OD (49.0 ppm) for 13C NMR. Mass 

characterization was performed by the Mass Spectroscopy facility of the Department 

of Chemistry and Biochemistry at the University of Arizona. ESI experiments were 

performed on an ESI Bruker Apex Qh 9.4 T 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. MALDI-TOF experiments were 

performed on a Bruker Ultraflex III TOF instrument. Samples in MeOH were dissolved 

in a saturated solution of sinapinic acid (made in 70:30 water:acetonitrile containting 

0.1% TFA) in 1:10 v:v ratio. 1 µL of this mixture was plated on a MALDI plate. Ions 

were formed by laser desorption with a N2 laser. Specific rotations were measured on 

an Autopol III polarimeter (Rudolph Research, NJ). 
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5.2 Synthesis 

6-Amino-1-hexyne (41).179 Hydrazine monohydrate (5.6 mL, 115 mmol, 5 equiv.) was 

added to N-(5-hexynyl)phthalimide 40 (5.02 g, 24.0 mmol) in ethanol (200 mL) and the 

mixture was heated at reflux for 2.5 h under argon. Completion of the reaction was 

monitored by TLC (disappearance of spot the at Rf 0.90, observed under UV light, 5% 

MeOH:EtOAc). The mixture was cooled to room temperature, the white solid removed 

by filtration, and the solid washed with ethanol  (~100 mL total) until the filtrate showed 

no amine (Rf 0.13, ninhydrin stain, 5% MeOH:EtOAc). Volatiles were removed in 

vacuo and the residue was dissolved in ether (30 mL).  The organic layer was washed 

with sat. NaHCO3 (3x10 mL) and brine (20 mL). The aqueous layer showed the 

presence of the amine. The aqueous layers were combined, extracted with ether (3x30 

mL), the ether portions were combined, washed with brine (20 mL), dried over 

anhydrous MgSO4, and filtered to give a pale yellow oily residue (1.46 g). The aqueous 

layer was further extracted with ether in a continuous extractor for 5 days. After drying 

the ether layer over anhydrous MgSO4, filtering, and concentrating, more yellow oily 

product (0.23 g) was obtained to give a final yield 1.69 g (17.4 mmol, 76%). This 

compound was carried to the next step without further purification or characterization.   

Fmoc-Trp(Boc)-NH(CH2)4C≡CH (43). To a mixture of Fmoc-(Trp)-OH 42 (2.59 g, 

4.92 mmol), DIEA (943 µL, 5.41 mmol, 1.1 equiv.) and HBTU (2.05 g, 5.41 mmol, 1.1 

equiv.) in THF (15 mL) was added a solution of 41 (717 mg, 7.38 mmol, 1.5 equiv.) in 

THF (15 mL). The mixture was stirred overnight under argon at room temperature. The 

completion of the reaction was confirmed by TLC (disappearance of the spot at Rf 0.13, 

ninhydrin stain, 5% MeOH:EtOAc).  THF was removed in vacuo and the yellow 

gummy residue (6.14 g) was dissolved in EtOAc (30 mL). The organic layer was 

washed with 10% citric acid (3x20 mL), 5% Na2CO3 (3x20 mL), brine (2x20 mL), dried 
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over anhydrous MgSO4, filtered, concentrated in vacuo, and the residue triturated with 

hexanes to give a pale yellow solid (2.66 g). Purification was carried out by flash 

column chromatography on silica gel 60  (230-400 mesh) using EtOAc:hexanes (4:6) 

as the eluent to yield the final product (43) as a white solid (2.21 g, 3.65 mmol, 74%, 

Rf 0.46, 1:1 EtOAc:hexanes, PMA stain).  

1H NMR (600 MHz, CDCl3) δ 8.13 (s, 1H), 7.75 (d, J = 7.5 Hz, 2H), 7.63 (s, 1H), 7.53 

(t, J = 7.0 Hz, 2H), 7.46 (s, 1H), 7.38 (t, J = 7.2 Hz, 2H), 7.34 – 7.22 (m, 4H), 5.75 (s, 

1H), 5.62 (s, 1H), 4.50 – 4.31 (m, 3H), 4.19 (t, J = 6.9 Hz, 1H), 3.28 – 3.20 (m, 1H), 

3.20 – 3.05 (m, 3H), 2.10 – 2.04 (m, 2H), 1.87 (t, J = 2.5 Hz, 1H), 1.64 (s, 9H), 1.43 – 

1.35 (m, 2H), 1.35 – 1.25 (m, 2H) 

13C NMR (151 MHz, CDCl3) δ 170.7, 155.8, 149.5, 143.6, 141.2, 135.4, 130.1, 127.7, 

127.0, 125.0, 124.7, 124.3, 122.8, 120.0, 119.0, 115.5, 115.3, 83.8, 68.7, 67.1, 55.2, 

47.1, 38.9, 28.5, 28.1, 28.1, 25.3, 17.8 ppm 

HRMS (ESI) calcd for C37H40N3O5 (M + H)+  606.2962, obsd 606.2960 

mp 140 -142 ◦C 

[∝]D
26−8.84◦ (c 1.00, DCM) 

IR (KBr, thin film) 3297 (br), 3065, 2115, 1732, 1685, 1652 cm-1 

Fmoc-Arg(Boc)2-Trp(Boc)-NH(CH2)4C≡CH (45). To a solution of 43 (1.75 g, 2.89 

mmol) in DCM (15 mL) was added tris(2-aminoethyl)amine (TAEA) (3.02 mL, 20.72 

mmol, 7 equiv.) and the solution was stirred under argon for 30 min at room 

temperature. The completion of the reaction was confirmed by TLC (disappearance of 

the spot at Rf 0.46, 1:1 EtOAc:hexanes, PMA stain). DCM was removed in vacuo and 

the residue was dissolved in EtOAc (30 mL). The white solid byproduct was removed 

by washing the EtOAc with pH 5.5 phosphate buffer (3x15 mL) and brine (2x10 mL). 

The solution was then dried over anhydrous MgSO4, filtered, and concentrated to give 
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a yellow gum (1.5 g). The gum was dissolved in THF (15 mL) and a pre-mixed solution 

of Fmoc-Arg(Boc)2-OH  44 (1.81 g, 3.03 mmol, 1.05 equiv.), DIEA (554 µL, 3.18 

mmol, 1.1 equiv.), and HBTU (1.20 g, 3.16 mmol, 1.1 equiv.) in THF (10 mL) was 

added and the mixture stirred under argon overnight at room temperature. Completion 

of the reaction was confirmed by TLC (disappearance of the spot at Rf 0.05, ninhydrin 

stain, 1:1 EtOAc:hexanes). Volatiles were removed in vacuo and the residue was 

dissolved in EtOAc (20 mL). The organic phase was washed with 10% citric acid (3x15 

mL), 5% Na2CO3 (3x15 mL), brine (2x10 mL), dried over anhydrous MgSO4, filtered, 

concentrated in vacuo, and triturated with hexanes. The resulting solid (3.97 g) was 

purified by gravity column chromatography on silica gel 60 using EtOAc:hexanes (1:1) 

as the eluent to give the final product (45) as a white solid (2.03 g, 2.11 mmol, 73%, Rf 

0.40, 1:1 EtOAc:hexanes, PMA stain).   

1H NMR (600 MHz, CDCl3) δ 11.37 (s, 1H), 8.35 (s, 1H), 8.08 (s, 1H), 7.75 (d, J = 7.5 

Hz, 2H), 7.60 (d, J = 7.6 Hz, 2H), 7.57 (d, J = 7.4 Hz, 1H), 7.42 (s, 1H), 7.38 (t, J = 7.5 

Hz, 2H), 7.31 – 7.27 (m, 3H), 7.22 (t, J = 7.5 Hz, 1H), 6.99 (m, 1H), 6.19 (s, 1H), 6.09 

(s, 1H), 4.66 (dd, J = 14.0, 6.8 Hz, 1H), 4.45 (dd, J = 10.1, 7.5 Hz, 1H), 4.33 – 4.28 (m, 

1H), 4.24 – 4.20 (m, 1H), 4.18 (t, J = 6.9 Hz, 1H), 3.35 – 3.27 (m, 2H), 3.22 – 3.08 (m, 

4H), 2.10 – 2.06 (m, 2H), 1.87 (t, J = 2.6 Hz, 1H), 1.83 – 1.76 (m, 1H), 1.71 – 1.64 (m, 

1H), 1.63 (s, 9H), 1.50 (s, 9H), 1.47 (s, 9H), 1.44 – 1.38 (m, 2H), 1.37 – 1.32 (m, 2H) 

ppm 

13C NMR (151 MHz, CDCl3) δ 171.6, 170.2, 163.1, 156.3, 153.1, 149.4, 143.8, 143.6, 

141.3, 135.4, 130.1, 127.7, 127.0, 125.1, 124.6, 124.1, 122.7, 119.9, 119.1, 115.8, 

115.2, 83.8, 83.6, 83.2, 79.4, 68.7, 66.9, 55.1, 53.7, 47.1, 39.9, 38.9, 28.5, 28.2, 28.1, 

28.1, 28.0, 27.7, 25.6, 25.4, 17.8 ppm 

HRMS (ESI) calcd for C53H68N7O10 (M + H)+ 962.5022, obsd 962.5008 
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mp 132 – 134 ◦C (at 134 ◦C started bubbling) 

[∝]D
26 −10.45◦ (c 1.00, DCM) 

IR (KBr, thin film) 3304 (br), 3067, 2116, 1752, 1643 cm-1 

Fmoc-DPhe-Arg(Boc)2-Trp(Boc)-NH(CH2)4C≡CH (47): To a solution of 45 (1.00 g, 

1.03 mmol) in DCM (15 mL) was added TAEA (1.24 mL, 8.29 mmol, 8 equiv.) and 

the solution was stirred under argon for 40 min at room temperature. The completion 

of the reaction was confirmed by TLC (disappearance of the spot at Rf 0.40, 1:1 

EtOAc:hexanes, PMA stain). DCM was removed in vacuo and the residue was 

dissolved in EtOAc (15 mL). The white solid byproduct was removed by washing the 

EtOAc with pH 5.5 phosphate buffer (3x15 mL) and brine (2x10 mL). The solution was 

then dried over anhydrous MgSO4, filtered, and concentrated to give a yellow gum (1.2 

g). The gum was dissolved in THF (10 mL) and a pre-mixed solution of Fmoc-DPhe-

OH 46 (427 mg, 1.10 mmol, 1.1 equiv.), DIEA (211 µL, 1.21 mmol, 1.2 equiv.), and 

HBTU (459 mg, 1.21 mmol, 1.2 equiv.) in THF (15 mL) was added and the mixture 

stirred under argon overnight at room temperature. Completion of the reaction was 

confirmed by TLC (disappearance of the spot at Rf 0.05, ninhydrin stain, 1:1 

EtOAc:hexanes). Volatiles were removed in vacuo and the residue was dissolved in 

EtOAc (20 mL). The organic phase was washed with 10% citric acid (3x15 mL), 5% 

Na2CO3 (3x15 mL), brine (2x10 mL), dried over anhydrous MgSO4, filtered, 

concentrated in vacuo, and triturated with hexanes. The resulting solid (1.13 g) was 

purified by gravity column chromatography on silica gel 60 using EtOAc:hexanes (7:3) 

as the eluent to give the final product (47) as a white solid (980 mg, 0.88 mmol, 88%, 

Rf 0.47, 1:1 EtOAc:hexanes, PMA stain).   

1H NMR (600 MHz, CDCl3) δ 8.26 (t, J = 5.6 Hz, 1H), 8.02 (s, 1H), 7.74 (d, J = 7.5 

Hz, 2H), 7.59 (d, J = 7.8 Hz, 1H), 7.56 (d, J = 7.4 Hz, 1H), 7.52 (d, J = 7.4 Hz, 1H), 
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7.47 – 7.41 (m, 2H), 7.38 (t, J = 7.5 Hz, 3H), 7.31 – 7.24 (m, 5H), 7.23 – 7.17 (m, 4H), 

7.13 (t, J = 7.4 Hz, 1H), 6.63 (s, 1H), 5.60 (s, 1H), 4.75 – 4.67 (m, 1H), 4.41 (s, 1H), 

4.34 (s, 1H), 4.24 – 4.09 (m, 3H), 3.44 (dd, J = 14.2, 4.0 Hz, 1H), 3.27 – 3.19 (m, 1H), 

3.15 – 3.02 (m, 6H), 3.02 – 2.95 (m, 1H), 2.14 – 2.09 (m, 2H), 1.89 – 1.87 (m, 1H), 

1.71 – 1.63 (m, 2H), 1.61 (s, 9H), 1.51 (s, 9H), 1.45 (s, 9H), 1.44 – 1.40 (m, 1H), 1.28 

– 1.20 (m, 3H) ppm 

13C NMR (126 MHz, CDCl3) δ 170.8, 170.7, 163.3, 156.5, 153.2, 143.60, 143.3, 141.3, 

135.7, 130.7, 129.2, 128.8, 127.8, 127.3, 127.1, 125.0, 124.3, 123.8, 122.4, 120.0, 

119.1, 115.1, 83.6, 83.4, 79.6, 68.5, 67.4, 57.2, 55.2, 53.8, 46.9, 39.6, 39.2, 37.6, 28.3, 

28.2, 28.1, 26.7, 25.6, 18.1 ppm 

HRMS (ESI) calcd for C62H77N8O11 (M + H)+ 1109.5706, obsd 1109.5702 

mp - started melting and bubbling at 174 ◦C and became brown at 175 ◦C 

[∝]D
26−3.84◦ (c 1.00, DCM) 

IR (KBr, thin film) 3991 (br), 3065, 2116, 1723, 1638 cm-1 

Fmoc-His(Trt)-DPhe-Arg(Boc)2-Trp(Boc)-NH(CH2)4C≡CH (49). To a solution of 

47 (1.33 mg, 1.20 mmol) in DCM (15 mL) was added TAEA (1.67 mL, 11.15 mmol, 9 

equiv.) and the solution was stirred under argon for 40 min at room temperature. The 

completion of the reaction was confirmed by TLC (disappearance of the spot at Rf 0.47, 

1:1 EtOAc:hexanes, PMA stain). DCM was removed in vacuo and the residue was 

dissolved in EtOAc (10 mL). The white solid byproduct was removed by washing the 

EtOAc with pH 5.5 phosphate buffer (3x15 mL) and brine (2x10 mL). The solution was 

then dried over anhydrous MgSO4, filtered, and concentrated to give a yellow gum 

(2.00 g). The gum was dissolved in THF (15 mL) and a pre-mixed solution of Fmoc-

His(Trt)-OH 48 (817 mg, 1.32 mmol, 1.1 equiv.), DIEA (231 µL, 1.33 mmol, 1.2 

equiv.), and HBTU (501 mg, 1.33 mmol, 1.2 equiv.) in THF (15 mL) was added and 
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the mixture stirred under argon overnight at room temperature. Completion of the 

reaction was confirmed by TLC (disappearance of the spot at Rf 0.17, ninhydrin stain, 

8:2 EtOAc:hexanes). Volatiles were removed in vacuo and the residue was dissolved 

in EtOAc (20 mL). The organic phase was washed with 10% citric acid (3x15 mL), 5% 

Na2CO3 (3x15 mL), brine (2x10 mL), dried over anhydrous MgSO4, filtered, 

concentrated in vacuo, and triturated with hexanes. The resulting solid (1.88 g) was 

purified by gravity column chromatography on silica gel 60 using EtOAc:DCM (3:7) 

as the eluent to give the final product (49) as a white solid (1.52 g, 1.02 mmol, 85%, Rf 

0.43, 3:7 EtOAc:DCM, PMA stain).   

1H NMR (600 MHz, CDCl3) δ 11.45 (s, 1H), 8.17 (s, 1H), 8.00 (s, 1H), 7.72 (d, J = 5.5 

Hz, 2H), 7.58 (d, J = 7.4 Hz, 2H), 7.54 (d, J = 5.4 Hz, 2H), 7.51 – 7.41 (m, 2H), 7.38 – 

7.28 (m, 12H), 7.24 – 7.14 (m, 5H), 7.13 – 7.04 (m, 10H), 6.61 (s, 2H), 4.66 (s, 1H), 

4.36 – 4.23 (m, 2H), 4.22 – 4.08 (m, 4H), 3.35 (d, J = 12.2 Hz, 1H), 3.31 – 3.18 (m, 

2H), 3.19 – 3.03 (m, 4H), 3.00 (t, J = 10.1 Hz, 1H), 2.85 – 2.78 (m, 1H), 2.77 – 2.67 

(m, 1H), 2.39 (s, 1H), 2.14 – 2.07 (m, 2H), 1.83 (s, 1H), 1.76 – 1.67 (m, 1H), 1.59 (s, 

9H), 1.55 – 1.50 (m, 2H), 1.47 (s, 9H), 1.46 (s, 9H), 1.44 – 1.36 (m, 3H), 1.33 – 1.15 

(m, 3H) ppm 

13C NMR (126 MHz, CDCl3) δ 172.6, 171.9, 171.5, 171.0, 163.3, 156.6, 156.1, 153.1, 

149.7, 143.7, 143.5, 142.05, 141.19, 141.16, 138.6, 137.1, 130.6, 129.6, 129.2, 128.6, 

128.2, 128.1, 127.7, 127.0, 126.8, 125.1, 124.3, 123.9, 122.5, 119.9, 119.8, 119.2, 

115.1, 84.2, 83.6, 83.1, 79.3, 75.5, 68.5, 67.2, 64.3, 56.6, 55.9, 54.8, 53.8, 47.0, 40.1, 

39.0, 36.0, 30.6, 29.8, 28.3, 28.2, 28.1, 27.5, 26.8, 25.8, 25.5, 18.0 ppm 

HRMS (ESI) calcd for C87H97N11O12 (M + H)+ 1488.7391, obsd 1488.7368 

mp - started shrinking at 120 ◦C and bubbling at 124 ◦C 

[∝]D
26 6.71◦ (c 1.00, DCM)  
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IR (KBr, thin film) 3302 (br), 3063, 3031, 2116, 1725, 1640 cm-1 

HC≡C(CH2)3CO-His(Trt)-DPhe-Arg(Boc)2-Trp(Boc)-NH(CH2)4C≡CH (51). To a 

solution of 49 (1.41 g, 0.95 mmol) in DCM (15 mL) was added TAEA (1.13 mL, 7.54 

mmol, 8 equiv.) and the solution was stirred under argon for 40 min at room 

temperature. The completion of the reaction was confirmed by TLC (disappearance of 

the spot at Rf 0.43, 3:7 EtOAc:DCM, PMA stain). DCM was removed in vacuo and the 

residue was dissolved in EtOAc (10 mL). The white solid byproduct was removed by 

washing the EtOAc with pH 5.5 phosphate buffer (3x15 mL) and brine (2x10 mL). The 

solution was then dried over anhydrous MgSO4, filtered, and concentrated to give a 

yellow gum (1.0 g). The gum was dissolved in DMF (15 mL) and a pre-mixed solution 

of 5-hexynoic acid 50 (157 µL, 1.42 mmol, 1.5 equiv.), DIEA (247 µL, 1.42 mmol, 1.5 

equiv.), and HBTU (539 mg, 1.42 mmol, 1.5 equiv.) in DMF (15 mL) was added and 

the mixture stirred under argon overnight at room temperature. Completion of the 

reaction was confirmed by TLC (disappearance of the spot at Rf 0.15, ninhydrin stain, 

EtOAc). Volatiles were removed in vacuo and the residue was dissolved in EtOAc (20 

mL). The organic phase was washed with water (3x40 m), 10% citric acid (3x15 mL), 

5% Na2CO3 (3x15 mL), brine (2x10 mL), dried over anhydrous MgSO4, filtered, 

concentrated in vacuo, and triturated with hexanes. The resulting solid (1.21 g) was 

purified by gravity column chromatography on silica gel 60 using EtOAc:DCM (7:3) 

as the eluent to give the final product (51) as a white solid (950 mg, 0.70 mmol, 74%, 

Rf 0.53, 7:3 EtOAc:DCM, PMA stain).   

1H NMR (600 MHz, CDCl3) δ 11.47 (s, 1H), 8.21 (s, 1H), 8.03 (s, 1H), 7.72 (s, 1H), 

7.62 (d, J = 7.7 Hz, 1H), 7.57 (d, J = 7.9 Hz, 1H), 7.50 (s, 1H), 7.43 (s, 1H), 7.39 (s, 

1H), 7.36 – 7.30 (m, 10H), 7.23 (t, J = 7.7 Hz, 1H), 7.20 – 7.14 (m, 3H), 7.13 – 7.07 

(m, 8H), 6.67 (s, 1H), 6.56 (s, 1H), 4.67 (dd, J = 13.4, 8.3 Hz, 1H), 4.29 – 4.18 (m, 2H), 
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4.17 – 4.12 (m, 1H), 3.38 (dd, J = 15.0, 4.8 Hz, 1H), 3.30 – 3.09 (m, 6H), 2.94 (dd, J = 

13.6, 9.4 Hz, 1H), 2.79 (dd, J = 14.5, 6.3 Hz, 1H), 2.72 (dd, J = 14.6, 6.2 Hz, 1H), 2.54 

(s, 1H), 2.35 – 2.24 (m, 2H), 2.19 (t, J = 6.4 Hz, 2H), 2.14 (td, J = 6.9, 2.3 Hz, 2H), 

1.90 (t, J = 2.2 Hz, 1H), 1.85 (t, J = 2.4 Hz, 1H), 1.82 – 1.74 (m, 3H), 1.62 (s, 9H), 1.59 

– 1.52 (m, 2H), 1.49 (s, 9H), 1.47 (s, 9H), 1.46 – 1.42 (m, 3H), 1.41 – 1.34 (m, 2H), 

1.31 – 1.22 (m, 2H) ppm 

13C NMR (126 MHz, CDCl3) δ 173.3, 172.4, 171.7, 171.0, 163.3, 156.1, 153.1, 142.1, 

138.4, 137.1, 136.3, 130.6, 129.9, 129.6, 129.2, 128.5, 128.12, 128.08, 127.9, 126.8, 

124.3, 123.9, 122.5, 119.7, 119.2, 117.0, 115.1, 84.2, 83.4, 83.1, 79.3, 75.4, 69.3, 68.5, 

56.3, 54.9, 54.5, 53.7, 40.2, 39.0, 35.9, 34.6, 29.4, 28.3, 28.2, 28.1, 26.7, 25.9, 25.5, 

23.9, 17.9, 17.8 ppm 

HRMS (ESI) calcd for C78H94N11O11 (M + H)+ 1360.7129, obsd 1360.7139 

mp - started melting and bubbling at 100 ◦C 

[∝]D
266.44◦ (c 1.00, DCM) 

IR (KBr, thin film) 3292 (br), 3061, 3031, 2116, 1727, 1640 cm-1 

HC≡C(CH2)3CO-His-DPhe-Arg-Trp-NH(CH2)4C≡CH (38). A solution of 51 (403 

mg, 0.30 mmol) in trifluoroacetic acid, triisopropylsilane, thioanisole, and water 

(9.1:0.3:0.3:03, 10 mL) was stirred under argon for 3 h at room temperature. The 

volatiles were removed in vacuo and residue mixed with ether (10 mL) and centrifuged. 

An oily bottom layer without clear separation was observed. Volatiles were removed in 

vacuo again and the residue (500 mg) was dissolved in methanol (20 mL). Purification 

was carried out by preparative HPLC (19 X 256 mm column; mobile phase 10-90% 

acetonirtile and water containing 0.1% TFA, flow rate 10 mL/min. UV detector system 

operating at 230 nm and 280 nm). Product (38) was collected as a white solid (100 mg, 

0.12 mmol, 41%, tR 14 min) after lyophilization.  
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HRMS (ESI) calcd for C44H56N11O5 (M + H)+ 818.4460, obsd 818.4454 

mp – became brown at 112 ◦C 

IR (KBr, thin film) 3297 (br), 2936, 2115, 1665, 1202 cm-1 

General procedure for oligomerization of the protected bis-alkyne 51 with bis-

azide 39.  

A mixture of 51 (36 mg, 0.027 mmol), 39 (20 mg, 0.027 mmol, 1 equiv.), TBTA (tris-

(benzyltriazolyl-methyl) amine) (5.8 mg, 0.01 mmol, 40% mol) and 

tetrakis(acetonitrile)copper(I) hexafluorophosphate (TACP) (4.0 mg, 0.01 mmol, 40% 

mol) in degassed DMF (1500 µL, 750 µL or 150 µL) was irradiated in a Biotage 

microwave reactor (100 °C). The pale green solution turned dark green with varying 

viscosity depending on the reaction conditions. Reaction mixture was taken up in 

chloroform (20 mL) and washed with 10% citric acid (3×20 mL), water (3×20 mL), 

brine (2×20 mL), dried over anhydrous Na2SO4,
 filtered, and concentrated in vacuo to 

give an oily residue. This residue was mixed with the deprotection cocktail (9.1 mL 

TFA: 0.3 mL TIPS:0.3 mL thioanisole :0.3 mL H2O) and stirred under argon for 2.5 h. 

TFA was removed in vacuo (down to about 1 mL) and transferred to a centrifuge tube. 

Upon addition of ether (10 mL) a white precipitate formed. The mixture was 

centrifuged at 6000 rpm for 3 min (Clinical 200 centrifuge, VWR) and the supernatant 

ether was removed. The pellet was re-suspended and washed twice as above with new 

portions of ether. The white pellet was sticking to the bottom of the centrifuge tube. 

After air drying, the pellet was taken up in 5%-10% acetonitrile in water (10 mL) and 

lyophilized the solution to give a white powder. The solid was analyzed by MALDI-

TOF.  

Yield after deprotection, workup, and lyophilization was calculated based on the total 

monomer weight of the deprotected bis-alkyne MSH4 monomer 38 and the bis-azido 
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(Pro-Gly)3 co-monomer 39. The number of moles of protected bis-alkyne MSH4 

monomer 51 used in each reaction was converted to the corresponding moles and 

weight of the deprotected bis-alkyne MSH4 monomer 38. This amount was used as the 

total deprotected bis-alkyne MSH4 incorporated in the deprotected oligomer.  

 Run 1 - A mixture of 51 and 39 at 18 mmol/L final concentration in each 

monomer (0.027 mmol) in DMF (1.5 mL) was subjected to microwave heating at  

100  ͦ C for 2 h. The solution became green.  After workup, deprotection, precipitation 

in ether, solubilization (5% acetonitrile in water), and lyophilization a white powder 

was obtained (30 mg). The yield based on total monomer weight was 71%. The 

oligomer mixture obtained from this trial is denoted “O1”, the MALDI-TOF spectrum 

of this mixture is shown in Figure 2.8, and the corresponding peak list is given in Table 

2.2. .  

 IR (KBr, thin film) 3309 (br), 2940, 1662, 1543 cm-1 

 Run 2 - A mixture of 51 and 39 at 36 mmol/L final concentration in each 

monomer (0.027 mmol) in DMF (750 µL) was subjected to microwave heating at  

100 ͦ C for 2 h.  The solution became green. After workup, deprotection, precipitation 

in ether, solubilization, and lyophilization (5% acetonitrile in water) a white powder 

was obtained (12 mg). The yield based on total monomer weight was 26%. The 

oligomer mixture obtained from this trial is denoted “O2”, the MALDI-TOF spectrum 

of this mixture of is shown in Figure 2.9, and the corresponding peak list is given in 

Table 2.3.  

 Run 3 - A mixture of 51 and 39 at 180 mmol/L final concentration in each 

monomer (0.027 mmol) in DMF (150 µL) was subjected to microwave heating at  

100 ͦ C for 2 h.  The reaction mixture turned into an amorphous gel. This was not soluble 

in common organic solvents. When the gel was subjected to deprotection, the solution 
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became red in color and the gel did not dissolve upon stirring for 2 h. Hence no further 

characterization of this oligomer mixture (O3) was possible. .  

 Run 4 - A mixture of 51 and 39 at 180 mmol/L final concentration in each 

monomer (0.027 mmol) in DMF (150 µL) was subjected to microwave heating at  

100 ͦ C for 1 h. The reaction mixture became green, very viscous, and was not readily 

soluble in DCM upon workup. The reaction mixture was transferred to a small round 

bottom flask with 1 mL of extra DMF. Some undissolved material stuck to the reaction 

tube and was not transferable.  DMF was then removed under high vacuum. The residue 

was subjected to deprotection, precipitated in ether, dissolved 5% acetonitrile in water 

and, lyophilized to give a white powder (20 mg).  The yield was 47% based on the total 

monomer weight. The MALDI-TOF spectrum of this oligomer mixture, O4, is given in 

Figure 2.10 and the corresponding peak list is given in Table 2.4.  

 Run 5 - Due to the insolubility problem in Run 4, the reaction time was reduced 

while keeping the same concentrations. A mixture of 51 and 39 at 180 mmol/L final 

concentration in each monomer (0.027 mmol) in DMF (150 µL) was subjected to 

microwave heating at 100 ͦ C for 30 min. The resulting mixture became green and was 

less viscous than Run 4 and was readily soluble in DCM. After workup, deprotection, 

precipitation in ether, solubilization, and lyophilization (20% acetonitrile in water) a 

white powder (15 mg) was obtained. The yield was 36% based on the total monomer 

weight. The MALDI-TOF spectrum of this oligomer mixture, O5, is given in Figure 

2.11 and the corresponding peak list is given in Table 2.5. 

IR (KBr, thin film) 3309 (br), 2940, 1662, 1543 cm-1 

 Run 6 - Run 5 was repeated and this time worked up differently. A mixture of 

51 and 39 at 180 mmol/L final concentration in each monomer (0.027 mmol) in DMF 

(150 µL) was subjected to microwave heating at 100 ͦ C for 30 min. The reaction mixture 
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was added drop by drop to water (50 mL) with stirring. The white precipitate was 

collected by centrifugation. After deprotection, precipitation in ether, solubilization 

(5% acetonitrile in water), and lyophilization a white powder was obtained (18 mg). 

The yield based on the total monomer weight was 43%. The MALDI-TOF spectrum of 

this oligomer mixture, O6, is given in Figure 2.12 and the corresponding peak list is 

given in Table 2.6. 

General procedure for oligomerization of the deprotected bis-alkyne 38 with bis-

azide 39.  

A mixture of 38 (22 mg, 0.027 mmol), 39 (20 mg, 0.027 mmol, 1 equiv.), TBTA (5.8 

mg, 0.01 mmol, 40% mol), and TACP (4.0 mg, 0.01 mmol, 40% mol) in degassed DMF 

(150 µL) was irradiated in a Biotage microwave reactor (100 °C). The reaction mixture 

was taken up DCM (20 mL) and the solution washed with 10% citric acid (3×15 mL), 

water (2×15 mL), brine (20 mL), dried over anhydrous Na2SO4,
 filtered, and 

concentrated in vacuo to give an oily residue. The residue was taken up in 10% 

acetonitrile in water (10 mL) and lyophilized to give a white powder. The solid was 

analyzed by MALDI-TOF. Yields were calculated based on total monomer weights (38 

plus 39). 

 Run 7 - A mixture of 38 and 39 at 180 mmol/L final concentration in each 

monomer (0.027 mmol) in DMF (150 µL) was subjected to microwave heating at  

100 ͦ C for 20 min.  After workup, solubilization (10% acetonitrile in water), and 

lyophilization a pale yellow powder (30 mg) was obtained. The yield based on total 

monomer weight was 71%. The oligomer mixture obtained from this trial is denoted 

“O7”, the MALDI-TOF spectrum of this mixture is shown in Figure 2.13, and the 

corresponding peak list is given in Table 2.7.  
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Run 8 - A mixture of 38 and 39 at 180 mmol/L final concentration in each 

monomer (0.027 mmol) in DMF (150 µL) was subjected to microwave heating at  

100 ͦ C for 30 min.  After workup, solubilization, and lyophilization (10% acetonitrile 

in water) a pale yellow powder (40 mg) was obtained. The yield based on total monomer 

weight was 95%. The oligomer mixture obtained from this trial is denoted “O8”, the 

MALDI-TOF spectrum of this mixture is shown in Figure 2.14, and the corresponding 

peak list is given in Table 2.8. 

 Run 9 - A mixture of 38 and 39 at 180 mmol/L final concentration in each 

monomer (0.027 mmol) in DMF (150 µL) was subjected to microwave heating at 150 ͦ 

C for 30 min. The reaction mixture turned brown unlike in other Runs where it turned 

green. After workup, solubilization (10% acetonitrile in water), and lyophilization a 

pale brown powder (40 mg) was obtained. The yield based on total monomer weight 

was 70%. The oligomer mixture obtained from this trial is denoted “O9”, the MALDI-

TOF spectrum of this mixture of is shown in Figure 2.15 and the corresponding peak 

list is given in Table 2.9. 

 Run 10 - A mixture of 38 and 39 at 180 mmol/L final concentration in each 

monomer (0.027 mmol) in DMF (150 µL) was subjected to microwave heating at  

100 ͦ C for 40 min.  After workup, solubilization (10% acetonitrile in water), and 

lyophilization a pale yellow (30 mg) was obtained. The yield based on total monomer 

weight was 71%. The oligomer mixture obtained from this trial is denoted “O10”, the 

MALDI-TOF spectrum of this mixture of is shown in Figure 2.16, and the 

corresponding peak list is given in Table 2.10. 

IR (KBr, thin film) 3334 (br), 2938, 2099, 1656, 1545 cm-1 

 Run 11 - A mixture of 38 and 39 at 180 mmol/L final concentration in each 

monomer (0.027 mmol) in DMF (150 µL) was subjected to microwave heating at 



186 

 

 

100 ͦ C for 80 min.  The reaction mixture was very viscous. After workup, solubilization 

(10% acetonitrile in water), and lyophilization a solid (30 mg) was obtained. The yield 

based on total monomer weight was 71%. The oligomer mixture obtained from this trial 

is denoted “O11”, the MALDI-TOF spectrum of this mixture of is shown in Figure 

2.17, and the corresponding peak list is given in Table 2.11. 

4-(Methyl(7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)butane acid N-hydroxy 

succinimide ester (75). To 73 (300mg, 1.07 mmol) in DCM (15 mL) was added 

diisopropyl carbodiimide (DIC) (270 µL, 2.14 mmol, 2 equiv.) and the mixture was 

stirred under argon at room temperature for 10 min. To this clear solution was added 

N-hydroxysuccinamide 74 (246 mg, 2.14 mmol, 2 equiv.) and the mixture was stirred 

under argon overnight at room temperature. Completion of the reaction was confirmed 

by TLC (disappearance of the spot at Rf 0.1, EtOAc, under short wave, 254 nm UV). A 

yellow precipitate had formed, and everything was dissolved in EtOAc (10 mL). The 

resulting organic layer was washed with water (3x25 mL), brine (25 mL), dried over 

anhydrous Na2SO4, filtered, and concentrated to give the ester (75) as an orange solid 

(650 mg, Rf 0.38, EtOAc, under 254 nm UV). This material was carried to the next step 

without further purification or characterization. 

N-(hex-5-yn-1-yl)-4-(methyl(7-nitrobenzo[c][1,2,5]oxadiazol-4-

yl)amino)butanamide (NBD alkyne) (76). To the crude ester 75 (650 mg) in dry DCM 

(30 mL) was added 6-amino-1-hexyne 41 (125 mg, 1.28 mmol, 1.2 equiv.) in DCM (5 

mL) and the mixture was stirred under argon at room temperature for 4 h. Completion 

of the reaction was confirmed by TLC (disappearance of the spot at Rf 0.38, EtOAc, 

under 254 nm UV).  The reaction mixture was diluted with DCM (10 mL), the organic 

layer was washed with water (3×20 mL), brine (20 mL), dried over anhydrous Na2SO4, 
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filtered, and concentrated to give an orange solid (820 mg) which was subjected to flash 

chromatography using EtOAc as the eluent to give the final product 76 as an orange 

solid (287 mg, 80 mmol, 75% over 2 steps). 

1H NMR (499 MHz, CDCl3) δ 8.45 (d, J = 9.0 Hz, 1H), 6.21 (d, J = 8.9 Hz, 1H), 5.69 

(s, 1H), 4.16 (s, 2H), 3.53 (s, 3H), 3.31 (dd, J = 13.2, 6.5 Hz, 2H), 2.37 (t, J = 6.9 Hz, 

2H), 2.25 (td, J = 6.8, 2.5 Hz, 2H), 2.19 – 2.12 (m, 2H), 1.98 (t, J = 2.5 Hz, 1H), 1.70 

– 1.62 (m, 3H), 1.62 – 1.54 (m, 2H) ppm 

13C NMR (126 MHz, CDCl3) δ 171.4, 145.5, 144.8, 135.5, 101.4, 83.9, 68.8, 55.2, 39.1,  

32.6, 28.7, 25.7, 18.1 ppm 

mp 109 – 110 ◦C 

IR (KBr, thin film) 3298, 3087, 2115, 1646, 1558, 1366 cm-1 

Synthesis of (PG)3 bis-NBD derivative (77). A mixture of 39 (20 mg, 27 μmol), NBD 

alkyne 76 (39 mg, 108 μmol, 4 equiv.), TBTA (6 mg, 10 μmol, 40% mol), and TACP 

(4 mg, 10 μmol, 40% mol) in DMF (200 µL, degassed with Ar for 20 min prior to 

mixing) was irradiated for 30 min in a Biotage microwave reactor (100 ◦C). Completion 

of the reaction was confirmed by Mass Spectrometry. No further purification was 

carried out. 

MS (MALDI) calcd for C67H95N23O15 (M + Na)+ 1484.74, obsd 1484.59 

Reaction of oligomer mixture O10 with 76. A mixture of O10 (5 mg, 3.2 μmol 

calculated based on (38+51)1 product), NBD alkyne 76 (9 mg, 25 μmol, 8 equiv.), 

TBTA (5 mg, 10 μmol, 40% mol of 76), and TACP (4 mg, 10 μmol, 40% mol of 76) in 

DMF (200 µL, degassed with argon for 20 min prior to mixing) was irradiated for 30 

min in a Biotage microwave reactor (100 °C). The crude mixture was analyzed by 

MALDI-TOF. m/z values over 5100 were not distinguishable from the baseline. Results 
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are given in Table 2.11 in Chapter 2. Spectra are attached at the end of the experimental 

section in Appendix A. 

Synthesis of bis-MSH4 (81). A mixture of 39 (10 mg, 13 μmol), 80120 (20 mg, 30 μmol, 

2 equiv.), TBTA (3.0 mg, 5 μmol, 40% mol), and TACP (2.0 mg, 5 μmol, 40% mol) in 

DMF (100 µL, degassed with argon for 20 min prior to mixing) was irradiated for 4 h 

in a Biotage microwave reactor (100 ◦C). The reaction mixture was diluted with water 

(20 mL, water layer became turbid), washed with CHCl3 (4×15 mL) containing 

dithizone (20 mg/150 mL, until the dithizone layer was no longer pink), CHCl3 

(3×15 mL), volatiles were removed, and the resulting aqueous solution lyophilized to 

give a pale yellow residue (35 mg). The residue was taken up in dry methanol (1.5 mL) 

and purified by preparative HPLC (19 X 256 mm column; mobile phase - linear 

gradient 10-90% acetonitrile and water containing 0.1% TFA, flow rate 10 mL/min. 

over 45 min UV detector system operating at 230 nm). Product (81) was collected as a 

white solid (10 mg, 4.5 μmol, 35%, tR 15.82 min) after lyophilization. 

HRMS (ESI4+): calcd for C109H153N35O17 (M + 4H)4+555.80083, observed 555.80098. 

1,2,3,4,5,6-Hexakis-O-propargyl-D-mannitol197 (94). D-mannitol 90 (50 mg, 0.428 

mmol) in dry DMF (15 mL) was stirred under argon for 15 min. The mixture was 

brought to 0 ͦ C NaH (200 mg, 8 mmol, 30 equiv.) was added. The suspension was 

stirred for 30 min at room temperature. Propargyl bromide 86 (80 % solution in toluene, 

1.2 mL, 8.2 mmol, 30 equiv.) was added dropwise at 0 ͦ C and the mixture stirred under 

argon overnight at room temperature. The mixture became brown upon addition of 

propargyl bromide. The reaction was quenched with MeOH (5 mL) and stirred for 15 

min. Volatiles were removed, the residue dissolved in ether (15 mL), washed with water 

(3×20 mL), sat. Na2CO3 (20 mL), brine (15 mL),  dried over anhydrous MgSO4, 

filtered, and concentrated in vacuo to give a brown oily residue. Purification was carried 
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out by gravity column chromatography on silica gel 60 using EtOAc:hexanes (1:3) as 

the eluent to give a pale yellow viscous liquid (47 mg, 0.12 mmol, 44 %, Rf 0.29; 

EtOAc:hexanes 1:3, Iodine vapor and PMA stains). 

1H NMR (499 MHz, CDCl3) δ 4.39 – 4.27 (m, 10H), 4.20 (dd, J = 2.3, 1.5 Hz, 4H), 

3.94 (dt, J = 10.1, 3.8 Hz, 5H), 3.86 (t, J = 3.6 Hz, 2H), 3.76 – 3.71 (m, 2H), 2.45 (t, J 

= 2.4 Hz, 4H), 2.43 (t, J = 2.4 Hz, 2H) ppm 

13C NMR (126 MHz, CDCl3) δ 80.1, 79.7, 79.4, 77.9, 77.1, 74.8, 74.5, 67.8, 59.8, 58.4, 

56.8 ppm 

1,2,3-Tris-O-propargylglycerol (96).198 Glycerol 92 (275 mg, 3 mmol) in dry DMF 

(15 mL) was stirred under argon for 30 min. The mixture was brought to 0 ͦ C and NaH 

(430 mg, 18 mmol, 6 equiv.) was added. The suspension was stirred for 1 h at room 

temperature. Propargyl bromide 86 (80 % solution in toluene, 2.7 mL, 18 mmol, 6 

equiv.) was added dropwise at 0 ͦ C and the mixture stirred under argon overnight at 

room temperature. The mixture became brown upon addition of propargyl bromide. A 

second portion of propargyl bromide (1 mL, 6 mmol) was added and the mixture stirred 

for 4 h. The reaction was quenched with cold water (10 mL) and stirred for 30 min. 

Organics were extracted into EtOAc (30 mL) and the organic layer was washed with 

water (3×40 mL), brine (20 mL), dried over anhydrous MgSO4, filtered, and 

concentrated in vacuo to give a brown residue (500 mg). Purification was carried out 

by gravity column chromatography on silica gel 60 using EtOAc:hexanes (1:9) as the 

eluent to give a pale yellow viscous liquid (200 mg, 0.96 mmol, 32 %, Rf 0.22; 

EtOAc:hexanes 1:9, Iodine and PMA stains). 

1H NMR (499 MHz, CDCl3) δ 4.32 (dd, J = 2.3, 0.7 Hz, 2H), 4.18 (dd, J = 2.3, 0.7 Hz,  

 

4H), 3.94 – 3.89 (m, 1H), 3.70 – 3.62 (m, 4H), 2.46 – 2.35 (m, 2H) ppm 
 

13C NMR (126 MHz, CDCl3) δ 79.9, 79.4, 76.1, 74.6, 74.4, 69.6, 58.6, 57.5 ppm 
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1,2,5,6,-Di-O-isopropylidene-D-mannitol (98).199 Freshly distilled acetone was used 

for the reaction. [Acetone (150 mL) was refluxed with KMnO4 (2 g) for 3 h. Some 

KMnO4 turned brown and the solution remained purple after 3 h. The supernatant 

solution was decanted into Drierite (calcium sulfate) and stirred overnight, followed by 

filtration onto a fresh portion of Drierite. Distilled acetone was collected on Drierite. 

Distillation set up was connected to air via a drying tube]. In an Erlenmeyer flask, ZnCl2 

(4.5 g, 32.9 mmol) was gently swirled in acetone (20 mL) until most had dissolved. The 

turbid acetone solution was decanted from particulates into D-mannitol (3.0 g, 16.46 

mmol). The mixture was vigorously stirred under argon for 2 h. The turbid solution was 

filtered under vacuum. The recovered white solid weighed 300 mg. The clear filtrate 

was poured into a vigorously stirring solution of sat. K2CO3 (20 mL) and dry reagent 

grade ether (25 mL). Stirring was continued for another 45 min, upon which time a 

white precipitate formed. The mixture was filtered via vacuum filtration and the solid 

(ZnCO3) was washed several times with acetone: ether 1:1 (v:v) mixture (3×15 mL). 

Filtrate was dried over anhydrous K2CO3 and filtered.  K2CO3 was rinsed with another 

portion of acetone:ether 1:1(v:v) mixture (20 mL). All portions were combined, 

concentrated in vacuo, and dried in a vacuum oven at 60 ͦ C to give a white solid (2.31 

g, 8.8 mmol, 54% based on the starting mannitol amount, Rf  0.88; MeOH:DCM 2:8 

PMA stain). 

1H NMR (499 MHz, CD3OD) δ 4.17 – 4.11 (m, 2H), 4.11 – 4.05 (m, 2H), 3.96 (dd, J = 

8.2, 5.2 Hz, 2H), 3.64 (d, J = 8.1 Hz, 2H), 1.37 (s, 6H), 1.33 (s, 6H) ppm 

13C NMR (126 MHz, CD3OD) δ 110.2, 76.6, 72.2, 68.2, 27.3, 25.7 ppm 

mp 113 – 115 ͦ C (Lit 117 - 119 ͦ C)199 

IR (KBr, thin film) 3279 (br), 2948, 1213 cm-1 
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1,2,5,6,-Di-O-isopropylidene-3,4-di-O-methyl-D-mannitol (99).201 To 98 (2.26 g, 

8.62 mmol) in dry DMF (20 mL) was added NaH (827 mg, 34.5 mmol, 4 equiv.) at 0 

◦C. The mixture was stirred under argon at room temperature for 1 h. The suspension 

was brought to 0 ◦C, MeI (4.9 mL, 34.5 mmol, 4 equiv.) was added dropwise, and the 

mixture stirred under argon overnight at room temperature. The reaction was quenched 

by slow addition of cold water (20 mL) and was stirred for another 30 min. Organics 

were extracted into EtOAc (3×20 mL), the combined EtOAc portions washed with 

water (3×40 mL), brine (20 mL), dried over anhydrous MgSO4, filtered, and 

concentrated in vacuo to afford a pale yellow liquid (1.78 g, 7.4 mmol, 71%), Rf  0.68, 

MeOH:DCM 1:9 PMA stain) 

1H NMR (499 MHz, CDCl3) δ 4.18 – 4.12 (m, 2H), 4.11 – 4.07 (m, 2H), 3.97 – 3.90 

(m, 2H), 3.49 (s, 6H), 3.43 (d, J = 6.3 Hz, 2H), 1.40 (s, 6H), 1.34 (s, 6H) ppm 

13C NMR (126 MHz, CDCl3) δ 108.6, 81.5, 75.5, 66.8, 60.9, 26.7, 25.5 ppm 

IR (neat) 2985, 1216 cm-1 

3,4-Di-O-methyl-D-mannitol (91).201 A solution of 99 (1.628g, 5.61 mmol) in acetic 

acid (8 mL):water (4 mL) in a round bottom flask fitted with a reflux condenser was 

stirred at 100 ◦C for 45 min. Volatiles were evaporated and the oily residue was 

recrystallized from ethanol to give 91 as a white solid (489 mg, 2.32 mmol, 41%). 

1H NMR (499 MHz, MeOD) δ 5.36 (dd, J = 11.1, 2.6 Hz, 2H), 5.25 (ddd, J = 8.0, 5.3, 

2.6 Hz, 2H), 5.19 (dd, J = 11.1, 5.3 Hz, 2H), 5.11 (d, J = 8.3 Hz, 2H), 5.05 (s, 6H) ppm 

13C NMR (126 MHz, MeOD) δ 81.3, 72.1, 64.6, 60.7 ppm  

[∝]D
25 +33◦ (c 1.00, water) Lit [∝]D

20 +37◦ (water)201 

mp 144 – 146 ͦ C (Lit 148 - 150 ͦ C)201 

IR (KBr, thin film) 3414 (br), 2948, 1211 cm-1 
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1,2,5,6-Tetrakis-O-propargyl-O-3,5-di-methyl-D-mannitol (100). A solution of 91 

(90 mg, 0.428 mmol) in dry DMF (15 mL) was stirred under argon for 15 min. The 

mixture was brought to 0 ◦C and NaH (82 mg, 3.4 mmol, 8 equiv.) was added. The 

suspension was stirred for 1 h at room temperature. Propargyl bromide 86 (80 % 

solution in toluene, 764 µL, 5.1 mmol, 12 equiv.) was added dropwise at 0 ◦C and the 

mixture stirred under argon overnight at room temperature. The mixture became brown 

upon addition of propargyl bromide. The mixture was quenched with cold water (10 

mL) and stirred for 30 min. Organics were extracted with EtOAc (30 mL) and the 

organic layer was washed with water (3×40 mL), sat. K2CO3 (2×15 mL), brine (15 mL), 

dried over anhydrous MgSO4, filtered, and concentrated in vacuo to give a brown 

residue. Purification was carried out by gravity column chromatography on silica gel 

60 using EtOAc:hexanes (3:7) as the eluent to give a pale yellow viscous liquid (162 

mg, 0.447 mmol, 45%, Rf  0.54; EtOAc:hexanes 3:7, Iodine and PMA stains). 

1H NMR (499 MHz, CDCl3) δ 4.38 – 4.26 (m, 5H), 4.21 (d, J = 2.4 Hz, 5H), 3.93 (dd, 

J = 10.7, 2.5 Hz, 2H), 3.87 (ddd, J = 6.8, 4.3, 2.6 Hz, 2H), 3.71 (dd, J = 10.7, 4.4 Hz, 

2H), 3.59 (d, J = 6.8 Hz, 2H), 3.51 (s, 6H), 2.43 (t, J = 2.4 Hz, 2H), 2.41 (t, J = 2.4 Hz, 

2H) ppm. 

13C NMR (126 MHz, CDCl3) δ 79.8, 79.5, 79.4, 76.9, 74.7, 74.6, 67.9, 60.7, 58.4, 56.6 

ppm. 

2-Azidoacetic acid (108).123 To a solution of 2-bromoacetic acid 107 (4.0 g, 28.8 

mmol) in distilled water (25 mL) was added with NaN3 (3.7 mg, 56.9 mmol, 2 equiv.) 

and the mixture stirred overnight at room temperature. The mixture was then cooled to 

0 ͦ C and concentrated HCl (37% assay, 20 mL, 243 mmol) was added slowly. The  

aqueous layer was extracted with DCM (4×20 mL), the combined DCM extracts 

washed with brine (20 mL), dried over anhydrous MgSO4, filtered, and concentrated in 
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vacuo to give a colorless liquid (1.88 g, 17.7 mmol, 62%, Rf  0.33; MeOH:DCM 5:95, 

PMA stain). 

1H NMR (499 MHz, CDCl3) δ 7.79 (s, 1H), 3.97 (s, 2H) ppm 

13C NMR (126 MHz, CDCl3) δ 173.7, 50.0 ppm 

IR (neat) 3122 (br), 2113, 1727 cm-1 

2-Azidoacetic acid N-succinimide ester (120).203 A solution of 108 (200 mg, 1.9 

mmol), 74 (270 mg, 2.3 mmol, 1.2 equiv.), and N,N'-dicyclohexylcarbodiimide (DCC) 

(480 mg, 2.3 mmol, 1.2 equiv.) in DCM (10 mL) was stirred under argon overnight. 

The resulting white precipitate was filtered, the filtrate washed with brine (20 mL), 

dried over anhydrous Na2SO4, filtered, and concentrated to give a white solid (675 mg, 

179%). 1H NMR of the crude 120 was taken to confirm the presence of the product, 

which was used without further purification in the next reaction. 

1H NMR (499 MHz, CDCl3) δ 4.24 (s, 2H), 2.88 (s, 4H) ppm 

(S)-2-(2-Azidoacetamido)-3-hydroxypropanamide (122). To a suspension of 121 

(400 mg, 2.84 mmol, 1.5 equiv. based on 1.9 mmol of 108) in DMF (10 mL) was added 

TEA (478 µL, 3.4 mmol, 1.2 equiv. of 121) and the mixture stirred under argon for 30 

min at room temperature. To this mixture, crude serinamide ester 120 (670 mg) was 

added and the mixture stirred under argon overnight at room temperature. DMF was 

removed in vacuo and the oily residue was purified by gravity column chromatography 

on silica gel 60 using a gradient of DCM to 1:9 MeOH:DCM as the eluent to afford a 

white, waxy solid (235 mg, 1.25 mmol, 66% over 2 steps, Rf 0.22; MeOH:DCM 1:9, 

PMA stain). 

1H NMR (499 MHz, CD3OD) δ 4.45 (t, J = 5.0 Hz, 1H), 3.99 (d, J = 2.3 Hz, 2H), 3.83  

 

(dd, J = 11.2, 5.3 Hz, 1H), 3.79 (dd, J = 11.2, 4.9 Hz, 1H) ppm 

 
13C NMR (126 MHz, CD3OD) δ 174.6, 170.3, 63.0, 56.5, 52.9 ppm 
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IR (KBr, thin film) 3342 (br), 2957, 2113, 1663 cm-1 

Solid phase peptide synthesis of 6-azidohexanoyl MSH4122 (88) and 2-azidoacetyl 

MSH4 (106). In a syringe (polypropylene reaction tube equipped with a polypropylene 

frit) rink amide  resin 101 (1 g, 0.7 mmol, loading capacity 0.71mmol/g) was allowed 

to swell in tetrahydrofuran (THF) for 1 hr. THF was removed and the resin was shaken 

with 20% piperidine in DMF (15 mL) for 2 min. The solution was removed and the 

resin shaken for another 18 min with a fresh portion of 20% piperidine solution in DMF 

(15 mL). The resin was then washed with DMF (3x15 mL), DCM (3x15 mL), DMF 

(3x15 mL), 1x0.5M hydroxybenzotriazole (HOBt) in DMF (1x15 mL), 1x0.5 M HOBt 

in DMF (1x15 mL) with a drop of bromophenol blue, DMF (2x15 mL), and DCM (1x15 

mL). A solution of Fmoc-Trp(Boc)-OH (42) (1.05 g, 2.04 mmol), 6-chloro-1-

hydroxybenzotriazole (Cl-HOBt) (345 mg, 2.04 mmol), and DIC (512 mg, 4.08 mmol) 

in DMF (15 mL) was allowed to react for 2 min before being added to the resin, which 

was shaken with this solution for 2 h. Completion of the coupling was confirmed by the 

Kaiser test.213 The same cycle of procedures was repeated for coupling of the other 

amino acids in the sequence, Fmoc-Arg(pbf)-OH (102) (1.32 g, 2.04 mmol), Fmoc-

DPhe-OH (46) (0.79 g, 2.04 mmol), Fmoc-His(Trt)-OH (48) (2.52 g, 2.04 mmol), and 

finally for attachment of the N-terminal 6-azidohexanoic acid122 (53) (0.32 g, 2.04 

mmol) for the synthesis of 88 and in a separate SPPS experiment 2-azido acetic acid 

(108) (0.26 g, 2.04 mmol ) for the synthesis of 106. Capping of the free NH2 was 

unnecessary for all the coupling reactions as the Kaiser test indicated the completion of 

the reaction. Cleavage and deprotection was achieved using a 91:3:3:3 mixture of TFA, 

triisopropylsilane, thioanisole, and water (10 mL). The mixture of cleavage cocktail and 

resin was shaken overnight, the solution was separated from the resin, the resin washed 

with another portion of TFA (5 mL), and volatiles were evaporated in vacuo. The 
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resulting residue was triturated with cold ether and the crude product was separated by 

centrifugation (6000 rpm for 3 min) (Clinical 200 centrifuge, VWR). Purification of the 

tetrapeptide was carried out by reverse phase chromatography with a 19×256 mm X-

Bridge Preparative C18 column. The mobile phase used was 10-90% acetonitrile and 

water containing 0.1% TFA within 45 min; the flow rate was 10 mL/min and the UV 

detector system operated at 230 nm and 280 nm. After lyophilization, 88 was obtained 

as a white powder (tR 16.42 min. 308 mg, 0.32 mmol, 58%). 

HRMS (MALDI-TOF) calcd. for C38H51N14O5 (M + H)+  783.4161, obsd. 783.4158 

IR (KBr, thin film) 3299 (br), 2935, 2100, 1667, 1202 cm-1 

In a separate SSPS experiment, 106 was obtained as a white powder (tR 12.93 min 320 

mg, 0.44 mmol, 65%). 

MS (ESI) calcd. for C34H44N14O5 (M + 2H)2+  364.1804, obsd.364.1808 

IR (KBr, thin film) 3329 (br), 2929, 2114, 1664, 1202, 1134 cm-1 

6-Iodo-1-hexyne (111).202 6-chloro-1-hexyne 110 (5.0 g, 0.06 mol) in dry acetone (70 

mL) was charged with NaI (15 g, 0.1 mol, 1.7 equiv.) and refluxed for 3 days. A white 

precipitate formed and the solution became dark brown. Completion of the reaction was 

confirmed by TLC. Water was added to the reaction mixture, upon which all the white 

solid dissolved. Aqueous layer was extracted with ether (4×20 mL). The combined 

ether extracts were concentrated to about 20 mL, washed with sat. Na2S2O3 (20 mL), 

water (3×20 mL), brine (20 mL), dried over anhydrous MgSO4, filtered, and 

concentrated in vacuo to give a pale yellow liquid. (9.5 g, 0.05 mol, 86% yield after 

accounting for traces of ether present, Rf 0.66; hexanes, Iodine stain). 

1H NMR (499 MHz, CDCl3) δ 3.20 (t, J = 6.9 Hz, 1H), 2.22 (td, J = 7.0, 2.6 Hz, 1H),  

1.99 – 1.89 (m, 1H), 1.67 – 1.58 (m, 1H) ppm 

13C NMR (126 MHz, CDCl3) δ 83.7, 69.0, 32.3, 29.2, 17.5, 6.1 ppm 
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IR (neat) 3295, 2940, 2117, 635 cm-1 

1,2,3,4,5,6-Hexakis-O-hexynyl-D-mannitol (105). D-mannitol 90 (150 mg, 0.824 

mmol) in dry DMF (25 mL) was stirred under argon for 15 min. The mixture was 

brought to 0 ◦C and NaH (356 mg, 14.8 mmol, 18 equiv.) was added. The suspension 

was stirred for 3 h at room temperature, then 6-iodo-1-hexyne 111 (3.0 g, 14.8 mmol, 

18 equiv.) was added drop wise at 0 ◦C and the mixture stirred under argon for 24 h at 

room temperature. A second portion of 6-iodo-1-hexyne 111 (1.0 g, 4.8 mmol, 6 equiv.) 

was added and the mixture stirred for another 24 h at room temperature. The reaction 

was quenched with NH4Cl (10 mL) at 0 ◦C and the mixture stirred for 15 min. The 

aqueous layer was extracted with ether (3×20 mL), the combined ether extracts were 

washed with water (3×20 mL), brine (15 mL), dried over anhydrous MgSO4, filtered, 

and concentrated in vacuo to give a brown oily residue (0.99 g). Purification was carried 

out by gravity column chromatography on silica gel 60 using EtOAc:hexanes (1:9) as 

the eluent to give a pale yellow viscous liquid (168 mg, 0.25 mmol, 31%, Rf 0.4; 

EtOAc:hexanes 2:8, Iodine vapor and PMA stains). 

1H NMR (499 MHz, CDCl3) δ 3.80 – 3.74 (m, 2H), 3.71 – 3.59 (m, 6H), 3.58 – 3.40 

(m, 12H), 2.27 – 2.19 (m, 12H), 1.99 – 1.94 (m, 6H), 1.77 – 1.55 (m, 25H) ppm 

13C NMR (126 MHz, CDCl3) δ 84.36, 84.34, 84.31, 79.10, 79.06, 72.19, 70.79, 69.73, 

68.95, 68.41, 68.38, 29.47, 29.23, 28.78, 25.32, 18.34, 18.25 ppm 

IR (neat) 3296, 2936, 2115, 1111, 627 cm-1 

1,2,5,6-O-Tetrakishexynyl-3,4-O-dimethyl-D-mannitol (112). 3,4-Di-O-methyl-D-

mannitol 91 (100 mg, 0.48 mmol) in dry DMF (10 mL) was stirred under argon for 15 

min. Mixture was brought to 0 ◦C and NaH (138 mg, 5.78 mmol, 12 equiv.) was added. 

The suspension was stirred for 3 h at room temperature and then 6-iodo-1-hexyne 111 

(1.2 g, 5.78 mmol, 12 equiv.) was added dropwise at 0 ͦ C and the mixture stirred under 
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argon for 48 h at room temperature. The reaction was quenched with NH4Cl (10 mL) 

at 0 ͦ C and the mixture stirred for 15 min. The aqueous layer was extracted with ether 

(3×20 mL), the combined ether extracts were washed with water (3×20 mL), brine (15 

mL), dried over anhydrous MgSO4, filtered and concentrated in vacuo to give a brown 

oily residue. Purification was carried out by gravity column chromatography on silica 

gel 60 using EtOAc:hexanes (1:1) as the eluent to give a pale yellow viscous liquid 

(102 mg, 0.19 mmol, 40%, Rf 0.57; EtOAc:hexanes 1:1, Iodine vapor and PMA stains). 

1H NMR (499 MHz, CDCl3) δ 3.78 (dd, J = 10.7, 1.7 Hz, 2H), 3.72 (dt, J = 9.1, 6.1 Hz, 

2H), 3.61 – 3.41 (m, 18H), 2.27 – 2.21 (m, 8H), 1.98 – 1.95 (m, 4H), 1.78 – 1.56 (m, 

16H) ppm 

13C NMR (126 MHz, CDCl3) 84.35, 84.33, 79.57, 78.61, 70.77, 69.27, 68.97, 68.37, 

60.42, 29.23, 28.75, 25.32, 25.30, 18.23 ppm 

IR (neat) 3296, 2932, 2116, 1113, 628 cm-1 

1,2,3-Tris-O-hexynylglycerol (113). Glycerol 92 (128 mg, 1.38 mmol) in dry DMF 

(10 mL) was stirred under argon for 15 min. The mixture was brought to 0 ◦C and NaH 

(298 mg, 12.42 mmol, 9 equiv.) was added. The suspension was stirred for 3 h at room 

temperature, then 6-iodo-1-hexyne 111 (2.5 g, 12.42 mmol, 9 equiv.) was added 

dropwise at 0 ͦ C and the mixture stirred under argon for 48 h at room temperature. The 

reaction was quenched with NH4Cl (10 mL) at 0 ◦C and the mixture stirred for 15 min. 

The aqueous layer was extracted with ether (3×20 mL), the combined ether extracts 

were washed with water (3×20 mL), brine (15 mL), dried over anhydrous MgSO4, 

filtered, and concentrated in vacuo to give a brown oily residue. Purification was carried 

out by gravity column chromatography on silica gel 60 using EtOAc:hexanes (1:9) as 

the eluent to give a pale yellow viscous liquid (114 mg, 0.34 mmol, 25%, Rf 0.47; 

EtOAc:hexanes 2:8, Iodine vapor and PMA stains). 
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1H NMR (499 MHz, CDCl3) δ 3.59 (t, J = 6.2 Hz, 2H), 3.57 – 3.52 (m, 1H), 3.52 – 3.43  

(m, 8H), 2.26 – 2.17 (m, 6H), 1.96 – 1.91 (m, 3H), 1.73 – 1.55 (m, 12H) ppm 

13C NMR (126 MHz, CDCl3) δ 84.44, 84.35, 77.92, 70.89, 70.83, 69.84, 68.36, 28.67, 

25.20, 25.16, 18.22, 18.20 ppm 

IR (neat) 3296, 2937, 2115, 1115, 624 cm-1 

1,2-Bis-O-hexynylethylene glycol (114). Ethylene glycol 93 (140 mg, 2.25 mmol) in 

dry DMF (10 mL) was stirred under argon for 15 min. The mixture was brought to 0 ◦C 

and NaH (350 mg, 14.0 mmol, 6.2 equiv.) was added. The suspension was stirred for 2 

h at room temperature, then 6-iodo-1-hexyne 111 (2.8 g, 13.5 mmol, 6 equiv.) was 

added dropwise at 0 ◦C and stirred under argon for 6 h at room temperature. A second 

portion of 6-iodo-1-hexyne 111 (1.5 g, 7.2 mmol, 3.2 equiv.) was added and the mixture 

stirred under argon for 24 h. The reaction was quenched with water (10 mL) at 0 ◦C and 

the mixture stirred for 15 min. The aqueous layer was extracted with ether (4×20 mL), 

the combined ether extracts were washed with water (3×20 mL), brine (15 mL), dried 

over anhydrous MgSO4, filtered, and concentrated in vacuo to give a brown oily residue 

(1.5 g). Purification was carried out by gravity column chromatography on silica gel 60 

using EtOAc:hexanes (1:9) as the eluent to give a pale yellow viscous liquid (280 mg, 

1.26 mmol, 56%, Rf 0.43; EtOAc:hexanes 1:9, Iodine vapor and PMA stains). 

1H NMR (499 MHz, CDCl3) δ 3.57 (s, 4H), 3.49 (t, J = 6.4 Hz, 4H), 2.21 (td, J = 7.0,  

 

2.6 Hz, 4H), 1.94 (t, J = 2.6 Hz, 2H), 1.74 – 1.67 (m, 4H), 1.64 – 1.55 (m, 4H) ppm 
 

13C NMR (126 MHz, CDCl3) δ 84.4, 70.7, 70.1, 68.3, 28.6, 25.1, 18.2 ppm 

 

IR (neat) 3295, 2939, 2116, 1118 cm-1 

Hexavalent MSH4 construct 115. A mixture of 1,2,3,4,5,6-hexakis-O-hexynyl-D-

mannitol 105 (4 mg, 0.006 mmol), 2-azidoacetyl MSH4 106 (40 mg, 0.054 mmol, 9 

equiv. ), TBTA (7.4 mg, 0.014 mmol, 40% mol), TACP (5.3 mg, 0.014 mmol, 40% 
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mol), and sodium ascorbate (2.5 mg, 0.014 mol, 1 equiv. of TACP) in degassed DMF 

(600 µL) in a microwave reaction tube was purged with argon, sealed, and irradiated in 

a Biotage microwave reactor at 100 ◦C for 2 h. The pale colored solution turned dark 

red. The reaction mixture was taken up in water (20 mL), washed with a solution of 

dithizone214 (3 mg/150 mL) in CHCl3 (3×20 mL) and CHCl3 (3×20 mL), volatiles were 

removed, and the resulting aqueous solution lyophilized to give a light pink powder (51 

mg). Purification was carried out by reverse phase HPLC on a 19×256 mm X-Bridge 

Preparative C18 column. The mobile phase used was 10-90% acetonitrile and water 

containing 0.1% TFA within 45 min; the flow rate was 10 mL/min and the UV detector 

system operated at 230 nm and 280 nm. After lyophilization, 115 was obtained as a 

powder with a tinge of brown color (tR 16.47 min, 20 mg, 0.004 mmol, 67%) MS (ESI) 

calcd. for C246H321N84O36 (M + 7H)7+  718.2267, obsd. 718.7553 

Tetravalent MSH4 construct 116. A mixture of 1,2,5,6-tetrakis-O-hexynyl-3,4-

dimethyl-D-mannitol 112 (5 mg, 0.009 mmol), 2-azidoacetyl MSH4 106 (41 mg, 0.057 

mmol, 6 equiv.), TBTA (7.6 mg, 0.014 mmol, 40% mol), TACP (5.3 mg, 0.014 mmol, 

40% mol), and sodium ascorbate (2.8 mg, 0.014 mol, 1 equiv. of TACP) in degassed 

DMF (600 µL) in a microwave reaction tube was purged with argon, sealed, and 

irradiated in a Biotage microwave reactor at 100 ◦C for 2 h. The pale colored solution 

turned dark red. The reaction mixture was taken up in water (20 mL), washed with a 

solution of dithizone (3 mg/150 mL) in CHCl3 (3×20 mL) and CHCl3 (3×20 mL), 

volatiles were removed, and the resulting aqueous solution lyophilized to give a light 

pink powder (50 mg). Purification was carried out by reverse phase HPLC on a 19×256 

mm X-Bridge Preparative C18 column. The mobile phase used was 10-90% acetonitrile 

and water containing 0.1% TFA within 45 min; the flow rate was 10 mL/min and the 

UV detector system operated at 230 nm and 280 nm. After lyophilization, 116 was 
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obtained as a powder with tinge of brown color (tR 16.68 min, 22 mg, 0.006 mmol, 

71%) HRMS (MALDI) calcd. for C168H219N56O26 (M + H)+  3436.7530, obsd. 

3436.7487 

Trivalent MSH4 construct 117. A mixture of 1,2,3-tris-O-hexynyl-glycerol 113 (4 

mg, 0.012 mmol), 2-azidoacetyl MSH4 106 (40 mg, 0.054 mmol, 4.5 equiv.), TBTA 

(7.6 mg, 0.014 mmol, 40% mol), TACP (5.3 mg, 0.014 mmol, 40% mol), and sodium 

ascorbate (2.8 mg, 0.014 mol, 1 equiv. of TACP) in degassed DMF (600 µL) in a 

microwave reaction tube was purged with argon, sealed, and irradiated in a Biotage 

microwave reactor at 100 ◦C for 2 h. The pale colored solution turned dark red. Reaction 

mixture was taken up in water (20 mL), washed with a solution of dithizone (3 mg/150 

mL) in CHCl3 (3×20 mL) and CHCl3 (3×20 mL), volatiles removed and the resulting 

aqueous solution lyophilized to get a light pink powder (50 mg). Purification was 

carried out by reverse phase chromatography with a 19×256 mm X-Bridge Preparative 

C18 column. The mobile phase used was 10-90% acetonitrile and water containing 

0.1% TFA within 45 min; the flow rate was 10 mL/min and the UV detector system 

operated at 230 nm and 280 nm. After lyophilization, 117 was obtained as a powder 

with a tinge of brown color (tR 16.53 min 25 mg, 0.010 mmol, 83%) HRMS (MALDI) 

calcd. for C123H159N42O18 (M + H)+  2512.2812, obsd. 2512.2838 

Divalent MSH4 construct 118. A mixture of 1,2-bis-O-hexynyl-ethylene glycol 114 

(4.4 mg, 0.02 mmol), 2-azido acetic MSH4 106 (44 mg, 0.06 mmol, 3 equiv.), TBTA 

(8.5 mg, 0.016 mmol, 40% mol), TACP (5.9 mg, 0.016 mmol, 40% mol), and sodium 

ascorbate (3.1 mg, 0.016 mol, 1 equiv. of TACP) in degassed DMF (600 µL) in a 

microwave reaction tube was purged with argon, sealed, and irradiated in a Biotage 

microwave reactor at 100 ◦C for 2 h. The pale colored solution turned brownish red. 

The reaction mixture was taken up in water (20 mL), washed with a solution of 
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dithizone (3 mg/150 mL) in CHCl3 (3×20 mL) and CHCl3 (3×20 mL), volatiles were 

removed, and the resulting aqueous solution lyophilized to give a light pink powder (58 

mg). Purification was carried out by reverse phase HPLC on a 19×256 mm X-Bridge 

Preparative C18 column. The mobile phase used was 10-90% acetonitrile and water 

containing 0.1% TFA within 45 min; the flow rate was 10 mL/min and the UV detector 

system operated at 230 nm and 280 nm. After lyophilization, 118 was obtained as a 

powder with a tinge of brown color (tR 15.58 min, 12.3 mg, 0.010 mmol, 37%) HRMS 

(MALDI) calcd. for C82H107N28O12 (M + H)+  1675.8617, obsd.1675.8633 

Divalent MSH4 construct 119. A mixture of 1,2-bis-O-hexynyl-ethylene glycol 114 

(4.4 mg, 0.02 mmol), 6-azidohexanoyl MSH4 88 (47 mg, 0.06 mmol, 3 equiv.), TBTA 

(8.5 mg, 0.016 mmol, 40% mol), TACP (5.9 mg, 0.016 mmol, 40% mol), and sodium 

ascorbate (3.1 mg, 0.016 mol, 1 equiv. of TACP) in degassed DMF (600 µL) in a 

microwave reaction tube was purged with argon, sealed, and irradiated in a Biotage 

microwave reactor at 100 ◦C for 2 h. The pale colored solution turned brownish red. 

Reaction mixture was taken up in water (20 mL), washed with a solution of dithizone 

(3 mg/150 mL) in CHCl3 (3×20 mL) and CHCl3 (3×20 mL), volatiles were removed, 

and the resulting aqueous solution lyophilized to get a light pink powder (58 mg). 

Purification was carried out by reverse phase HPLC with a 19×256 mm X-Bridge 

Preparative C18 column. The mobile phase used was 10-90% acetonitrile and water 

containing 0.1% TFA within 45 min; the flow rate was 10 mL/min and the UV detector 

system operated at 230 nm and 280 nm. In the first HPLC the broad peak at tR14.8 min 

was collected. The MS analysis indicated the presence of the starting material MSH4 

88. HPLC purification was repeated twice, and each time the first half of the peak at tR 

14.04 min was collected. Finally after lyophilization, 119 was obtained as a powder 
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with a tinge of red color.  (3 mg, 0.002 mmol, 8%) HRMS (MALDI) calcd. for 

C90H124N28O12 (M + 2H)2+  1787.98697, obsd. 1787.98692 

Monoserinamide-mono-O-hexynyl derivative 123. A mixture of 122 (13.7 mg, 0.073 

mmol), 1,2-bis-O-hexynylethylene glycol 114 (97 mg, 0.438 mmol, 6 equiv.), TBTA 

(5.6 mg, 0.029 mmol, 40% mol), TACP (10 mg, 0.029 mmol, 40% mol), and sodium 

ascorbate (5.7 mg, 0.029 mol, 1 equiv. of TACP) in degassed DMF (600 µL) in a 

microwave reaction tube was purged with argon, sealed, and irradiated in a Biotage 

microwave reactor at 100 ◦C for 1 h. The solution turned from pale green to yellow. 

DMF was then removed in vacuo and the residue subjected to gravity column 

chromatography on silica gel 60 eluted with a gradient of 5% MeOH in DCM to 10% 

MeOH in DCM. The product was collected as a white waxy solid (20 mg, 0.049 mmol, 

67%, Rf   0.18 MeOH:DCM 1:9; PMA stain). 

1H NMR (499 MHz, MeOD) δ 7.80 (s, 1H), 5.21 (s, 2H), 4.44 (t, J = 5.1 Hz, 1H), 3.86 

– 3.78 (m, 2H), 3.57 (s, 4H), 3.50 (dt, J = 10.8, 6.4 Hz, 4H), 2.74 (t, J = 7.3 Hz, 2H), 

2.22 – 2.17 (m, 3H), 1.81 – 1.52 (m, 8H) ppm  

13C NMR (126 MHz, MeOD) δ 174.5, 168.0, 124.9, 84.9, 71.9, 71.7, 71.2, 69.6, 65.2,  

 

63.0, 62.3, 56.7, 53.0, 30.1, 29.7, 27.1, 26.4, 26.0, 18.8 ppm 

 

IR (KBr, thin film) 3281, 2935, 2114, 1653, 1119 cm-1 

 

Monovalent MSH4 derivative 124. A mixture of 123 (10.8 mg, 0.026 mmol), 2-azido 

acetyl MSH4 106 (29 mg, 0.039 mmol, 1.5 equiv.), TACP (3.9 mg, 0.01 mmol, 40% 

mol), TBTA (5.6 mg, 0.01 mmol, 40% mol), and sodium ascorbate (2 mg, 0.01 mol, 1 

equiv. of TACP) in degassed DMF (600 µL) in a microwave reaction tube was purged 

with argon, sealed, and irradiated in a Biotage microwave reactor at 100 ◦C for 2 h. The 

solution turned from pale green to red. The reaction mixture was taken up in water (20 

mL), washed with a solution of dithizone (3 mg/150 mL) in CHCl3 (3×20 mL) and 
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CHCl3 (3×20 mL), volatiles were removed, and the resulting aqueous solution 

lyophilized to get a light pink powder (53 mg). Purification was carried out by reverse 

phase HPLC on a 19×256 mm X-Bridge Preparative C18 column. The mobile phase 

used was 10-90% acetonitrile and water containing 0.1% TFA within 45 min; the flow 

rate was 10 mL/min and the UV detector system operated at 230 nm and 280 nm. After 

lyophilization, 124 was obtained as a powder (tR 13.23 min 13 mg, 0.011 mmol, 43%) 

HRMS (MALDI) calcd. for C53H74N19O10 (M + H)+  1136.5860, obsd. 1136.5865 

Hexavalent serinamide construct 125. A mixture of 1,2,3,4,5,6-hexakis-O-hexynyl-

D-mannitol 105 (10 mg, 0.015 mmol), serinamide derivative 122 (25 mg, 0.135 mmol, 

6 equiv.), TBTA (19 mg, 0.036 mmol, 40% mol), TACP (13 mg, 0.036 mmol, 40% 

mol), and sodium ascorbate (7 mg, 0.036 mol, 1 equiv. of TACP) in degassed DMF 

(600 µL) in a microwave reaction tube was purged with argon, sealed, and irradiated in 

a Biotage microwave reactor at 100 °C for 2 h. The mixture was taken up in water (10 

mL) and washed with DCM (4×20 mL). The water layer remained brown. Brown 

colored particles were filtered out via gravity filtration through a plug of cotton and the 

resulting aqueous solution lyophilized to give a brownish solid (55 mg). Purification 

was carried out by gravity column chromatography on silica gel 60 using 

DCM:MeOH:NH4OH (5:2:0.5) as the eluent to afford a light brown solid (15 mg, 0.008 

mmol, 58%, Rf  0.08; DCM:MeOH:NH4OH 5:2:0.5, PMA stain) 

MS (MALDI) calcd. for C72H116N30O24 (M + Na)+  1807.867, obsd. 1807.605 

Tetravalent serinamide construct 126. A mixture of 1,2,5,6-O-tetrakis-3,4-O-

dimethy-D-mannitol 112 (10 mg, 0.03 mmol), serinamide derivative 122 (21 mg, 0.11 

mmol, 6 equiv.), TBTA (15 mg, 0.028 mmol, 40% mol), TACP (10.7 mg, 0.028 mmol, 

40% mol), and sodium ascorbate (5.5 mg, 0.028 mol, 1 equiv. of TACP) in degassed 

DMF (600 µL) in a microwave reaction tube was purged with argon, sealed, and 



204 

 

 

irradiated in a Biotage microwave reactor at 100 ◦C for 2 h. The mixture was taken up 

in water (10 mL) and washed with DCM (4×20 mL). The water layer remained brown. 

Brown colored particles were filtered out via gravity filtration through a plug of cotton 

and the resulting aqueous solution lyophilized to give a brownish solid (58 mg). 

Purification was carried out by gravity column chromatography on silica gel 60 using 

DCM:MeOH:NH4OH as the eluent (5:2:0.5) to afford a light brown solid (17 mg, 

0.013, 74%, Rf  0.11; DCM:MeOH:NH4OH 5:2:0.5, PMA stain) 

MS (MADI-TOF) calcd. for C52H87N20O18 (M + H)+  1279.650, obsd. 1279.492 

Trivalent serinamide construct 127. A mixture of 1,2,3-tris-O-hexynylglycerol 

113 (10 mg, 0.018 mmol), serinamide derivative 122 (25 mg, 0.135 mmol, 4.5 equiv.), 

TBTA (19 mg, 0.036 mmol, 40% mol), TACP (13 mg, 0.036 mmol, 40% mol), and 

sodium ascorbate (7 mg, 0.036 mol, 1 equiv. of TACP) in degassed DMF (600 µL) in 

a microwave reaction tube was purged with argon, sealed, and irradiated in a Biotage 

microwave reactor at 100 ◦C for 2 h. The mixture was taken in water (10 mL), washed 

with DCM (4×20 mL), and the resulting aqueous solution lyophilized to give a 

brownish solid (50 mg). Purification was carried out by gravity column 

chromatography on silica gel 60 using DCM:MeOH:NH4OH (5:2:0.5) as the eluent to 

give a light brown oily sticky product. The residue was dissolved in water (10 mL) and 

lyophilized to afford a light brown solid (20 mg, 0.02 mmol, 74%, Rf   0.14; 

DCM:MeOH:NH4OH 5:2:0.5, PMA stain) 

MS (ESI) calcd. for C36H60N15O12 (M + H)+  894.4, obsd. 894.5 

Ethyl (2E,4E)-5-(2,5-dimethoxyphenyl)penta-2,4-dienoate (138). To a suspension 

of NaH (582 mg, 24.2 mmol, 1.2 equiv. of 137) in THF (50 mL) at – 15 ◦C (dry 

ice/ethylene glycol) was added triethyl 4-phosphonocrotonate 137 (4.41 mL, 19.9 

mmol, 1.1 equiv. of 136). Mixture was stirred for 10 min under argon followed by the 
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addition of 2,5-dimethoxybenzaldehyde 136 (3.00 g, 18.1 mmol)212 and THF (25 mL). 

The mixture was taken out of the dry ice/ethylene glycol bath and was stirred under 

argon for 3 h at room temperature. The reaction was quenched by addition of EtOH (10 

mL). Volatiles were removed in vacuo, the residue (7.5 g) dissolved in EtOAc (30 mL), 

and the solution washed with water (3×20 mL), brine (20 ml), dried over anhydrous 

MgSO4, filtered and concentrated to give a brown oil (3.8 mg). Purification was carried 

out by gravity column chromatography on silica gel 60 using hexanes: EtOAC 4:6 as 

the eluent to afford a yellow oil. (2.3 g, 8.6 mmol, 49%, Rf  0.75; hexanes:EtOAc 4:6, 

UV). This liquid solidified when kept in the refrigerator (4 ◦C). 

1H NMR (499 MHz, CDCl3) δ 7.47 (ddd, J = 15.3, 11.1, 0.7 Hz, 1H), 7.22 (d, J = 15.7 

Hz, 1H), 7.04 (d, J = 2.5 Hz, 1H), 6.88 (ddd, J = 15.7, 11.1, 0.5 Hz, 1H), 6.85 – 6.80(m, 

2H), 5.97 (d, J = 15.3 Hz, 1H), 4.22 (q, J = 7.1 Hz, 2H), 3.82 (s, 3H), 3.79 (s, 3H),  

1.31 (t, J = 7.1 Hz, 3H) ppm 

13C NMR (126 MHz, CDCl3) δ 167.2, 153.6, 152.0, 145.3, 135.3, 127.0, 125.8, 120.9, 

115.5, 112.4, 112.2, 60.3, 56.2, 55.8, 14.4 ppm 

mp 57 - 59  ◦C 

Ethyl 5-(2,5-Dimethoxyphenyl)pentanoate (139). A solution of 138 (2.10 g, 8.01 

mmol) in absolute EtOH (20 mL) was subjected to hydrogenation with 10% Pd/C 

catalyst (500 mg) at 60 psi in a Parr hydrogenation apparatus for 36 h. Catalyst was 

quenched with DCM, the mixture filtered through Celite, and the filtrate concentrated 

in vacuo to afford a yellow oil (2.07 g, 7.8 mmol, 97%, Rf 0.8; hexanes:EtOAC 1:1, 

UV, PMA stain). No further purification was carried out and the compound was used 

in the next step. 
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1H NMR (499 MHz, CDCl3) δ 6.76 (d, J = 8.6 Hz, 1H), 6.71 (d, J = 3.0 Hz, 1H), 6.68 

(dd, J = 8.7, 3.1 Hz, 1H), 4.15 – 4.10 (m, 2H), 3.77 (s, 3H), 3.76 (s, 3H), 1.25 (d, J = 

7.0 Hz, 3H) ppm 

13C NMR (126 MHz, CDCl3) δ 173.8, 153.4, 151.7, 131.9, 116.2, 111.1, 110.7, 60.1, 

55.9, 55.6, 34.3, 29.9, 29.3, 24.8, 14.2 ppm 

5-(2,5-Dihydroxyphenyl)pentanoic Acid (140). Compound 139 (1.15 g, 4.32 mmol) 

was stirred in HOAc (4 mL) for 10 min under argon. To this mixture was added 48 % 

HBr (20 mL) and the solution heated to reflux for 4 h. The mixture was cooled to room 

temperature, poured onto ice (about 20 g), and let stand until all the ice melted. The pH 

of the mixture was 1. The aqueous layer was saturated with NaCl and extracted with 

ether (3×20 mL) and EtOAc (3×20 mL). The combined organic layers were dried over 

anhydrous MgSO4, filtered, and concentrated in vacuo to afford a brown residue (2.9 g) 

which liquid solidified at 4 ◦C. This material was carried to the next step without further 

purification. In a separate experiment, product extracted in to ether was concentrated 

and triturated with hexanes to produce white crystals (19% yield). 1H and 13C NMR 

confirmed the presence of the product. 

1H NMR (499 MHz, CD3OD) δ 6.57 (d, J = 8.5 Hz, 1H), 6.53 (d, J = 2.9 Hz, 1H), 6.44 

(dd, J = 8.5, 3.0 Hz, 1H), 2.54 (t, J = 7.1 Hz, 2H), 2.31 (t, J = 7.1 Hz, 2H), 1.66 – 1.56 

(m, 4H) ppm 

13C NMR (126 MHz, CD3OD) δ 177.7, 151.0, 149.1, 130.8, 117.6, 116.6, 114.0, 34.9, 

30.9, 30.5, 25.9 ppm 

mp 130 – 131 ◦C 

Methyl 5-(2,5-Dihydroxyphenyl)pentanoate (141). To a solution of crude 140 (2.9 g, 

theoretically 4.32 mmol) in MeOH (20 mL) was added para-toluenesulfonic acid (p-

TsOH) (130 mg, 0.69 mmol, 16 % mol). The mixture was stirred under argon at reflux 
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for 4 h, then cooled to room temperature, volatiles were removed, the residue dissolved 

in EtOAc 20 mL), washed with saturated NaHCO3 (3×20 mL), water (3×20 mL), brine 

(20 mL), dried over anhydrous MgSO4, filtered, and concentrated in vacuo to give a 

brown oily residue (1.8 g). Purification was carried out by gravity column 

chromatography on silica gel 60 using hexanes:EtOAc 6:4 as the eluent to afford a 

brown viscous liquid (827 mg, 0.37 mmol, 85% over two steps, Rf 0.37; hexanes:EtOAc 

1:1, PMA stain). 

1H NMR (499 MHz, CDCl3) δ 6.62 (d, J = 8.5 Hz, 1H), 6.58 (d, J = 2.5 Hz, 1H), 6.64 

– 6.51 (m, 1H), 6.54 (dd, J = 8.4, 2.7 Hz, 1H), 3.66 (s, 3H), 2.54 (t, J = 7.4 Hz, 2H), 

2.34 (t, J = 7.2 Hz, 2H), 1.71 – 1.54 (m, 4H) ppm 

13C NMR (126 MHz, CDCl3) δ 175.0, 149.3, 147.4, 129.5, 116.8, 116.2, 113.5, 51.8, 

33.9, 29.5, 29.0, 24.5 ppm 

Methyl 5-(2,5-bis-(hex-5-yn-1-yloxy)phenyl)pentanoate (142). To a solution of 141 

(827 mg, 3.69 mmol) in dry acetone (10 mL) was added 6-chloro-1-hexyne 110 (1.07 

mL, 8.8 mmol, 2.4 equiv.), tetrabutylammonium iodide (TBAI) (3.6 g, 9.68 mmol, 1.1 

equiv. of 110), and K2CO3 (1.74 g, 12.57 mmol, 3.4 equiv.). Another portion of dry 

acetone (15 mL) was added to rinse down the solids into the reaction flask. The mixture 

was heated at reflux for 24 h. TLC indicated an incomplete reaction. Additional 6-

chloro-1-hexyne (1 mL, 8.8 mmol) was added and the mixture heated at reflux for 

another 24 h, at which time the reaction had gone to completion (single spot on TLC). 

The mixture was cooled to room temperature, filtered, the filtrate concentrate in vacuo, 

the residue dissolved in hexanes:EtOAc 1:1 (10 mL), the organic layer washed with 

water (3×15 mL), brine (2×15 mL), dried over anhydrous MgSO4, filtered, and 

concentrated to give a dark purple liquid residue. Purification was carried out by gravity 

column chromatography on silica gel 60 using hexanes:EtOAc (8:2) as the eluent to 
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give  a very pale yellow liquid. (1.3 g, 3.38 mmol, 91%, Rf 0.81; hexanes:EtOAc 7:3, 

PMA stain). The liquid solidified in to a waxy solid when stored in the refrigerator.   

1H NMR (499 MHz, CDCl3) δ 6.73 – 6.69 (m, 2H), 6.65 (dd, J = 8.7, 3.1 Hz, 1H), 3.92 

(t, J = 6.3 Hz, 4H), 3.66 (s, 3H), 2.61 – 2.57 (m, 2H), 2.34 (t, J = 7.4 Hz, 2H), 2.30 – 

2.24 (m, 4H), 1.98 – 1.95 (m, 2H), 1.93 – 1.83 (m, 4H), 1.77 – 1.58 (m, 9H). 

13C NMR (126 MHz, CDCl3) δ 174.1, 152.7, 151.0, 132.0, 116.9, 112.1, 111.6, 84.2, 

84.1, 68.6, 68.5, 67.8, 67.7, 51.4, 34.0, 30.0, 29.4, 28.5, 28.4, 25.2, 25.1, 24.8, 18.1 ppm 

mp 36 - 37 ͦ C 

5-(2,5-Bis-(hex-5-yn-1-yloxy)phenyl)pentanoic Acid (133). To a solution of 142 (1.5 

g, 3.35 mmol) in EtOH:water 9:1 (10 mL) at  10 ͦ C was added LiOH (1.0 g, 23.81 

mmol, 6 equiv.) followed by addional EtOH:water 9:1 (10 mL). The mixture was stirred 

under argon for 8 h. Volatiles were then removed in vacuo and the residue was taken 

up in water (15 mL). pH was brought to 1 by adding 1 N HCl in an ice bath. Prior to 

adding HCl, the solution became thick. Upon addition of HCl the thickness/solid 

disappeared and a white turbidity appeared. This mixture was transferred to a separatory 

funnel and was extracted with EtOAc (3×20 mL), the combined EtOAc extracts washed 

with water (20 mL), brine (20 mL), dried over anhydrous MgSO4, filtered, concentrate 

in vacuo to give a pale yellow viscous liquid (1.04 g, 2.83 mmol, 84%, Rf 0.4 ; 

hexanes:EtOAc (1:1), PMA Stain). This liquid became a waxy solid when cooled in the 

refrigerator. 1H and 13C NMR were without impurities, thus no further purification was 

necessary.  

1H NMR (499 MHz, CDCl3) δ 6.74 – 6.70 (m, 2H), 6.66 (dd, J = 8.7, 2.3 Hz, 1H), 3.92 

(t, J = 6.2 Hz, 4H), 2.61 (t, J = 7.2 Hz, 2H), 2.39 (t, J = 7.0 Hz, 2H), 2.30 – 2.24 (m, 

4H), 1.99 – 1.95 (m, 2H), 1.94 – 1.84 (m, 4H), 1.77 – 1.60 (m, 9H) ppm 
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13C NMR (126 MHz, CDCl3) δ 179.94, 152.72, 150.97, 131.83, 116.86, 112.05, 111.64, 

84.15, 68.60, 68.55, 67.80, 67.74, 33.91, 29.97, 29.32, 28.46, 28.39, 25.21, 25.05, 

24.46, 18.14, 18.12 ppm 

5.2 Biological Studies 

Preparation of the stock solutions of MSH4 and serinamide constructs for 

biological testing. 

Samples of (~ 5 mg) of each of the oligomers O1, O5, and O10 were dissolved in 3-

5% DMSO (HYBRI-MAX) in water (see Table 5.1).  

Constructs 81, 124, 118, 119, 116, 115, and 129 were dissolved in water. Solids were 

weighed out to make approximately 2 mM (by total MSH4) solutions in 1 mL of water, 

100 µL of each of these solutions was diluted with 900 µL of DMSO. Accurate 

concentrations were then measured based on the absorbance at λ = 280 nm using the 

equation y = 4.611 x + 0.045 (generated from the standard curve for MSH4 construct 

83), where y is the absorbance and x is the concentration.122  

Solutions (per particle) of 125 (0.5 mM), 126 (0.75 mM), and 127 (1 mM) were 

prepared in volumetric flasks by dissolving the solid in water and topping up to 1 mL.  

Serinamide construct 79 was provided by Dr. Suryakiran Navath in 17.5 mM per 

particle concentration in DMSO. 

The stock solutions of probes 82 and 128 were stored at -80 ͦ C. Working solutions of 

the probes (2 µM in water) were stored in the refrigerator at 4 ͦ C. 

The test samples were aliquot into 200 µL portions in Eppendorf tubes and stored at -

80  ͦ C. When needed, a sample was used after thawing and stored at 4 ͦ C till the solution 

is used up.  
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Table 5.1 Preparation of the stock solutions of MSH4 constructs for biological testing 

Construct Medium 
Total MSH4 

concentration (mM) 

Concentration by 

particle (mM) 

O1 
5% DMSO 

in water 
2.5 - 

O5 
5% DMSO 

in water 
6.7 - 

O10 
5% DMSO 

in water 
5.7 - 

81 Water 3.3 1.6 

124 Water 1.4 1.4 

118 Water 1.7 0.8 

119 Water 1.4 0.7 

117 Water 3.2 1.1 

116 Water 1.5 0.4 

115 Water 3.4 0.6 

 

Preparation of growth media and assay solutions for biological testing 

All the solutions were stored at 4 ͦ C.  

Growth Media A   

Dulbecco’s Modified Eagle Medium (DMEM) (Life Technologies, 11885) 

supplemented with 10% FBS and 1% penicillin-streptomycin. 

Growth Media B  

For making this selective media, Geneticin (1 mL) (Geneticin® Selective Antibiotic, 

G418 Sulfate, Life Technologies, supplied in 50 mg/mL solution), and Zeocin (125 µL) 

(Gibco® Zeocin™, supplied in 100 mg/mL solution) were added to 125 mL of the 

Growth Media A. 
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Binding Buffer 

 

N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES) (5.97 g) and bovine 

serum albumin (BSA) (2 g) were dissolved in DMEM (1 L). The solution had a pH of 

7.3. Then pH was adjusted to 7.4 using 2 N NaOH. To this solution were added 1,10-

phenanthroline (1 mL from 1 mM stock), bacitracin (1 mL from 200 mg/L stock), and 

leupeptin (1 mL from 0.5 mg/L stock). 

 Preparation of 1,10-phenanthroline  1 mM stock solution - 1,10-Phenanthroline 

(0.5 g) (Sigma-Aldrich 131377) was dissolved in ethanol (2.02 mL). 

 Preparation of bacitracin 200mg/L stock solution - Bacitracin (0.715 g) (Sigma-

Aldrich B0125) was dissolved in water (3.75 mL). 

 Preparation of leupeptin 0.5 mg/L stock solution – Leupeptin trifluoroacetate  

salt (1 mg) (Sigma-Aldrich L2023) was dissolved in water (2 mL). 

Wash Buffer A 

BSA (1 g) was dissolved in DMEM (1 L). On the day of the experiment, to a portion 

of 100 mL of this solution, ethylenediaminetetraacetic acid (1 mL from 2 mM solution 

in water, 20 µM final concentration) and Tween20 (1 mL from 1% solution in water, 

0.01% final concentration) were added. Excess ethylenediaminetetraacetic acid and 

tween20 added solutions were discarded after the assay. pH was not measured. 

Wash Buffer B 

HEPES (5.97 g) and BSA (2 g) were dissolved in DMEM (1 L). pH 7.3 

Cell Lines  

HEK293 cells overexpressing the human MC4R/CCK2R were used to assess the 

affinity of the ligands. The coding regions of the human MC4R gene and the CCK2R 

gene were expressed in pcDNA3.1.215 These cells stably express hMC4R at 6 ×105 

receptors per cell and hCCK2R at 1×106 receptors per cell.194 
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HEK293/hMC4R/CCK2R cells used for biological assays of the constructs 78, 81, O1, 

O5, and O10 were grown in Growth Media A and were kept in an incubator (37 ͦ C and 

5% CO2).  

HEK293/hMC4R/CCK2R cells used for the biological assays of the constructs 115, 

116, 117, 118, 119, 124, 125, 126, and 127 were grown in Growth Media B and were 

kept in an incubator. (37 ͦ C and 5% CO2). 

Cell lines more than passage number 50 were not used for biological studies.  

Time resolved fluorescence binding assay189-191 

Competitive binding assay for the constructs 79, 81, O1, O5, and O10 

Quantitative receptor-binding assays were carried out following previously described 

methods.122,216,217 Hek293 cells overexpressing hMC4R and CCK2R were used to 

assess ligand binding. Cells were grown in Growth Media A (incubated at 37 ˚C and 

5% CO2). Cells were seeded in a 96-well plate (Costar 3603) at a density of 20,000 cells 

per well (100 µL of the Growth Media A with the cells and 100 µL of fresh Growth 

Media A per well) and were incubated under the above conditions to reach 80-90% 

confluence (achieved on the 3rd day after plating). Binding Buffer and Wash Buffer A 

were warmed in a water bath at 37 ̊ C prior to use. On the day of the experiment, Growth 

Media was aspirated from all the wells. A 40 nM solution of the probe Eu-DTPA-

PEGO-MSH7 82 was prepared in Binding Buffer. Serial dilutions of the constructs 

were prepared in Binding Buffer as given in Tables 5.2 – 5.6 using the stock solutions 

listed in Table 5.1. 50 μL of the construct to be tested and 50 μL of the probe solution 

(40 nM) were added to each well. In a single experiment, each concentration was tested 

in quadruplicate on the 96-well plate. Number of experiments performed for each 

construct are given in Table 2.12 
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Table 5.2 Dilution series for bis-MSH4 derivative 81 

Original 

Concentration 

by total 

MSH4 (M) 

Concentration 

in 96-well 

plate by total 

MSH4 (M) 

Concentration 

in 96-well 

plate per 

particle (M) 

4.00×10-4 2.00×10-4 1.00×10-4 

1.14×10-4 5.71×10-5 2.86×10-5 

3.27×10-5 1.63×10-5 8.15×10-6 

9.33×10-6 4.66×10-6 2.33×10-6 

2.67×10-6 1.33×10-6 6.65×10-7 

7.62×10-7 3.81×10-7 1.90×10-7 

2.18×10-7 1.09×10-7 5.45×10-8 

6.22×10-8 3.11×10-8 1.55×10-8 

1.78×10-8 8.88×10-9 4.44×10-9 

5.08×10-9 2.54×10-9 1.27×10-9 

1.45×10-9 7.25×10-10 3.62×10-10 

4.14×10-10 2.07×10-10 1.03×10-10 

 

Table 5.3 Dilution series for serinamide derivative 79 

Original 

Concentration 

by total 

MSH4 (M) 

Concentration 

in 96-well 

plate by total 

MSH4 (M) 

2.00×10-4 1.00×10-4 

5.71×10-5 2.86×10-5 

1.63×10-5 8.15×10-6 

4.66×10-6 2.33×10-6 

1.33×10-6 6.65×10-7 

3.81×10-7 1.90×10-7 

1.09×10-7 5.45×10-8 

3.11×10-8 1.55×10-8 

8.88×10-9 4.44×10-9 

2.54×10-9 1.27×10-9 

7.25×10-10 3.62×10-10 

2.07×10-10 1.03×10-10 
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Table 5.4 Dilution series for oligomer construct O1 

Original 

Concentration 

by total 

MSH4 (M) 

Concentration 

in 96-well 

plate by total 

MSH4 (M) 

2.00×10-4 1.00×10-4 

5.71×10-5 2.86×10-5 

1.63×10-5 8.16×10-6 

4.66×10-6 2.33×10-6 

1.33×10-6 6.66×10-7 

3.81×10-7 1.90×10-7 

1.09×10-7 5.44×10-8 

3.11×10-8 1.55×10-8 

8.88×10-9 4.44×10-9 

2.54×10-9 1.27×10-9 

7.25×10-10 3.63×10-10 

2.07×10-10 1.04×10-10 

 

Table 5.5 Dilution series for oligomer construct O5 

Original 

Concentration 

by total 

MSH4 (M) 

Concentration 

in 96-well 

plate by total 

MSH4 (M) 

2.00×10-4 1.00×10-4 

5.71×10-5 2.86×10-5 

1.63×10-5 8.16×10-6 

4.66×10-6 2.33×10-6 

1.33×10-6 6.66×10-7 

3.81×10-7 1.90×10-7 

1.09×10-7 5.44×10-8 

3.11×10-8 1.55×10-8 

8.88×10-9 4.44×10-9 

2.54×10-9 1.27×10-9 

7.25×10-10 3.63×10-10 

2.07×10-10 1.04×10-10 
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Table 5.6 Dilution series for oligomer construct O10 

Original 

Concentration 

by total 

MSH4 (M) 

Concentration 

in 96-well 

plate by total 

MSH4 (M) 

1.00×10-04 5.00×10-05 

1.43×10-05 7.14×10-06 

2.04×10-06 1.02×10-06 

2.92×10-07 1.46×10-07 

4.16×10-08 2.08×10-08 

5.95×10-09 2.97×10-09 

8.50×10-10 4.25×10-10 

1.21×10-10 6.07×10-11 

1.73×10-11 8.67×10-12 

2.48×10-12 1.24×10-12 

3.54×10-13 1.77×10-13 

5.06×10-14 2.53×10-14 

 

Cells were incubated at 37 ˚C and 5% CO2. After 1 h the solutions were aspirated from 

the wells and the cells were washed with Wash Buffer A. After aspirating the wash 

buffer for the last time, enhancement solution (Delfia, PerkinElmer 1244-105) was 

added (105 μL/well), and plates were incubated at 37 ˚C and 5% CO2 for 30 min. 

Fluorescence was measured on a Wallac VICTORTM X42030 multilabel reader 

(PerkinElmer) employing the standard Eu time-resolved fluorescence (TRF) 

measurement settings – 340 nm excitation, 400 µs delay, and emission collection for 

400 µs at 615 nm. Competitive binding data were analyzed with GraphPad Prism 

software using nonlinear regression analysis and fitted to a classic one site binding 

competition equation. Each IC50 value was generated from individual competitive 

binding assays and converted to a Ki value by using the equation Ki = IC50/(1 + 

([probe]/Kd), where [probe] refers to the concentration of the probe used as the labeled 

competed ligand. Here [probe] = 20 nM and Kd = 27  nM.121 The value given represents 
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the average of n independent competition binding experiments, with the error listed 

indicating standard error of the mean (Table 2.12). 

Binding assays with the 6-well plate protocol 

Hek293 cells overexpressing hMC4R and CCK2Rs were grown in Growth Media B. 

Cells were seeded in 6-well plates (VWR 82050-842) at a density of 240,000 cells per 

well with 3 mL of Growth Media B. On the 3rd day another 1 mL of Growth Media B 

was added to each well. Assays were usually done on the 5th day when the confluence 

was approximately 90%. 

Saturation binding assay for probe 128 with the 6-well plate protocol 

Binding Buffer and Wash Buffer B were warmed in a water bath at 37 ˚C prior to use. 

On the day of an experiment, nine concentrations ranging from 2 to 48 nM of Eu-labeled 

probe 128 were made in Eppendorf tubes with Binding Buffer.  A total of 1100 µL was 

prepared for each concentration.  For generating the total binding curve, probe solution 

from each concentration (550 µL) and Binding Buffer (550 µL) were mixed in 

Eppendorf tubes prior to adding to the 6-well plates. For generating the non-specific 

binding curve, probe solution from each concentration (550 µL) and NDP-α-MSH 

solution (550 µL from 2 µM solution diluted in Binding Buffer) were mixed in 

Eppendorf tubes prior to adding to the 6-well plates. Plates containing cells were 

removed from the incubator and Growth Media B was aspirated using a mild vacuum 

(house vacuum was used, vacuum tube was connected to a glass pipette. Media was 

aspirated by slightly slanting the plate and by touching the pipette to the wall of the 

well). Probe and Binding Buffer solution was added (1 mL) to nine wells and probe and 

NDP-α-MSH solution was added (1 mL) to another nine wells. Plates were kept in an 

incubator at 37 ˚C and 5% CO2 for 1h. The plates containing cells were removed from 

the incubator, media was aspirated carefully using a mild vacuum, and 600 µL of Wash 
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Buffer B was added to each well. Cells were gently scraped from each well of the plate 

using a cell scraper (18 cm, individually wrapped, sterile, 100/case, GeneMate, 

BioExpress T-2443-2). One scraper was used for the nine wells containing total binding 

solutions, working from low concentration to high concentration of the probe. After 

scraping one well, the scraper was wiped with a Kim wipe and used for scraping the 

next well. The wells containing the non-specific binding solutions were scraped with a 

new scraper in a similar fashion. The cells from each well were transferred to separate 

Eppendorf tubes using a micropipette. Another 600 µL of Wash Buffer B was used to 

rinse each well to collect the remaining cells. The Eppendorf tubes were centrifuged at 

speed 3 for 3 min. (micro centrifuge, Fisher Scientific, model 59A). The exact rpm of 

the rotor was not available. This was the optimum speed setting to spin down the cells 

while not rupturing them. The supernatant buffer solution was aspirated using the house 

vacuum as above. Care should be taken not to touch the cell pellet with the tip of the 

glass pipette. To the Eppendorf tube containing the cell pellet was added another 1.2 

mL of Wash Buffer B and cells were re-suspended by gently tapping the Eppendorf 

tube. Tubes were kept at 37 ͦ C for 5 min in the incubator. Washing was repeated another 

three times. Finally, the Wash Buffer B was aspirated and enhancement solution 

(Delfia, PerkinElmer 1244-105) was added (800 μL/tube), tubes mechanically mixed 

with a vortex mixer, and kept at 37 ˚C for 1 h in a water bath. Cell debris were spun 

down in the micro centrifuge at speed 5. High speed is used to make sure no cell debris 

is contained in the supernatant. Supernatant (100 µL) was added in quadruplicate to a 

Perkin-Elmer 96-well plate, the top four rows  for total binding and the bottom four 

rows for non-specific binding at the same probe concentration. Fluorescence was 

measured on a Wallac VICTORTM X42030 multilabel reader (PerkinElmer) employing 

the standard Eu time-resolved fluorescence (TRF) measurement settings – 340 nm 
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excitation, 400 µs delay, and emission collection for 400 µs at 615 nm. Saturation 

binding data were analyzed using nonlinear regression analysis and fitted to classic one 

site total binding and nonspecific binding equations in the GraphPad Prism software. 

Kd values are given in Table 3.1.  

Competition binding assay for constructs 115, 116, 117, 118, 119, 124, 125, 126,  

127, and 129 with the 6-well plate protocol 

Binding Buffer and Wash Buffer B were warmed in a water bath at 37 ˚C prior to use.  

A 40 nM solution of the probe 82 and a 20 nM solution of the probe 128 were prepared 

in Binding Buffer. Serial dilutions of the constructs were prepared in Binding Buffer as 

given in Tables 5.7 – 5.16 using the stock solutions listed in Table 5.1. 

Diluted probe 82 or 128 (550 µL) and the solutions from each concentration of the 

constructs (550 µL) were mixed in Eppendorf tubes prior to adding to the 6-well plate 

containing the cells.  
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Table 5.7 Dilution series used for hexavalent MSH4 construct 115 against the probe 82 

Original 

Concentration 

by MSH4 (M) 

Concentration  

per particle in 

6-well plate 

(M) 

1.92×10-4 1.6×10-5 

7.47×10-5 6.22×10-6 

2.90×10-5 2.42×10-6 

1.13×10-5 9.41×10-7 

4.39×10-6 3.66×10-7 

1.71×10-6 1.42×10-7 

6.64×10-7 5.53×10-8 

2.58×10-7 2.15×10-8 

1.00×10-7 8.37×10-9 

3.91×10-8 3.25×10-9 

1.52×10-8 1.27×10-9 

5.91×10-9 4.92 ×10-10 

 

Table 5.8 Dilution series used for hexavalent serinamideconstruct 115 against the probe       

               128 

 

 

 

 

 

 

 

 

 

 

 

 

Original 

Concentration 

per particle 

(M) 

Concentration  

per particle in 

6-well plate 

(M)) 

3.2×10-5 1.6×10-5 

1.24×10-5 6.22×10-6 

4.84×10-6 2.42×10-6 

1.88×10-6 9.41×10-7 

7.32×10-7 3.66×10-7 

2.84×10-7 1.42×10-7 

1.11×10-7 5.53×10-8 

4.30×10-8 2.15×10-8 

1.67×10-8 8.37×10-9 

6.50×10-9 3.25×10-9 

2.54×10-9 1.27×10-9 

9.84 ×10-10 4.92 ×10-10 
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Table 5.9 Dilution series used for tetravalent MSH4 construct 116 against the probe 82 

Original 

Concentration 

by MSH4 (M) 

Concentration  

per particle in 

6-well plate 

(M) 

1.60×10-5 2.00×10-6 

6.22×10-6 7.78×10-7 

2.42×10-6 3.02×10-7 

9.41×10-7 1.18×10-7 

3.66×10-7 4.57×10-8 

1.42×10-7 1.78×10-8 

5.53×10-8 6.92×10-9 

2.15×10-8 2.69×10-9 

8.37×10-9 1.05×10-9 

3.25×10-9 4.07×10-10 

1.27×10-9 1.58×10-10 

4.92×10-10 6.15×10-11 

Table 5.10 Dilution series used for tetravalent serinamideconstruct 126 against the   

                  probe 82 

Original 

Concentration 

per particle 

(M) 

Concentration  

per particle in 

6-well plate 

(M) 

4.00×10-5 2.00×10-6 

1.55×10-6 7.78×10-7 

6.04×10-7 3.02×10-7 

2.36×10-7 1.18×10-7 

9.14×10-8 4.57×10-8 

3.56×10-8 1.78×10-8 

1.38×10-8 6.92×10-9 

5.38×10-9 2.69×10-9 

2.10×10-9 1.05×10-9 

8.14×10-10 4.07×10-10 

3.16×10-10 1.58×10-10 

1.23×10-10 6.15×10-11 
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Table 5.11 Dilution series used for trivalent MSH4construct 117 against the probes 82   

          and 128 

 

 

 

 

 

 

 

 

 

 

Table 5.12 Dilution series used for trivalent serinamide construct 127 against the probe   

                  82  

 

 

 

 

 

 

 

 

 

 

 

Original 

Concentration 

by MSH4 (M) 

Concentration  

per particle in 

6-well plate 

(M) 

3.00×10-5 5.00×10-6 

1.17×10-5 1.94×10-6 

4.54×10-6 7.56×10-7 

1.78×10-6 2.94×10-7 

6.86×10-7 1.14×10-7 

2.67×10-7 4.45×10-8 

1.04×10-7 1.73×10-8 

4.04×10-8 6.73×10-9 

1.57×10-8 2.62×10-9 

6.10×10-9 1.02×10-9 

2.37×10-9 3.96×10-10 

9.23×10-10 1.54×10-10 

Original 

Concentration  

per particle  

(M) 

Concentration  

per particle in 

6-well plate 

(M) 

1.0×10-5 5.00×10-6 

3.88×10-6 1.94×10-6 

1.51×10-6 7.56×10-7 

5.88×10-7 2.94×10-7 

2.28×10-7 1.14×10-7 

8.90×10-8 4.45×10-8 

3.46×10-8 1.73×10-8 

1.35×10-8 6.73×10-9 

5.24×10-9 2.62×10-9 

2.04×10-9 1.02×10-9 

7.92×10-10 3.96×10-10 

5.08×10-10 1.54×10-10 
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Table 5.13 Dilution series used for divalent MSH4construct 118 against the probes 82   

                  and 128 

Original 

Concentration 

by MSH4 (M) 

Concentration  

per particle in 

6-well plate 

(M) 

1.24×10-5 3.11×10-6 

4.84×10-6 1.21×10-6 

1.88×10-6 4.71×10-7 

7.32×10-7 1.83×10-7 

2.85×10-7 7.12×10-8 

1.11×10-7 2.77×10-8 

4.30×10-8 1.08×10-8 

1.67×10-8 4.18×10-9 

6.51×10-9 1.63×10-9 

2.53×10-9 6.335×10-10 

9.84×10-10 2.46×10-10 

Table 5.14 Dilution series used for divalent MSH4construct 119 against probe the 82  

Original 

Concentration 

by MSH4 (M) 

Concentration  

per particle in 

6-well plate 

(M) 

1.24×10-5 3.11×10-6 

4.84×10-6 1.21×10-6 

1.88×10-6 4.71×10-7 

7.32×10-7 1.83×10-7 

2.85×10-7 7.12×10-8 

1.11×10-7 2.77×10-8 

4.30×10-8 1.08×10-8 

1.67×10-8 4.18×10-9 

6.51×10-9 1.63×10-9 

2.53×10-9 6.335×10-10 

9.84×10-10 2.46×10-10 
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Table 5.15 Dilution series used for monovalent MSH4 construct 124 against the probe   

                  82 

Original 

Concentration 

per particle 

(M) 

Concentration  

per particle in 

6-well plate 

(M) 

1.00×10-4 5.00×10-5 

3.89×10-5 1.9444×10-5 

1.51×10-5 7.5617×10-6 

5.88×10-6 2.9407×10-6 

2.29×10-6 1.1436×10-6 

8.89×10-7 4.4473×10-7 

3.46×10-7 1.7295×10-7 

1.35×10-7 6.7259×10-8 

5.23×10-8 2.6156×10-8 

2.03×10-8 1.0172×10-8 

7.91×10-9 3.9557×10-9 

3.08×10-9 1.5383×10-9 

Table 5.16 Dilution series used for monovalent MSH4 construct 124 against the probe  

                   

                   128 

 

Original 

Concentration 

per particle 

(M) 

Concentration  

per particle in 

6-well plate 

(M) 

3.00×10-4 1.50×10-4 

1.17×10-4 5.83×10-5 

4.54×10-5 2.27×10-5 

1.76×10-5 8.82×10-6 

6.86×10-6 3.43×10-6 

2.67×10-6 1.33×10-6 

1.04×10-6 5.19×10-7 

4.04×10-7 2.02×10-7 

1.57×10-7 7.85×10-8 

6.1×10-8 3.05×10-8 

2.37×10-8 1.19×10-8 

9.23×10-9 4.62×10-9 
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Table 5.17 Dilution series for NDP-α-MSH (129) against the probe 82 

 

 

 

 

 

 

 

 

 

 

Plates containing cells were removed from the incubator and Growth Media B was 

aspirated with mild vacuum as described in the saturation binding assay. Test solutions 

were added (1 mL) to 12 wells and incubated for 1 h at 37 ˚C and 5% CO2. Next, plates 

containing cells were removed from the incubator, Binding Buffer was aspirated using 

a glass the pipette with a mild vacuum, and 600 µL of Wash Buffer B was added to 

each well. Cells were gently scraped from each well of the plate using a cell scraper (18 

cm, individually wrapped, sterile, 100/case, GeneMate, BioExpress T-2443-2). One 

scraper was used for the 12 wells containing test solutions, working from high 

concentration to the low concentration of the tested construct. After scraping of a well, 

the scraper was wiped with a Kim wipe before using it on the next well. The cells in 

each well were transferred to separate Eppendorf tubes using a micropipette. Another 

600 µL of Wash Buffer B was used to rinse each well and collect the remaining cells. 

The Eppendorf tubes were centrifuged at speed 3 for 3 min. (micro centrifuge, Fisher 

Scientific, model 59A). The exact rpm of the rotor was not available. This was the 

optimum speed setting to spin down the cells while not rupturing them. The supernatant 

Original 

Concentration 

per particle 

(M) 

Concentration  

per particle in 

6-well plate 

(M) 

1.56×10-6 7.78×10-7 

6.05×10-7 3.02×10-7 

2.35×10-7 1.18×10-7 

9.15×10-8 4.57×10-8 

3.56×10-8 1.78×10-8 

1.38×10-8 6.92×10-9 

5.38×10-9 2.69×10-9 

2.09×10-9 1.05×10-9 

8.14×10-10 4.07×10-10 

3.16×10-10 1.58×10-10 

1.23×10-10 6.15×10-11 
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buffer solution was aspirated and replaced with another 1.2 mL of Wash Buffer B, and 

the cells were re-suspended by gently tapping the Eppendorf tube. Tubes were kept at 

37 ͦ C for 5 min in the incubator. Washing was repeated another three times. Finally, the 

buffer was aspirated, enhancement solution (Delfia, PerkinElmer 1244-105) was added 

(800 μL/tube), tubes were mechanically mixed using a vortex mixer, and kept at 37 ˚C 

for 1 h in a water bath. Cell debris was spun down in the same micro centrifuge at speed 

5. Supernatant (100 µL) was added in quadruplicate (along a column from top to 

bottom) to a Perkin-Elmer 96-well plate. Supernatants from each of the concentrations 

of the tested construct were placed going from left to right starting from the highest 

concentration. 

Fluorescence was measured on a Wallac VICTORTM X42030 multilabel reader 

(PerkinElmer) employing the standard Eu time-resolved fluorescence (TRF) 

measurement settings – 340 nm excitation, 400 µs delay, and emission collection for 

400 µs at 615 nm. Competitive binding data were analyzed using nonlinear regression 

analysis. Table 3.2 

Protein assay for normalizing the cell content 

The protein concentration present in the supernatant of each Eppendorf tube was 

determined in mg/mL using a colorimetric assay described by Bio Rad based on the 

Bradford method.205 Protein assay standard BSA (catalog number 500-0007) and 

protein assay dye concentrate (Coomassie Brilliant Blue G-250, phosphoric acid, 

methanol) (catalog number 500-0006) were purchased from Bio Rad. BSA which is 

supplied as a lyophilized solid was reconstituted in 20 mL of distilled water, aliquoted 

into portions (1 mL) in Eppendorf tubes, and stored at – 20  ͦ C. On the day of the assay, 

a serial dilution of the BSA standard was made in water to obtain ~100 – 150 µL of 

solutions in the concentration range 0.5 mg/mL, 0.25 mg/mL, 0.125 mg/mL, 0.08, 
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mg/mL, and 0.05 mg/mL.  The standards do not have to be freshly prepared. The tubes 

containing the dilute solutions were kept at 4 ͦ C. (According to the supplier the BSA is 

good for 60 days at room temperature). The dye concentrate was diluted in 1:4 ratio in 

water. Volumes prepared varied depending on the number of assays performed on a 

given day. The diluted dye is good for use for two weeks. Prior to use the diluted dye 

was filtered through a Whatman # 1 paper filter to remove any particles. 10 µL of each 

standard was pipetted into separate microtiter well plates in triplicate. Similarly, 10 µL 

of the supernatants of each solution from the binding assay were pipetted into well 

plates in triplicate. 200 µL from the dilute dye was added to each well using a 

multichannel pipette. Contents were mixed by depression of the plunger several times 

(5-6). Pipette tips were replaced prior to processing the next column of wells. The 

mixture must be incubated for at least 5 min and not more than1 h. The microliter plate 

was covered with the lid and incubated for 15 min at room temperature. Care should be 

taken not to have air bubbles, as it causes scattering of the incident light and interferes 

with the absorbance measurement. The absorbance was measured at 590 nm on the 

Wallac VICTORTM X42030 multilabel reader (PerkinElmer). Data were analyzed with 

GraphPad Prism software using linear regression. The protein concentrations of the 

solutions from the binding assay were calculated by interpolating the measured 

absorbance from the standard curve using the software. Previously collected 

fluorescence intensity of each sample was divided by its protein concentration (mg/mL) 

and a new y-axis was generated (units - a.u./mg/mL). In saturation binding the 

normalized Kd was generated by using the new y-axis and the same original probe 

concentration (nM). Data were analyzed using nonlinear regression analysis and fitted 

to classic one site total binding and nonspecific binding equation in the GraphPad Prism 

software (Table 5.17). In competitive binding, the normalized Ki was generated by 
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plotting new y-axis data (units - a.u./mg/mL) against the corresponding log 

concentration values. Data were analyzed using nonlinear regression analysis (Tables 

3.2 and 3.3) 

Table 5.18 Original and normalized Kd values for the probe 128 

 
Original 

Kd (nM) 

Normalized 

Kd (nM) 

Trial 1 12.5 10.8 

Trial 2 11.4 10.7 

Trial 3 12.6 18 

Trial 4 9.5 13.4 

Average 11.5 13.2 

Standard 

deviation 
1.4 3.4 

Standard 

error mean 
0.7 1.7 

Final value 12±1 13±2 
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Appendix A 

MALDI-TOF Spectra for Oligomer Mixture O12 (Table 2.13)  
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Appendix B 

1H and 13C NMR Spectra 
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