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ABBREVIATIONS AND DEFINITIONS

! Abbreviations used for amino acids are according to the rules specified by the 

IUPAC-IUB Joint Commission of Biochemical Nomenclature. All amino acids are in the 

L-configuration unless otherwise specified. 

%-MSH %-melanocyte stimulating hormone

Ac acetyl

AcOH acetic acid

ACTH adrenocorticotropin

ADME absorption, distribution, metabolism, and excretion

Ado 8-amino-3,6-dioxaoctanyl linker

AFU arbitrary fluorescence units

Aloc allyloxycarbonyl

AMBER a set of molecular mechanics force fields

AMPN aminomethylphenylnaphthyl linker

APC antigen presenting cells

AR42J cells an amphicrine rat pancreatic cell line

Boc t-butyloxycarbonyl

Bu (tBu) t-butyl

CCK cholecystokinin

CCK-2R cholecystokinin type 2 receptor (also, CCK-BR)

CCK-4 [Nle31] derivative of natural tetrapeptide CCK sequence 

(Trp-Met-Asp-Phe-NH2) used in this study

CCK-6 [Nle28, Nle31] derivative of natural hexapeptide CCK se-

quence (Met-Gly-Trp-Met-Asp-Phe-NH2) used in this 

study
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CCK-8 [Nle28, Nle31] derivative of natural octapeptide CCK se-

quence (Asp-Tyr-Met-Gly-Trp-Met-Asp-Phe-NH2) used 

in this study

CD circular dichroism

CDI carbonyldiimidazole

CDR complementarity-determining region

CNS central nervous system

CPMV cowpea mosaic virus

CT computed tomography

Cy cyanine dye

"-OR "-Opioid receptor

DAMGO [DAla2,NMePhe4,Gly5-ol]enkephalin 

Dansyl 5-(dimethylamino)naphthalene-1-sulfonyl

Dap L-2,3,-diaminopropionic acid

DCM dichloromethane 

DELFIA™ dissociation enhanced lanthanide fluoroimmunoassay

Deltorphin-II (Delt-II) Tyr-DAla-Phe-Glu-Val-Val-Gly-NH2

DIC 1,3-diisopropylcarbodiimide

DIEA diisopropylethylamine

DMBA 1,3-dimethylbarbituric acid

DMEM Dulbecco’s modified eagle medium

DMF N,N-dimethylformamide 

DMSO dimethylsulfoxide

Dmt 2’,6’-dimethyltyrosine

DNA dioxyribonucleic acid

Dnp 2,4-dinitrophenyl

Dop (2S,5S)-5-(aminomethyl)-3,6-dioxopiperazine-2-

carboxylic acid linker

DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
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DPDPE c[DPen2,DPen5]enkephalin

DPLCE c[DPen2,LCys5]enkephalin

Dppa 2-((3S)-1,4-dioxooctahydro-1H-pyrazino[1,2-a]pyrazin-

3-yl)acetic acid linker

DTPA diethylenetriamine-N1,N2,N3,N4-pentaacetic acid 

Dy dysprosium

ECL extracellular loops

EDT ethanedithiol

EF edema factor

EPR enhanced permeability and retention

ESI-MS electron spray ionization – mass spectrometry

Er erbium

Eu europium

FDA Food and Drug Administration

FITC fluorescein isothiocyanate

Fmoc 9-fluorenylmethoxycarbonyl

FRET Förster resonance energy transfer

FT-ICR Fourier transform ion cyclotron resonance

Gd gadolinium

GF gel filtration

GnRH gonadotropin releasing hormone

GPCR G protein-coupled receptor

HA hemagglutinin

HBTU 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate 

HCT116 cells a human colon adenocarcinoma cell line

HEK human embryonic kidney

hmBVL homobivalent ligand
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hMC4R human melanocortin-4 receptor

hmTVL homotrivalent ligand

HOBt 1-hydroxybenzotriazole

HOCt 6-chloro-1-hydroxybenzotriazole

5-HT1 a subfamily of 5-hydroxytryptamine receptor

htBVL heterobivalent ligand

htMVL heteromultivalent ligand

htTVL heterotrivalent ligand

Hyp 3-hydroxyproline

IC50 50% inhibitory concentration

In indium

JK-7 Ac-Nle-Gly-Lys-DNal(2’)7-Arg8-Trp9-Gly10-NH2

JK-49 Ac-Gly-Gly-Lys-DNal(2’)7-Arg8-Trp9-Gly10-NH2

Kd equilibrium dissociation constant

Ki inhibition binding constant

Koff off-rate constant

LF lethal factor

MAL maleimide

MALDI-TOF matrix-assisted laser desorption ionization – time of 

flight

MBP myelin basic protein

MBP-10 c[OC-CH2CH2-CO-His6-DNal(2’)7-Arg8-Trp9-Lys10]-NH2

MC melanocortin

MD molecular dynamics

MeOH methyl alcohol (methanol)

MHC major histocompatibility factor

MMFF Merck molecular force field

Mmt 4-methoxytrityl
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Mpr mercaptopropionyl (HS-CH2-CH2-CO) linker 

MRI magnetic resonance imaging

Ms mesyl

MS multiple sclerosis

MSH-7 a seven amino acid analogue of NDP-%-MSH (Ser-Nle-

Glu-His-DPhe-Arg-Trp) sequence used in this study

MT-II Ac-Nle4-c[Asp5, DPhe7, Lys10]-MSH4-10-NH2

Mtt 4-methyltrityl

MUC1 mucin-1

MVLs multivalent ligands

N1 N1 is a Perkin-Elmer notation for N1-(p-

iodoacetamidobenzyl) derivative of diethylene-

N1,N2,N3,N4-tetraacetic acid (DTTA)

Nal naphthylalanine

Nd neodymium

NDP-%-MSH [Nle4-DPhe7]-%-melanocyte stimulating hormone

NHS N-hydroxysuccinimide

NIR near-infrared

Nle norleucine

NPs nanoparticles

nPrOH n-propanol

NTA 2-naphthyltrifluoroacetone

OPLS-AA optimized potential for liquid simulation – all atom

OtBu t-butyl ester

P6 (Pro)6 linker

PA protective antigen

Pbf N,N-&-dimethyl-N-&’-(2,2,4,6,7-

pentamethyldihydrobenzofuran-5-sulfonyl)

PBS phosphate buffered saline
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PEG polyethyleneglycol

PEG24 a 76-atom long polyethylene glycol (24 PEG units) linker

PEGO 19-amino-5-oxo-3,10,13,16-tetraoxa-6-azanonadecan-1-

oic acid linker

PET positron emission tomography

PG3 (PGn) (Pro-Gly)3 linker; (similarly, PG6, PG12, … linkers)

POMC proopiomelanocortin

PPII polyproline type II helical secondary structure

PPG2 (Pro-Pro-Gly)2 linker

PSMA prostrate-specific membrane antigen

PVA polyvinyl alcohol

PyMOL a molecular visualization and light duty modeling soft-

ware from DeLano Scientific (www.pymol.org)

QDs quantum dots

RGD Arg-Gly-Asp; part of the recognition sequence of integrin 

binding to extracellular matrix proteins

RNA ribonucleic acid

ROI regions-of-interest

RP-HPLC reverse-phase high-performance liquid chromatography

SA N- or O- substituted acetylneuraminic acid (sialic acid)

scFv single-chain variable fragment

SCID severe combined immunodeficiency

SD stochastic dynamics

SEC size exclusion chromatography

SHU-9119 Ac-Nle4-c[Asp-His6-DNal(2’)7-Arg8-Trp9-Lys10]-NH2

Sm samarium

SPE solid phase extraction

SPECT single photon emission computed tomography

sst somatostatin receptor 
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Tb terbium

TEA triethylamine

TEAA triethylamine/acetic acid buffer

Tfa trifluoroacetyl

TFA trifluoroacetic acid

TFE trifluoroethanol

TFFH N,N’,N’’,N’’’tetramethylfluoroformamidinium 

hexafluorophosphate

THF tetrahydrofuran

Tic 1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid

TIS triisopropylsilane

Tm thulium

TM transmembrane

TOPO Trioctylphosphine oxide

TPP4 tetrakis(triphenylphosphine)

TRF time-resolved fluorescence

Trt trityl
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ABSTRACT

! Effective detection and treatment of tumor malignancies depends upon identifying 

targets – molecular markers that differentiate cancer cells from healthy cells. Current 

cancer therapies involve targeting overexpressed specific gene products. An alternative 

approach is proposed here: to specifically target combinations of cell-surface receptors 

using heteromultivalent ligands (htMVLs). There are about 2500 genes encoding for cell-

surface proteins in the human genome that can potentially be targeted. Taken as sets, 

there can be ~ 106 two-receptor combinations and ~ 109 three-receptor combinations 

available. Our group envisions that using cell-surface protein combinations that are ex-

pressed on a cancer cell but not on a normal cell, multivalent constructs displaying com-

plementary ligands of weak affinities can be assembled. These multivalent ligands should 

bind with high avidity to cancer populations in vivo, and provide a degree of specificity 

not seen with current approaches. As a proof-of-concept, a series of multivalent ligands 

were designed and synthesized for a model system consisting of the human Melanocortin 

subtype 4 receptor (hMC4R) and the Cholecystokinin subtype 2 receptor  (CCK-2R). 

Modeling studies on GPCR dimers predicted that a minimum linker span of 20 - 50 $ 

would be required to non-covalently crosslink these two receptors. The multivalent 

ligands were assembled using a modular parallel synthesis approach and using solid-

phase chemistries. A variety of linkers were explored ranging from highly rigid to highly 

flexible, and using natural and/or synthetic building blocks. Ligand binding affinities 
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were evaluated using a lanthanide based competitive binding assay in cells that expressed 

both receptors (bivalent binding) vs those that expressed only one of the receptors 

(monovalent binding), and were demonstrated to have enhanced binding affinities of up 

to nearly two orders of magnitude. The promising ligands were further explored by syn-

thesizing fluorescently labeled and/or lanthanide chelate labeled monovalent and hetero-

bivalent ligands designed for in vitro and in vivo studies. More explorative work using 

these labeled constructs is in progress. To the best of our knowledge, the author believes 

this is the first such demonstration of a ‘synthetic htMVL’ directed recruitment and 

crosslinking of two heterologous cell-surface receptors. This receptor combination ap-

proach opens up new possibilities for single cell imaging, cancer detection and therapeu-

tic intervention, and can provide a revolutionary new platform technology with which 

to direct therapeutics to defined cell populations.
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CHAPTER 1

MULTIVALENCY - A PRIMER
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1.1. INTRODUCTION

! Multivalency refers to the simultaneous binding of multiple ligands on one entity 

to multiple complementary receptors on another entity, and is a phenomenon that nature 

makes extensive use of in carrying out its routine functions. Examples of naturally 

occurring multivalent interactions include antigen-antibody interactions, binding of cells 

to other cells, adhesion of bacterium or virus to the surface of cells, protein-protein 

interactions such as binding of transcription factors to multiples sites on DNA, and DNA-

DNA interactions.1 Multivalent interactions are not only collectively much stronger than 

the corresponding monovalent interactions, but can also have properties that are different 

from those displayed by their constituents that interact monovalently. Consequently, there 

has been an increasing interest in recent times in both the development of theoretical 

models to analyze multivalent interactions, and in the practical design of multivalent 

constructs for novel applications. These multivalent ligands could have numerous 

medical applications such as the inhibition of toxins and pathogen invasion, modulating 
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Figure 1.1. Monovalent and multivalent interactions. (A) A monovalent interaction between a 

monovalent ligand and a cell-surface receptor. (B) A multivalent interaction between a bivalent construct 

consisting of two epitopes (or ligands) and their simultaneous binding to complementary receptor sites. The 

interaction could be ‘homomultivalent’ if same binding partners are involved (left), or 

‘heteromultivalent’ (right) if different ligand/receptor pairs are involved. 



the functions of the immune system, imaging, drug discovery and development, etc. 

Pioneering work on mechanistic understanding of multivalency has been done in the labs 

of George Whitesides and Laura Kiessling, who have written outstanding reviews on this 

subject.1-3 Our group has also reviewed the use of mutlivalency, specifically 

heteromultivalency, in drug discovery as well as the various design constraints in 

assembling multivalent ligands.4,5. A short account of various parameters are discussed 

here in the context of understanding the basics of multivalency, and for laying the 

groundwork for further discussion of our heteromultivalency based targeting approach 

and the results presented in this body of work.

1.1.1. What is a Multivalent Ligand?

! Multivalent ligands (MVLs) are entities that display multiple molecular 

recognition elements on its backbone scaffold and orients them in a suitable fashion for 

binding to multiple receptors or epitopes present on an another entity. Such multiple 

interactions can significantly enhance the affinity (avidity) of an agent whose constituent 

ligands may otherwise exhibit weak binding affinity. A representative example is the 

binding of the decavalent immunoglobulin IgM to a DNP-derivatized surface of 

bacteriophage "X174, which binds with a 106-fold higher association constant compared 

to its cleaved (peptic digest) monovalent forms.6 Multivalent ligands can be tethered on a 

variety of synthetic (e.g., polymer) or natural (e.g., protein) backbone scaffolds. These 

multiple ligand motifs decorated on the multivalent scaffold are expected to interact 

sequentially in a step-wise fashion with numerous individual binding sites. A multivalent 
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ligand is uniquely different from a monovalent ligand in that the individual binding 

domains are linked together in a single molecule, which increases the probability that the 

multivalent ligand bind simultaneously with multiple receptors yielding highly avid 

interactions (Figure 1.1). Such multivalent interactions can be ‘homomultivalent’ when 

same ligand/receptor pair is involved, or ‘heteromultivalent’ if multiple different ligands 

bind to multiple different receptor types. 

1.1.2. Valency, Affinity and Avidity

! The valency of a multivalent ligand is defined by the number of binding motifs 

present on the multivalent scaffold. The affinity constant is a quantitative value to 

describe the association of a ligand with its cognate receptor, and in most cases there is a 

direct correlation between valency and increased binding affinity.7 This affinity increase 

results from accumulation of multiple low-affinity interactions by the constituent ligands, 

such that there is an apparent cooperativity between the binding of one motif to its 

receptor site with the binding of another motif to its available site. The terms “apparent 

cooperative affinity”  has been used to distinguish the effects of multivalent binding from 

the traditional usage of cooperativity, where binding of one ligand increases the intrinsic 

binding affinity of a second ligand.8 The latter arises from the modulation in the structure 

of the interacting receptor such that the subsequent binding events are favored or 

disfavored, and the intrinsic binding of the ligand for the receptor is affected. However, 

the apparent cooperativity seen in multivalent binding arises from the increased effective 

local concentration of a ligand motif as a result of tethering of the other ligand motif(s) 
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on the multivalent construct. Thus, the intrinsic affinity of the ligand for the receptor has 

not changed; what has changed is the increased chances of binding of the ligand to the 

receptor, before the construct as a whole diffuses away from the receptor site. For this 

reason, Whitesides and co-workers proposed to use the term “avidity”  when referring to 

affinity constant of a multivalent construct.1 It must be noted that all molecular 

recognition involve multiple points of interaction, and monovalent binding can be 

considered as a special case of multivalent binding. Hence, this distinction of avidity and 

affinity is not mechanistic; rather, its usage underscores the unique nature of multivalent 

interactions, i.e., the avidity term takes into consideration multiple ligand binding events, 

all of which can be separately studied for the individual ligands/epitopes. Thus, multiple 

binding events with relatively high off-rates can be combined to create an overall low off-

rate for the multivalent ligand. The effect of increased valency upon the dissociation rate 

and the binding avidity is highlighted in the following examples of multivalent folic acid, 

heparin binding sequences, and MUC1 peptides. For example, Hong et al. tested the 

binding characteristics of a series of dendrimers that presented folic acid molecules 

ranging from 1 to 15, and demonstrated that the binding increased by as much as 170,000 

fold (measured by surface plasmon resonance).9 The authors calculated that at least 5-6 

folic acid receptors were aggregated in the membrane in a preorganized fashion. 

Although the dendrimeric complex did not recruit receptors via a diffusional membrane 

process where the binding improvement generally tends to be 1 to 2 orders of magnitude, 

the results highlighted the amount of avidity increase that is achievable when the 

scaffolds and ligands are fine tuned for their binding sites. Further, this study 
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demonstrated a linear increase in the association rate constant and an exponential decay 

of the dissociation rate constant with the increasing number of folic acid ligands. In an 

another example, a bivalent form of heparin peptide sequence that shows immeasurably 

low affinity for heparin, was assembled, and was shown to display < 6 !M affinity (in an 

affinity coelectrophoresis assay). On increasing the copies to 3 - 6, affinity increased with 

Kd range of 50 - 100 nM, and a plateau in binding affinity was reached with n " 5 repeats 

of the consensus sequence.10 In the last example, it has been shown with dynamic force 

spectroscopic measurements of the interaction between a Mucin-1 (MUC1) peptide and a 

single-chain variable fragment (scFv) antibody that the off-rate lifetimes of these 

interactions ranged from 4.7 min (Koff: 2.6 #  10-3 s-1) for a monovalent interaction to 3.8 

h (Koff: 7.2 #  10-5 s-1) for a bivalent interaction, and to 320 days (Koff: 3.6 #  10-8 s-1) for a 

trivalent interaction.11 These three examples highlight the exponential avidity increase 

with increasing multiple interactions.

1.1.3. Modes of Multivalent Binding

$ There are multiple ways in which a multivalent construct can interact with its 

corresponding target, of which four primary modes are often mentioned when 

considering multivalent binding.2 A multivalent ligand can interact with multiple sites on 

a pre-formed oligomeric entity in a so-called chelate effect, which is similar to the 

binding of inorganic metals to organic chelates (Figure 1.2A). In a receptor clustering 

effect, diffusion of receptors in the membrane allows recruiting and binding of multiple 

receptors on the cell surface by the same multivalent body (Figure 1.2B). The statistical 
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Figure 1.2. Modes of multivalent binding. (A)  Chelate effect: a multivalent ligand interacts with multiple 

sites on a constitutively formed oligomeric receptor complex. (B) Receptor clustering effect: diffusion of 

receptors in the membrane allow recruitment and binding of multiple receptors on the cell surface by the 

same or different ligands on the multivalent construct. (C) Statistical effect: one binding motif of a 

multivalent ligand binds to a receptor, dissociates, and rebinds via the same or another motif before 

diffusing away. (D) Subsite effect: Multivalent ligand can occupy both primary and secondary binding sites 

(subsite) of the receptor or enzyme. (See reference 2 for more discussion on this topic)



effect allows ligands to bind to single binding sites, i.e., one binding motif of a 

multivalent ligand binds to a receptor, dissociates and rebinds via the same or another 

motif before diffusing away (Figure 1.2C). The subsite effect describes the simultaneous 

binding of a ligand to the main active site and a subsite of the receptor or enzyme (Figure 

1.2D).

! The multivalent binding process can be conceptualized to start with the binding of 

one of the ligand from the multivalent construct, to its receptor thereby tethering the 

construct to the cell surface. This is sometimes referred to as the ‘pre-recruitment phase’,5 

when following the first binding event, the multivalent construct looks for other receptors 

to bind. At this stage, the other ligand motifs and receptors may not be properly 

prealigned to further the process of multivalent binding. The ligand motif that has bound 

exhibit relatively high off-rate, and it is likely that the ligand dissociates from the 

receptors before other ligands in the multivalent construct get a chance to bind to their 

receptors. The second and subsequent binding events depend upon whether the receptors 

under consideration form oligomeric entity constitutively or not, the receptor(s) density 

on the cell-surface, the diffusion rate of the receptor in the membrane, the localization of 

receptors to certain domains, rafts or polarized regions of cell. Therefore, the aim of 

multivalent ligand binding is to orient the ligands on the linker or scaffold such that it 

results in successful sequential binding events before the first ligand-receptor pair 

dissociates. For example, once the second pair of ligand-receptor binding occurs, the 

construct will have a reduced off-rate at this stage, which will further increase the 

residence time of the construct on the cell-surface, and increase the probability that a 
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third receptor can be recruited for the next binding event. This initial binding incident and 

increase in local ligand concentration leads to the cooperative binding affinity. Once the 

full complement of receptors is bound to the ligands on the multivalent construct, the 

binding can be considered to be in a ‘postrecruitment phase’. In this mode, the intrinsic 

off-rates of the individual ligands remain relatively high as before, but two things occur 

that favors the multivalent construct being glued to the cell-surface. There is a better 

probability that the multivalent construct always have one or more of the ligand-receptor 

contacts in place, at any given time. This increases the residence time and decreases the 

off-rate of the multivalent construct. Second, since the diffusion rates of receptors are 

generally considered low compared to the rates of binding,12 there is a greater chance that 

the ligand motif will rebind before the receptor diffuses away. Hence, the net off-rate for 

the multivalent construct will be small. 

1.1.4. Ligands & Linkers

! A unique example of linker and ligands is available from nature where the 

phosphate-ribose-phosphate backbone orients the separate nucleotide bases in a DNA-

DNA interaction to from a duplex structure. A variety of different ligands types have been 

appended on synthetic multivalent scaffolds. This includes small peptide fragments,13-15 

peptidomimetics,16-18 non-peptide small molecule ligands,19,20 truncated version of 

proteins such as antibodies,21,22 avimers,23 carbohydrate analogues,24 DNA and RNA 

aptamers,25 etc (Figure 1.3A). We have chosen to use peptides and peptidomimetics as the 

ligand building blocks in the multivalent ligand design for the presented work, since they 

32



33

Figure 1.3. Ligands and linkers for multivalency. (A) In designing multivalent ligands, a variety of 

different ligand types can be used, including carbohydrate analogues, peptides and peptidomimetics, 

truncated versions of antibodies, DNA/RNA aptamers, etc. (B) The choice of linkers or scaffolds to 

decorate these ligands is even more diverse, ranging from small linear polypeptide and polyethyleneglycol 

chains, cyclic scaffolds from synthetic or natural building blocks, to large polymers, membranes, 

nanoparticles, etc. (see text for references)



offer a number of advantages. Peptide ligands often exhibit very high affinity (sub-nM) 

for their receptors. As compared to non-peptide ligands, they often provide multiple sites 

that are not important for ligand binding and can be readily modified to carry cargo such 

as an imaging or a therapeutic agent.13,26-29 They are very attractive building blocks for 

constructing multivalent ligands because they provide many degrees of freedom in their 

primary structure and can be linearly arranged with linkers, attached to a scaffold, or 

attached to solid or fluidic nanoparticles or dendrimeric scaffolds.30 It is a common 

misconception that peptides are unsuitable as drugs because of their proteolytic 

degradation. Over the years, extensive work on peptide based agents have shown that by 

introducing suitable conformational and topographical constraints, peptides can be made 

resistant to biodegradation.30 Further, peptides and small proteins (less than ~ 50 kDa) 

can penetrate tumor tissues and be cleared through glomeruli. 

! The structure of the entity that connects different binding motifs together is vital 

in the design of multivalent ligands because it properly orients the ligands for binding, 

and thus influences the affinity and purpose of the multivalent ligand. A number of 

options, natural and synthetic, exist for designing a linker. The ligands have been 

arranged on a variety of linkers/scaffolds ranging from linear polypeptides,15 synthetic 

linkers,31-36 small cyclic scaffolds,37,38 to large three dimensional surfaces such as 

polymers,39-41 dendrimers,42-45 membranes,46-48 etc (Figure 1.3B). For example, multiple 

peptide ligands have been decorated on large carrier molecules such as liposomes, which 

also encapsulate a drug, to target various tissues such as tumor endothelium, lung cancer, 

cardiovascular tissue, etc. However, for the specific goal in mind, the linker should be 
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carefully chosen with regards to its length, architecture, rigidity or flexibility, ligand 

density, physical characteristics such as solubility, and biological compatibility, etc. This 

topic will be discussed in detail in chapter 6.

!

1.1.5. Examples of Multivalent Binding from Nature

! Avidity and specificity is commonly achieved in nature through multiple,weak 

cooperative interactions. Such multiple interactions also provide a graded biological 

response, and often have properties that are fundamentally different from the sum of the 

individual monovalent interactions. Some examples of biological recognition events in 

nature with high avidity and specificity include virus-host interactions,49 antigen-antibody 

recognition,6,50 bacterial chemotactic response,51 transcription factors,52 and DNA-DNA 

interactions.53 In case of antibody-antigen recognition, the specificity is mediated by the 

complementarity-determining regions (CDRs) of each Fab pocket. These CDRs present 

amino acids residues in a suitable conformation to simultaneously recognize multiple 

haptens present within antigen. Each of these interactions is in itself weak, but the 

ensemble of these multiple interactions results in stronger interactions than the sum of 

them (and thus the avidity effect). Antibodies with higher level of organization (e.g., 

decavalent IgM) bind with much higher avidity than monomeric Fab units, which further 

indicates that the cooperative affinity enhancement results from multiple binding of 

antigens restricted to a single cell surface. Multiple binding events significantly reduce 

the off-rates of these antibodies, such that their binding to the target cell will be an 

irreversible capture, in contrast to monovalent units, which will bind in equilibrium. 
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However, these interactions are mostly homovalent in nature and as such there is no 

effect of multivalency on the inherent specificity of interactions. Rather, the 

multiplication of monovalent binding events confer higher binding energies and affinities 

to the moieties in contact, and any macroscopic specificity arises from this cooperative 

affinity effect. However, specificity at the molecular level can be conferred if different 

ligands are involved (i.e., ‘heteromultivalency’), and the best example of this 

phenomenon comes from the DNA-DNA interactions, where multiple heterologous 

interactions provide not only binding strength but specificity of interactions as well. For 

instance, a simple 18-mer nucleic acid (oligoprimer) can specifically identify its 

complementary sequence out of billion competing base pair sequences such that the 

strength and specificity of interaction is strongly raised to confer melting temperatures > 

90!. Hence, nature has clearly evolved towards heteromultivalency to provide binding 

strength and specificity for biological recognition events. Other notable examples where 

heteromultivalent binding events are involved are virus-host interactions (that require co-

receptors), T-cell immune synapse,54,55 protein-protein interactions,56 and cell-cell 

interactions.56 These examples provide a strong case for using multiple weak 

heterologous interactions to confer high binding strength and specificity to novel targeted 

imaging and therapeutic agents.
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1.2. MULTIVALENT LIGANDS IN IMAGING AND THERAPEUTICS

! The design of a multivalent ligand involves attachment of multiple copies of 

identical or different specific ligand(s) to a suitable scaffold. As discussed above with 

examples from nature, multivalent interactions can serve to increase the avidity of 

binding interactions, generate graded biological responses, and provide specificity with 

heterovalent components. Inspired by this ubiquitous use of multivalency in nature, many 

reports during the last three decades and especially the last decade have described its 

applications in the area of novel antimicrobials and antivirals, modulation of immune 

responses, imaging, drug design and drug development. A few examples of these studies 

that highlight the potential of multivalent ligands are discussed here.

1.2.1. Multivalent Inhibitors of Pathogens and Toxins

! Anthrax toxin is an outstanding example where multivalency has been 

successfully applied to neutralize this toxin.57 This toxin is secreted by Bacillus antracis 

and is responsible for major symptoms and death in anthrax.58 The toxin is composed of a 

receptor binding protein, a protective antigen (PA), and the toxic enzymes lethal factor 

(LF) and edema factor (EF). EF is an adenylate cyclase with inhibitory effect on 

professional phagocytes, and LF is a protease that specifically acts on macrophages and 

cause their death (and host death). When the toxin binds to a receptor on the target cell, 

the PA unit undergoes proteolytic cleavage into a 63 kDa fragments [PA63], which self-

associates to form a heptameric prepore, [PA63]7. This heptamer binds to LF/EF, and the 
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endocytosis of receptor-[PA63]7-ligand complex transports them into the host cell.57 

There, at low pH, the PA inserts into membrane and helps in translocation of EF and LF 

toxins into the cytoplasm, thereby causing death. Therefore, in order to neutralize this 

toxin, inhibitors that recognize [PA63]7 have been designed. Using phage display, 

Mourez et al. identified a dodecameric peptide that bound to [PA63], and weakly 

inhibited its interaction with the enzymatic moieties of toxin. The attachment of this 

peptide to a polymeric scaffold resulted in a multivalent inhibitor with four orders of 

magnitude more potency than the corresponding monovalent peptides in in vitro studies, 

and effective neutralization of toxin in animal models.57

! Another excellent example of the use of multivalency has been the design of 

potent inhibition of influenza virus with in vivo efficacy. The influenza virus attaches to 

the cell by interaction of trivalent hemagglutinin (HA), a densely packed lectin on the 

virus surface, with multiple moieties of N-acetylneuraminic acid (sialic acid, SA) on cell 

surface. Therefore, inhibitors were designed to target the viral protein hemagglutinin, by 

attaching multiple copies of the monovalent hemagglutinin inhibitor Zanamivir to 

polyglutamic acid backbone,59,60 or by attaching multiple copies of a modified sialic acid 

monomer on the polyacrylamide scaffold,61 or a dendrimer scaffold.62 These inhibitors 

were found to be significantly more potent than the monovalent counterparts. 

1.2.2. Multivalency in Modulation of Immune Responses

! One of the places where nature has extensively used multivalency is in the area of 

immune system. Therefore, much of the initial interest in multivalency was generated 
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from studies on immunity. In a classical experiment on the molecular determinants of 

immunogenicity, Dentzis et al. in 1976 described a series of multivalent polyacrylamide 

based scaffolds functionalized with hapten at various densities, and found that only 

polymers with hapten substitution greater than 12-16 groups triggered an immune 

response.63 Based on this study, they concluded that a minimum number of antigens were 

needed to be clustered together to initiate a cellular immune response. Since then, 

synthetic multivalent ligands have been designed and reported to both enhance and 

suppress various immune responses. As an example of enhancement of immunogenicity, 

engineered viruses (virosomes)64,65 have been used as novel scaffolds for antigenic 

multivalency in recent years. Liu et al. conjugated a synthetic carbohydrate to the 

influenza virus coat protein hemagglutinin, and incorporated them into the membrane of 

influenza virus particles.66 These conjugates were shown to elicit IgM and IgG anti-

glycan antibody production in mice. Multivalency can also be used to enhance 

immunogenicity by modifying a natural signal that suppresses the immune response. For 

example, B7 receptors present on a tumor cell can bind to CD28, upon T-cell recognition 

of an MHC-peptide complex on an antigen presenting cell, leading to proliferation of 

anti-tumor T-cells. Alternatively, CTLA-4 binds to B7 and keeps this proliferation in 

check. However, this negative signal interferes with cytotoxic T-lymphocyte dependent 

clearance of tumor cells. Santulli-Marotto et al. designed a multivalent RNA aptamer that 

bound to CTLA-4 with high affinity and specificity, and disrupted the down-regulation 

signal, thereby enhancing the proliferation of anti-tumor T-cells both in vitro and in vivo.

25 For efforts on developing cancer vaccines that direct the immune system against 

39



antigens upregulated on the surface of tumor cells, see an excellent review by Slovin et 

al.24

! Besides enhancing immunogenicity, synthetic multivalency has also been used as 

a promising tool for immunosuppression in inflammatory responses, autoimmune 

diseases and organ transplantation. For example, multivalency can be used to block 

immune cells from entering the site of injury or allergy by inhibiting the rolling of 

leukocytes. Kretzschmar et al. synthesized trivalent sialyl Lewis-X ligands onto flexible 

templates, and demonstrated inhibition of E-selectin and P-selectin mediated cell 

adhesion both in vitro and in vivo.67 Autoimmunity disorders arise from failure of the 

body to ensure elimination of self-reactive B-cells and T-cells. As an instance, multiple 

sclerosis (MS), an autoimmune disease in which immune system is directed against the 

myelin sheath surrounding the nerve cells, has been tackled with multivalency to some 

success. The autoimmunity in this case occurs when CD4+ T-cells recognize complexes 

of MHC II with peptide fragments from myelin basic protein (MBP). Copaxone, a Food 

and Drug Administration (FDA) approved polymeric therapeutic, is composed of a 

random sequence of tyrosine, glutamic acid, alanine, and lysine (YEAK).68 This 

copolymer is broken down by antigen presenting cells (APC) and fits into MHC II used 

by MBP-derived fragment, thereby blocking it. About 30% MS relapse rate reduction has 

been reported with Copaxone.69 In an another example of immunosuppression, poly-L-

lysine70 or polyethylene glycol polymers71 have been used for multivalent display of "-

Gal epitopes to protect against anti-"Gal antibodies (IgM, IgG, and IgA) mediated 

xenotransplant rejection in animal models. 
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1.2.3. Multivalency in Imaging and Drug Delivery

! Numerous reports are available in the literature that document the attachment of 

multiple copies of ligands or drugs to nanoparticles for targeted drug delivery and 

imaging. For instance, quantum dots (QDs) with their unique optical properties provide 

an ideal scaffold for in vivo optical imaging. In an example of multivalent peptide based 

QDs for targeting and imaging, Ghosh and co-workers reported a robust methodology to 

selectively label water-soluble luminescent QDs with melanocortin or deltorphin peptide 

ligands targeted to human melanocortin-4 receptor (hMC4R) or "-opioid receptor ("OR) 

through an amine or thiol linkage.72,73 The QD conjugates targeted the receptors 

specifically and with high binding constant due to multivalent avidity affect such that 

addition of excess of free monovalent ligands did not diminish the labeling significantly. 

In an another example of peptide based multivalent labeling of QDs, Cai et al. developed 

an RGD peptide modified QDs and demonstrated high affinity for integrin #v$3 by in 

vitro cell labeling, ex vivo tumor tissue staining, and in vivo tumor vasculature imaging.74 

A new class of NPs based on cowpea mosaic virus (CPMV), a plant virus, is currently in 

development for targeted delivery and imaging. Lewis et al. made use of CPMV to 

conjugate fluorescent tags at high densities without fluorescence quenching, and 

demonstrated them to be highly fluorescent, non-toxic and an outstanding tool to image 

vasculature in live animals.75 Metal nanoshells and carbon nanotubes are nanomaterials 

that absort near-infrared (NIR) radiation, and are promising new multivalent scaffolds. As 

an instance, Dai and co-workers demonstrated the usefulness of single-walled carbon 

nanotubes, by decorating them with either multiple copies of folic acid,76 or with PEG 
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chains bearing multiple copies of RGD peptide and radionuclide 64Cu chelated to the 

macrocyclic agent DOTA.77 The former were irradiated with NIR which resulted in cell 

death. In the latter case, the researchers targeted these agents to cancer cells 

overexpressing integrins and imaged their biodistribution in mice by using in vivo 

positron emission tomography (PET). 

! The Hruby group has also previously demonstrated enhanced binding of 

macromolecular conjugates bearing multiple copies of "-MSH ligand. For example, 

multiple copies of [Nle4, DPhe7]-"-MSH (NDP-"-MSH) were decorated on a polyvinyl 

alcohol (PVA) as the carrier molecule, which was also tagged with fluorescein, and 

visualized using fluorescence microscopy for its binding to melanocortin receptors on 

melanoma cells.78 The multivalent conjugates displayed increased binding avidity and 

were presumably capable of simultaneous binding to multiple epitopes. The tight binding 

of this polymeric scaffold resulted in specific labeling of melanocortin receptors on 

melanoma cell lines, many of which had been previously shown to lack melanocortin 

receptor expression with studies based on labeled monovalent ligands.79 Further 

experiments were carried out using scanning electron microscopy of latex beads 

conjugated with multiple copies of this ligand and its binding to normal human epidermal 

melanocytes and keratinocytes.80 These ligands were also conjugated to macrospheres 

and tested with light microscopy for its binding to melanoma cells81 and epidermal 

melanocytes and keratinocytes.82,83 In all cases, specific binding to cells with 

melanocortin receptors was observed, highlighting the potential of targeted multivalent 

ligands for imaging.
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! Multivalency has also been used in the identification and screening of ligands. For 

example, Weissleder et al. described the parallel synthesis of a library consisting of 

magnetofluorescent NPs which were functionalized with 146 different synthetic small 

molecules in an array format. These libraries were screened against different cell lines to 

identify hits for pancreatic cancer cells, endothelial cells, and activated human 

macrophages.84 The authors discovered a series of nanoparticles with high specificity for 

these cells lines, and were shown to target pancreatic cancer in vivo. DNA and RNA 

aptamers is another such promising class of targeting ligands. For instance, Farokhzad et 

al. used an aptamer that binds to the extracellular domain of the prostrate-specific 

membrane antigen (PSMA) expressed on surfaces of prostate cancer cells, to conjugate to 

nanoparticles (NPs), and demonstrated the specific delivery of a cytotoxic drug, 

docetaxel, both in vitro and in vivo.85,86 In a mice model bearing human prostate tumors, 

the tumors shrank drastically and all treated mice survived. On the other hand, only a 

57% survival rate in animals treated with untargeted NP and 14% with docetaxel alone 

was achieved. 
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1.3. HETEROMULTIVALENT LIGANDS FOR CELL-SURFACE TARGETING – 

A NOVEL APPROACH TO CANCER THERAGNOSTICS‡

! The ultimate goal of anti-cancer therapy is to strategically impair the viability of 

the target cancer cells without affecting the function or viability of normal cells (“magic 

bullets”. One hundred years ago, Paul Ehrlich, the founder of chemotherapy, coined the 

term “magic bullet”  to describe a chemotherapeutic agent that seeks out and destroys 

disease causing cells while leaving out the normal or healthy cells unaffected.87,88 His 

postulate of creating “magic bullets”  for use in the fight against human diseases has 

inspired generations of scientists to devise ever more powerful molecular cancer 

therapeutics. In fact, numerous anticancer approaches rely on the high-affinity 

monovalent interactions between a cell-targeted agent (peptide, antibodies, etc) and a 

tumor-associated epitope to direct therapeutic or imaging payload selectively to the 

tumors in vivo.89-91 These approaches have given some hope and success (e.g., 

Gleevac™, Herceptin)92,93 against the more traditional approaches based on differential 

metabolism (e.g., nucleic acid biosynthetic pathways), where little scope of novel 

therapies or improvement exist and are often fraught with poor patient outcomes in 

approximately half of the cancer patient population. Because of the lack of molecular 
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specificity of these metabolically-targeted therapies, severe side effects and dose-limiting 

toxicities occur. Therefore, there is a great deal of interest in developing novel approaches 

that rely on identifying targets – molecular markers that differentiate cancer cells from 

healthy cells. 

! The use of monovalent molecularly specific agents have been extended further to 

attach multiple copies of these ligands (especially where high-affinity agents are not 

available, e.g., carbohydrates) to nanoscale scaffolds, and has become increasingly 

common during the recent years for targeted drug delivery and imaging. A key principle 

upon which these approaches have been used is that multivalency improves the avidity 

and specificity of targeting of nanoparticles or other scaffolds to tumor cells that 

overexpress a particular receptor. This improvement in avidity and specificity using 

homomultivalency has been demonstrated by both theoretical models48,94-97 (for e.g., see 

Figure 4.1) and practical applications.9,81,98-100 Although homomultivalency based 

strategies for targeting and delivering cytotoxic drugs or other lethal doses to specific cell 

types by exploiting the differential overexpression of a specific cell-surface receptor are 

appealing, unfortunately, it is rare that the receptor of interest is exclusively 

overexpressed in target cells alone. These receptors are often also present on healthy 

cells, which can therefore also receive the drug. Therefore, the degree of selectivity is not 

high enough to escape collateral damage of healthy cells. In fact, the high density of 

ligands utilized on drug carriers for targeting has been demonstrated previously to lead to 

significant drug uptake even in cells that express relatively low levels of targeted 

receptors.48,80,81,101 Therefore, this results in unintended toxicity in the non-targeted 

45



tissues such as healthy cells. Furthermore, this is also true for the conventional 

monovalency based targeting approaches where ligands are screened for high affinities 

(low nM) for single overexpressed epitopes, with the implicit assumption that these 

agents will also provide high binding specificity. 

! Another serious concern with these approaches is that despite the success of a few 

agents targeted against highly overexpressed proteins in tumors, many cancers exist that 

do not have clear single targets, intracellular or cell-surface. In fact, in a search for cell-

surface targets that are expressed in pancreatic cancers and melanoma but not in normal 

tissues, our bioinformatics analysis† of expression patterns of cell-surface genes have 

clearly shown that no single cell-surface targets existed in cancers that were also not 

present in an essential organ system as well (e.g., lung, liver, heart, kidney, etc).102 

Further, although the use of monovalent molecularly specific agents illustrate an 

important principle of pharmacogenomics that patients with the specific molecular 

phenotype will respond best to these directed therapies, a practical issue remains that 

these agents address only a subset of tumor patients owing to the heterogeneous 

expression of proteins in any cancer.103-105 Therefore, one faces a conundrum of 

developing single agents for specifically expressed phenotypes in different tumor 

populations. Then there are ligand design issues involving therapies that are based on 

intracellular targets, which impose a significant design constraint on the chemistries of 

drugs, i.e., they have to cross the plasma membrane and be otherwise bioavailable. Cell-

surface targeting, therefore, may be a better alternative since drugs can be larger and 
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more structurally variable compared to those that have to cross the plasma membrane. 

Nonetheless, the fact of the matter is that not many cancers exist that have unique single 

targets even at the cell surface. 

! We hypothesize that a more universal solution could come from targeting 

combination of receptors using heteromultivalent ligands that bind simultaneously 

multiple heterologous receptors.4 Our group has manually curated the Agilent whole 

genome array and have identified 2,408 genes encoding for cell-surface proteins that can 

potentially serve as single targets. However, taking these proteins as sets, the number of 

potential targets increases dramatically. For example, the number of possible 

combinations of n genes organized into sets of x is: [n! / (n-x)! ]  ÷ x!, indicating that 

there could be ~ 24082 ÷ 2! = 2.9 "  106 potential two-gene combinations and ~ 24083 ÷ 3! 

= 2.3 "  109 potential three-gene combinations. Therefore, it is increasingly possible that 

specific combinations of cell-surface proteins can be found that are expressed on a 

targeted cancer cell but not on a normal cell (pharmacogenomics). In fact, our group has 

revealed by gene expression profiling and bioinformatic analyses of various cell-surface 

protein combinations that multiple such combinations are available that can help in 

differentiating these cancers from normal tissues.102 Therefore, combining one or more 

copies of different specific binding motifs (or ligands) into a hetero-multivalent ligand 

(htMVL) should make it possible to create compounds that will specifically and 

selectively bind to cells bearing the appropriate combination of complementary cell-

surface receptors (Figure 1.4). Further, these heteromultivalent constructs can carry 

imaging and/or therapeutic payloads to targeted tissues with potentially little or no 
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collateral damage. Such constructs could also be used to investigate ligand-receptor or 

cell-cell interactions, investigate cellular signaling complexes such as “immune synapse”, 

mimic the multivalent binding of antibodies to antigens and use them theragnostically for 

combined in vivo imaging and therapeutic targeting. Although, this approach is 

potentially intriguing, it requires new chemistries that can be directed against multiple 

different targets simultaneously. 

! Bioinformatic analyses on different receptor combination sets (2 set, 3 set, etc) 

indicate that tumor populations can be defined by using an ‘N-2’ rule, which requires that 
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Figure 1.4. Receptor combination approach. Predicted avidities of binding of multivalent ligands to cell-

surfaces, expressing only one of the receptor (A), two protein combination (B), and three protein 

combination (C). A trivalent ligand would bind with high avidity to cells bearing all three cognate receptors 

while its binding to cells with only one of these receptors will be very weak. A high degree of specificity in 

targeting can be achieved in the context of this avidity enhancement. Type A cells could be healthy cells 

expressing one of these receptors, at or below the density of the same receptor on a cancer cell (Type B or 

C).     is imaging or therapeutic moiety.



all N cell-surface genes be expressed in a cancer cell but only N-2 genes be expressed in 

any given normal cell.102 Thus, in a three-receptor combination set as shown in Figure 

1.4, all three cell-surface receptors must be expressed in a cancer cell (Figure 1.4C). 

However, any given normal tissues must have none or only one of these proteins 

expressed (Figure 1.4A). A heterotrivalent construct can then be built that bears weak 

binding constituent ligands cognate to these proteins. A finely tuned multivalent construct 

would then bind very weakly to normal cells (likely in micromolar range; Figure 1.4A) 

but will bind with high avidity to cancer cells (likely in picomolar range; Figure 1.4C). 

Thus, a high degree of specificity in targeting could be expected from a greater than 

1000-fold difference in binding avidities to these two cell types. However, note that the 

choice of this N-2 rule is arbitrarily based on our understanding of multivalency (degree 

of differentiation in affinity with bivalency, trivalency, etc), and on the fact that more 

combinations resulted in the bioinformatics analyses when three proteins were used 

instead of two in order to differentiate the tumor vs normal tissues. In order to validate 

this model, we have systematically studied a 2- vs 1-receptor scenario (Figure 1.4A and 

1.4B) that forms the major part of this dissertation work. More recently, we have initiated 

investigation of 3- vs 1-receptor scenario (Figure 1.4A and 1.4C) as will be outlined in 

Chapter 5 & 8. 

! As pointed out earlier, simultaneous targeting of multiple cell-surface receptors is 

not a new topic and has been extensively investigated in recent years. However, 

investigations in the area of multivalency have so far been limited to homo-multivalent 

constructs. We14,15,81 and others2,7,51,106 have shown that receptors of a single type can be 
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targeted with high affinity with homomultivalent ligands. However, these data suggest, 

but do not prove, that these multivalent ligands are targeting more than one receptor. This 

is critical, since targeting of receptor combinations will require ligands that will crosslink 

heterologous receptors using multivalent ligands. Therefore, a multivalent construct with 

at least two distinct binding motifs (“heteromultivalent”) with optimal spacing would be 

required to demonstrate this non-covalent crosslinking (or clustering) of cell-surface 

receptors. In order to accomplish this goal of demonstrating crosslinking of heterologous 

receptors and validate the avidity and specificity of two- vs one- receptor scenario, a 

series of heterobivalent ligands (htBVLs) were prepared with binding motifs as 

melanocortin peptide ligand (MSH-7, a seven residue fragment of NDP-!-MSH) 

combined with a cholecystokinin peptide ligand (CCK-6, a six residue fragment of 

[Nle28, Nle31]CCK-8). Modeling studies on GPCR dimers were used to provide a rough 

estimate for minimum distance span needed between these two ligands to allow 

simultaneous binding. A modular solid-phase synthetic strategy was established to 

connect the two ligands and to allow future modifications for assembling a third ligand 

(trivalent ligand) or other labels such fluorescent tags, lanthanide chelates, etc. Owing to 

the small protein nature of many of these ligands, both synthetic and purification 

strategies were optimized for maximal yields. Further, different linkers were investigated 

for their utility in connecting these ligands, to provide easy modification for labeling 

strategies, and to provide biocompatible and inert scaffolds for targeting.  Various 

labeling strategies based on amide couplings and thiol-maleimide approaches were 

investigated to label both monovalent and multivalent ligands, in the presence of other 
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potential reactive groups in the ligands. The bioevaluation of relevant compounds using 

lanthanide-chelates and time-resolved fluorescence (TRF) methodology are discussed in 

order to demonstrate the proof-of-hypothesis presented here. Further, various issues that 

were faced in assaying of this complex systems will be highlighted. Finally, future 

directions based on this work are provided to advance this project and the field of 

heteromultivalency.

! In summary of this prelude to the the work described in the rest of the chapters, 

the goal of our multivalent project is to identify receptor combinations that are uniquely 

expressed on a cancer cell. With available leads in the literature and/or in-house ligand 

development, the ligands can be decorated on a multivalent scaffold and their use 

established for in vivo imaging and tumor kill. In this context, we had worked on a model 

system and validated the two-receptor combination vs. one-receptor scenario, with a 

library of heterobivalent ligands with or without lanthanide and dye labels. Finally, we 

hope to attach a cytotoxic agent or a radioisotope such as 99mTc on these multivalent 

ligands and demonstrate tumor kill. Even though this is a very challenging undertaking, if 

established, we believe it will the pave the way for a revolutionary new platform 

technology for addressing early cancer detection and treatment.
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CHAPTER 2

HETEROBIVALENT LIGANDS OF HUMAN MC-4R 

AND CCK-2R AGONISTS – PROOF OF 

HYPOTHESIS
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2.1 INTRODUCTION

! Multivalent ligands (MVLs) are an important feature of molecular recognition in 

nature, and such multiple interactions significantly enhance the affinity (avidity) of an 

agent whose constituent ligands may otherwise exhibit weak binding.1,2 Combining one 

or more copies of different specific ligands into a heteromultivalent ligand (htMVL) 

should make it possible the creation of compounds that will selectively bind to cells 

bearing the appropriate combination of complementary cell-surface receptors (Figure 

1.4).3,4 Simultaneous targeting of multiple cell-surface receptors has received wide 

attention in recent years, although much of these investigations have been limited to the 

area of homomultivalency.2,5-7 For example, we have recently demonstrated that linear 

homobivalent and trivalent ligands of the MSH pharmacophore bound with higher 

affinities than the corresponding monovalent ligands.8,9 Although data suggest that homo-

MVLs (hmMVLs) can simultaneously engage more than one receptor, such approaches 

can not differentiate between a chelation effect, receptor clustering, and statistical or 

local concentration effect (Figure 1.2).10 Therefore, a multivalent construct with at least 

two distinct binding pharmacophores (“heteromultivalent”) spaced adequately apart is 

needed to demonstrate this non-covalent crosslinking, or clustering, of cell-surface 

receptors. This “clustering effect”  is the only binding paradigm that takes advantage of 

the protein combination patterns to improve selectivity. Additionally, if clustering of 

functionally unrelated heterologous receptors (e.g., different GPCR families, ion 

channels, kinases, etc) can be demonstrated, it will pave the way for a novel platform to 
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differentiate cellular phenotypes with unparalleled avidity and specificity. We envision 

the use of this approach to target multivalent ligands carrying payloads of imaging and 

therapeutic moieties to a specific cell population in vivo for imaging and therapeutic 

purposes (see Section 1.3 for a detailed discussion).

! As a proof-of-hypothesis approach to elucidate the effectiveness of multivalent 

targeting of cell-surface receptors, the design, synthesis and biological evaluation of a set 

of synthetic heterobivalent ligands (htBVLs) composed of ligands that target the human 

Melanocortin-4 receptor (hMC4R) and the Cholecystokinin-2 receptor (CCK-2R) is 

presented in this chapter. Although, overexpression of the melanocortin receptor (in the 

MC1R form)11,12 and the cholecystokinin (both CCK-1 and CCK-2)*,13,14 receptors have 

been implicated in various forms of cancer, their effectiveness as a heterovalent target 

combination remains to be seen considering the fact that these receptors are ubiquitously 

expressed in the body. Nevertheless, these two receptors were initially chosen as a model 

system, considering the amount of information that is available, the plethora of known 

ligands - agonist, partial agonists, and antagonists,15 and Hruby group’s expertise in the 

area of melanocortins and cholecystokinins.16,17 Therefore, these receptors were well 

suited for conceptual investigations of multivalent approach to target ligands to cell-

surfaces. 

! The Melanocortin receptors belong to the G-protein coupled receptors family, and 

contain five known subtypes, MC1-5.18 These subtypes of melanocortin receptors are 
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specific for melanocyte stimulating hormones (MSH). The melanocortin peptides 

including !-, "-, and #-melanocyte stimulating hormone (MSH) and adrenocorticotropin 

(ACTH) are produced by post-translational processing and modification of the pro-

opiomelanocortin (POMC) prohormone. The melanocortin receptors show distinct 

distributions to various parts of the body and evidence suggest that the MC1 receptors 

could serve as a novel target for anti-inflammatory therapies, the MC3 and MC4 

receptors for treatment of sexual dysfunctions, the latter also for treatment of eating 

disorders, and the MC5 receptors for treatment of dysfunctions of exocrine glands. The 

MC1 receptor has been found to be overexpressed on up to 80% of human melanomas 

from patients with metastatic lesions.19 Accordingly, the melanocortin receptors have 

become important targets for drug developments.20 

$ Cholecystokinin (CCK) is a regulatory peptide hormone, predominantly found in 

the gastrointestinal tract, and a neurotransmitter present throughout the nervous system.21 

The biological actions of CCK are mediated by two specific G protein coupled receptor 

(GPCR) subtypes, CCK-1R and CCK-2R. In the gastro-intestinal system, CCK peptide 

(through CCK-1 receptor) regulates motility, pancreatic enzyme secretion, gastric 

emptying, and gastric acid secretion. In the nervous system, CCK (through CCK-2 

receptor) is involved in anxiogenesis, satiety, nociception, and memory and learning 

processes. Moreover, CCK interacts with other neurotransmitters in some areas of the 

CNS. Both CCK-1 and CCK-2 receptors are expressed in diverse tumors and tumor-

derived cell lines such as medullary thyroid, gastric, colon, ovarian, and small cell lung 

carcinomas, astrocytomas, and certain pancreatic cell lines, where they elicit cellular 
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proliferation.13,22 A number of reviews have been published on the structure, distribution, 

pharmacology and therapeutic potential of cholecystokinin receptor as a target.21,23,24

! Three sets of heterobivalent ligand (htBVLs) libraries that were constructed from 

melanocortin peptide ligand and a cholecystokinin peptide ligand as the binding motifs, 

will be presented in this chapter for proof-of-concept experiments. Additionally, 

comparison will be made to an orthologous system of "-opioid receptor ("-OR )/hMC4R 

co-expression as a corroborative proof of findings in the hMC4R/CCK-2R system. In 

each set, the two ligands were tethered with linkers of varying rigidity and length. The 

modeling data on GPCR dimers suggested that a linker distance span of at least 20 - 50 Å 

is needed to crosslink two different G-protein coupled receptors. These ligands were 

conjoined with linkers constructed from natural and/or synthetic building blocks, ranging 

in length from 18 to 148 atoms that span a distance of up to roughly 100 Å. The htBVL 

constructs had a wide range of rigidity in the linker backbone using a combination of 

rigid aminomethylphenylnaphthyl (AMPN), semi-rigid poly(Pro-Gly), and flexible 

polyethyleneglycol-based PEGO linkers. The ligands were assembled using solid-phase 

chemistry, employing a modular, parallel synthesis approach. The htBVLs were tested for 

their ability to compete against Europium-labeled “lanthaligands” † (Eu-NDP-#-MSH and 

Eu-CCK-8) for binding to cells that expressed one or both complementary receptors in 

transient and stable co-expression systems. 
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2.2. DESIGN OF HETEROBIVALENT LIGANDS

! For the htBVLs to bind simultaneously to two heterologous cell-surface receptors, 

the linker region must be long enough to span two receptors and flexible enough to 

permit binding to the second receptor once the first ligand has bound. To estimate the 

linker length required to engage two GPCRs, we considered factors such as the depth of 

the binding pocket, the distance of the binding pocket from the edge of the receptor, the 

orientation of the binding sites of the two receptors, the presence of lipid rafts and the 

possibility of domain swapping. Prior work in other laboratories have suggested that the 

minimal distance between two G-protein coupled receptors is 40 ".25 However, more 

recent studies have shown that some bivalent ligands of GPCRs can bind with as short 

linkers as 20 - 25 ".26 We too have recently demonstrated that homobivalent ligands 

(hmBVLs) containing two MSH-7 ligands bound to hMC4R with 10-20 fold higher 

affinity and with an optimal linker spacing of 25 ±  10 Å,8 which should be sufficient for 

crosslinking. However, it is very likely that this spacing would vary from receptor to 

receptor depending upon the natural propensity for different GPCRs to form clusters, 

involvement of domain swapping, and will certainly vary if different cell-surface proteins 

such GPCR, membrane kinases, ion channels, etc are involved in oligomerization by 

clustering effect. Therefore, a systematic study of the system under consideration would 

be required to optimize the multivalent ligand binding for a given protein combination. 

Accordingly, a rough estimate of this distance will be helpful in designing ligands with 

adequate spacing. 
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2.2.1 GPCR Modeling 

! In order to estimate the distance between adjacent binding pockets of two GPCRs, 

a GPCR dimer was modeled (Figure 2.1). Based on the crystal structure of rhodopsin in a 

trigonal crystal form with two protein molecules per asymmetric unit,27 the GPCR 

interfaces were modeled and distances estimated based on the currently available 

knowledge of binding pockets of both receptors. The width of a GPCR dimer was 

estimated to be roughly 70 Å along the longer elliptical axis in a closely packed form 

(Figure 2.1A-B). Despite the lack of crystal structures of seven transmembrane receptors 

other than rhodopsin,‡ ,28,29 it is known from mutagenesis and other structure-function 

studies that in the case of hMC4R, four transmembrane domains (TMs), viz. TMIII, IV, 

V and VI, are integral in forming the ligand binding pocket.30 Similarly, in the case of 

CCK-2R, current data suggest a predominant binding site within several extracellular 

loops (ECLs), especially ECLII and ECLIII and to a certain extent the outer third region 

of TMII, III and VI.24,31,32 Notably, the binding pocket lies mainly exterior to the 

transmembrane region. Based on this arrangement of the TM domains, we estimated that 

the center of binding pockets in each case were located approximately 10 - 15 Å from the 

nearest edge of the elliptical seven-membrane bundle (Figure 2C). Therefore, depending 

upon the orientation of the two binding pockets, the distance span could be as short as 20 

Å or as long as 50 Å (Figure 2D). Further, any association of annular lipids with GPCRs 

may add roughly 8 Å per each layer of lipid molecules.33 Thus, in the case of loosely 
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Figure 2.1. GPCR modeling. (A) PDB file 1GZM loaded in PyMOL software and shows the two GPCR 
molecules per each asymmetric crystal unit. The end-to-end distance along the longer elliptical axis is ~ 70 
!. (B) The distance between two adjacent TM4 helices is shown in the picture. Note that this distance is not 
between the binding pockets as the two GPCRs are oriented head-to-tail, and merely suggests an 
approximate distance that would be between two off-center binding pockets arranged head-to-head. (C) The 
homology modeled GPCR structure of hMC4R with off-center binding pocket (green surface) and 
measured distances. (D)  GPCR dimer orientations. The two receptor can pack in a (top)  head-to-head, 
(middle)  head-to-tail or (bottom) tail-to-tail or any number of intermediate orientations. The distance span 
between the two binding pockets could be up to 50 ! long in a tightly packed dimer. The possibility of 
domain swapping or involvement of lipid rafts could shorten or lengthen this distance span. 



packed dimers, this distance could extend even further. In order to adequately screen the 

optimized linker length and get a suitable hit, the design of ligand library described here 

included linker distance span of up to 100 !. These estimations assume that, upon 

dimerization, each receptor would maintain its overall dimensions and that the two 

receptors do not participate in domain swapping. It may be noted here that experiments 

using a photoaffinity label of the cholecystokinin receptor have shown that, although this 

receptor might form oligomers, domain-swapped dimerization does not occur.34 

Therefore, it seems unlikely that the cholecystokinin receptor may undergo domain 

swapping with the human melanocortin receptor. 

2.2.2 Ligands 

" Extensive reviews on the melanocortin15,35,36,36-38 and cholecystokinin ligands and 

receptors39-43 have been published over the years. A brief survey of the literature and 

Hruby groups’ work on MC and CCK receptors ligands is provided here for discussion. 

2.2.2.1 Melanocortin Receptor Ligands 

" Earlier studies on the structure-activity relationships of #-Melanocyte Stimulating 

Hormone (#-MSH), a linear tridecapeptide – Ac-Ser1-Tyr2-Ser3-Met4-Glu5-His6-Phe7-

Arg8-Trp9-Gly10-Lys11-Pro12-Val13-NH2, had identified the minimal active tetrapeptide 

sequence His-Phe-Arg-Trp, which also exists in other natural melanocortin agonists. This 

sequence has been termed as the “message sequence”38 and is critical for binding and 

receptor activation. From these studies, many cyclic and acyclic MSH analogues emerged 
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that were agonists or antagonists at various subtypes of melanocortin receptor and had a 

spectrum of affinity, potency and ADME properties. Based on the conformational 

properties of !-MSH and NDP-!-MSH, a highly potent and long-acting 13 residue long 

linear MSH analogue, a cyclic analogue Ac-Nle4-c[Asp5, DPhe7, Lys10]-MSH4-10-NH2 

(MTII) emerged that was equally potent and long-acting.16 Replacement of DPhe at 

position 7 in MTII with a bulky aromatic amino acid residue DNal(2’) afforded an 

antagonist for hMC3R and hMC4R, but an agonist for hMC1R and hMC5R.16,44 Further 

studies yielded an hMC3R selective antagonist c[(O)C-CH2-CH2-C(O)-His6-DNal(2’)7-

Arg8-Trp9-Lys10]-NH2 (MK9) and hMC4R selective agonist c[(O)C-CH2-CH2-C(O)-His6-

DPhe7-Arg8-Trp9-Lys10]-NH2 (VJH085).45 Replacement of DPhe with DNal(2’) led to a 

sub-nanomolar antagonist MBP-10.15 Binding affinities of relevant compounds for this 

work are listed in Table 2.1. 

"

2.2.2.2 Cholecystokinin Receptor Ligands 

" Besides the 33-amino acid long cholecystokinin peptide, CCK-33, other species-

specific molecular forms of CCK have been characterized as well such as CCK-58, 

CCK-39, CCK-22, CCK-8 [Asp-Tyr(SO3H)-Met-Gly-Trp-Met-Asp-Phe-NH2], unsulfated 

CCK-8, CCK-7, unsulfated CCK-7, CCK-5, and CCK-4 (Trp-Met-Asp-Phe-NH2), which 

have in common the C-terminal sequence.24 Tetrapeptide CCK-4 consisting of four amino 

acid residues (Trp-Met-Asp-Phe-NH2) is the minimally biologically active fragment of 

this hormone (Table 2.1). Over the past three decades, the search for CCK receptor 

ligands has evolved from the initial CCK structure derived peptides towards 
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peptidomimetic or non-peptide agonists and antagonists with improved pharmacokinetic 

profile. This research has provided a broad assortment of potent and selective CCK-1 and 

CCK-2 agonists and antagonists of diverse chemical structure. For the present work, 

CCK agonists based on the minimally active fragment were selected for the design of 

bivalent peptides (see Table 2.1 for the list).46,47 

! We chose to include moderately weak ligands instead of more potent analogues 

for heterobivalent ligand design because homomultivalent constructs consisting of high-

affinity NDP-"-MSH ligands exhibited small binding affinity enhancement compared to 

constructs of low-affinity MSH-4 ligands.48-50 Therefore, a truncated version of NDP-"-

MSH, i.e., Ac-Ser-Nle-Glu-His-DPhe-Arg-Trp, and referred to here as MSH-7 ligand, 

was synthesized and tested for the melanocortin receptor binding. The binding affinity (in 

terms of IC50) of the monovalent MSH-7 ligand [Ac-MSH-7-NH2] was found to be 39 ± 

4 nM in the lanthaligand binding assay on whole cells, and was considered optimal for 
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Table 2.1. Binding affinities of melanocortin and cholecystokinin peptide analogues.

Peptide Sequence IC50 (nM)a

NDP-"-MSH Ac-Ser-Tyr-Ser-Nle-Glu-His-DPhe-Arg-Trp-Gly-Lys-Pro-Val-NH2 5.9

MSH-4 Ac-His-DPhe-Arg-Trp-NH2 1100

MSH-7 (2.1) Ac-Ser-Nle-Glu-His-DPhe-Arg-Trp-NH2 39

[Nle28,31]CCK-8 H-Asp-Tyr-Nle-Gly-Trp-Nle-Asp-Phe-NH2 3.6

CCK-4 H-Trp-Met-Asp-Phe-NH2 25b

[MeNle]CCK-4 Ac-Trp-MeNle-Asp-Phe-NH2 57

CCK-6 (2.2) Ac-Nle-Gly-Trp-Nle-Asp-Phe-NH2 26

[a] The values given are measurements in  whole cell  assays. MSH-7 and CCK-6 were synthesized as part  of this work. 
The rest have been tested previously and reported (see Ref. 50); [b] Value taken from Ref. 47.



initial testing of ligands (see Series III later for htBVLs with MSH ligand of variable 

binding affinities). On the other end, CCK-8 is a highly potent ligand for cholecystokinin 

type 2 receptor (Table 2.1). Even the CCK-4 ligand, considered the minimal binding 

sequence, is in itself a sufficiently strong binder at the CCK-2R. However, certain N-

terminal derivatized sequences of CCK-4 have been shown to have relatively weak 

binding affinity. Therefore, a hexapeptide sequence with all methionine residues replaced 

with norleucine (referred to here as CCK-6) was synthesized and tested for its binding to 

CCK-2R, and was found to have an IC50 of 26 ± 4 nM.

2.2.3 Linkers 

! In order to connect the ligands in these constructs, three different types of linkers 

were employed. A brief description of these linkers is given here for relevant discussion, 

and a more detailed discussion is provided in Chapter 6. Factors that must be considered 

in choosing suitable linkers for bioactive multivalent ligands include the distance that 

must be spanned between two or more receptors, the availability of the linker or linker 

components, their physical properties (solubility, etc), their biocompatibility, and their 

ease of incorporation into the multivalent constructs. The length of linker required to span 

the targeted receptors on the cell surface would vary depending upon the number, kind 

and mobility of the receptors. However, it is still expected to greatly exceed the typical 

dimensions of small molecules. Therefore, several such small molecule linkers would 

need to be connected in a series in order to provide the required distance span. Our 

strategy of constructing non-polymeric multivalent ligands rely extensively on the solid-
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phase synthetic approaches, and thus requires to have linker and ligand components that 

are readily amenable to their modular inclusion. For these peptide and peptidomimetic 

ligands, linker should terminate in an amine and carboxylic acid functional groups to 

facilitate incorporation by solid-phase peptide synthesis. 

! Figure 2.2 illustrates the linker types on the rigidity/flexibility scale, used in this 

study. Highly rigid linkers based on aromatic phenyl and naphthyl groups were reported 

previously from our multimeric team.48,49 The aminomethylphenylnaphthyl (AMPN) 

linker contains a carboxyl and a trifluoroacetyl (Tfa) protected amino end (pseudo-amino 

acid), and is greatly constrained in terms of its mobility (“molecular rods”). However, a 

certain degree of flexibility between two AMPN units is provided by the aminomethyl 

units, and therefore can provide a “chain”-like structure to the linker backbone (see 

Figure 8.1 for an example). The poly(Pro-Gly) linker was designed based on collagen-

type peptides that have highly rigid structures (see section 6.3 and references therein). In 

order to provide flexibility in the backbone and create a semi-rigid structure, an 

alternating sequence of proline and glycine was decided since these two residues have 

opposing rigidity/flexibility characteristics. Polyethylene glycol has been extensively 
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Figure 2.2. Various linkers used in this study on a rigidity scale. Aminomethylphenylnaphthyl (AMPN) 
linker is a highly rigid aromatic linker, and is described in detail previously.48,49 Poly(Pro-Gly) linker has a 
blend of opposing rigidity and flexibility of proline and glycine, respectively, and is semi-rigid (see Chapter 
6). On the other end of the scale are polyethyleneglycol (PEG) based chains that are highly flexible. Two of 
the chains used in this study are a 20-atom long PEGO linker, and a 76-atom long PEG24 linker.



used for many clinical and physicochemical modulation of biomolecules, including as a 

spacer moiety.9,51,52 Here, we have used a 20-atom long PEGO (short for PEG and 2,2’-

oxydiacetyl) linker composed of a diamine of three polyethylene glycol unit chain 

coupled to a glycolic acid on one of the ends to provide a carboxy terminus; and a 76-

atom long chain PEG24 (short for 24 units of PEG) linker.

2.2.4 Heterobivalent Ligand (htBVL) Libraries 

! A focused library of MSH/CCK ligands connected with flexible and semi-rigid 

linkers was designed, synthesized and tested initially, and will be the major focus of this 

chapter. Two additional libraries were designed and synthesized more recently based 

upon the bioassay results from the initial multivalent constructs. 

2.2.4.1 Series I. Pro-Gly series of MSH-7 – CCK-6 htBVLs

! Based upon the modeling estimates, three families of htBVLs were designed with 

linker lengths up to 148 atoms (ca. 96 Å in extended form) to document crosslinking of 

hMC4R and CCK-2R. These BVLs represented small incremental changes in linker 

length using semi-rigid Pro-Gly linkers (Series Ia, 2.3 - 2.7), large incremental changes 

using PEGO as a flexible linker (Series Ib, 2.8 - 2.9), and intermediate incremental 

changes using a combination of both semi-rigid and flexible spacers (Series Ic, 2.10 - 

2.13). The last design theoretically would provide both proper spacing between the 

ligands using semi-rigid Pro-Gly blocks and appropriate flexibility using PEGO spacers, 

in case the semi-rigid linkers are still not flexible enough to allow free binding of ligands. 
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In order to estimate the maximum length these linkers could possibly take in each 

bivalent ligands, modeling studies on PEGO and [PG]n sequence were carried out. 

Separately, a full length heterobivalent ligand was also studied in a molecular dynamic 

simulation to observe the  range of linker mobility in terms of distances, and to confirm 

the data from individual linker units. This theoretical study along with experimental 

details will be described in Chapter 6 on linkers (see Figure 6.3, 6.5 and 6.6 for an 

overview). 

! The design of these heterobivalent ligands required placement of an "-MSH 

peptide at the N-terminus and a CCK peptide at the C-terminus of the linkers. This is 

because the CCK peptide needs a free C-terminus (as carboxyl amide) for optimal 

binding, and any derivatization of amide leads to loss of bioactivity.32 This restricts its 
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Figure 2.3. List of Pro-Gly series of MSH-7 – CCK-6 htBVLs. The monovalent ligands 2.1 and 2.2 were 
included for comparison of monovalent binding of a ligand with and without linker attached. Three series of 
htBVLs were designed and synthesized using a semi-rigid Pro-Gly linker (Series Ia, 2.3 - 2.7), a flexible 
PEGO linker (Series Ib, 2.8 - 2.9), and a combination of both (Series Ic, 2.10 - 2.13).



placement on the C-terminus for a simpler synthetic design, although one could also 

prepare CCK peptide separately and carry out a segmental condensation of CCK on the 

N-terminus of the rest of the peptide. Nevertheless, such a design would involve not only 

a more complicated approach, but also involve a low yielding synthetic step, the success 

of which is dependent upon the chemistry employed for segmental condensation (see 

Chapter 8). 

2.2.4.2 Series II. AMPN series of MSH-7 – CCK-6 htBVLs

! It has been argued that a linker should be neither too rigid nor too flexible for the 

connected ligands to bind to multiple receptors (Section 6.1). A rigid linker would 

interfere in the second binding event after the first ligand has found, and therefore would 

restrict the simultaneous binding and crosslinking (or clustering) of two receptors.48,53 A 

long flexible linker, on the other hand, might have too high inherent entropy as to 

disfavor simultaneous binding within the time frame of off-rate (or residence time) of first 

ligand binding event.54,55 Even so, some studies suggest that a flexible linker long enough 

or slightly longer than the spacing between the multivalent sites may provide equally 

effective results in crosslinking the sites.56 Therefore, it can be postulated that a linker 

with optimized rigidity/flexibility would serve to limit this conformational entropic 

penalty and constrain the freedom of the bound ligand. At the same time, it will increase 

the likelihood of second ligand binding before the first ligand takes-off and the whole 

construct diffuses away. The second binding event will then provide the enthalpic gain 

required for net decrease in free energy. Thus, a general strategy to connect ligands could 
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be to choose linkers that are relatively rigid (with low inherent entropy) but not too rigid 

as to disfavor simultaneous multiple binding events, and provide additional flexibility at 

the linker termini when needed.2 One way of attaining a suitable blend of rigidity and 

flexibility has been discussed above with the design of Pro-Gly linker-based ligands, 

where the whole linker backbone is semi-rigid. An alternative approach would be to use 

rigid rod-like linkers in the middle with the ends flanked by polyethylene glycol chains to 

provide flexibility for the ligands to bind. Therefore, in order to test this scenario, Series 

II was designed to include a rigid linker with flexible chains on the end. As discussed 

briefly before, AMPN is a highly rigid linker due to constrained and fused aromatic rings, 

with the only flexible unit being the aminomethyl group that could allow rotational 
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Figure 2.4. List of AMPN series of MSH-7 – CCK-6 htBVLs. Three series of htBVLs were designed and 
synthesized using AMPN alone as a rigid chain like spacer (Series IIa, 2.14 - 2.18), AMPN flanked by a 
short and flexible PEGO linker (Series IIb, 2.19 - 2.23), and AMPN flanked by longer and flexible PEG24 

linker (Series IIc, 2.24 - 2.28).



entropy to the linker for permitting second binding event after the first ligand has bound 

to the cell-surface. Therefore, Series II was designed with MSH-7 and CCK-6 ligands 

connected by rigid AMPN linkers alone (Series IIa, 2.14 - 2.18), AMPN linker chain 

flanked by PEGO chains (Series IIb, 2.19 - 2.23), and AMPN linker chain flanked by 

longer PEG24 chain on each end (Series IIc, 2.24 - 2.28). 

2.2.4.3 Series III. Pro-Gly series of MSH(n=3-7) – CCK-8 htBVLs

! For the multivalent ligands based cell-surface targeting approach proposed here, it 

would be advantageous to have multivalent constructs that will bind with micromolar 

binding affinity to cells expressing one of the receptors (as would be the case for normal 

tissues with a selected receptor combination), but with high affinity, in nanomolar or sub-

nanomolar range, to cells expressing both the receptors (or all the receptors in the 
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Figure 2.5. List of Pro-Gly series of MSH(n=3-7) – CCK-8 htBVLs. Heterobivalent ligands were 
designed with CCK-8 as a high-affinity ligand and a variable MSH ligand, which ranged from a weak 
MSH-3L ligand to a relatively high affinity binder, MSH-7. MSH-4 (Ac-His-DPhe-Arg-Trp-NH2)  has been 
tested previously, and exhibited about 1.1 "M affinity in whole cell binding assays (reference 50). 
Compound 2.29 was synthesized to test affinity of MSH-4 ligand, but with LPhe instead of DPhe. Thus, 
MSH-3L in the heterobivalent construct would be expected to be weaker than compound 2.29.



combination). Further, it would serve to know the degree of binding affinity enhancement 

that can be achieved per each constituent binding motif with variously tuned affinities, 

when such a binding motif is housed in a multivalent construct. This could help to 

estimate a good starting point, in terms of binding affinity, for the design and inclusion of 

constituent ligands on a multivalent scaffold. For example, as pointed out earlier, when 

bivalent ligands of NDP-!-MSH, MSH-7, MSH-4 peptides were prepared with long 

linkers, no appreciable affinity enhancement was observed with NDP-!-MSH ligands, 

but considerable enhanced binding was observed with MSH-7 and MSH-4 ligands,8,48,50 

and up to 50-fold in a trivalent construct of MSH-4 with short linkers (though possibly 

through statistical effect only).9 Similarly, as will be discussed later in the chapter, Series 

I gave a reasonably good binding affinity enhancement, nearly two orders of magnitude, 

when constituent ligands with moderate binding affinity (~ 40 nM) were used. Therefore, 

it would be interesting to know if using ligand motifs with even weaker binding affinity 

would give higher fold enhanced binding differentiation through multivalency effect. In 

order to accomplish this, MSH-CCK ligands were chosen again for further design 

modification. Therefore, heterobivalent constructs were designed where one of the 

constituent ligands had high binding affinity, which was fixed in all of the htBVLs. The 

affinity of the other ligand was then varied in the series. Figure 2.5 shows a focused 

library of these compounds. The CCK-8 ligand was chosen as an “anchor”, as it exhibits 

low nanomolar binding affinity on CCK-2R cells. The binding affinity for the other 

ligand was varied ranging from MSH-7, a relatively high affinity binder, to weak affinity 

ligand, MSH-3D (Ac-His-DPhe-Arg-) and MSH-3L (Ac-His-LPhe-Arg-). Further, this 
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series was designed based on the binding results of Series I carried out in HEK293/

hMC4R/CCK2R system with CCK-2R > hMC4R (see Section 2.4.3). The heterobivalent 

ligand with a PEGO-[PG]6-PEGO linker demonstrated the maximum multivalency effect, 

and accordingly, this linker was chosen for further design. A slight modification was 

made in the linker region to substitute lysine for one of the glycines in the Pro-Gly linker 

region (i.e., PGPGPK-PGPGPG) in order to allow future modification of lysine with 

fluorescent tags, etc (see Chapter 6 on linkers and Chapter 7 on labeled ligands for more 

details).
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2.3. SYNTHESIS

2.3.1 Synthesis of Series I: Pro-Gly series of MSH-7 – CCK-6 htBVLs

! We developed a simple modular strategy based on parallel solid phase synthesis 

for building a set of bivalent ligands. This strategy could be readily modified, at any step, 

with functional handles to incorporate imaging and therapeutic tags such as dyes, 

lanthanide chelates, toxins, etc. The synthesis of a representative series of htBVLs 2.10 - 

2.13 consisting of MSH-7 and CCK-6 ligands connected in a head-to-tail fashion by 

PEGO and Pro-Gly linkers is depicted in Scheme 2.1A, and the full set via parallel 

synthesis approach is depicted in Scheme 2.1B. The compounds were assembled using 

the N"-Fmoc/tBu strategy of solid-phase synthesis (see Experimental Section and 

Appendix A). To avoid deletion sequences from slower coupling rates as the peptide 

length increased, double amino acid couplings and N-capping were performed at each 

step. The reaction progress was qualitatively and non-destructively monitored (on-resin) 

by Bromophenol Blue test. The Kaiser test was performed for more accurate verification 

at the end of each coupling step and before the next amino acid addition.  

! Starting with a Tentagel Rink amide polystyrene resin, 2.35, the hexapeptide 

CCK-6 was constructed using N"-Fmoc/tBu strategy to give 2.36. A part of the resin was 

used to synthesize compound 2.2 by acetylation of 2.36 with excess of acetic anhydride/

pyridine (1:1) (Scheme 2.1B). The rest of the resin was then split into two portions of 5:6. 

To the larger portion, a PEGO linker was coupled on the N-terminus (Scheme 2.1A).§,9,57 
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§ Recently, Fmoc-PEGO-OH has become commercially available from Novabiochem (San Diego, CA).
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Scheme 2.1. Synthesis of Pro-Gly Series I with MSH-7 – CCK-6 heterobivalent ligands. (A) Synthesis 
of a representative series of PEGO-[PG]n-PEGO compounds, highlighting the modular assembly of first 
ligand, CCK-6 here, then appropriate linkers, PEGO, [PG]n, PEGO again, and finally the second ligand, 
MSH-7. (B) Parallel synthetic strategy to build the complete Series I library.



The free N-termini of CCK-6-Resin were reacted with diglycolic anhydride to give a free 

carboxylate . The carboxylate groups were then activated with carbonyldiimidazole (CDI) 

in anhydrous DMF (2.37) followed by nucleophilic condensation with PEG-diamine to 

give PEGO coupled product 2.38. High concentration of diamine and vigorous stirring 

were required to avoid inter-peptide dimerization on the resin. Further, the final purity of 

the PEGO coupling protocol was best when couplings were kept short (30 min each for 

last two steps). Note that this protocol also allows ready incorporation of a shorter or 

longer, alkyl or pegylated chains as linkers. 

! The resin containing PEGO units was again proportionally split (1:2) for the 

synthesis of compounds 2.8 - 2.9 (Series Ib), and 2.10 - 2.13 (Series Ic). At this stage, 

proline and glycine residues were added alternatively for Series Ia and Ic for as many as 

were required to give 2.39 and 2.42. After the final proline addition, the N"-Fmoc 

protecting group was removed. A second PEGO unit was then coupled to the peptides of 

Series Ic only. The free amine terminals of all resins were coupled with Fmoc-Trp(iBoc)-

OH and syntheses were continued to complete the MSH-7 sequence to give 2.40, 2.41, 

and 2.43. After final residue coupling, the N"-termini were deprotected and then 

acetylated with an excess of 50% Ac2O in pyridine for 5 minutes. The final peptides were 

cleaved with TFA cocktail (82.5% TFA, 5% H2O, 5% triisopropylsilane, 5% thioanisole, 

and 2.5% ethanedithiol) for 4 hours. When Boc-protected tryptophan byproduct was 

observed (the product appeared as a peak prior to the product peak in RP-HPLC), the 

final crude product was treated with 1M aqueous AcOH for 3 hours. The crude 

compounds were initially purified by gel-filtration and then with RP-HPLC and 
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lyophilized to yield white amorphous product. The compounds were characterized by 

ESI-MS and/or MALDI-TOF and/or FT-ICR mass spectrometry (see Table 2.5 in 

Experimental Section and Appendix C). The purified ligands were dissolved in DMSO 

and the concentration was established by co-injection of sample and 0.5 mM solution of 

DTrp in DMSO (as standard) in analytical HPLC and measuring the absorbance (area 

under peak) of compound against DTrp at 280 nm.

2.3.2 Synthesis of Series II: AMPN series of MSH-7 – CCK-6 htBVLs

! The synthesis of Series II was carried out in the same step-wise fashion as Series 

I, using N!-Fmoc/tBu coupling strategy and parallel synthesis approach. Scheme 2.2 

shows the the synthesis of a representative series of htBVLs 2.14 - 2.28 consisting of 

MSH-7 and CCK-6 ligands connected in a head-to-tail fashion by PEG24 and AMPN 

linkers. Starting from resin intermediate 2.36 with CCK-6 ligand, PEG24 was assembled 

using a commercially available monoprotected Fmoc-PEG24-OH compound. Since this 

linker was a liquid, for ease of handling, a 30 mM solution of Fmoc-PEG24-OH was 

prepared in THF and stored at -20 ". For coupling the PEG24 linker, HOCt/DIC 

procedure was followed first and was found to be inefficient for coupling, and the beads 

still tested Kaiser positive. Therefore, the coupling was tried again with 5 eq. of Fmoc-

PEG24-OH, 4.9 eq. of a stronger coupling reagent, TFFH! (in situ conversion of acid to 

an acid halide) and 5 eq. of DIEA in DMF. This procedure was found to efficiently couple 

PEG24 within an hour.
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! TFFH: N,N’,N’’,N’’’-tetramethylfluoroformamidinium hexafluorophosphate



! Following PEG24 coupling, the Fmoc protection was removed with piperidine/

DMF to give compound 2.44, the AMPN linker was assembled by treating the resins with 

3 eq. of Tfa-AMPN-OH,#  3 eq. of HOCt and 6 eq. of DIC in DMF overnight, and the 

reaction completion was confirmed by Kaiser test (2.45). The Tfa group was cleaved by 

15% hydrazine, 15% MeOH in THF for 1 h, the resin was then washed with 15%MeOH 

in THF, and the Tfa deprotection procedure was repeated for 5 hours. The synthesis was 

continued on resin intermediate 2.46 with another PEG24 addition and MSH-7 ligand 

assembly to complete the heterobivalent ligands 2.47. Finally, the peptides were cleaved 
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# The synthesis of Tfa protected AMPN derivative has been reported before (see Ref 49) by Dr. Yasunari 
Monguchi from Prof. Eugene Mash’s group, at Department of Chemistry, University of Arizona. This 
sample for syntheses was kindly provided by them.

Scheme 2.2. Synthesis of a representative example of AMPN series of heterobivalent ligands.



from the resin with TFA cocktail as described earlier to give AMPN htBVLs 2.14 - 2.28. 

A similar protocol was followed for other AMPN compounds in the Series II library.

! A crucial step in the synthesis of these ligands was coupling of hydrophobic 

AMPN linker units, and deprotection of Tfa from AMPN. Although this Tfa deprotection 

procedure has been reported to be successful for a single AMPN group attached to an 

NDP-"-MSH peptide,48 the repetitive exposure with hydrazine leads to accumulation of 
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Figure 2.6. Liquid chromatogram of AMPN peptides at various stages of linker assembly. HPLC of 
ligands at various stages of AMPN addition, after the hydrazine treatment step (for Tfa deprotection), and 
illustrates the accumulating side products at each stage due to hydrazine treatment. Ignore the crossed out 
peak arising from HPLC run containing a DTrp co-injection in the method set.



multiple side products. Therefore, the attachment of multiple AMPN groups lead to 

unacceptable low purity of final peptides. Figure 2.6 shows the liquid chromatogram of 

AMPN at different stages of ligand assembly. It seems that CCK-6 peptide, which is quite 

hydrophobic and possibly forms a secondary structure on the resin, affects the coupling 

efficiency since a CCK-6 peptide was noticeable in the HPLC chromatogram after the 

first AMPN addition, even though the beads tested Kaiser negative. Further, the Tfa 

deprotection step was not completely efficient and needed longer exposure to hydrazine 

to be effective for efficient cleavage. However, the peptide is certain to be destroyed by 

the repeated long and harsh treatments with hydrazine at every AMPN addition, as is 

evident from the HPLC chromatogram with multiple small peaks and ever more convex 

baseline for longer AMPN chains (Figure 2.6). Quite evidently, the synthesis after 

addition of three AMPN linker units was completely ineffective, and the peptides were 

increasingly difficult to purify (60% pure for compound 2.26; see Table 2.6 in 

Experimental Section). Therefore, it was considered practical to abandon any further 

attempts at optimizing and synthesizing the rest of the series because of the reasons cited 

above, and others, not the least of which was the tremendous solubility problem of these 

compounds with longer AMPN chains, especially ones without PEGO or PEG24 to aid 

solubility. Further, Fmoc-AMPN-OH was insoluble in commonly used organic solvents 

like DMF, DMSO, etc. It was reasoned that given the rigidity of the AMPN unit, addition 

of three residues should provide more than 30 ! length, especially with the aid of PEG 

chains, which should suffice for crosslinking the two receptors. Therefore, no further 

attempts were made to synthesize the rest of the compounds.
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2.3.3 Synthesis of Series III: Pro-Gly series of MSH(n=3-7) – CCK-8 htBVLs.

! Scheme 2.3 shows the the synthesis of Series III of htBVLs 2.30 - 2.34 consisting 

of variable MSH ligand analogues and CCK-8 ligand connected in a head-to-tail fashion 

by PEGO-PGPGPK-PGPGPG-PEGO linker. Starting from resin intermediate 2.36 with 

CCK-6 ligand as described in Series I, the solid-phase peptide synthesis was continued 

with Tyr and Asp addition to assemble the CCK-8 ligand 2.48. This was followed up by 

coupling of PEGO linker, as described earlier, to give resin intermediate 2.49, and proline 

and glycine couplings to give resin intermediate 2.50. An Aloc protected lysine was used 

as a substitute for glycine in the linker region for future modifications. The synthesis was 

then continued to build the second PEGO linker (2.51), the resin split for amino acid 

couplings of appropriate MSH analogues, followed by acetylation of N-terminus (2.52). 

Prior to acidic cleavage of peptides from the resin, the Aloc deprotection was afforded 

with Pd[0] reagents, tetrakis(triphenylphosphine)palladium[0] (Pd[0]TPP4) and a 

“pronucleophilic”  scavenger 1,3-dimethylbarbituric acid (DMBA), in oxygen-free DCM 

(argon-flushed). The peptides were purified and characterized to give htBVLs 2.30 - 2.34.
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Scheme 2.3. Synthesis of Series III of heterobivalent ligands of variable MSH analogues and CCK-8 
ligand.



2.4. BIOLOGICAL EVALUATION

The cell line generation and binding studies were done by Dr. Heather Handl and Dr. Liping Xu 
(Gillies group), at Arizona Cancer Center, and Medical Research Building, Bio5, University of 
Arizona. Dr. Heather Handl generated the transient co-expressing cell line with hMC4R > CCK-2R, 
and tested Series I on this system. Dr. Liping Xu generated the stable co-expressing cell line with 
CCK-2R > hMC4R, and tested some of the Series I ligands. The work on #-OR/hMC4R system was 
primarily carried out by Dr. Josef Vagner and Dr. Liping Xu for ligand design, synthesis, and assay 
screens. The author has limited contribution to this work and is a co-author on the publication detailing 
this system (see reference 72). The results and discussion from this work are provided here to 
corroborate findings in hMC4R/CCK-2R system. The in vitro imaging work was carried out by Prof. 
Ronald Lynch, at Bio5. The mathematical modeling of htBVL binding was performed by Prof. Michael 
Caplan at Dept. of Biomedical Engineering, Arizona State University. The experimental details and 
data has been kindly provided by the individuals acknowledged above.

!

2.4.1 Cell Line Generation and Binding Assay Scheme 

! In order to assess the binding of htBVLs, a series of three cell lines was 

established. All cell lines originated from the HEK293 parental cell line and were 

transfected to over-express either hMC4R or CCK-2R and the stable surface expression 

maintained indefinitely by growing cells in appropriate selection media. In order to assess 

the binding of htBVLs at both the receptors simultaneously, a transient co-expressing cell 

line was generated initially by transfecting HEK293/hMC4R cells with CCK-2R (referred 

to here as HEK293/hMC4R/tCCK-2R). High surface expression of CCK-2R was 

observed 72 hours post-transfection, and at this time, the receptor ratio for hMC4R and 

CCK-2R was approximately 11:1 (3.7 "  106 : 2.4 "  105). Thus, this system had higher 

hMC4R expression, i.e., hMC4R > CCK-2R. This time-point was used to assess ligand 

binding to cells with dual expression using a time-resolved fluorescence (TRF) based 

competitive lanthaligand binding assay.8,58,59 More recently, a stable cell line was 
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generated using the same protocol as above, with CCK-2R > hMC4R, and was shown to 

maintain cell-surface overexpression of both receptors in the same ratio over a period of 

time. The receptor ratio for hMC4R and CCK-2R in this system was approximately 1:2 

(6.4 !  105 : 1.1 !  106). The number of receptors present on the cell surface were 

determined through saturation binding analysis followed by correlation of the fluorescent 

signal achieved at Bmax with the signal produced by specific concentrations of Eu-labeled 

ligand, and the average cell number per well taken from four independent microscopic 

cell counts (see Experimental Section for details).

" Scheme 2.4 illustrates the various approaches to assess the binding affinity 

(avidity) of the heterobivalent ligands. The ligand binding can be evaluated either with 

saturation binding assays (to determine Kd in monovalent and bivalent binding mode) 

with radiolabeled or lanthanide-chelate labeled heterobivalent ligands (Scheme 2.4A), or 

by competition binding assays (to determine IC50) (Scheme 2.4B&C). However, labeling 

every compound of the library may not be practically feasible, and competition binding 

assays using a high-affinity receptor-specific labeled ligand as a standard may provide a 

more rational choice. Therefore, the ligand binding assays for heterovalent ligands were 

accomplished by testing the binding affinity of each constituent binding ligand using a 

competitive binding assay. Europium-chelate labeled high-affinity ligands for each 

receptor were employed as standards, and the heterobivalents as competing ligands. The 

syntheses of Europium labeled NDP-#-MSH, CCK-8 and Deltorphin-II lanthaligands 

have been reported previously.59-61 In the case of the hMC4R/CCK-2R system, the 

monovalent binding was evaluated by testing the binding of heterobivalent constructs to 
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mono-expressing cells, i.e., cells overexpressing either hMC4R or CCK-2R only 

(HEK293/hMC4R or HEK293/CCK-2R). The bivalent binding was evaluated on dual-

expressing cells, i.e., cells expressing both hMC4R and CCK-2R (HEK293/hMC4R/

tCCK-2R), by allowing both ligand motifs to bind, and measuring the binding affinity of 

each constituent ligand in two separate competition assays using the relevant lanthaligand 

(i.e., Eu-NDP-!-MSH or Eu-CCK-8) (Scheme 2.4B). Alternatively, the monovalent 

testing can also be done on dual-expressing cells by blocking one of the receptor with a 

saturating concentration of an agonist or antagonist, as shown in Scheme 2.4C and  
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Scheme 2.4. Assay scheme for evaluating monovalent and bivalent binding of htBVLs. (A) The ligands 
can be tested in a saturation binding assay (top), or a competitive binding assays (bottom). (B) For hMC4R/
CCK-2R system, the htBVLs were tested on (top)  cells expressing single complementary receptor for 
monovalent binding, and (bottom)  cells expressing both complementary receptors for bivalent binding. (C) 
For hMC4R/"-OR system, the htBVLs were tested on cells expressing both complementary receptors by 
(top) blocking one of the receptors with a saturating concentration of receptor-specific agonist or antagonist 
for testing monovalent binding, or (bottom) allowing binding to both complementary receptors for the 
bivalent binding. Only one set of experiments are shown; the same is repeated for the other receptor. A 
crosslinking event would result in higher affinity for each constituent ligands. The effect of 
heteromultivalency (‘Fold Increase’)  can be calculated as a ratio of IC50 values of monovalent and bivalent 
binding. The influence of a linker on ligand binding can be evaluated by comparing with the parent non-
derivatized monovalent ligand.



carried out for the hMC4R/!-OR system. The ‘fold increase’ can then be calculated from 

the ratio of IC50’s of monovalent and bivalent binding.

2.4.2 Receptor Binding Assays in Cells with higher hMC4R abundance (hMC4R > 

CCK-2R) "

" The htBVLs 2.4, 2.8 and 2.10 with a semi-rigid linker, a flexible PEGO linker and 

a combination of both, respectively, showed over 20-fold enhancement in binding affinity 

to the CCK-2R on HEK293/hMC4R/tCCK-2R cells (bivalent binding) when compared to 

HEK293/CCK-2R cells (monovalent binding). A 24-fold increase in binding affinity to 

the CCK-2R by compound 2.10 was observed when it was able to bind in a bivalent 

mode (Table 2.2 and Figure 2.7A). Enhancement decreased when the length of linker was 

increased as evident from the series of compounds 2.5 - 2.7, 2.9 and 2.11 - 2.13. As we 
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Table 2.2. Binding data of heterobivalent ligands tested for crosslinking in HEK293/hMC4R/tCCK-2R 
system (hMC4R > CCK-2R)

No. Linker Linker 
Length 
(atoms)

Estimated 
Linker 

Length (Å)

IC50 (nM) of CCK-6aIC50 (nM) of CCK-6a Fold 
Increasee

IC50 (nM) of MSH-7aIC50 (nM) of MSH-7a Fold 
Increasee

No. Linker Linker 
Length 
(atoms)

Estimated 
Linker 

Length (Å) CCK-2Rb hMC4R/CCK-2Rd

Fold 
Increasee

hMC4Rc hMC4R/CCK2Rd

Fold 
Increasee

2.3 -[PG]3- 18 ! 13 11 (8.3-15) 1.4 (1.0-2.0) 8 11 (8.9-12) 1300 (880-1900) 0

2.4 -[PG]6- 36 ! 25 46 (40-52) 2.3 (1.8-2.9) 20 110 (85-140) 1000 (690-1500) 0.1

2.5 -[PG]9- 54 ! 35 320 (240-420) 170 (130-240) 2 460 (250-850) 530 (180-1500) 0.9

2.6 -[PG]12- 72 ! 45 50 (43-58) 6.9 (5.6-8.6) 7 28 (23-33) 980 (250-3900) 0

2.7 -[PG]15 90 ! 55 230 (190-290) 55 (43-70) 4 680 (310-1500) 3500 (1300-9500) 0.2

2.8 -PEGO- 20 ! 18 11 (9.0-13) 0.5 (0.3-0.8) 22 28 (22-34) 250 (210-300) 0.1

2.9 -PEGO-PEGO- 40 ! 36 50 (41-62) 4.5 (3.4-5.8) 11 60 (49-75) 320 (260-400) 0.2

2.10 -PEGO-[PG]3-PEGO- 58 ! 46 150 (120-180) 6.3 (5.0-7.9) 24 390 (89-1700) 1600 (560-4700) 0.2

2.11 -PEGO-[PG]6-PEGO- 76 ! 56 72 (56-94) 20 (15-26) 4 230 (160-340) 21 (17-27) 11

2.12 -PEGO-[PG]12-PEGO- 112 ! 76 130 (110-150) 38 (29-50) 3 10 (6.7-16) 32 (25-39) 0.3

2.13 -PEGO-[PG]18-PEGO- 148 ! 96 160 (130-200) 93 (78-110) 2 35 (26-47) 28 (21-40) 1.3

[a] IC50 concentration in  nM from at least 4 independent experiments reported. Values in  parentheses represent the 95% 
confidence intervals of the IC50 values. [b] Binding data from competition  with Eu-DTPA-CCK-8 (unsulfated) against 
CCK-2R expressing cells. [c] Binding data from competition with Eu-DTPA-NDP-#-MSH against  hMC4R expressing 
cells. [d] Binding data from competition with either Eu-DTPA-CCK-8 (unsulfated) or Eu-DTPA-NDP-#-MSH against 
cells expressing both CCK-2R and hMC4R. The IC50 values of Ac-MSH-7-NH2 and Ac-CCK-6-NH2 are 39 ± 4  nM and 
26 ± 4 nM, respectively. [e] “Fold Increase” is the ratio of IC50 values between single- and dual- expressing cell lines.



expected, when only one receptor was available for binding (i.e., monovalent binding), 

the IC50 values of CCK-6 and MSH-7 ligands in the htBVLs were higher than the Ac-

CCK-6-NH2 (IC50: 26 nM) and Ac-MSH-7-NH2 (IC50: 39 nM) peptides presumably due 

to the entropic cost of a linker attached to a free ligand. However, once bivalent 

constructs were able to bind through both ends simultaneously, the IC50’s of CCK ligand 

decreased, thus, the apparent binding affinity increased nearly 50-fold when compared to 

Ac-CCK-6-NH2 peptide (cf bivalent IC50 of 0.5 nM for htBVL 2.8 with 26 nM for Ac-

CCK-6-NH2). We hypothesize that this was due to a slower off-rate of the htBVL 

construct in bivalent binding mode and the enthalpic gain provided to the construct by  
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Figure 2.7. Binding analysis of htBVLs. (A) Plot of monovalent and bivalent IC50 of CCK-6 ligand for the 
htBVLs - 2.4, 2.8, and 2.10 displaying up to 24-fold higher bivalent affinity. (B)  Plot of monovalent and 
bivalent IC50 values of MSH-7 ligand for the same htBVLs revealing decrease in bivalent affinity. (C) The 
lack of enhancement at the more abundant receptor could be explained on the basis that (left) at low 
concentrations, all the high affinity crosslinked sites are occupied corresponding to the less abundant 
receptor; (right) any subsequent binding event for the more abundant receptor, is therefore, monovalent 
resulting in no significant binding enhancement.



simultaneous binding of the two ligand motifs. Notably, the estimated inter-receptor 

distance of 25 ±  10 Å from GPCR modeling studies generally fits well with the linker 

lengths from the best three compounds here, 2.4, 2.8, and 2.10, and is in agreement with 

reports in the literature.26 It must be noted that whereas enhancement through subsite 

effect (crosslinking two subsites on a protein) or through chelate effect (e.g., Vancomycin 

model) can be three or more orders of magnitude,62,63 synthetic multivalent effectors 

binding multiple cell-surface proteins have exhibited much smaller improvements. The 

enhancement through (homo)bivalency has been reported to be generally 1-2 orders of 

magnitude.2,8,9,64,65 

! Of particular note is the consistent lack of affinity enhancement on the hMC4R in 

the series except for compound 2.11 (Table 2.2 and Figure 2.7B). This phenomenon of 

enhancement at one receptor but not at the other appears to be related to the expression 

ratio of two receptors where only the less abundantly expressed receptor shows enhanced 

binding. Thus, at low nM concentration of htBVLs, the lower abundant CCK-2 receptors 

get saturated with bound htBVLs and yet this occupies only a small fraction of the 

hMC4R pool. At higher concentrations, only hMC4R remains available for binding (and 

only as monovalent), thus, exhibiting lack of binding enhancement (Figure 2.7C). 

2.4.3 Receptor Binding Assays in Cells with higher CCK-2R abundance (CCK-2R > 

hMC4R)

! The heterobivalent ligands were retested on the stable cell line expressing higher 

CCK-2R than the hMC4R (2:1). Table 2.3 shows the data for monovalent and bivalent 
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binding affinity at each receptor and the fold increase in affinity. The heterobivalent 

ligands 2.11 - 2.13 exhibited up to nearly two orders of magnitude binding affinity 

increase on cells that expressed both the receptors (bivalent binding) than cells that 

expressed only one of these (monovalent). The htBVL 2.11 showed about 83-fold higher 

binding affinity on the lower abundant receptor, hMC4R in this case, in bivalent binding  

when compared to its monovalent binding. Clearly, the data is complementary to what 

was observed for hMC4R > CCK-2R system, with enhanced binding affinity of MSH-7 

ligand for the hMC4R. The reversal of binding pattern in these two systems clearly 

demonstrate that the phenomenon of lack of enhanced binding on one of the receptors 

was not linked to a particular receptor nor was it ligand-dependent. Instead, the 

abundance of the receptor appears to control the nature of enhancement evident on any 

given receptor.
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Table 2.3. Binding data of heterobivalent ligands tested for crosslinking in HEK293/hMC4R/sCCK-2R 
system (CCK-2R > hMC4R)

No. Linker Linker 
Length 
(atoms)

IC50 (nM) of CCK-6aIC50 (nM) of CCK-6a Fold 
Increasee

IC50 (nM) of MSH-7aIC50 (nM) of MSH-7a Fold 
Increasee

No. Linker Linker 
Length 
(atoms) CCK-2Rb hMC4R/CCK-2Rd

Fold 
Increasee

hMC4Rc hMC4R/CCK2Rd

Fold 
Increasee

2.5 -[PG]9- 54 170 ± 32 170 ± 26 1 170 ± 29 39 ± 12 4.4

2.8 -PEGO- 20 20 ± 2 45 ± 6 0.4 57 ± 4 120 ± 29 0.5

2.9 -PEGO-PEGO- 40 55 ± 2 80 ± 2 0.7 110 ± 12 220 ± 40 0.5

2.10 -PEGO-[PG]3-PEGO- 58 170 ± 3 140 ± 19 1.2 140 ± 18 44 ± 8 3.2

2.11 -PEGO-[PG]6-PEGO- 76 190 ± 51 170 ± 20 1.1 250 ± 39 3 ± 0.3 83

2.12 -PEGO-[PG]12-PEGO- 112 150 ± 37 360 ± 68 0.4 280 ± 56 5 ± 1 56

2.13 -PEGO-[PG]18-PEGO- 148 140 ± 6 580 ± 120 0.2 280 ± 88 6 ± 2 47

[a] IC50 concentration in  nM from at least 4 independent experiments reported with standard error of mean (SEM). [b] 
Binding  data from competition with Eu-DTPA-CCK-8 (unsulfated) against CCK-2R expressing cells. [c] Binding data 
from competition  with Eu-DTPA-NDP-!-MSH against hMC4R expressing cells. [d] Binding data from competition 
with  either Eu-DTPA-CCK-8 (unsulfated) or Eu-DTPA-NDP-!-MSH against cells expressing both CCK-2R and 
hMC4R. The IC50 values of Ac-MSH-7-NH2 and Ac-CCK-6-NH2 are 39 ±  4 nM and 26 ±  4 nM, respectively. [e] “Fold 
Increase” is the ratio of IC50 values between single- and dual- expressing cell lines.



2.4.4 Computational Modeling of Heterobivalent Binding in hMC4R/CCK-2R system

! In order to test the hypothesis that the inequality in observed affinities was due to 

unequal receptor numbers between the CCK-2R and the hMC4R, mathematical 

simulations based on the model of Caplan and Rosca were performed.4 This model was 

modified to match the experimental system studied here: htBVLs in competition assays 

with either lanthaligand Eu-CCK-8 or Eu-NDP-"-MSH. Modeling results showed similar 

trends (Figure 2.8) as would be seen in a competition binding experiment and, as seen in 

the data (Table 2.2 and 2.3), there was a marked difference in the observed avidity 

depending upon which competitor lanthaligand was used. Figure 2.8 is consistent with 

the hypothesis shown in Figure 2.7C, illustrated either by the number of unbound 

(therefore available) receptors of each type (Figure 2.8A), or by tracking the fluorescent 
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Figure 2.8. Mathematical modeling of htBVL binding. (A) Unbound receptor number CCK-2R (blue) 
and hMC4R (red) vs. htBVL concentration when hMC4R > CCK-2R (solid lines), hMC4R < CCK-2R 
(dashed lines), and hMC4R = CCK-2R (dotted lines). No difference in unbound receptor data was observed 
when labeled competitor ligand was varied between CCK-6 and MSH-7, therefore, only one curve is shown 
for each simulation. (B) Labeled competitor bound vs. htBVL concentration when hMC4R > CCK-2R 
(solid lines), hMC4R < CCK-2R (dashed lines), and hMC4R = CCK-2R (dotted lines)  when labeled 
competitor ligand is CCK-6 (blue) and MSH-7 (red).



probe bound (Figure 2.8B). For parameter values representative of the experimental 

system (CCK-2R = 2.4 !  105 receptors/cell, hMC4R = 3.7 !  106 receptors/cell, and for 

htBVL 2.10, IC50,CCK = 150 nM, IC50,MSH = 390 nM), regardless of which receptor was set 

to the low level (2.4 !  105), the depletion of available receptors of that type occurred at 

low nM concentration of htBVL (6 nM in this case; solid blue and dashed red in Figure 

2.8A) and likewise, regardless of which receptor was at the high level (3.7 !  106), the 

depletion of available receptors of that type occurred at high concentration (roughly 0.1 

mM). When both receptors were set to equal levels, the depletion of available receptors 

of both types occurred at approximately 20 nM (dotted lines in Figure 2.8A) as most 

htBVL binding occupied both receptor types cooperatively (bivalent) rather than 

occupying only one or the other (monovalent). Further, the apparent avidities were almost 

identical with only slight differences depending on the competitor used, which were due 

to the differences in affinity of CCK-6 for its receptor and MSH-7 for its receptor. Figure 

2.8B shows a similar profile where the fluorescent probes (Eu-CCK-8 or Eu-NDP-"-

MSH) bound at different concentrations were tracked. The binding pattern of MSH-7 and 

CCK-6 was reversed upon switching the receptor ratios (solid and dashed lines). 

Therefore, qualitatively these results clearly indicate that the phenomenon was almost 

entirely a function of receptor number. Hence in our hMC4R > CCK-2R system, at low 

nM concentration, the CCK-2 receptors were saturated with bound htBVLs and this 

occupied only a small fraction of the hMC4R pool. At higher concentrations, only 

hMC4R remained available for (monovalent) and low-affinity binding (Figure 2.7C). As 

a result, there was either little enhancement or diminished binding on hMC4R. 
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2.4.5 Heterobivalent Ligands Evaluation in an Orthologous System of !-OR/hMC4R 

with higher !-OR abundance (!-OR > hMC4R)

! The binding pattern observed in hMC4R/CCK-2R system was cross-validated 

with an orthologous system consisting of the hMC4R and the "-Opioid receptor ("-OR). 

Heterobivalent ligands were constructed of MSH-7 and Deltorphin-II (Delt-II) ligand 

motifs connected with PEGO-[PG]n-PEGO and [PG]n linkers to crosslink the two GPCRs 

– hMC4R and "-OR (Figure 2.9). These ligands were prepared as a parallel series 

identical to those described for MSH/CCK heterobivalent ligands.72 To evaluate binding 

affinities, a cell system that expressed both the hMC4R and the "-OR was developed in 

CHO cell lines. Saturation studies using Europium labeled ligands detected by time-

resolved fluorescence (TRF) determined that the "-OR and the hMC4R were present on 

the cell surface at a ratio of approximately 6:1 (104,000 ±  8,600 "-OR and 18,000 ± 

3,300 hMC4R per cell). Monovalent binding of Deltorphin-II ligand to "-OR was also 

determined (IC50 = 0.42 ±  0.02 nM). Using the same cells, htBVLs 2.53 - 2.60 were 

assessed for the binding affinity at each receptor by competing against europium-labeled 

ligand specific for each receptor (i.e., Eu-NDP-#-MSH for hMC4R and Eu-DPLCE for 
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Figure 2.9. Heterobivalent ligands for !-OR/hMC4R system. The ligands were constructed from either 
poly(Pro-Gly) linker or both poly(Pro-Gly) linker and flexible PEGO units. ‘n’ is the number of 
hexapeptide Pro-Gly blocks used for linker.



!-OR). For assessment of monovalent binding at each receptor, these htBVLs were 

competed against Europium-labeled standard ligands in the presence of a saturating 

concentration of blocking agent (Naloxone for !-OR and NDP-"-MSH for hMC4R) for 

the second receptor (see assay Scheme 2.4C).

# In this series, compound 2.56, 2.57, and 2.59 displayed the highest binding 

enhancement, and nearly 50-fold higher affinities were observed when both receptors 

were available for binding, as compared to when only hMC4R was available for binding 

(in the presence of saturating conc. of Naloxone). Notably, the affinity enhancement was 

noticed again only at the lower abundant receptor (hMC4R in this case) with no 

significant increase at the !-OR for the htBVLs. Compounds 2.56 to 2.60 bound to the 

hMC4R with high binding affinity in the range of 2.1 to 3.5 nM IC50’s in the bivalent 
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Table 2.4. Binding data of heterobivalent ligands 2.53 - 2.60 tested for crosslinking in CHO/hMC4R/!-OR 
(!-OR > hMC4R)

No. Linker Linker 
Length 
(atoms)

IC50 (nM) of MSH-7aIC50 (nM) of MSH-7a Fold 
Increasef

IC50 (nM) of Delt-IIaIC50 (nM) of Delt-IIa Fold 
Increasef

No. Linker Linker 
Length 
(atoms) hMC4Rb hMC4R/!-ORc

Fold 
Increasef

!-ORd hMC4R/!-ORe

Fold 
Increasef

2.53 -[PG]3- 18 110 ± 9 180 ± 30 0.6 150 ± 8 110 ± 40 1.3

2.54 -[PG]6- 36 110 ± 30 39 ± 14 2.9 330 ± 110 240 ± 120 1.3

2.55 -[PG]9- 54 260 ± 160 9.7 ± 3.3 27 210 ± 130 100 ± 50 2.1

2.56 -[PG]12- 72 150 ± 70 3.1 ± 1.1 47 430 ± 200 300 ± 90 1.5

2.57 -[PG]15 90 160 ± 50 3.3 ± 1.8 48 500 ± 90 230 ± 70 2.2

2.58 -PEGO-[PG]6-PEGO- 76 90 ± 40 2.1 ± 0.4 44 90 ± 40 70 ± 3 1.4

2.59 -PEGO-[PG]12-PEGO- 112 120 ± 60 2.5 ± 1.1 47 100 ± 30 290 ± 80 0.3

2.60 -PEGO-[PG]18-PEGO- 148 150 ± 40 3.5 ± 1.3 43 200 ± 90 110 ± 40 1.8

[a] IC50 values of MSH-7 and Deltorphin-II ligand motifs of the htBVLs 2.53 - 2.60  given in nM with standard error of 
mean (SEM) from at least 4  independent experiments. For each heterobivalent ligand, binding was assessed by four 
different competitive binding assays using the dual-receptor expressing cells. The IC50 values of binding of parent 
heptapeptide ligands, Ac-MSH-7-NH2 to hMC4R and Deltorphin-II to !-OR, are 39 ± 4 nM and 0.42 ± 0.02 nM, 
respectively [b] hMC4R monovalent binding mode: at  hMC4R alone by competing Eu-NDP-"-MSH in the presence of 
a saturating concentration of 10 nM Naloxone, a !-OR blocking agent. [c] hMC4R heterobivalent binding mode: at the 
hMC4R with both receptors available for binding by  competing Eu-NDP-"-MSH. [d] At the !-OR alone using Eu- 
DPLCE and a saturating concentration of 10 $M NDP-"-MSH, which blocks the hMC4R. [e] At  the !-OR with both 
receptors available using Eu-DPLCE. [f] “Fold Increase”  is the ratio of IC50 values between monovalent and bivalent 
binding modes.



binding mode, which was approximately 15 fold higher than the binding observed for the 

parent monovalent ligand (i.e., compound 2.1, IC50 = 39 nM). Further, only longer linkers 

displayed affinity enhancement. The absence of any significant change in binding affinity 

at shorter linker lengths (2.53 & 2.54) clearly demonstrates that minimal statistical effect, 

if at all, was present. Therefore, the enhanced binding affinity with longer linkers arises 

from chelate or cluster effect, most likely the latter, as these receptors have not been 

implicated so far in heterodimer formation.

2.4.6 Review and Discussion of the three Bivalent Systems studied

! Taken together, the degree of enhancement achieved from the two hMC4R/

CCK-2R systems (with different ratio of receptors), and the "-OR/hMC4R system, 

clearly demonstrated the crosslinking of any two heterologous cell-surface receptors. 

Figure 2.10 summarizes these results, and demonstrates the validation of our hypothesis 

of achieving avidity and specificity gains by using this receptor combination approach 

instead of single targets. Nearly two orders of magnitude enhancement in binding affinity 

has been achieved for the ligand motifs used in this study (Figure 2.10C, left panel). 

Although direct measurements on avidity were not made,¶  these results clearly allude to 

the gains that can be expected. Further, as outlined in the hypothesis presented earlier in 

Chapter 1 (Figure 1.4), these heterobivalent constructs exhibited weak affinities in high 

nanomolar range, typically 100 nM to about 1 #M range on cells that expressed only one 
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¶  These experiments using Europium-DOTA labeled htBVLs 2.10 and 2.11 are in progress for direct 
assessment of Kd, the binding avidity of the bivalent construct.
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Figure 2.10. Compilation of heterobivalent binding data on the three systems evaluated. (A) Binding 
data of htBVLs 2.1 - 2.13 tested on hMC4R > CCK-2R system. About 24 fold enhanced affinity was 
observed for binding of CCK-6 to CCK-2R in the bivalent binding mode; no affinity enhancement on the 
more abundant receptor, i.e., hMC4R. (B) A reversal of binding pattern of same htBVLs when the receptor 
ratios were switched, with nearly two orders of magnitude affinity enhancement for MSH-7 ligand binding 
to lower abundant receptor, hMC4R. No overall change for the CCK-6 ligand motif. (C) A cross-validation 
with an orthologous two-receptor system and htBVLs 2.58 - 2.60, where again the enhanced binding 
affinity evident on the lower abundant receptor (hMC4R), with no significant increase for the !-OR. In all 
three systems studied, the IC50 was reduced to low nanomolar range, ~ 0.5 - 10 nM, in bivalent binding 
mode (two receptor combination) from high nanomolar range, ~ 100 - 500 nM, in monovalent binding 
mode (one receptor). (dotted lines show monovalent binding and solid lines show bivalent binding)



of the receptors (or allowed binding of only one of the receptors), and exhibited high-

affinities in low nanomolar range, typically 0.5 nM to ~ 10 nM, on cells that expressed 

both the receptors (or allowed binding at both the receptors) (Figure 2.10). This enhanced 

affinity is most likely achieved through clustering effect. Although chelate effect and the 

statistical effect are still a possibility, and cannot be ruled out with certainty with the 

present studies, it is unlikely given the fact that none of these receptors have been 

reported so far to form heterodimers among these wide families. However, note that all of 

these receptor have been studied to form homo- and heterodimers among their own 

subtypes.66-71 Further, the lack of binding enhancement for heterobivalent ligands with 

shorter linkers (that most likely cannot crosslink) for !-OR/hMC4R system (see 

compounds 2.53 and 2.54 in Table 2.4),72 and to certain degree for hMC4R/CCK-2R 

system (see compound 2.3 in Table 2.2 and compounds 2.5 & 2.8 in Table 2.3), possibly 

rules out the local concentration effect (statistical effect). Still, MSH and CCK ligands 

directly connected to each other could be tested in the future to rule out this effect on 

hMC4R/CCK-2R as well. However, a consensus overview of all the three systems 

studied so far points to ‘clustering’ of the two heterologous receptors.

" It must be emphasized here that the lack of affinity enhancement on more 

abundant receptors does not invalidate our model to achieve specificity using a 

combination of receptors. Rather, the results are mechanistically revealing and shows 

how the avidity effects are played out. The goal of increased affinity of the construct was 

shown by the CCK-2R binding data for hMC4R > CCK-2R system and by hMC4R for 

CCK-2R > hMC4R system (as well as !-OR > hMC4R system). We reason that it should 
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not matter whether the avidity effect is derived from the enhanced affinity at one or the 

other receptor site. As long as one of the ligands exhibits enhanced binding to cells 

expressing two complementary receptors, the preferential targeting of dual- vs mono- 

expressing cells would be clearly achievable. Moreover, the observed phenomenon is an 

attribute of the assay scheme used to assess the relative binding of unlabeled compounds 

on cells expressing one or both receptors, i.e, the avidity changes were inferred from the 

measurements of affinity changes at each ligand motif by competitive binding assays 

(Scheme 2.4A, bottom panel). Testing the labeled ligands (using radioisotope or 

lanthanide-chelate labels), on the other hand, should demonstrate enhanced bivalent 

avidity against both receptor sites, i.e., the bivalent binding of the construct as a whole 

should display measurable avidity differential at both the dual-/mono-expression system 

(see Section 2.4.7 later). 

! There are few other observations that need to be pointed out here, the reasons of 

which are poorly understood at present. In the CCK-2R > hMC4R system described 

above (Table 2.3), the compounds 2.8 and 2.10 with shorter linkers did not show any 

appreciable enhancement when compared to hMC4R > CCK-2R results (Table 2.2). On 

the other hand, ligands 2.11, 2.12 and 2.13 with longer linkers showed remarkably high 

enhancement. Similar observations were made in the case of "-OR/hMC4R system as 

well. Therefore, longer linkers were required for both CCK-2R > hMC4R and "-OR > 

hMC4R system, than were needed for hMC4R > CCK-2R system. Although not 

conclusive at present, further experimentation can reveal if this is related to the receptor 

density on the cell-surface, since the level of expression in the hMC4R > CCK-2R system 
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was in the range of many million copies, which was significantly higher than both of the 

other two systems. Further, although the higher abundance of a receptor explains some 

aspects of this phenomenon of little enhancement, it is not entirely clear why there would 

be no enhancement, much less the decreased bivalent binding in some cases on the higher 

abundant receptor. Therefore, more mechanistic studies are warranted to investigate the 

reasons behind this observation. It may be of note here that in a recent report on mass-

dependent signaling by Huang et al.,73 it was demonstrated that increasing the GPCR to 

G-protein mass ratio decreases the ligand-GPCR interaction affinity. This lower affinity is 

possibly caused by changes in levels of constitutive activation of GPCRs when a receptor 

is over-expressed. Likewise, the phenomenon here may reflect the ligands’ binding to 

“low affinity states”  of the more abundantly expressed receptor, once all the high affinity 

states have been occupied in these over-expressed systems. As a result, the higher 

abundant receptor exhibited either little enhancement or diminished binding of the 

cognate ligand motif.

2.4.7 In Vitro Imaging using Labeled Heterobivalent Ligands and Visual Proof of 

Avidity and Specificity Gains with Receptor Combination Model

! Notwithstanding the validation of proof-of-hypothesis with the binding results, a 

qualitative and more direct proof of the avidity and specificity gains from 

heteromultivalency was sought from the in vitro imaging experiments using one of these 

optimized heterobivalent ligands and labeling it with a fluorescent tag (see Chapter 7 for 

detailed results and discussion on labeled ligand design, synthesis and bioevaluation). 
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Figure 2.11 presents the results of imaging work performed on cells expressing only 

hMC4R or CCK-2R, and cells expressing both hMC4R and CCK-2R with a labeled 

htBVL 7.4 (ligand 2.10 labeled with Cy5 in the linker region). The labeled ligand 7.4 was 
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Figure 2.11. In vitro imaging of cells expressing single or both complementary receptors as a proof-of-

hypothesis of heteromultivalency-based targeting. (A&B)  Surface labeling of cells expressing either 
CCK-2R or both hMC4R and CCK-2R with Cy5 labeled htBVL 7.4 at a conc. of 0.2 nM each. (C&D) 
Surface labeling of cells expressing either hMC4R or both hMC4R and CCK-2R with Cy5 labeled htBVL 
7.4 at a conc. of 0.8 nM each. The images were acquired after 3 minutes of incubation with htBVL 7.4 and 
washing the cells. These experiments clearly highlight the avidity gain with bivalent binding as well as the 
specificity in differentiating cell-surfaces with two-receptor combination vs single receptor target. See 

Chapter 7 for detailed discussion of labeled ligand synthesis and bioevaluation.



able to bind to the dual-expressing cells with high avidity, as demonstrated by the high 

fluorescence intensity even at sub-nanomolar concentrations (Figure 2.11B&D). In 

contrast, the ligand displayed negligible fluorescence, thus weak binding, on the cell lines 

expressing only one of the receptors at these concentrations (Figure 2.11A&C). The 

results from this imaging work give a clear and visual demonstration of the enhanced 

avidity and specificity achieved with heterobivalent ligands when targeted to cells 

expressing the complementary receptor combination versus cells expressing only one of 

those receptors. Nevertheless, the observations made with individual binding assays have 

an important bearing on the future rational design of multivalent ligands. For example, it 

can be posited that for the more abundant receptor, increasing the copies and decreasing 

the affinity of its cognate ligand could provide better overall enhancement gains for the 

multivalent construct.

2.4.8 Summary

! In summary, the binding assays along with the imaging experiments described 

here strongly demonstrate the validity of our hypothesis that a high degree of specificity 

in targeting can be achieved with heteromultivalent binding partners. The htBVLs 

targeted to "-MSH and CCK receptors were able to crosslink these two heterologous 

receptors with resultant avidity enhancement. For example, a heteromultivalent ligand,

2.10 and 2.11 bound with 24-fold and 83-fold, respectively, higher affinity to cells 

expressing both receptors than to cells expressing only one of them. It is our contention 

that such ligands will, therefore, target specifically to cells expressing two-receptor 
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combination than to cells expressing one of these receptors. Additionally, the affinity of 

the CCK-6 ligand motif in htBVLs was increased up to roughly 50-fold over the affinity 

of its parent monovalent form (Ac-CCK-6-NH2). Similarly, the MSH-7 ligand motif in 

htBVLs (for both hMC4R/CCK-2R and hMC4R/!-OR system) exhibited about 15-fold 

higher affinity in its bivalent binding when compared to binding affinity of its parent non-

derivatized ligand (Ac-MSH-7-NH2). 

" To the best of our knowledge, this study is the first such demonstration of 

crosslinking of two functionally unrelated cell-surface receptors through synthetic small-

molecule heterovalent constructs carrying cognate ligands. The results reported here are 

of significance in the broader context of multivalency as a route to high affinity and high 

specificity. The receptors used in this study have never been implicated in heterodimer 

formation to indicate any chelation effect, although these receptors have been shown to 

form homodimers and heterodimers among their subtypes. Thus, the observed affinity 

gain is most likely the result of clustering of these two receptors (cluster effect). This 

clustering ability opens up future possibilities to crosslink multiple cell-surface proteins 

of choice and to achieve a high degree of targeting specificity (in the context of 

heterovalent binding enhancement) to defined cell populations. Using a receptor 

combination model, MVLs carrying binding motifs cognate to combinations of cell 

surface receptors that are expressed in cancer but are either absent or expressed at low 

basal levels in normal cells could be targeted specifically (Figure 1.4 and 2.11). Further, 

the MVLs can be modified to carry payloads of fluorescent tags, radioisotopes, toxins, 

drugs, etc. We believe this approach will provide a revolutionary new platform to build 
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novel targeting agents for cancer. The present demonstration portends an optimistic 

picture towards this objective. With the degree of binding enhancement observed in the 

bivalent case, going to heterotrivalent combination should provide a remarkably higher 

degree of differentiation of different cell-surfaces, something that can address the 

heterogeneity of a particular cancer in addition to its differentiation from healthy normal 

cells.
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2.5. EXPERIMENTAL SECTION

Materials

N!-Fmoc-protected amino acids and Fmoc-Rink linker were purchased from 

SynPep (Dublin, CA) or from Novabiochem (San Diego, CA). Tentagel resin was 

acquired from Rapp Polymere (Tubingen, Germany). HBTU, HOBt, HOCt, DIC, and 

DIEA were purchased from IRIS Biotech (Marktredwitz, Germany). The following side 

chain protecting groups were used for the amino acids: Arg(Ng-Pbf), Asp(OtBu), 

Glu(OtBu); His(Nim-Trt), Lys(N"-Mtt), Lys(N"-Aloc), Ser(tBu), Trp(Ni-Boc), and 

Tyr(tBu). Carbonyldiimidazole, Tetrakis(triphenylphosphine)palladium[0], and 1,3-

dimethylbarbituric acid were acquired from Sigma-Alrich (Milwaukee, WI). Diglycolic 

anhydride and 4,7,10-trioxa-1,13-tridecanediamine were acquired from TCI America 

(Portland, OR). Fmoc-PEG24-OH (N-Fmoc-amido-dPEG24-acid) was bought from 

Quanta BioDesign (Powell, OH). Peptide synthesis solvents, dry solvents, and solvents 

for HPLC were reagent grade, were acquired from VWR (West Chester, PA) or Sigma-

Aldrich (Milwaukee, WI), and were used without further purification unless otherwise 

noted. All the peptides were manually assembled using 5 to 50 ml plastic syringe reactors 

equipped with a frit and Domino manual synthesizer obtained from Torviq (Niles, MI). 

General Method for Solid-Phase Peptide Synthesis

# Solid-phase syntheses were carried out in polypropylene syringes (5-20 mL) fitted 

with polyethylene porous disks. Solvents and soluble reagents were removed by vacuum 
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to dry the resin. Peptides were synthesized on Tentagel Rink amide resin (initial loading: 

0.2 mmol/g) using N!-Fmoc protecting groups and a standard DIC/HOCt or HBTU/

HOBt activation strategy. The Rink resin was swollen in THF for an hour, washed with 

DMF, and Fmoc protecting group removed with 20% Piperidine in DMF (2 min +  20 

min). The resin was washed with DMF (3X), DCM (3X), 0.2 M HOBt in DMF (2X), and 

finally with DMF, and the first amino acid was coupled using pre-activated 0.3 M HOCt 

ester in DMF (3 eq. of N!-Fmoc amino acid, 3 eq. of HOCt and 6 eq. of DIC). An on-

resin test using Bromophenol Blue was used for qualitative and continuous monitoring of 

reaction progress (see later for tests to monitor peptide coupling completion). To avoid 

deletion sequences, the double coupling was performed at all steps with 3 eq. of amino 

acid, 3 eq. of HBTU and 6 eq. of DIEA in DMF. If Kaiser test was positive, a third 

coupling was performed with symmetric anhydride method (4 eq. of amino acid and 2 eq. 

of DIC in DCM). The unreacted NH2 groups were capped using 50% acetic anhydride in 

pyridine for 5 min. The resin was washed with DCM (3X), DMF (5X), DCM (3X), and 

DMF (2X). The same procedure was repeated for the next amino acid until all the amino 

acids were coupled. The PEGO spacer was introduced as follows. The N-terminal of the 

peptide on resin was coupled with the glycolic acid spacer using 10 eq. of diglycolic 

anhydride in DMF for 5 min. The resin was washed with DMF (3X), with the last 

washing with dry DMF, and the free carboxylic groups were activated using 10 eq. of 

carbonyldiimidazole in dry DMF for 30 min. The resin was washed with dry DMF (3X), 

and the PEG diamine coupled using 20 eq. of 4,7,10-trioxa-1,13-tridecanediamine in dry 
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DMF for 30 min (vigorous vortexing for first 5 minutes). The PEG24 linker was coupled 

with 5 eq. of Fmoc-PEG24-OH, 4.9 eq. of TFFH, and 5 eq. of DIEA in DMF for 1 h.

! The Fmoc-AMPN-OH linker was coupled using HOCt/DIC protocol (see above). 

The Tfa protection from AMPN was removed with 15% hydrazine, 15% methanol in 

THF for 1 h. The resin was then washed with 15% methanol in THF, and the deprotection 

repeated for 5 h. Following deprotection, the resin was washed with DMF (3X), DCM 

(3X), 0.2 M HOBt/DMF (2X), and finally with DMF (2X) before next coupling step. 

! The Aloc deprotection was carried out with Pd[0] reagents as follows: 0.5% w/v  

of tetrakis(triphenylphosphine)palladium[0] (Pd[0]TPP4; MF: 1155.56 g/mol) and 3% w/

v of dimethylbarbituric acid (DMBA; MW: 156.14 g/mol) were dissolved in dry, argon-

flushed, DCM (10 mL per 1 g of resin). The resin was washed with dry DCM and treated 

with the deprotection reagent mixture (2 "  30 min). The resin was washed with DCM 

(3X), DMF (3X), 5% DIEA in DMF (3X), DMF (2X), 1% sodium diethyldithiocarbamate 

trihydride in DMF (2X, 5 min), DMF (2X), 5% piperidine in DMF (2X), DMF (3X), 0.2 

M HOBt in DMF (2X), DMF (2X), DCM (3X) and finally with DMF.

! Frequently during the synthetic steps, a small amount of peptide was cleaved and 

analyzed by HPLC and mass spectrometry to monitor the synthetic progress and purity of 

the peptide. After the final amino acid was incorporated, the N# Fmoc group was 

deprotected and the free N-termini were capped with excess of acetic anhydride/pyridine 

(1:1). The resin was then washed with DCM (3X), DMF (5X), DCM (3X) and THF, and 

the resin dried for storage (stored at -20$) or acidic cleavage. A cocktail (10 ml per 1g of 

resin) of TFA (82.5%), water (5%), triisopropylsilane (5%), thioanisole (5%) and 1,2-
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ethanedithiol (2.5%) was injected into the resin and stirred for 3-5 h at room temperature. 

The crude peptides were isolated from the resin by filtration, the filtrate was reduced to 

low volume by evaporation using a stream of nitrogen, and the peptides were precipitated 

in ice-cold diethyl ether, centrifuged, washed several times with ether, dried, dissolved in 

water and lyophilized to give off-white solid powders that were stored at - 20! until 

used. The yields of the crude peptides were 50-80% based on the resin weight gain, and 

overall, the yields of the syntheses were 5-30% based on the loading of the resin.

Monitoring Tests

! Bromophenol Blue test74: A few drops of a 1% w/v solution of Bromophenol 

Blue in N,N-dimethylacetamide is added to 0.2 M HOBt/DMF (yellow color is 

produced). The solution is injected into the syringe reactor containing resin (10 mL/g of 

resin), is stirred for few seconds when a dark blue color develops, and the resin is then 

washed with DMF. The blue coloration of beads turns to yellow as the reaction proceeds 

to completion and free amine termini on the resin become unavailable.

! Kaiser test75: The resin is washed to remove the coupling reagents, with final 

wash with DCM or THF (note: do not use DMF for last wash). The test is performed by 

heating a few resin beads to 100! for 2 min with a mixture of 1 drop each of Reagent A 

(40 g phenol in 10 mL of dry ethanol), Reagent B (0.2 mM KCN in pyridine; dilute 2 ml 

of 10 mM aq. KCN stock solution in 100 ml of pyridine), and Reagent C (6% w/v of 

ninhydrin in ethanol). Intensive blue color is generated with free primary amines. The 

beads stay colorless or slight yellow when the coupling is complete. The test is routinely 
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applied qualitatively and quantitatively. Note, the test does not yield dark blue color with 

serine, asparagine, aspartic acid and proline (secondary amine). (Level of sensitivity: 1 

!mol/g resin " 99.5% coupling) 

! Chloranil test76: For proline and other secondary amines, the chloranil test can be 

used. Chloranil (2,3,5,6-tetrachloro-1,4-benzoquinone) reacts with secondary amines (in 

the presence of acetone) and primary amines (in the presence of acetaldehyde) to give a 

green-blue benzoquinone derivative. The test can be performed (for prolines in these 

compounds) by treating few beads of the resin with 200 !L of acetone, followed by 

adding a few drops of saturated solution of chloranil in toluene. The reaction is shaken 

for 5 min, when a green-blue color develops. (Level of sensitivity for Pro: 2-5 !mol/g 

resin " 97-99% coupling)

HPLC Analysis, Size Exclusion Chromatography and Peptide Concentration 

Determination 

# The purity of final products was analyzed using Waters high-performance liquid 

chromatography (HPLC) apparatus and with a Vydac C18 reverse phase column (dia $ 

length: 4.6 mm $  150 mm, pore size: 3 !m). Buffer A was 0.1% TFA in water and buffer 

B was 0.1% TFA in acetonitrile. Peptides were analyzed using a linear gradient of buffer 

B at a flow rate of 0.3 - 1 mL/min and monitored at 220 and 280 nm. Purification of 

compounds was achieved using a Waters 600 HPLC apparatus equipped with a Vydac 

C18 reverse phase column (22 mm $  250 mm, 5!m) with similar buffers under optimized 

gradients and 3 - 10 mL/min flow rate, and monitored at 230 and 280 nm. 
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! Size exclusion chromatography was performed on a borosilicate glass column 

(2.6 mm "  250 mm, Sigma, St. Louis, MO) filled with medium sized Sephadex G-25 or 

G-10. The compounds were eluted with an isocratic flow of 1.0 M aqueous acetic acid. 

! The lyophilized final products were dissolved in DMSO for bioassay. The peptide 

conc. was determined by monitoring absorbance of a co-injection of peptide (initial conc. 

1-5 mM) with 0.5 mM solution of DTrp in water on analytical HPLC with a number of 

different volumes, and monitored at 280 nm. The conc. was calculated from averaged 

area under the peaks using the formula given here. 

where #280 of compound was calculated by summation of extinction coefficients of all  

Trp residues and normalizing the value to one DTrp (#280=5500). Other components do 

not absorb significantly at this wavelength. (See II-I in Appendix C for an example) 

Mass Spectrometry

! Mass spectra of positive ions were recorded either with a single stage reflectron 

MALDI-TOF mass spectrometer (Bruker Rexlex III, Bruker Daltonics, Billerica, MA; $-

cyanocinnamic acid as a matrix) in reflectron mode or with a low resolution ESI mass 

spectrometer (Finnigan, Thermoquest LCQ ion trap instrument, Lake Forrest, CA) and/or 

using high resolution Fourier transform mass spectrometer (FT-ICR MS, Bruker Apex 

Qh, Bremen, Germany) equipped with an ESI source. For internal calibration, an 
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appropriate mixture of standard peptides was used with an average resolution of ca. 

10,000 on the Reflex III and 60,000 on the FT-ICR instrument.

GPCR Modeling: 

For G-Protein Coupled Receptor size estimations, the PDB file of a recently  described 

bovine rhodopsin protein in a trigonal crystal form (1GZM)27 was loaded into PyMOL 
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Table 2.5. HPLC & MS data of heterobivalent compounds 2.1 - 2.13 

Compound Mass Calculateda Mass Found tR (Purity 

%)

K’

2.1 (C48H66N14O11) 1015.5035 (M+1)1+ 1015.4881b (M+2)2+ 17.0e (96) 9.2

2.2 (C40H54N8O9) 791.4014 (M+1)1+ 791.1b (M+1)1+ 15.4f (96) 7.7

2.3 (C107H145N27O25) 1105.0452 (M+2)2+ 1105.2b (M+2)2+ 20.3g (99) 11.9

2.4 (C128H175N33O31) 1336.1566 (M+2)2+ 1336.3b (M+2)2+ 19.2g (100) 11.3

2.5 (C149H205N39O37) 1045.1786 (M+3)3+ 1045.1891c (M+3)3+ 18.3g (98) 10.8

2.6 (C170H235N45O43) 1199.2529 (M+3)3+ 1199.2559c (M+3)3+ 18.0g (99) 10.6

2.7 (C191H265N51O49) 4059.9942 (M+1)1+ 4060.5121d (M+1)1+ 17.7g (87) 10.4

2.8 (C100H141N23O25) 1033.0235 (M+2)2+ 1032.9b (M+2)2+ 21.5g (100) 12.7

2.9 (C114H167N25O31) 1192.1129 (M+2)2+ 1192.0b (M+2)2+ 21.2g (100) 12.5

2.10 (C135H197N31O37) 949.1496 (M+3)3+ 949.2b (M+3)3+ 20.1g (100) 11.8

2.11 (C156H227N37O43) 827.6678 (M+4)4+ 827.6797c (M+4)4+ 26.1h (98) 11.4

2.12 (C198H287N49O55) 1058.7792 (M+4)4+ 1058.7916c (M+4)4+ 25.4h (98) 11

2.13 (C240H347N61O67) 5156.5621 (M+1)1+ 5156.5889d (M+1)1+ 24.7h (93) 10.7

[a]  Exact Mass calculated based on most abundant isotope of the element; [b]  ESI-MS; [c] FT-ICR MS; [d] 

MALDI-MS; [e] 10-40% B gradient in 30 min; [f]  10-90% B gradient in 30 min; [g]  20-60% B gradient in 
50 min; [h]  10-40% B gradient in 50 min; HPLC eluents: Phase A is 0.1% TFA in water; Phase B is 0.1% 
TFA in acetonitrile; tR is the retention time of compound peak in HPLC; (purity of final product in 
percentage is given in parenthesis); K’ is retention time of compound peak/retention time of solvent peak.
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Table 2.7. HPLC & MS data of heterobivalent compounds 2.29 - 2.34

 

Compound Mass Calculateda Mass Foundb tR (Purity 

%)

K’

2.29 (C51H66N10O13) 686.345 (M+1)1+ 686.3 (M+1)1+ 14.2c (99) 6.2

2.30 (C148H217N35O41) 1571.298 (M+2)2+ 1571.8 (M+2)2+ 24.9d (97) 11.4

2.31 (C148H217N35O41) 1571.298 (M+2)2+ 1571.2 (M+2)2+ 26.2d (96) 12.1

2.32 (C149H205N39O37) 1157.585 (M+3)3+ 1157.8 (M+3)3+ 16.8e (95) 7.9

2.33 (C159H227N37O42) 1109.892 (M+3)3+ 1109.8 (M+3)3+ 32.8d (94) 12.8

2.34 (C173H250N40O48) 1219.612 (M+3)1+ 1219.7 (M+3)3+ 13.6f (87) 6.1

[a]  Exact Mass calculated based on most abundant isotope of the element; [b] ESI-MS; [c]  10-40% B 
gradient in 30 min; [d] 10-60% B gradient in 50 min; [e] 20-50% B gradient in 30 min; [f] 10-90% B 
gradient in 30 min; HPLC eluents: Phase A is 0.1% TFA in water; Phase B is 0.1% TFA in acetonitrile; tR is 
the retention time of compound peak in HPLC; (purity of final product in percentage is given in 
parenthesis); K’ is retention time of compound peak/retention time of solvent peak.

Table 2.6. HPLC & MS data of heterobivalent compounds 2.14 - 2.26 

Compound Mass Calculateda Mass Foundb tR (Purity 

%)c
K’

2.14 (C104H128N22O20) 1003.484 (M+2)2+ 1003.4902 (M+2)2+ 16.4 (97) 7.8

2.15 (C122H141N23O21) 1133.0334 (M+2)2+ 1133.0571 (M+1)1+ 18.9 (95) 9.1

2.16 (C140H154N24O22) 842.0556 (M+3)3+ 842.0664 (M+3)3+ 20.9 (90) 9.9

2.19 (C132H180N26O32) 881.4419 (M+3)3+ 881.4458 (M+3)3+ 15.6 (96) 7.4

2.20 (C150H193N27O33) 967.8084 (M+3)3+ 967.8358 (M+3)3+ 17.6 (89) 8.4

2.24 (C206H330N24O70) 711.0500 (M+6)6+ 711.0582 (M+6)6+ 16.7 (95) 7.9

2.25 (C224H343N25O71) 904.8799 (M+5)5+ 904.8835 (M+5)5+ 18.2 (88) 8.6

2.26 (C242H356N26O72) 956.6999 (M+5)5+ 956.7105 (M+5)5+ 19.7 (60) 9.4

[a]  Exact Mass calculated based on most abundant isotope of the element; [b] FT-ICR MS; [c]  10-90% B 
gradient in 30 min; HPLC eluents: Phase A is 0.1% TFA in water; Phase B is 0.1% TFA in acetonitrile; tR is 
the retention time of compound peak in HPLC; (purity of final product in percentage is given in 
parenthesis); K’ is retention time of compound peak/retention time of solvent peak.



program.**  Several residues on the outer edges of the transmembrane domain were 

chosen and distances across the GPCR were measured. The “width” of the GPCR was 

taken as the average of 8 of these measured distances. Similarly, the homology modeled 

GPCR structures of hMC4R74 and CCK-2R were downloaded from www.gpcr.org and 

the distance of the binding pocket from the edge of the receptor and the depth of the 

binding pocket were determined. The residues forming the binding pocket were taken as 

available from the literature.77 

Cell Culture, Receptor Number Determination & Lanthanide Binding Assays

! Cell Culture: HEK293 cells overexpressing the human melanocortin-4 receptor 

(hMC4R) were used to assess the binding at the hMC4R. The hMC4R vector was 

originally received from Dr. Ira Gantz, University of Michigan,78 and re-transfected by 

Dr. Minying Cai in the Hruby laboratory. The coding region of the hMC4R gene was 

expressed in pcDNA3.1 (Invitrogen, V790-20). HEK293/hMC4R cells were grown in 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS. Monovalent 

CCK binding was tested on HEK293 cells with stable expression of CCK-2 receptor. 

cells were grown in DMEM supplemented with 10% FBS and were maintained under 

selection with 100 "g/mL Zeocin. Evaluation of bivalent ligand binding was completed 

on HEK293/hMC4R cells with transient expression of CCK-2R (referred to as HEK293/
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hMC4R/tCCK cells). For transient receptor expression, cells were plated at a density of 

10,000 cells/well in Wallac B&W Isoplate TC (Wallac/PerkinElmer, 1450-583) 96-well 

plates. The day after plating, cells were transfected with CCK-2R using FuGENE 6 

Transfection Reagent (Roche, 1814-443). A 3:1 ratio of FuGENE to DNA was used, as 

per reagent protocol. Reagents (30 !L media, 0.15 !L FuGENE 6, and 0.05 !g CCK-2R 

DNA per well) were added to a sterile microtube and incubated at room temp for 15 min. 

The media used during the incubation was antibiotic free, serum free DMEM. After the 

15 min incubation, the reaction mixture (30 !L) was added to the cells in their normal 

media. It was determined that 72 hours post-transfection was optimal for high surface 

expression of CCK-2R, thus all binding assays were performed 72-hours post-

transfection.

! Receptor Number Determination: The number of receptors present on the cell 

surface were determined through saturation binding analysis followed by correlation of 

the fluorescent signal achieved at Bmax. Increasing amounts of Eu-labeled ligand were 

added to cells until saturation was achieved.  For hMC4R, the Bmax was determined to be 

95, 244 ± 2480 AFU. A standard curve relating fluorescent signal to the concentration of 

Eu-labeled ligand present in the well was produced and used to determine the 

concentration of Eu-labeled ligand present at saturation. In the case of hMC4R, a signal 

of 95, 244 AFU correlates with 380 fmol/well.  Assuming that during the saturation study 

that each receptor is bound by a single Eu-labeled ligand, this correlates with 2.29 "  1011 

receptors/well. The average number of cells/well was obtained via counting with a 

hemocytometer and this number (61,840 cells/well, average of 10 determinations) was 
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then used to determine the number of hMC4R receptors per cell. The same process was 

followed for determining the number of CCK-2R per cell.

! Lanthanide Based Binding Assays: Lanthanide based competitive binding assays 

were conducted according to the method which has been previously described.58,59,61 In 

brief, HEK293/hMC4R cells were plated in black and white 96-well isoplates (Wallac, 

1450-584) at a density of 12,000 cells/well and were allowed to grow for 3 days. On the 

day of the experiment, media was aspirated from all wells. 50 !L of non-labeled ligand 

and 50 !L of Eu-labeled ligand (final concentration of 10 nM for Eu-NDP--MSH) were 

added to each well. Ligands were diluted in binding media (DMEM, 1mM 1,10-

Phenanthroline, 200 mg/L Bacitracin, 0.5 mg/L Leupeptin, 0.3% BSA) and samples were 

tested in quadruplicate, unless otherwise noted. Cells were incubated in the presence of 

ligands for 1 hr at 37". Following the incubation, cells were washed 3#  with 250 !L 

Wash Buffer (50 mM Tris-HCl, 0.2%BSA, 30 mM NaCl). Enhancement solution (Perkin 

Elmer; 1244-105) was added (100 !L/well) and the plate was incubated for at least 30 

min at 37" prior to reading. The plates were read on a Wallac VICTOR3 instrument 

using the standard Eu-TRF measurement (340 nm excitation, 400 !sec delay, and 

emission collection for 400 !sec at 615 nm). Competition curves were analyzed with 

GraphPad Prism Software using the sigmoidal dose-response (variable slope) classical 

equation for non-linear regression analysis. 

(For Digital Imaging Microscopy experiments, see Section 7.2.4, page 243; For 

computational procedures and equations used for mathematical modeling of multivalent 

ligand binding, see ref. 4)
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CHAPTER 3

HETEROBIVALENT LIGANDS OF HUMAN MC-4R 

ANTAGONIST AND CCK-2R AGONIST
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3.1 INTRODUCTION

! In vivo targeting of cell-surface receptors is a successful method to diagnose and 

treat various types of cancers.1 Up until now, agonists have been exclusively used for this 

purpose with the rationale being that after high-affinity binding to the receptors, agonists 

usually trigger internalization of the ligand-receptor complex.2 This process of 

internalization of radiolabeled compound with the consequent high accumulation of 

compound into tumors in vivo appears to be required for optimal visualization and 

radionuclide therapy.1,3 Therefore, the development of compound with good radioligand 

internalization properties has been considered as a crucial step in the process of in vivo 

receptor targeting with radiolabeled peptides.3 A recent report that serves as a good 

example to highlight the significant correlation between the rate of ligand internalization 

in in vitro studies and its high in vivo uptake comes from a study on somatostatin ligands 

binding to AR42J cells expressing somatostain receptor subtype 2 (sst2) and its uptake in 

a sst2-expressing mouse tumor model.4

! Antagonists are compounds that block the binding of an agonist to its receptor, 

and with few exceptions,5-8 are known to lack the internalization properties.9 Because of 

the inability to internalize, one could expect them to be of little interest as radioligands 

for receptor targeting. Consequently, with the exception of very few recent reports, not 

much has been attempted to learn about the usefulness, if at all, of high-affinity 

antagonists for in vivo targeting of tumor tissues. However, it would be worth exploring if 

antagonists may have characteristics other than those related to internalization that may 
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make their labeled derivatives more desirable for in vivo receptor targeting. In cases 

where agonists would stimulate tumor growth and angiogenesis, antagonists may be the 

only choice. A few recent reports that directly address this issue have come from J.C. 

Reubi’s work on somatostatin and bombesin receptors that provide a convincing proof of 

their usability.10-13 Using high-affinity somatostatin receptor antagonists that poorly 

internalized into tumor cells, and the comparable equally high-affinity agonist that 

massively internalized, this group demonstrated that the antagonist performed equally or 

even better than the corresponding agonist in terms of in vivo uptake into tumor in animal 

tumor models.10 The studies were done on both sst2 as well as sst3-selective somatostatin 

analogs. Recently, the same group described a follow-up work with bombesin receptor 

and its ligands to verify the observation made before on a different G-protein coupled 

receptor.11 With a potent radiolabeled bombesin agonist and with a comparably potent 

radiolabeled antagonist, they investigated their in vitro and in vivo characteristics in the 

same assays, under identical conditions and using the same batch of cells. In the human 

PC3 xenograft-bearing SCID mice, the results pointed to a higher and faster tumor uptake 

by as much as 4.4-fold (within 4 hours), better tumor-to-kidney ratio (3.6 !  agonist)‡, 

longer tumor washout times i.e., higher retention of radiolabeled GRP receptor 

antagonists, and faster washout from physiological targets such as pancreas, when 

compared to a similar high-affinity agonist. It is not clear why or how antagonists could 

exhibit these characteristics, although there are few other reports on antagonists that 

provide some precedence and may put these results in perspective. For example, a 
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handful of reports during the last decade provide in vitro evidence that in certain 

circumstances, antagonist radioligands could label a higher number of receptor-binding 

sites than the agonists counterparts.14,15 Further, it has been shown that some antagonists 

tend to have extremely slow dissociation rates from the receptor (“insurmountable 

antagonism” & “prolonged receptor protection”), an ability that has been proposed to 

contribute to their long-lasting clinical actions.16-18 Antagonists are often derived from 

peptide agonists by structure-activity studies, and because of their peptidomimetic or 

non-peptide structure, they are often more chemically stable and less degradable than 

agonists and may be less affected by membrane-bound enzymes.19-21 More investigations 

are needed to confirm and generalize if an agonist that triggers a strong internalization but 

binds to a limited number of high-affinity receptor conformation is a less effective 

targeting agent than an antagonist that lacks internalization capabilities but could bind to 

a large variety of receptor conformations.

! One of the intriguing aspects of GPCR oligomerization, constitutive or ligand-

mediated, is the observation that the receptor oligomer assembly selectively modulates 

the functional activity and the endocytotic properties (and hence the internalization 

characteristics) of the distinct receptors. For example, an earliest instance of the effect of 

bivalency in this context has been the study on a reversible association of an antibody 

with two Gonadotropin releasing hormone (GnRH) antagonists to form a non-covalent 

dimeric complex.22 This dimerization converted the dimeric antagonist complex into an 

agonist against the GnRH receptor, leading the authors to conclude that the receptor-

induced clustering was sufficient to activate the receptor and promote second messenger 
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production. In the mid- 1990s, a similar study using chemically cross-linked dimeric 

antagonists of the melanocortin-stimulating hormone (MSH) receptor, and the bombesin 

receptor, demonstrated that these bivalent ligands also behaved as agonists, which led 

Carrithers and Lerner to conclude that receptor dimerization may be sufficient to initiate 

signaling.23,24 In an another example where ligands with either two antagonists or an 

agonist and an antagonist of 5-HT1 receptor were bridged with different linker lengths, 

most of these ligands were shown to have sub-nanomolar affinities but turned out to be 

partial agonists in intrinsic activity assays.25 Further examples of this peculiar behavior of 

oligomeric complexes comes from their receptor internalization studies. For instance, it is 

known that the !-opioid receptor undergoes efficient etorphine-mediated internalization, 

whereas the ! subtype does not. Upon co-expression of these two receptors, the extent of 

!-receptor internalization was observed to be significantly less, suggesting that the !-

receptor gets retained on the cell-surface due to heterodimerization with !-receptor.26 

Similarly, exposure of cells co-expressing the !- and "-opioid receptors to the "-selective 

agonist DAMGO resulted in accentuated internalization. However, exposure of the same 

cells to DPDPE, a !-selective agonist, led to reduced desensitization and internalization 

as compared to the "-receptor expression alone.27 In both cases, no changes in affinity for 

either agonist was detected. Apparently, these heterodimeric receptor complexes undergo 

internalization with a profile intermediate between the individual receptors. These reports 

provide a paradigm shift from our understanding of monovalent ligand-GPCR binding 

and signaling mechanism. 
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! This unique behavior of antagonists may be worthwhile to explore. The 

combination of an agonist and an antagonist in the multivalent ligand could help in 

exploiting the beneficial properties of both agonist and antagonist, i.e., higher tumor 

uptake with an antagonist coupled with the agonist-mediated internalization, to whatever 

limited extent it might be. Further, as a general rule, it may still be beneficial to use 

agonists to promote internalization of multivalent constructs. However, in cases where 

internalization of multivalent ligand is slowed down significantly due to the involvement 

of a internalization-resistant receptor, it may be more prudent to employ an antagonist for 

that receptor to increase the tumor uptake of the ligand and compensate for slowed 

internalization. Finally, the properties of multivalent ligands are only recently being 

vigorously investigated and much is still unknown, making it imperative to explore more 

about their behavior.
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3.2. DESIGN OF HETEROBIVALENT LIGANDS COMPRISING AN 

ANTAGONIST – AGONIST COMBINATION

! To build the desired antagonist/agonist heterobivalent ligand using the modular 

solid-phase peptide synthesis approach described in Chapter 2, an MSH antagonist and a 

CCK agonist were chosen initially as the binding motifs since a peptide based CCK-2R 

antagonist readily amenable to modification on solid-phase is not known,28-30 whereas 

numerous peptide based agonists and antagonists of MSH are known.31-35 The very 

common non-specific antagonist at MC3R and MC4R is a cyclic derivative of "-MSH, 

known as SHU-9119 (Table 3.1).35 Numerous analogues of this ligand have been 

prepared during the last 15 years. MBP-10, des-His6-des-Nle4-des-amino-SHU9119, is 

one such ligand with succinic acid substituted for Asp to afford cyclization.36,37 This 

ligand provides synthetic ease as SHU-9119 sequence has been reported to be susceptible 

to succinimide formation by #-carboxyl group of Asp residue and the subsequent ring 

opening to form both "- and #-peptide products.38,39 MBP-10 ligand possesses similar 
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Table 3.1. Antagonists and partial agonists at human Melanocortin-4 receptor (hMC4R).

Comp. Sequence Ki (nM) EC50 (nM)

SHU-9119
Ac-Nle4-NH-CH-CO-His6-DNal(2')7-Arg8-Trp9-Lys10-NH2

CH2-CO
0.64 pA2 9.8

MBP-10
CH2-CO-DNal(2')

7-Arg8-Trp9-Lys10-NH2

CH2-CO
0.5 pA2 8.2

JK7 Ac-Nle-Gly-Lys-DNal(2')7-Arg8-Trp9-Gly10-NH2 0.25 pA2 9.7

JK49 Ac-Gly-Gly-Lys-DNal(2')7-Arg8-Trp9-Gly10-NH2 1.6 13 (16%)



affinity and a higher selectivity than SHU-9119 at the hMC4R. Linear peptide based 

ligands have also been reported recently that have similar binding affinities. For example, 

JK7 has been shown to be a selective hMC4R antagonist and active in vivo as determined 

in a grooming assay and a neuropathic pain model in rats. A point mutation in the 

sequence on the N-terminal leads to a partial agonist (JK49).40 

! Since a CCK agonist requires a free C-terminal amide for binding, this 

necessitated the assembly of the CCK ligand on the resin first, followed by assembly of 

the MSH ligand. The use of MBP-10 (or for that matter, JK7 and JK49) as MSH 

antagonist easily lends itself to this design, since the linear sequence can be easily built. 

The ring closure can then be easily afforded by amide cyclization of a lysine side chain 
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Figure 3.1. Antagonist – agonist series of heterobivalent ligands. Series I was initially designed based on 

the assay work on co-expressing cell line with higher hMC4R abundance (hMC4R > CCK-2R, Table 2.2). 

When tested for monovalent binding, the MBP-10 ligand displayed weak binding affinity (IC50 ~ 1 µM) 

(see main text). Series II was designed based on the assay work performed on CCK-2R > hMC4R cell lines 

(Table 2.3), using the best linker from these results. 



and a succinic acid linker at the N-terminal of the peptide. Series I in Figure 3.1 shows 

two probes that were initially chosen to investigate the use of antagonist ligands in a 

multivalent setting. For the choice of suitable linker to connect these two ligands, a 

PEGO linker and PEGO-[PG]3-PEGO linker was chosen, taking cues from the previous 

work on Series I of agonist-agonist heterobivalent ligands in Chapter 2 and tested on co-

expressing cell lines with higher hMC4R abundance (hMC4R > CCK-2R; Table 2.2). 

! Based upon the biological results from this series, two more heterobivalent 

constructs were synthesized more recently with linear analogues of MSH antagonists , a 

full antagonist, JK7, and a partial agonist, JK49 (Series II in Figure 3.1). The 

heterobivalent ligand and linker design was based on the work done on co-expressing cell 

lines with CCK-2R > hMC4R (Chapter 2, Table 2.3), where the ligands with PEGO-

[PG]6-PEGO and longer linkers demonstrated higher binding enhancement. CCK-8 was 

used as a ligand for CCK-2R in order to observe maximum enhancement for the lesser 

abundant receptor hMC4R in this co-expressing system. Further, the [PG]6 linker region 

was modified slightly to contain a lysine replacement for one of the glycines in the Pro-

Gly repeats in order to use it for further modification with fluorescent labels, etc (see 

Chapter 6 on linkers for choice of lysine substitution). Since the enhancement in this 

series was observed for MSH ligands, it was deemed pertinent to use a high-affinity 

ligand (CCK-8) for CCK-2R with slower off-rate so as to increase the residence time of 

the bivalent construct during which the MSH ligand can bind. The biological evaluation 

should reveal if this influences the maximal affinity enhancement that can be observed.
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3.3. SYNTHESIS

! Scheme 3.1 shows a representative example of synthesis of a heterobivalent 

ligand with MBP-10 antagonist of melanocortin receptor and CCK-6 agonist of 

cholecystokinin receptor (3.1 & 3.2). Starting from resin 2.38 with CCK-6 peptide and 

the PEGO linker coupled on the free N"-termini of peptides as described in Scheme 2.1, 

the resin was split into two halves. The amino acid couplings of proline and glycine were 

continued on one-half of the resin to build the Pro-Gly linker, followed by another PEGO 

linker coupling step. At this stage both resins were coupled with Fmoc-Lys(Aloc)-OH, 

Fmoc-Trp(Boc)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-DNal(2’)-OH. N"-Fmoc protection was 

removed and succinic acid was coupled to the free N"-termini using a 6-fold excess of 

succinic anhydride and a 6-fold excess of diisopropylethylamine (DIEA) in DMF. The 

reaction completion was verified by Kaiser test. The resin was then washed multiple 

times with DCM, DMF, DCM, and finally with dry, oxygen-free DCM (argon-flushed). 

The Aloc deprotection was accomplished using tetrakis(triphenylphosphine)pladium[0] 

(Pd[0]TPP4) and a ‘pro-nucleophilic’ scavenger such as dimethylbarbituric acid (DMBA) 

in dry DCM under argon atmosphere (2 #  30 min).41,42 The resin was then washed with 

DCM, DMF, 5% DIEA in DMF, DMF, 1% sodium diethyldithiocarbamate trihydride in 

DMF, DMF, 5% piperidine in DMF, DMF, 0.2 M HOBt in DMF, and finally with DMF 

Subsequently, the cyclization step was performed with 6-fold excess of HOCt and 6-fold 

excess of DIC in DMF (Scheme 3.1 and Figure 3.2). The resin was heated in a 

microwave to speed up the reaction, promote intramolecular cyclization and minimize 
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Scheme 3.1. Synthesis of a representative heterobivalent compound 3.2 with MBP-10 antagonist and 

CCK-6 agonist.



any inter-peptide dimerization on the resin (inter-peptide amide bond formation). This 

was done as 3-4 seconds of heating cycles, followed by cooling the resin to room 

temperature by stirring (approx. 4-5 minutes). The reaction completion was tested by 

Kaiser test and analytical HPLC using a small amount of cleaved peptide. For peptides 

3.3 and 3.4, Lys(Mtt) was used for the JK7 and JK49 ligands to afford protection-free 

residue after cleavage from resin, and Lys(Aloc) was used in the linker region (PGPGPK) 

to provide an orthogonal protection for later modifications on the resin. Prior to cleavage 

of peptides from the resin, the Aloc protection was removed from the lysine in the linker 

as described above. Finally, the peptides were cleaved from the resin with 82.5% TFA, 

5% H2O, 5% triisopropylsilane, and 5% thioanisole and 2.5% ethanedithiol. The crude 

peptides were then purified by preparative HPLC in an acetonitrile-water gradient, and 

lyophilized to get purified compounds. See Table 3.3 in Experimental Section for HPLC 

and MS characterization.
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Figure 3.2. Cyclization of 

MBP-10 antagonist monitored by 

analytical HPLC at 280 nm. (A) 

HPLC of linear chain intermediate 

3.6 after Aloc deprotection (B) 

HPLC after cyclization with HOCt 

and DIC reagents and intermittent 

heating with microwave. 



3.4. BIOLOGICAL EVALUATION

! Compound 3.1 and 3.2 were tested on mono or dual-expressing cell lines with 

CCK-2R > hMC4R, as described earlier (Section 2.4.3). Table 3.2 shows the binding 

evaluation results for these compounds. Interestingly, whereas CCK-6 peptide in these 

bivalent constructs exhibited the anticipated low nanomolar binding affinity (although 

with no binding affinity increase as expected for the higher abundant receptor), MBP-10 

ligand motif displayed very weak affinity, an average IC50 of 1 "M, for hMC4R. Further, 

there seems to be a significant variation among the monovalent binding of MBP-10 for 

compound 3.1 and 3.2. Monovalent MBP-10 has been reported in the literature to be a 

sub-nanomolar binder, selective for hMC4R, and with full antagonist profile (Table 3.1).  

Therefore, it is not clear if this can be interpreted as something unique to the antagonist – 

agonist combination or if this is a result of interference in binding of the MBP-10 ligand 

by the linker region. Whereas His-DPhe-Arg-Trp, the pharmacophore sequence of MSH 

ligands, is known to be highly relaxed in terms of its modification and placement in the 
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Table 3.2. Binding data of heterobivalent ligands 3.1 and 3.2 tested for crosslinking in HEK293/hMC4R/

sCCK-2R system (CCK-2R > hMC4R)

No. IC50 (nM) of CCK-6aIC50 (nM) of CCK-6a Fold 

Increasee

IC50 (nM) of MBP-10aIC50 (nM) of MBP-10a Fold 

Increasee

No.

CCK-2Rb hMC4R/CCK2Rd

Fold 

Increasee

hMC4Rc hMC4R/CCK-2Rd

Fold 

Increasee

3.1 14 51 0.3 111 830 0.13

3.2 22 21 1.1 1420 1259 1.13

[a] IC50 concentration in nM from at least 4 independent experiments reported. Values in parentheses represent the 95% 

confidence intervals of the IC50 values. [b] Binding data from competition  with Eu-DTPA-CCK-8 (unsulfated) against 

CCK-2R expressing cells. [c] Binding data from competition with Eu-DTPA-NDP-#-MSH against  hMC4R expressing 

cells. [d] Binding data from competition with either Eu-DTPA-CCK-8 (unsulfated) or Eu-DTPA-NDP-#-MSH against 

cells expressing both CCK-2R and hMC4R. [e] “Fold Increase”  is the ratio of IC50 values between single- and dual- 

expressing cell lines.



peptide sequence to exhibit binding,43-45 it is likely that this is true only for linear peptide 

sequences. This minimal sequence when placed in a cyclized scaffold, with lesser degrees 

of freedom, might encounter a problem in orienting the appropriate conformation due to 

steric hindrance from the linker region.

! With these contradicting results, it was reasoned that a linear MSH antagonist 

should be explored initially in these bivalent constructs. Therefore, compound 3.3 and 3.4 

were synthesized incorporating a full antagonist, JK7, and a partial agonist, JK49 into the 

heterobivalent ligand. These compounds will be tested in the near future for its binding 

affinity for each receptor in the mono and dual-expressing cell lines. If a ligand with 

considerable binding affinity and enhancement is obtained, it can be followed up for 

further exploration using functional assays. The new linker allows modification in the 

linker region. Thus, the best ligand could be labeled with Cy5 for further testing for 

internalization and other studies. 
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3.5. EXPERIMENTAL SECTION

Materials

! N"-Fmoc protected amino acids and Fmoc-Rink linker were purchased from 

SynPep (Dublin, CA) or from Novabiochem (San Diego, CA). The following side chain 

protecting groups were used for the amino acids: Arg(Ng-Pbf), Asp(OtBu), Lys(N#-Aloc), 

Lys(N#-Mtt), Trp(Ni-Boc), and Tyr(tBu). Tentagel resin was acquired from Rapp 

Polymere (Tubingen, Germany). HOBt, HOCt, DIC, and HBTU were purchased from 

IRIS Biotech (Marktredwitz, Germany). Carbonyldiimidazole, 

Tetrakis(triphenylphosphine)palladium[0], and 1,3-dimethylbarbituric acid (DMBA) 

were acquired from Sigma-Alrich (Milwaukee, WI). Diglycolic anhydride and 4,7,10-

trioxa-1,13-tridecanediamine were acquired from TCI America (Portland, OR). Peptide 

synthesis solvents, dry solvents and solvents for HPLC were reagent grade, were acquired 

from VWR (West Chester, PA) or Sigma-Aldrich (Milwaukee, WI), and were used 

without further purification unless otherwise noted. The polypropylene syringes equipped 

with frit and the Domino manual synthesizer were obtained from Torviq (Niles, MI). The 

C-18 Sep-Pak® Vac RC cartridges were purchased from Waters (Milford, MA). 

General Method for Solid-Phase Synthesis

! Solid-phase syntheses were carried out in polypropylene syringes (5-20 mL) fitted 

with polyethylene porous disks. Solvents and soluble reagents were removed by vacuum 

to dry the resin. Peptides were synthesized on Tentagel Rink amide resin (initial loading 
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0.2 mmol/g) using N!-Fmoc protecting groups and a standard DIC/HOCt or HBTU/

HOBt activation strategy. The resin was swollen in THF for an hour, washed with DMF, 

and Fmoc protecting group removed with 20% piperidine in DMF (2 min + 20 min). The 

resin was washed with DMF (3X), DCM (3X), 0.2 M HOBt in DMF (2X), and finally 

with DMF and the first amino acid coupled using pre-activated 0.3 M HOCt ester in DMF 

(3 eq. of N!-Fmoc amino acid, 3 eq. of HOCt and 6 eq. of DIC). An on-resin test using 

Bromophenol Blue was used for qualitative and continuous monitoring of reaction 

progress, and Kaiser test for quantitative monitoring of reaction completion (see Section 

2.5 for monitoring tests). To avoid deletion sequences, the double coupling was 

performed at all steps with 3 eq. of amino acid, 3 eq. of HBTU and 6 eq. of DIEA in 

DMF. The unreacted NH2 groups on the resin thereafter were capped using an excess of 

50% acetic anhydride in pyridine for 5 min. When the coupling reaction was finished, the 

resin was washed with DMF, and the same procedure was repeated for the next amino 

acid until all the amino acids were coupled. The PEGO spacers were introduced as 

follows. The N-terminal of the peptide on resin was coupled with the glycolic acid spacer 

using 10 eq. of diglycolic anhydride in DMF (10 mL per 1 g of resin) for 5 min. The resin 

was washed with DMF (3X), with the last washing with dry DMF (1X), and the free 

carboxylic groups were activated using 10 eq. of carbonyldiimidazole in dry DMF for 30 

min. The resin was washed with dry DMF (3X), and the PEG diamine coupled using 20 

eq. of 4,7,10-trioxa-1,13-tridecanediamine in dry DMF for 30 min (vigorous vortexing 

for first 5 minutes).
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! For cyclization of MBP-10, N"-Fmoc protection was removed from DNal(2’), and 

succinic acid was coupled to the free N"-termini using 6-fold excess of succinic 

anhydride and 6-fold excess of diisopropylethylamine (DIEA) in DMF. The reaction 

completion was verified by Kaiser test. The resin was then thoroughly washed with DMF, 

DCM, and finally with dry oxygen-free DCM (argon-flushed). The Aloc deprotection was 

carried out with Pd[0] reagents as follows: 0.5% w/v  of 

tetrakis(triphenylphosphine)palladium[0] (Pd[0]TPP4; MF: 1155.56 g/mol) and 3% w/v 

of dimethylbarbituric acid (DMBA; MW: 156.14 g/mol) were dissolved in DCM (10 mL 

per 1 g of resin). The resin was washed with dry, oxygen-free DCM (argon-flushed), and 

treated with the deprotection reagent mixture (2 #  30 min). The resin was washed with 

DCM (3X), DMF (3X), 5% DIEA in DMF (3X), DMF (2X), 1% sodium 

diethyldithiocarbamate trihydride in DMF (2X, 5 min), DMF (2X), 5% piperidine in 

DMF (2X), DMF (3X), 0.2 M HOBt in DMF (2X), DMF (2X), DCM (3X) and finally 

with DMF. Subsequently, the cyclization step was performed with 6-fold excess of HOCt 

and 6-fold excess of DIC in DMF. In order to speed up the intramolecular cyclization 

reaction and minimize any inter-peptide dimerization of peptides on the resin, the 

reaction was heated in a microwave. This was accomplished with 3-4 seconds of 

microwave heating cycle, followed by stirring the resin until it cooled to room 

temperature, and then repeating the microwave heating cycle until reaction completion 

(about 7 heating cycles required for MBP-10). The reaction completion was tested by 

Kaiser test. In case of compound 3.3 and 3.4, following final amindo acid addition, the 

N"-termini were acetylated with excess of 50% acetic anhydride in pyridine. The Aloc 
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protection from lysine in the linker region was removed as described before. The 

compounds were then cleaved from the resin with cocktail of TFA (82.5%), water (5%), 

triisopropylsilane (5%) and thioanisole (5%) and ethanedithiol (2.5%) (10 mL per 1 g of 

resin) and stirred for 3 h at room temperature. The crude peptides were isolated from the 

resin by filtration, the filtrate was reduced to low volume by evaporation using a stream 

of nitrogen, and the peptides were precipitated in ice-cold diethyl ether, centrifuged, and 

washed several times with ether, dried, dissolved in water and lyophilized to give off-

white solid powders that were stored at -20°C until used. The peptides were purified by 

preparative HPLC and/or gel filtration as described before. The yields of the crude 

peptides were up to 70% based on the resin weight gain, and overall, the purified yields 

for the syntheses were up to 40% based on the loading of the resin.

HPLC Analysis, Size Exclusion Chromatography and Peptide Concentration 

Determination 

! The purity of final products was analyzed using Waters high-performance liquid 

chromatography (HPLC) apparatus and with a Vydac C18 reverse phase column (dia " 

length: 4.6 mm "  150 mm, pore size: 3 #m). Buffer A was water with 0.1% TFA and 

buffer B was acetonitrile with 0.1% TFA. Peptides were analyzed using a linear gradient 

of buffer B under various gradient conditions at a flow rate of 0.3-1 mL/min and the 

separations monitored at 220 and 280 nm. Purification of compounds was achieved using 

a Waters 600 HPLC apparatus equipped with a Vydac C18 reverse phase column (22 mm 
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!  250 mm, 5"m) with similar buffers under optimized gradients and 3-10 mL/min flow 

rate. The separations were monitored at 230 and 280 nm. 

# Size exclusion chromatography was performed on a borosilicate glass column 

(2.6 mm !  250 mm, Sigma, St. Louis, MO) filled with medium sized Sephadex G-25 or 

G-10. The compounds were eluted with an isocratic flow of 1.0 M aqueous acetic acid. 

# The lyophilized final products were dissolved in DMSO for bioassay. The peptide 

concentrations were determined by monitoring absorbance of peptides (initial conc. 1-5 

mM) against 0.5 mM solutions of DTrp in DMSO at 280 nm. Co-injections of peptide and 

DTrp were made on analytical HPLC with a number of different volumes. The peptide 

concentration was calculated from averaged area under the peaks using the formula given 

here. 

where $280 of compound was calculated by summation of extinction coefficients of all  

Trp ($280=5500) and DNal ($280=5000) residues and normalizing the value to one DTrp. 

Other components do not absorb significantly at this wavelength. 

Decontamination of Eu from the peptides

! A decontamination protocol was developed for the peptides that were accidently 

contaminated with free Eu during sample preparation. The peptides were dissolved in 15 

mL of 0.5 mM of EDTA solution (pH 8.0) and incubated at 40% for 30 min. Separately, 

a C18 Sep-Pak® cartridge was conditioned with seven column volumes each of 
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Peptide Conc. =  

Abs. of comp.[ ]

Abs. of DTrp[ ]
 !  

0.5

"280  of comp.

 !  

Vol. of DTrp

Vol. of comp.



acetonitrile, methanol, water and finally with 0.5 mM EDTA solution, in that sequence. 

The peptide solution was then passed through the column to load the peptide. The column 

was washed with 15 mL of 0.5 mM of EDTA solution (3X), 15 mL of water (3X), 15 mL 

of 5% acetonitrile in water (1X), and the peptide was finally eluted with 50% acetonitrile 

in water, and lyophilized. The resulting peptides were found to be free of Eu 

contamination as measured by DELFIA™ assay.

Mass Spectrometry

! Mass spectra of positive ions were recorded either with a low resolution ESI mass 

spectrometer (Finnigan, Thermoquest LCQ ion trap instrument, Lake Forrest, CA,) or 

using high resolution Fourier transform mass spectrometer (FT-ICR MS, Bruker Apex 

Qh, Bremen, Germany) equipped with an ESI source. For internal calibration, an 

appropriate mixture of standard peptides was used with an average resolution of ca. 

60,000 on the FT-ICR instrument.
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Table 3.3. HPLC & MS data of heterobivalent compounds 3.1 - 3.4 

Compound Mass Calculateda Mass Found tR (Purity %)d K’

3.1 (C92H125N19O20) 1815.9348 (M+1)1+ 908.9807b (M+2H)2+ 12.8 (94) 5.8

3.2 (C127H181N27O32) 2596.3366 (M+1)1+ 866.4619b (M+3H)3+ 15.4 (98) 7

3.3 (C173H251N39O45) 3594.8551 (M+1)1+ 1224.9c (M+H+2K)3+ 14.4 (99) 7.2

3.4 (C169H243N39O45) 3538.7925 (M+1)1+ 1180.5c (M+3H)3+ 13.7 (95) 6.6

[a] Exact Mass calculated based on most  abundant isotope of each element; [b] FTICR-MS; [c] ESI-MS; [d] 10-90% B 

gradient in 30  min; HPLC eluents: Phase A is 0.1% TFA in water; Phase B is 0.1% TFA in acetonitrile; tR is the 

retention time of compound peak in HPLC; (purity of final product in percentage is given in parenthesis); K’ is 

retention time of compound peak/retention time of solvent peak.



CHAPTER 4

HOMOTRIVALENT LIGANDS
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4.1 INTRODUCTION

! Many systems in nature rely on the properties of multivalency as a way to 

modulate the biological effects of protein-ligand interactions. Interactions between 

biological molecules drive a vast variety of cellular processes and span a wide range of 

strength and complexity. Perhaps the most well known of these effects are those that 

mediate the process of intracellular adhesion1,2 and adaptive immune response,3,4 where 

the interactions are driven primarily by high avidity imparted by the use of multiple 

binding events. Thermodynamically, the binding of a multivalent ligand to adjacent 

receptors on the cell surface is similar to the chelate effect, and each succeeding reaction 

or interaction (e.g., binding of the second antibody arm to an adjacent epitope) is more 

favorable because the maximum entropic penalty is paid by the first binding interaction 

while the later interactions incur minimum loss. Based on the entropic effects of avidity, 

multivalency can theoretically increase apparent binding affinity (but not the inherent 

binding affinity) of a monovalent ligand by several orders of magnitude (see Section 1.1 

and references therein). 

! In the past several years, these type of interactions have been increasingly 

investigated in the design of potential drug molecules. Through the effects of avidity, 

homomultivalency has been used to enhance the apparent affinity of small molecule 

ligands for their binding sites, either through local concentration effect or through 

chelation of two or more adjacent receptors. Current approaches include the synthesis of 

few copies of a ligand joined by flexible linkers,5-7 or more generally, by the attachment 
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of a large number of monovalent ligands on a selected backbone such as polymers/

oligomers,8-10 membranes,11 and dendrimers12. Alternatively, bivalent ligands have been 

developed for a variety of G protein-coupled receptor or other protein targets that interact 

with neighboring binding sites on a single receptor,13,14 or on neighboring binding sites of 

a receptor homodimer or heterodimer of the receptor subtypes.15-18 Whether binding to 

the constitutive dimers/oligomers, or crosslinking multiple receptors by clustering, these 

high-affinity and low molecular weight constructs could have wide applications in 

disease diagnosis, prevention and treatment.19,20 

! The melanocortin receptors are a class of GPCRs that have attracted attention due 

to their potential as targets for drugs of potentially high therapeutic utility. As described 

in Section 2.1, five types of melanocortin receptor subtypes are known, which vary in 

their tissue distributions and are involved in variety of different regulatory body 

functions. Further, it has been reported that >80% of human melanoma tumor samples 

obtained from patients with metastatic melanoma bear upregulated "-MSH receptors, 

namely the melanocortin type I receptor (hMC1R).11,21 Various endogenous and synthetic 

ligands such as "-MSH, NDP-"-MSH, various NDP-"-MSH fragments, and the minimal 

biologically active sequence His-Phe-Arg-Trp, all bind to melanocortin receptors (agonist 

at both MC1R and MC4R), enabling the use of labeled "-MSH peptide analogues as 

specific melanoma diagnostic and therapeutic agents. Malignant melanoma has become a 

severe public health problem because of an increase in incidence and the difficulties in 

discovering and treating melanoma metastases. Several, "-MSH analogues are presently 

being studied for high receptor affinity and stability that can make them as attractive site-
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specific delivery vehicles for radionuclides, toxins, and chemotherapeutic molecules. The 

development of radiolabeled !-MSH receptor targeting ligands for melanoma diagnosis 

and therapy is attractive, since receptor agonists are rapidly internalized upon binding. 

NDP-!-MSH analogues are especially suitable since they are enzymatically stable and 

therefore, have longer plasma half-life (Met4 and Phe7 residues are replaced by Nle and 

D-Phe, respectively), more potent than !-MSH, and have prolonged biological activity. 

Recently, several !-MSH analogues radiolabeled by direct halogenation22 or by 

complexation of 111In, 67Ga/68Ga and 64Cu with DOTA/DTPA type chelators23, have been 

investigated for melanoma-specific targeting. Despite the good tumor uptake shown by 

those radionuclide complexes in melanoma-bearing mice, their potential use as targeting 

agents is limited due to high kidney retention and considerable hepatobiliary excretion. 

Therefore, it is imperative to improve pharmacokinetics by using more hydrophilic 

components and/or using different scaffolds and spacers.

" Targeting drugs to specific cells by conjugating drug to an antibody or ligand for a 

cell surface receptor presently requires unique overexpression of the protein by the target 

cell. In reality, however, non-targeted tissues also expresses the same receptor type at 

normal or low levels. We had hypothesized that the heteromultivalent ligands would 

show enhanced avidity and specificity even when the targeted cell does not uniquely 

overexpress any one receptor.24 This has been confirmed by the experimental results 

presented in Chapter 2 (also see Section 7.2), as well as by the mathematical modeling 

studies of Caplan and Rosca25, ‡  on the binding of multivalent ligands to cell-surface 
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‡ Prof. Michael R. Caplan (Arizona State University) is a collaborator on this multivalent project.



proteins. Further, Caplan and Rosca’s theoretical model shows that homomultivalent 

ligands should also exhibit enhanced binding compared to monovalent ligands when 

targeted against the same ratio of receptors on targeted vs non-targeted cells. In their 

theoretical models, they showed that increasing the valency of the ligand not only 

increases the specificity (Figure 4.1A) but also lowers the number of receptors required 

on the cell-surface to observe higher specificity (Figure 4.1B). It must be noted that 

although there is no inherent specificity in the homomultivalent binding interactions, this 

increased specificity is observable on the macroscopic level because of the increased 

number of ligand-receptor interactions on cells that expresses higher number of receptors. 

In this context, homomultivalent ligands could be useful for raising the specificity beyond 
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Figure 4.1. Modeling studies on binding specificity of tetravalent, trivalent, bivalent, and monovalent  

constructs targeted to population of cells with receptor ratio of 1.5. Tetravalent (thin solid line); 

Trivalent (thin dashed line); Bivalent (thick solid line); and Monovalent (thick dashed line). (A) Binding 

specificity vs log of ligand conc. for homovalent constructs, where the two receptor numbers are RA0 = 

6000, and RB0 = 4000. At ligand conc. below Kd (1 nM here), the greatest specificity is exhibited in the 

order tetravalent > trivalent > bivalent > monovalent. (B) Binding specificity vs receptor number (or 

density) on the targeted cell. Model results show that targeting a cell needs at least few hundred copies of 

receptor to see any differentiation in binding from multivalent constructs. A bivalent constructs would show 

the greatest specificity when RA0 > 100,000, trivalent when RA0 ~ 18,000, and tetravalent when RA0 ~ 6,000 

(the ratio of RA0/RB0 again fixed to 1.5). Note that the monovalent construct exhibits specificity equal to 1.5, 

which is the ratio of receptor over-expression, at all receptor numbers. Thus, the multivalent ligands can 

provide an advantage where the protein of interest is not highly upregulated in the targeted cell, all other 

factors being equal.(Images reproduced with permission from ref. 25)



what is permissible for monovalent ligand binding. Further, homomultivalent ligands 

could provide more efficient targeting than a monovalent ligand would, in cases where an 

aberrant expression of a cell-surface protein is found but not highly up-regulated 

compared to normal tissue expression. There is also a growing body of biochemical and 

biophysical evidence to suggest that many cell-surface proteins, including G protein-

coupled receptors, cluster in ternary complexes with same sub-type of receptors, with 

other sub-types in a receptor family, or even from distinctly different families.17,26 The 

melanocortin receptor have similarly been reported to form constitutive homo- and 

heterodimers among its subtypes.27 This phenomenon can provide another compelling 
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Figure 4.2. Studying trivalent binding vs monovalent binding. In order to test the binding enhancement 

that can be achieved with heterotrivalent system vs monovalent system (C vs A), homovalent system (D to 

F)  was chosen as a model. Normalizing for the increased valency in homotrivalent system for three units 

and estimating the resultant enhancement could help in understanding the increased avidity of 

heterotrivalent system.  



opportunity to raise the specificity of targeting by constructing homomultivalent 

constructs of MSH ligands. Besides the greater specificity, multivalent ligands can also 

provide improved pharmacokinetics profile by enhanced tissue retention (EPR effect), 

greater plasma half-life due to lower glomerular filtration of medium MW molecules 

(2000 - 5000 Da), and faster clearance from non-binding tissues by providing 

hydrophilicity to the linker region.28

! Our research team has predominantly focused on the application of multivalent 

ligands in cancer, and we hypothesize that even greater specificity in targeting cancer 

cells could be achieved with heteromultivalent ligands (cf homomultivalent and 

monovalent) directed toward unique combinations of cell surface proteins that are 

expressed only on the target cancer cells compared to normal cells (Chapter 1 & 2; also 

see Figure 4.2A-C). By targeting combinations, these ligands can be more specific for the 

cells of interest while circumventing low-affinity nonspecific or specific interactions with 

healthy tissues. However, a critical aspect in investigating the utility of these 

heteromultivalent system is to identify the range of increased binding affinities that can 

be achieved with two, three or four ligands per construct and with varying degree of 

binding affinities of the constituent ligands (e.g., MSH-4, MSH-7 or NDP-"-MSH). This 

binding affinity is also affected by the optimal arrangement of the binding motifs, which 

in turn is influenced by the type of linker and the linker length. Therefore, 

homomultivalent ligands could play an important role in, a) elucidating the influence of 

various such parameters for linking receptor dimers and oligomers; b) to provide a proof-

of-concept that the heterotrivalent constructs would lead to relatively large enhancement 
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in avidity using low-affinity constituent ligands (Figure 4.2C&F vs Figure 4.2A&D); and 

finally c), these homomultivalent ligands could themselves be exploited for early 

diagnosis of melanocortin upregulation in melanoma cancer.21,29,30 This work would be 

further invaluable to extend the findings to heterovalent system, with the real targets 

being investigated in our group for melanoma and pancreatic cancers.

!  
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4.2. DESIGN OF HOMOTRIVALENT LIGANDS OF hMC4R

! In order to demonstrate that multivalent peptide ligands bind to the target 

receptors with increased avidity by apparent cooperativity effect, we had previously 

described ligands containing two or three copies of the MSH-4 ligand (His-DPhe-Arg-

Trp), the minimal binding sequence of melanocortin peptide hormone, "-MSH, that binds 

specifically to the melanocortin receptors.31 These small ligand motifs were connected 

with short linkers such as #Ala-Gly-#Ala (see Table 4.1). The multivalent system 

exhibited increased binding affinity through apparent co-operativity effects. However, 

due to short linker length, the enhanced affinity and positive co-operativity observed in 

these studies were most likely a result of “statistical”  binding, wherein affinity is 

apparently increased through higher ligand valency per molecule (local concentrations 

effect), and not true receptor “clustering”, wherein multiple receptors could be bound by 

the same multivalent ligand (see Figure 1.2). Nevertheless, a remarkable transformation 

of a low-affinity MSH-4 pharmacophoric motif (IC50: 1.1 $M) to a reasonably high-

affinity trivalent ligand (IC50: 24 nM), with comparable binding affinity to NDP-"-MSH, 

was achieved (Table 4.1 and Figure 4.3A). Notably, a 50-fold gain in enhanced binding 

was observed between monovalent and trivalent ligand. In order to improve the 

likelihood that multivalent ligands simultaneously cross-link receptors, more recently, we 

constructed and described a homobivalent system composed of MSH-7 binding motifs 

connected via longer and more flexible linkers.7 The linkers were constructed from Pro-
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Gly repeats and/or PEGO units. These ligands demonstrated a 10 to 20 fold binding 

enhancement compared to their monovalent counterparts (Table 4.1 and Figure 4.3B). 

! The thermodynamic studies on the binding of bivalent antibodies indicate that the 

enhanced avidity of multivalent binding is mainly an entropic contribution, resulting in 

slower off-rates.32, 33 On the other hand, the on-rates of binding of these ligands remain 

largely unchanged. Moreover, every additional anchor (or binding event) leads to 

remarkable drop in off-rates. It has been shown with dynamic force spectroscopic 

measurements of the interaction between a Mucin-1 (MUC1) peptide and a single-chain 
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Table 4.1. Homobivalent and trivalent ligands with short linkers.

Compound Linker Length 

(atoms)

IC50 (nM) Hill Coeff.

Ac-MSH-4-NH2 - 1100 -

Ac-MSH-4-Spacer-MSH-4-NH2 11 143 0.99

Ac-MSH-4-Spacer-Lys(Ac-MSH-4)-Spacer-MSH-4-NH2 18-25-18 24 1.56

MSH-4: His-DPhe-Arg-Trp; Spacer: "Ala-Gly-"Ala; 18-25-18 represents the end-to-end distance of the 

spacer along the three sides of the triangle.

Table 4.2. Homobivalent ligands with long linkers composed of Pro-Gly repeats.

Compound Linker Length 

(atoms)

IC50 (nM)

Ac-(Pro-Gly)3-MSH-7-NH2 18 99 ± 13

Ac-(Pro-Gly)6-MSH-7-NH2 36 82 ± 12

Ac-(Pro-Gly)9-MSH-7-NH2 54 236 ± 24

Ac-(Pro-Gly)12-MSH-7-NH2 72 188 ± 25

Ac-(Pro-Gly)15-MSH-7-NH2 90 428 ± 55

Ac-MSH-7-(Pro-Gly)3-MSH-7-NH2 18 39 ± 8

Ac-MSH-7-(Pro-Gly)6-MSH-7-NH2 36 11 ± 2

Ac-MSH-7-(Pro-Gly)9-MSH-7-NH2 54 15 ± 3

Ac-MSH-7-(Pro-Gly)12-MSH-7-NH2 72 22 ± 3

Ac-MSH-7-(Pro-Gly)15-MSH-7-NH2 90 22 ± 4

MSH-7: Ser-Nle-Glu-His-DPhe-Arg-Trp



variable fragment (scFv) antibody that the off-rate lifetimes of these interactions ranged 

from 4.7 min (Koff: 2.6 !  10-3 s-1) for a monovalent interaction to 3.8 h (Koff: 7.2 !  10-5 

s-1) for a bivalent interaction, and to 320 days (Koff: 3.6 ! 10-8 s-1) for a trivalent 

interaction.34 Similarly, a synthetic divalent and trivalent system of receptor and ligand 

derived from vancomycin and DAla-DAla (DADA) (Kd ~ 1 µM), respectively, was 

demonstrated to have binding constant, Kd of 1.1 nM for bivalent ligand, and 4 ! 10-17 M 

for trivalent ligand, which is about 25 times tighter than a biotin-avidin interaction, the 

strongest known so far in nature.35,36 Interestingly, whereas the first increase in bivalent 

binding was about 1000 fold, it increased about 100 million fold on the subsequent 

binding event. These findings indicate that with adequately spaced trivalent ligand, one 

might observe a precipitous drop in IC50 values from these constructs. However, note that 
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Figure 4.3. Homomultivalent ligands binding evaluation. (A) Multivalent ligands of MSH-4 

pharamacophore connected by short linkers were synthesized (see ref 31) and compared for their binding 

affinity to NDP-"-MSH, a highly potent ligand for human melanocortin-4 receptor (hMC4R). Nearly 50 

fold increase in binding affinity was observed with the homotrivalent ligand when compared to monovalent 

MSH-4. However, this enhancement might be partly or wholly reflective of local concentration effect (see 

Figure 1.2C). (B) Homobivalent ligands were constructed with longer linkers to allow both ligands to bind 

simultaneously. Corresponding monovalent ligands with the linker were also built (see Table 4.2) to 

estimate the influence of linker on monovalent binding of MSH-7 (dotted line), and the enhancement 

attained with bivalent binding (solid line). Approximately 20-fold higher binding was noticed with bivalent 

ligands (see ref 7).



as remarkable as the tight binding in these examples may be, these results represent a 

chelation model (e.g., metal-organic chelate)33 and can not truly be extrapolated to 

multivalent binding in a biological system where the cross-linking of multiple cell-

surface receptors is influenced by various parameters such as off-rates of the multivalent 

ligand and each of its constituent ligands, the diffusion rates of receptors involved, the 

receptor density on the cell-surface, etc. The binding affinities (and functional activities 

thereof) for multivalent ligands cross-linking multiple receptors is mostly modest when 

compared to chelation models.5,32,37,38 A crucial yet often overlooked aspect of 

multivalent drug design is the length, rigidity and chemical composition of the linker 

used to connect multiple binding moieties.39 Therefore, these reports of modest binding 

may presumably be a result of poorly optimized linkers or too closely spaced ligands 

(high epitope density) leading to apparent negative cooperativity effect by steric 

repulsion.40 Similarly, use of polyacid or polyamine linkers (such as polylysine) can 

influence the non-specific binding to cells and skew the results.5 We31 and others6,39 have 

shown that the linker structure affects multivalent binding to a great extent and it is 

desirable to have relatively flexible linker when connecting epitopes, which places lesser 

constraints on binding than a rigid linker.33,41,42 As described in Chapter 2, we have thus 

far been able to get an 80-fold (nearly two orders of magnitude) higher binding with 

bivalent ligands. Therefore, it will be intriguing to see if greater than two orders of 

binding enhancement can be achieved with a trivalent construct that can truly crosslink 

three receptors simultaneously. Further, a judicious choice of the binding motifs to be 

decorated on the multivalent construct is necessary in order to obtain any avidity gains. 
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We have observed previously, and as also described in Chapter 2, that high affinity 

ligands with slow off-rates such as NDP-!-MSH may not yield the expected 

enhancement gains in multivalent settings.43,44 In order to select an optimum ligand and 

linker for trivalent constructs, a small library of four homotrivalent constructs were 

initially built composed of melanocortin ligands, MSH-4 and MSH-7, and connected by 

PEGO linkers. This first series was designed to test the optimum distance needed between 

ligands to crosslink three receptors simultaneously by testing for the compound with the 

best binding affinity. Based on the modeled results, the binding pocket of hMC4R is off-

center, about 15 " from the nearest edge. Therefore, assuming a face-to-face orientation 

of the three pockets, each of the three linker arms would need to be at least 17 " long. 

Each PEGO linker can extend up to 18 " length as estimated from the modeling studies 

(see Chapter 6) and the compound 4.1 and 4.3 should satisfy this requirement (Figure 

4.5). If the binding pockets are arranged away from each other or any orientation in 

between, longer linkers would be required for cross-linking. Therefore, compound 4.2 

and 4.4 were designed with longer linkers (Figure 4.5). Further, the influence of binding 

affinity of the constituent ligands, i.e., MSH-4 and MSH-7, on the binding enhancement 

of the trivalent construct will be noticeable. The best construct from this small set would 
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Figure 4.4. A conceptual model of a receptor 

homotrimer and estimated inter-receptor distances. The 

binding pocket of hMC4R is off-center, about 15 " from 

the edge. If the binding pockets in the trimer are aligned 

facing each other forming roughly an equilateral triangle, 

each arm of linker needed to crosslink would have to be at 

least .~17 " long, and if are arranged away from each 

other, the length required would be longer. 



be used as a starting point to tweak the linker region with a combination of Pro-Gly and 

PEGO linkers to provide more rigidity in the linker arms, and to observe further 

enhancement in binding. Additionally, this compound would be rebuilt to include its 

bivalent and monovalent counterparts by scrambling the sequence of one or two binding 

motifs in these multivalent constructs. This would help in comparing the binding affinity 

of trivalent MSH ligand vs its monovalent and bivalent counterparts, as well as in 

studying the in vivo characteristics (targeting efficiency per increase in valency, rate of 

clearance from the body, etc) of these constructs in tissues with low receptor density (e.g., 

normal cells) and in tissues with receptor upregulation (e.g., tumor tissue).
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Figure 4.5. List of homotrivalent constructs with longer linkers to allow simultaneous binding of the 

three melanocortin ligands. Flexible PEGO linkers were used to connect these ligands. Each PEGO linker 

is 20 atoms and approximately 18 ! long. Diaminopropionic acid was used as a central scaffold to connect 

three ligand arms of the construct.



4.3. SYNTHESIS

! The synthesis of a representative homotrivalent ligand 4.3 consisting of MSH-7 

binding motif connected in a head-to-tail fashion by PEGO linkers is depicted in Scheme 

4.1. The compounds were assembled by parallel synthesis approach using the N"-Fmoc/

tBu strategy of solid-phase synthesis. To avoid deletion sequences in such long peptide 

conjugates, a double coupling approach and N"-capping was performed at each step. 

Starting with a Tentagel Rink amide polystyrene resin (initial loading 0.2 mmol/g), the 

tetrapeptide MSH-4 was constructed with sequential amino acid addition. The resin was 
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Scheme 4.1. Synthesis of homotrivalent ligand 4.3 on Tentagel Rink amide resin.



then divided into two halves for the subsequent synthesis of MSH-7 set of ligands (e.g., 

resin 4.5). At this stage, the N!-terminal Fmoc protecting group was removed and the 

PEGO linker was attached on the N!-termini of the resins as described before (see 

Chapter 2). Each of these resins (e.g., resin 4.6) were again sub-divided into two halves 

and another PEGO linker built on one half of them. Subsequently, Fmoc-Dap(Fmoc)-OH 

(Dap: 2,3-diaminopropionic acid) was coupled to the peptide to provide a branching point 

for the other two arms of the trivalent ligand. The Fmoc protections were removed and 

another set of appropriate number of PEGO linkers (1 or 2) were built on the four resins 

taking into the account the doubled loading capacity at this stage (e.g., resin 4.7). Note 

that diaminopropionic acid provides two branching points for each peptide chain at this 

stage). The amino acid couplings were then resumed to build the remaining two MSH-4 

or MSH-7 ligand arms. Finally, the N!-termini were acetylated and the peptides cleaved 

from the resin (e.g., resin 4.8) with TFA cocktail (82.5% TFA, 5% water, 5% 

triisopropylsilane and 5% thioanisole, and 2.5% ethanedithiol). The final compounds 

were purified by C-18 RP-HPLC and characterized by ESI-MS (see Table 4.3 for HPLC 

and MS data).
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4.4. BIOLOGICAL EVALUATION

! The biological testing of these four homotrivalents ligand is incomplete at present 

and will be completed on Hek-293 cell line overexpressing the hMC4R. These ligands 

will be initially screened for the construct with the best binding avidity, and compared to 

the data we have compiled on homomultivalent ligands in previous studies.7,31 The 

promising compound will be used as a starting point for further follow-up studies by 

synthesizing its bivalent and monovalent counterparts to test the range of affinity 

enhancement per increase in valency in these constructs. To minimize any variation in in 

vivo characteristics (pharmacokinetics) from differently sized compounds, the whole 

constructs (for both monovalent and bivalent compound) will be built similar to the 

trivalent ligand, except that one or two of the MSH-4/MSH-7 motifs will have a 

scrambled amino acid sequence.
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4.5 EXPERIMENTAL SECTION

Materials

! N"-Fmoc protected amino acids and Fmoc-Rink linker were purchased from 

SynPep (Dublin, CA) or from Novabiochem (San Diego, CA). The following side chain 

protecting groups were used for the amino acids: Arg(Ng-Pbf), Glu(OtBu), His(Nim-Trt), 

Ser(tBu), Trp(Ni-Boc), and Asp(OtBu). Fmoc-Dap(Fmoc)-OH (Dap: 2,3-

diaminopropionic acid) was purchased from Bachem (Torrance, CA). Tentagel resin was 

acquired from Rapp Polymere (Tubingen, Germany). HOBt, HOCt, DIC and HBTU were 

purchased from IRIS Biotech (Marktredwitz, Germany). Carbonyldiimidazole was 

acquired from Sigma-Alrich (Milwaukee, WI). Diglycolic anhydride and 4,7,10-

trioxa-1,13-tridecanediamine were acquired from TCI America (Portland, OR). Peptide 

synthesis solvents, reagents, and acetonitrile for HPLC were reagent grade, were acquired 

from VWR (West Chester, PA) or Sigma-Aldrich (Milwaukee, WI), and were used 

without further purification unless otherwise noted. The polypropylene syringes equipped 

with frit and the Domino manual synthesizer were obtained from Torviq (Niles, MI). 

General Method for Solid-Phase Synthesis

! Solid-phase syntheses were carried out in polypropylene syringes (5-20 mL) fitted 

with polyethylene porous disks. Solvents and soluble reagents were removed by vacuum 

to dry the resin. Peptides were synthesized on Tentagel Rink amide resin (initial loading 

0.2 mmol/g) using N"-Fmoc protecting groups and a standard DIC/HOCt or HBTU/
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HOBt activation strategy. The resin was swollen in THF for an hour, washed with DMF, 

and Fmoc protecting group removed with 20% piperidine in DMF (2 min + 20 min). The 

resin was washed with DMF (3X), DCM (3X), 0.2 M HOBt in DMF (2X), and finally 

with DMF. The first amino acid was coupled using pre-activated 0.3 M HOCt ester in 

DMF (3 eq. of Fmoc amino acid, 3 eq. of HOCt and 6 eq. of DIC). To avoid deletion 

sequences, the double coupling was performed at all steps with 3 eq. of amino acid, 3 eq. 

of HBTU and 6 eq. of DIEA in DMF. The unreacted NH2 groups on the resin thereafter 

were capped using 50% acetic anhydride in pyridine for 5 min. The resin was washed 

with DMF (3X), DCM (2X), DMF(1X), and the same procedure was repeated for the 

next amino acid until all the amino acids were coupled. The PEGO spacers were 

introduced as follows. The N-terminal of the peptide on resin was coupled with the 

glycolic acid spacer using 10 eq. of diglycolic anhydride in DMF for 5 min. The resin 

was washed with DMF (3X), with the last washing with dry DMF (1X). The free 

carboxylic groups were activated using 10 eq. of carbonyldiimidazole in dry DMF for 30 

min. The resin was washed with dry DMF (3X), and the PEG diamine coupled using 20 

eq. of 4,7,10-trioxa-1,13-tridecanediamine in dry DMF for 30 min (vigorous vortexing 

for first 5 minutes). Frequently during the synthetic steps, a small amount of peptide was 

cleaved and analyzed by HPLC to monitor the synthesis and purity of the peptide. After 

the final amino acid was incorporated, the Fmoc group was deprotected and the free N!-

termini were capped with acetic anhydride. The resin was washed with DMF (5X), DCM 

(3X) and THF (2X) and dried. A cleavage cocktail (10 mL per 1 g of resin) of TFA 

(82.5%), water (5%), triisopropylsilane (5%), thioanisole (5%), and ethanedithiol (2.5%) 
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was injected into the resin and stirred for 3 h at room temperature. The crude peptides 

were isolated from the resin by filtration, the filtrate was reduced to low volume by 

evaporation using a stream of nitrogen, and the peptides were precipitated in ice-cold 

diethyl ether, centrifuged, and washed several times with ether, dried, dissolved in water 

and lyophilized to give off-white solid powders that were stored at -20°C until used. The 

peptides were purified by preparative HPLC and/or gel-filtration as described before. The 

yields of the crude peptides were up to 80% based on the resin weight gain, and overall, 

the purified yields for the syntheses were 10-40% based on the loading of the resin.

HPLC Analysis, Size Exclusion Chromatography and Peptide Concentration 

Determination 

! The purity of final products was analyzed using Waters high-performance liquid 

chromatography (HPLC) apparatus and with a Vydac C18 reverse phase column (dia " 

length: 4.6 mm "  150 mm, pore size: 3 #m). Buffer A was 0.1% TFA in water and buffer 

B was 0.1% TFA in acetonitrile. Peptides were analyzed using a linear gradient of buffer 

B at a flow rate of 0.3-1 mL/min and the separations monitored at 220 and 280 nm. 

Purification of compounds was achieved using a Waters 600 HPLC apparatus equipped 

with a Vydac C18 reverse phase column (22 mm "  250 mm, 5#m) with similar buffers 

and 3-10 mL/min flow rate. The separations were monitored at 230 and 280 nm. 

! The lyophilized final products were dissolved in DMSO for bioassay. The peptide 

concentrations were determined by monitoring absorbance of peptides (initial conc. 1-5 
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mM) against 0.5 mM solutions of DTrp in DMSO at 280 nm. Co-injections of peptide and 

DTrp were made on analytical HPLC with a number of different volumes and peptide 

concentration calculated from averaged area under the peaks using the formula given 

here. 

where !280 of compound was calculated by summation of extinction coefficients of all 

three Trp residues and normalized to one DTrp (!280=5500). Other components do not 

absorb significantly at this wavelength. 

Mass Spectrometry

" Mass spectra of positive ions were recorded with a low resolution ESI mass 

spectrometer (Finnigan, Thermoquest LCQ ion trap instrument, Lake Forrest, CA).
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Table 4.3. HPLC & MS data of homotrivalent compounds 4.1 - 4.4 

Compound Mass Calculateda Mass Foundb tR (Purity %)c K’

4.1 (C145H205N39O33) 3020.5562 (M+1)1+ 1511.3 (M+2)2+ 15.1 (95) 7.9

4.2 (C187H283N45O51) 3975.0935 (M+1)1+ 994.7 (M+4)4+ 15.6 (97) 8.2

4.3 (C187H274N48O51) 4008.0323 (M+1)1+ 1337.7 (M+3)3+ 17.5 (95) 9.2

4.4 (C229H352N54O69) 4962.5695 (M+1)1+ 1656.1 (M+3)3+ 17.6 (94) 9.3

a Exact Mass calculated based on the most abundant isotope of each element; b ESI-MS; c 0-70% B gradient 

in 30 min; HPLC eluents: Phase A is 0.1% TFA in water; Phase B is 0.1% TFA in acetonitrile; tR is the 

retention time of compound peak in HPLC; (purity of final product in percentage is given in parenthesis); 

K’ is retention time of compound peak/retention time of solvent peak.

Peptide Conc. =  

Abs. of comp.[ ]

Abs. of DTrp[ ]
 !  

0.5

"280  of comp.

 !  

Vol. of DTrp

Vol. of comp.



CHAPTER 5

HETEROTRIVALENT LIGANDS OF hMC4R AND 

CCK-2R AGONISTS
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5.1. INTRODUCTION

! The goal of this multivalent ligand project is to demonstrate the effectiveness in 

targeting using combination of receptors.1 Using a two-receptor combination system, the 

synthesis and bioevaluation of heterobivalent ligands demonstrated nearly two orders of 

magnitude enhancement in binding affinity of the ligand motifs when tested for 

monovalent and bivalent binding. Further, the imaging of a labeled heterobivalent ligand 

(Chapter 2 & 7) gave a concrete evidence that the avidity of the constructs on dual-

expressing cell lines is greatly enhanced as compared to cells expressing only one of the 

receptors. This remarkable heteromultivalency effect has inspired us to broaden our 

approach beyond bivalent ligands, and test a trivalent system. In this context, theoretical 

predictions indicate that three-receptor combinations would provide a higher degree of 

differentiation of cellular surfaces when compared against the two-receptor combination 

model discussed in Chapter 2.2 As outlined in Figure 1.4, combining three different 

ligands of weak affinities, it should be possible to construct compounds that will bind 

with weak affinity to cells expressing one of the complementary receptors and bind with 

strong avidity to cells that express all three complementary receptors, due to the 

multivalency effect. Since heterologous receptors are involved, a strong specificity should 

also be obtainable in the context of this avidity enhancement. In order to accomplish this 

goal of crosslinking three heterologous receptors and also delineate the degree of avidity 

enhancement that can be achieved, we used the two-receptor model system described 

earlier, which was adapted to study a three receptor scenario. Figure 5.1 outlines the 
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approach to crosslink three receptors and a method to evaluate the level of affinity 

enhancement for a given ligand in monovalent and trivalent settings. The multivalent 

construct could be designed in such a way that two of the ligands could be the same 

binding motifs. From a purely binding perspective, without invoking any additional 

variables, it should be possible to compare the monovalent and trivalent binding of the 

third ligand, and make inferences regarding the level of apparent affinity increase for that 

ligand. This level of differentiation should translate to higher avidity and specificity of 

the construct, and allude to the potential of a true heteotrivalent system.

! In order to accomplish this objective, the human melanocortin receptor subtype 4 

(hMC4R), and the cholecystokinin receptor subtype 2 (CCK-2R) were chosen for these 

studies. Initial heterotrivalent ligand (htTVL) design was based on the testing of 

heterobivalent ligands in cells lines with higher hMC4R abundance, i.e., hMC4R > 

CCK-2R system (i.e., Series I in Chapter 2, Table 2.2), and library designed and 

synthesized based on this approach will be discussed.
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Figure 5.1. Investigating heterotrivalent binding. Heterotrivalent binding can be studied in a model 

system expressing only two receptors, by constructing a trivalent construct that bears two ligands of the 

same type, and evaluating the monovalent vs trivalent binding of the third ligand.



5.2. DESIGN OF HETEROTRIVALENT LIGANDS

!

bis-MSH/mono-CCK containing heterotrivalent ligands

! Based on the binding results of Series I of heterobivalent ligands tested on 

hMC4R > CCK-2R dual-expression system (Section 2.2.4.1 and 2.4.2), where CCK 

ligands in the bivalent constructs exhibited about 24-fold higher binding affinity on the 

dual-expression system, this series of trivalent ligands were designed to further increase 

the apparent binding affinity of the CCK ligand for CCK-2R. Since MSH ligands in the 

heterobivalent constructs did not demonstrate any appreciable binding affinity 

enhancement (Table 2.2), it was decided that the design of trivalent system could 

introduce two of these ligands. Therefore, one can assume that two MSH ligands (bis-

MSH) in a trivalent construct would not show any enhanced binding on cells expressing 

one or two receptors since they will be expected to bind in a similar fashion on both types 

of cells for the hMC4R, i.e., if the linker is long enough, the two MSH ligands in these 

trivalent constructs will bind homobivalently to cells expressing only hMC4R or cells 

expressing both hMC4R and CCK-2R. The CCK ligand, however, should provide a 

greater degree of binding affinity enhancement than it was possible for heterobivalent 

ligands (see Chapter 2, and ref. 3). In order to further explore the utility of low/high 

affinity epitopes, the binding of CCK-4 and CCK-6 could be investigated when present in 

the trivalent constructs with two of MSH-4 or MSH-7 ligands. In this context, the binding 

affinity of MSH-7 and CCK-6 have been previously pointed out (IC50 = 39 nM and 26 

nM, respectively; see Table 2.2, and discussion in Chapter 2). The binding affinity of 
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MSH-4 ligand has been reported previously (IC50 = 1.1 !M).4 The CCK-4 (Ac-Trp-Nle-

Asp-Phe-NH2) ligand has been synthesized previously in our lab and will be assessed for 

the binding affinity in whole cell assays. A CCK-4 analogue, with Ac-Trp-MeNle-Asp-

Phe-NH2 was observed to have an IC50 of 57 nM in our previous studies on modification 

of CCK sequence.5 

" Figure 5.2 shows a small library of heterotrivalent compounds constructed with 

two MSH-4 or MSH-7 ligands and one CCK-4 or CCK-6 ligand. As previously noted 

with modeling studies (Figure 2.1) and theoretical prediction of distances in a receptor 

trimer (Figure 4.4), the minimum distance needed per ligand arm of the trivalent 
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Figure 5.2. List of bis-MSH/mono-CCK containing heterotrivalent ligands with MSH-4 or MSH-7 and 

CCK-4 or CCK-6 as the constituent ligands.



construct appears to be about 17 ! when the three binding pockets are aligned head-to-

head (i.e., face each other). Compounds 5.1, 5.2, 5.3 and 5.7 present the minimum 

distance that is possible between the receptor trimer. It is likely that the actual distances 

will be longer than this depending upon the orientation of the three binding pockets. Also, 

a longer linker than this minimum distance would permit the construct to engage the 

second and third receptors when in proximity in the plasma membrane, instead of 

requiring all three receptors to be pre-aligned for best fit. Therefore, compounds 5.4, 5.5, 

5.6 and 5.8 were designed to provide a longer linker to allow crosslinking of all three 

receptors. Further, ligand 5.1 & 5.2, and 5.4 & 5.5 could indicate the influence of affinity 

of MSH ligands (i.e., MSH-7 vs MSH-4) on the apparent affinity of CCK-4 in these two 

constructs. Similarly, the influence of using a high affinity or a low affinity constituent 

ligand could be tested with compounds 5.3 vs 5.2 and 5.6 vs 5.5. Compounds 5.7 and 5.8 

were synthesized to provide a more rigid scaffold than the rest of the series. In this 

context, the PEGO-[PG]n-PEGO linker (in compound 5.8) has especially proved valuable 

when ligands bearing these linkers were tested across different receptor systems 

(hMC4R/CCK-2R and "-OR/hMC4R) with different receptor ratios. It may be noted here 

that this library would serve only as an initial probe to estimate a starting point for more 

explorative studies with respect to type of linkers to use, linker length required to 

crosslink three receptors, and the affinities of individual ligands required to investigate a 

trivalent system. 
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5.3. SYNTHESIS

!

! The compounds were assembled by parallel synthesis approach using the N"-

Fmoc/tBu strategy of solid-phase synthesis (also see Scheme 2.1). The synthesis of a 

representative bis-MSH/mono-CCK containing heterotrivalent construct 5.8 with MSH 

and CCK ligands connected by PEGO and poly(Pro-Gly) linker is depicted in Scheme 

5.1. Starting with a Tentagel Rink polystyrene resin (loading 0.2 mmol/g), the 

tetrapeptide CCK-4 was constructed with sequential amino acid addition using DIC/
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Scheme 5.1. Synthesis of a representative bis-MSH/mono-CCK containing heterotrivalent ligand 5.8



HOCt coupling protocol to give resin 5.9. This was followed by PEGO coupling as 

described previously in Scheme 2.1 (Chapter 2), and amino acid couplings for poly(Pro-

Gly) linker and diaminopropionyl (Dap) linker. At this stage, since the loading capacity 

of resin was doubled, twice the amount of reagents were used for couplings. The Fmoc 

group was removed with piperidine (resin 5.10), and amino acid couplings were 

continued for the poly(Pro-Gly) linker taking care of the fact that the alternating sequence 

of proline and glycine is reversed for this linker region (i.e., starting with proline first). 

This was then followed up with another PEGO linker coupling to give 5.11. MSH-7 

residues were coupled sequentially, and the N-termini acetylated with excess of acetic 

anhydride/pyridine (1:) to give resin 5.12. The peptide was then cleaved from the resin 

with TFA cocktail (82.5% TFA, 5% water, 5% triisopropylsilane and 5% thioanisole, and 

2.5% ethanedithiol) to give the heterotrivalent ligand 5.8. Similar scheme was followed 

for the rest of the htTVL compound series to assemble appropriate linker and ligand 

modules. The final compounds were purified by C-18 RP-HPLC and characterized by FT-

ICR MS (see Table 5.2 for HPLC and MS data).
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5.4. BIOLOGICAL EVALUATION

! The bis-MSH/mono-CCK heterotrivalent ligands were designed based on the 

heterobivalent ligand testing in dual-expressing cells with higher hMC4R abundance 

(hMC4R > CCK-2R system). That is, the ligands were intended to show enhanced 

binding for CCK ligand on the CCK-2R, when present in conjunction with two MSH 

ligands. However, our observation has been that this dual-expression system, which had a 

transient expression of hMC4R in stable CCK-2R expressing cells, involved a 

complication in maintaing the receptor expression levels at set points of log-phase growth 

of cells. More recently, a stable cell line was generated successfully, which expressed 

higher CCK-2R abundance (i.e., CCK-2R > hMC4R system). Although, work is in 

progress to screen cells stably expressing higher hMC4R receptor, we considered testing 

some of these ligands on the CCK-2R > hMC4R system to observe any enhanced binding 

effect, as after all these multivalent ligands are bound to encounter cells with variable 

expression of different receptors when tested in vivo. We argued that the two MSH ligand 

motifs in these trivalent constructs will bind in a similar fashion on cells expressing only 

one receptor and cells expressing both. Thus, they can be considered as a single unit for 

the sake of argument. Further, with this assumption they should give results similar to the 

heterobivalent ligands. In fact, this is exactly that was observed for the binding of MSH 

and CCK ligands in these trivalent constructs to the lower abundant hMC4R and higher 

abundant CCK-2R. As expected, no enhancement was observed for the CCK ligand in 

any of these multivalent constructs owing to the higher CCK-2R expression. There was, 
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however, comparable binding enhancement for the binding of MSH ligands to hMC4R, 

as was seen from bioevaluation of the heterobivalent ligands. Compounds 5.4, 5.5, and 

5.8 exhibited up to nearly 30-fold enhancement. Compound 5.8, with semi-rigid 

poly(Pro-Gly) and flexible PEGO linker scaffold connecting the three ligands, exhibited 

the maximum fold enhancement in this library, i.e., 29-fold. Notably, only compounds 

with longer linkers (either two PEGO units or a PEGO-[PG]3 unit per ligand arm) 

demonstrated a binding enhancement, while the trivalent construct representing the 

minimum distance exhibited practically no binding affinity enhancement. Further, both 

bivalent and trivalent binding (essentially they are monovalent and bivalent binding, 

respectively, with the above assumption in mind) in terms of IC50 values were in the low 

nanomolar range. In comparison, compounds 5.4 and 5.5 with flexible PEGO linkers 

exhibited high !M affinity (high IC50 values) when tested on cells expressing only one 

receptor. When tested on cells expressing both receptors, their binding affinity was in low 
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Table 5.1. Binding data of heterotrivalent ligands tested for crosslinking in HEK293/hMC4R/sCCK-2R 

with higher CCK-2R abundance (CCK-2R > hMC4R)

No. [MSH(n)-Linker]2-Dpr-Linker-CCK(n)a IC50 (nM) of CCK-6bIC50 (nM) of CCK-6b Fold 

Increasef

IC50 (nM) of MSH-7bIC50 (nM) of MSH-7b Fold 

Increasef

No. [MSH(n)-Linker]2-Dpr-Linker-CCK(n)a

CCK-2R
c

hMC4R/CCK-2R
e

Fold 

Increasef

hMC4R
d

hMC4R/CCK-2R
e

Fold 

Increasef

5.1 [(4)-PEGO]2-Dpr-PEGO-(4) 170 ± 22 295 ± 54 0.6 2400 ± 520 5000 ± 980 0.5

5.2 [(7)-PEGO]2-Dpr-PEGO-(4) 290 ± 32 480 ± 150 0.6 NB NB

5.3 [(7)-PEGO]2-Dpr-PEGO-(6) 140 ± 11 340 ± 130 0.4 4100 ± 2600 5800 ± 2500 0.7

5.4 [(4)-PEGO-PEGO]2-Dpr-PEGO-PEGO-(4) 310 ± 37 580 ± 110 0.5 4500 ± 1300 260 ± 60 17

5.5 [(7)-PEGO-PEGO]2-Dpr-PEGO-PEGO-(4) 340 ± 57 730 ± 72 0.5 4100 ± 240 300 ± 73 14

5.6 [(7)-PEGO-PEGO]2-Dpr-PEGO-PEGO-(6) 260 ± 37 430 ± 170 0.6 NB NB

5.7 [(7)-PGPGPG]2-Dpr-[PGPGPG]-(4) 320 ± 55 420 ± 110 0.8 20 ± 1.9 15 ± 1.2 1.3

5.8 [(7)-PEGO-PGPGPG]2-Dpr-[PGPGPG-PEGO]-(4) 270 ± 42 470 ± 170 0.6 130 ± 11 4.5 ± 0.3 29

[a] The numbers ‘n’ on each side represent the length of peptide ligand used. These are MSH-4 (Ac-His-DPhe-Arg-

Trp-) and MSH-7 (Ac-Ser-Nle-Glu-His-DPhe-Arg-Trp) on the left hand side of the linker, On the right hand side, they 

are CCK-4 (Trp-Nle-Asp-Phe-NH2) and CCK-6 (Trp-Nle-Asp-Phe-NH2). [b] IC50 concentration in nM from at least 4 

independent experiments reported. Values in parentheses represent the standard error of the mean (SEM). [c] Binding 

data from competition with Eu-DTPA-CCK-8 (unsulfated) against CCK-2R expressing cells. [d] Binding data from 

competition with Eu-DTPA-NDP-"-MSH against hMC4R expressing cells. [e] Binding data from competition with 

either Eu-DTPA-CCK-8 (unsulfated) or Eu-DTPA-NDP-"-MSH against cells expressing both  CCK-2R and hMC4R. 

[f] “Fold Increase”  is the ratio of IC50 values between single- and dual- expressing cell lines. (NB: no binding was 

observed. The IC50 values of Ac-MSH-7-NH2 and Ac-CCK-6-NH2 are 39 ± 4 nM and 26 ± 4 nM, respectively).



IC50 values. Although these results might not point to anything new, they do confirm the 

binding pattern seen earlier, i.e., binding affinity enhancement for the lower abundant 

receptor, little or diminished binding for the higher abundant receptor, compounds with 

PEGO-[PG]3-PEGO linkers between any two ligands as an optimal linker length for 

crosslinking hMC4R and CCK-2R. Further, the results also show that even if the ratio of 

two binding ligands (e.g., 2 MSH vs 1 CCK ligand) present on the multivalent construct 

does not match with the ratio of the complementary receptors (e.g., hMC4R < CCK-2R 

by 1:2) in a given cell, the multivalent construct should still derive differentiation of cells 

expressing two receptors vis-a-vis cells expressing only one of the receptors, by 

heteromultivalency affect. This will of course be of lower order multivalency, i.e.,  

bivalency vs trivalency. Further evaluation of these compounds on a stable cell line with 

higher hMC4R expression (hMC4R > CCK-2R) will demonstrate the effectiveness of 

162

Figure 5.3. Binding evaluation of trivalent ligands in cells expressing higher CCK-2R (i.e., CCK-2R > 

hMC4R system). These ligands were tested on cells expressing single or both receptors. Even though these 

are trivalent ligands, the bis-MSH ligands in nutshell can be considered as a single entity for this assay and 

the level of enhanced binding affinity of bis-MSH comes from simultaneous binding of CCK ligand to 

CCK-2R. (A) 18-fold and 14-fold enhanced binding of bis-MSH ligand at hMC4R for trivalent construct 

5.4 and 5.5. (B) (left)  29-fold enhanced binding of bis-MSH ligand at hMC4R for trivalent construct 5.8. 

(right)  As expected there was no binding affinity increase noticed for CCK ligand on higher abundant 

CCK-2R. 



these compounds in crosslinking all three receptors as well as the degree of enhanced 

binding avidity that will be achievable with trivalent vs monovalent binding of one of the 

ligand motifs.
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5.5 EXPERIMENTAL SECTION

Materials

! N"-Fmoc protected amino acids and Fmoc-Rink linker were purchased from 

SynPep (Dublin, CA) or from Novabiochem (San Diego, CA). The following side chain 

protecting groups were used for the amino acids: Arg(Ng-Pbf), Glu(OtBu), His(Nim-Trt), 

Ser(tBu), Trp(Ni-Boc), and Asp(OtBu). Fmoc-Dap(Fmoc)-OH was purchased from 

Bachem (Torrance, CA). Tentagel resin were acquired from Rapp Polymere (Tubingen, 

Germany). HOBt, HOCt, DIC and HBTU were purchased from IRIS Biotech 

(Marktredwitz, Germany). Carbonyldiimidazole was acquired from Sigma-Alrich 

(Milwaukee, WI). Diglycolic anhydride and 4,7,10-trioxa-1,13-tridecanediamine were 

acquired from TCI America (Portland, OR). Peptide synthesis solvents, reagents, and 

acetonitrile for HPLC were reagent grade, were acquired from VWR (West Chester, PA) 

or Sigma-Aldrich (Milwaukee, WI), and were used without further purification unless 

otherwise noted. The polypropylene syringes equipped with frit and the Domino manual 

synthesizer were obtained from Torviq (Niles, MI). 

General Method for Solid-Phase Synthesis

! Solid-phase syntheses were carried out in polypropylene syringes (5-20 mL) fitted 

with polyethylene porous disks. Solvents and soluble reagents were removed by vacuum 

to dry the resin. Peptides were synthesized on Tentagel Rink amide resin (initial loading 

0.2 mmol/g) using N"-Fmoc protecting groups and a standard DIC/HOCt or HBTU/
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HOBt activation strategy. The resin was swollen in THF for an hour, washed with DMF, 

and Fmoc protecting group removed with 20% piperidine in DMF (2 min + 20 min). The 

resin was washed with DMF (3X), DCM (3X), 0.2 M HOBt in DMF (2X), and finally 

with DMF. The first amino acid was coupled using pre-activated 0.3 M HOCt ester in 

DMF (3 eq. of Fmoc amino acid, 3 eq. of HOCt and 6 eq. of DIC) and double-coupled 

with 3 eq. of amino acid, 3 eq. of HBTU and 6 eq. of DIEA in DMF (10 mL/g of resin). 

The unreacted NH2 groups on the resin thereafter were capped using an 50% acetic 

anhydride in pyridine for 5 min. When the coupling reaction was finished, the resin was 

washed with DMF, and the same procedure was repeated for the next amino acid until all 

the amino acids were coupled. The PEGO spacers were introduced as follows. The N-

terminal of the peptide on resin was coupled with the glycolic acid spacer using 10 eq. of 

diglycolic anhydride in DMF for 5 min. The resin was washed with DMF (3X), with the 

last washing with dry DMF, and the free carboxylic groups were activated using 10 eq. of 

carbonyldiimidazole in dry DMF for 30 min. The resin was washed with dry DMF (3X), 

and the PEG diamine coupled using 20 eq. of 4,7,10-trioxa-1,13-tridecanediamine in dry 

DMF for 30 min (vigorous vortexing for first 5 minutes). Fmoc-Dap(Fmoc)-OH was 

coupled using DIC/HOCt protocol with 3 eq. of Fmoc-Dap(Fmoc)-OH, 3 eq. of HOCt, 

and 3 eq. of DIC in DMF. Since both amine groups of Dap are used beyond this synthetic 

stage, the loading of the resin gets doubled, and thus, double equivalents of reagents were 

used. After the final amino acid was incorporated, the N!-Fmoc groups were deprotected 

and the free N!-termini were capped with acetic anhydride. The resin was washed with 

DCM (3X), DMF (5X), DCM(3X) and THF (2X) and the resin dried for storage or for 
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cleavage of peptides from the resin. Frequently during the synthetic steps, a small amount 

of peptide was cleaved and analyzed by HPLC and mass spectrometry to monitor the 

synthetic progress and purity of the peptide. A cleavage cocktail (10 mL per 1 g of resin) 

of TFA (82.5%), water (5%), triisopropylsilane (5%) and thioanisole (5%) and 

ethanedithiol (2.5%) was injected into the resin and stirred for 3 h at room temperature. 

The crude peptides were isolated from the resin by filtration, the filtrate was reduced to 

low volume by evaporation using a stream of nitrogen, and the peptides were precipitated 

in ice-cold diethyl ether, centrifuged, and washed several times with ether, dried, 

dissolved in water and lyophilized to give off-white solid powders that were stored at 

-20°C until used. The peptides were purified by preparative HPLC and/or gel-filtration as 

described before. The yields of the crude peptides ranged from 40 - 80% based on the 

resin weight gain, and overall, the purified yields for the syntheses were 15 - 40% based 

on the loading of the resin.

HPLC Analysis, Size Exclusion Chromatography and Peptide Concentration 

Determination 

! The purity of final products was analyzed using Waters high-performance liquid 

chromatography (HPLC) apparatus and with a Vydac C18 reverse phase column (dia " 

length: 4.6 mm "  150 mm, pore size: 3 #m). Buffer A was 0.1% TFA in water and buffer 

B was 0.1% TFA in acetonitrile. Peptides were analyzed using a linear gradient of buffer 

B under various gradient conditions at a flow rate of 0.3-1 mL/min. The separations were 

monitored at 220 and 280 nm. Purification of compounds was achieved using a Waters 
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600 HPLC apparatus equipped with a Vydac C18 reverse phase column (22 mm !  250 

mm, 5"m) with similar buffers under optimized gradients, and 3-10 mL/min flow rate. 

The separations were monitored at 230 and 280 nm. 

# Size exclusion chromatography was performed on a borosilicate glass column 

(2.6 mm !  250 mm, Sigma, St. Louis, MO) filled with medium sized Sephadex G-25 

(MW > 2500 Da). The compounds were eluted with an isocratic flow of 1.0 M aqueous 

acetic acid. 

# The lyophilized final products were dissolved in DMSO for bioassay. The peptide 

concentrations were determined by monitoring absorbance of peptides (initial conc. 1-5 

mM) against 0.5 mM solutions of DTrp in DMSO at 280 nm. Co-injections of peptide and 

DTrp were made on analytical HPLC with a number of different volumes and peptide 

concentration calculated from averaged area under the peaks using the formula given 

here. 

where $280 of compound was calculated by summation of extinction coefficients of all 

three Trp residues and normalizing to one DTrp ($280 = 5500). Other components do not 

absorb significantly at this wavelength. 

Mass Spectrometry

# Mass spectra of positive ions were recorded either with a low resolution ESI mass 

spectrometer (Finnigan, Thermoquest LCQ ion trap instrument, Lake Forrest, CA,) and/
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or using high resolution Fourier transform mass spectrometer (FT-ICR MS, Bruker Apex 

Qh, Bremen, Germany) equipped with an ESI source. For internal calibration, an 

appropriate mixture of standard peptides was used with an average resolution of ca. 

60,000 on the FT-ICR instrument.

(For Cell Culture & Lanthanide Binding Assays, see Chapter 2, Section 2.5, page 108) 
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Table 5.2. HPLC & MS data of heterotrivalent compounds 5.1-5.8 

Compound Mass Calculateda Mass Foundb tR (Purity %)c K’

5.1 (C143H202N34O35) 2956.507 (M+1)1+ 739.8830 (M+4)4+ 12.1 (92) 5.5

5.2 (C171H248N40O47) 3614.825 (M+1)1+ 904.4629 (M+4)4+ 12.5 (96) 5.7

5.3 (C179H262N42O49) 3784.93 (M+1)1+ 947.0057 (M+4)4+ 13.2 (95) 6.0

5.4 (C185H280N40O45) 3911.045 (M+1)1+ 978.5224 (M+4)4+ 12.4 (90) 5.6

5.5 (C213H326N46O65) 4569.362 (M+1)1+ 914.6836 (M+5)5+ 12.6 (89) 5.7

5.6 (C221H340N48O67) 4739.467 (M+1)1+ 948.7164 (M+5)5+ 13.3 (92) 6.0

5.7 (C192H260N52O47) 4046.955 (M+1)1+ 1012.4892 (M+4)4+ 12.4 (94) 5.6

5.8 (C234H338N58O65) 5001.492 (M+1)1+ 1251.1175 (M+4)4+ 12.6 (93) 5.7

a Exact Mass calculated based on most abundant isotope; b FT-ICR MS; c 10-90% B gradient in 30 min; 

HPLC eluents: Phase A is 0.1% TFA in water; Phase B is 0.1% TFA in acetonitrile; tR is the retention time 

of compound peak in HPLC; (purity of final product in percentage is given in parenthesis); K’ is retention 

time of compound peak/retention time of solvent peak.



CHAPTER 6

LINKERS
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6.1 INTRODUCTION

! The structural moiety used to link the ligands or binding motifs is an important 

design criterion that can have strong influence on the avidity and specificity of the 

multivalent construct.1 The linker must serve the general functions of physically 

connecting, spatially separating, and properly orienting the associated ligands for 

binding.2 For example, in the case of specific DNA-DNA interactions, the linker is a 

phosphate-ribose backbone that orients the separate bases along a single face, which 

facilitates the formation of a duplex helix. An ideal linker must also possess chemical and 

biological inertness in terms of potential effect on the stability and affinity of binding 

ligands, negligible non-specific binding, and low cellular toxicity in biological systems. 

However, true inertness may not always be realistically achievable when optimal 

pharmacokinetics is a more pressing concern. A number of recent reviews have been 

published on the importance of linkers in multivalent interactions.1,3,4

! A wide variety of linker options exist for constructing multivalent ligands. These 

linkers can take many forms, from small linear or branched chains that simply link two or 

more ligands together,5,6 to large cyclic or acyclic chains,7-9 to very large membranous, 

polymeric and dendritic scaffolds*,10 that connect many ligands together. Thus, the linker/

scaffold must be chosen with care in terms of its length, architecture, rigidity/flexibility, 

epitope density, and biological compatibility. When designing a multivalent ligand that 

170

* Sometimes the terms scaffold and spacer have been used interchangeably with the term linker in the 

literature.



will span the distance between two adjacent receptors, the length of the linker is critical 

in assuring that the construct will reach both receptors. Dimensions that correspond to the 

distance between the two binding sites should result in increased avidity. A linker that is 

too short will not be able to bind multiple receptors at once; therefore, no affinity 

enhancement would be seen from true crosslinking (though some enhancement from 

statistical effect may be noticeable). We previously observed this scenario with ligands 

connected with rigid biphenyl, terphenyl and aminomethylphenylnaphthyl (AMPN; 

Figure 2.2) linkers, which exhibited limited avidity enhancement that could only be 

ascribed to a statistical effect (Figure 1.2C).11,12 On the other hand, a linker that is longer 

than the distance between the binding sites will have the effect of increasing the 

conformational entropy of the system making it less likely that the ligand will locate and 

bind to its corresponding receptor (Figure 6.1A). 

! Another important aspect in multivalent ligand design is the role of flexibility or 

rigidity of a linker in the overall entropy of the system. It is postulated that an optimum 

flexibility must exist. If the linker were too rigid (Figure 6.1B), one of the ligands would 

bind but the additional ligand(s) would not be readily capable of reaching and interacting 
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Figure 6.1. Various parameters in linker design. (A) length of linker, (B) rigidity or flexibility of the 
linker, (C) density of ligands on the linker/scaffold.



with the other binding site(s). On the other hand, a linker that is extremely flexible 

(Figure 6.1B) may serve to facilitate binding of the first receptor-ligand pair but 

subsequent binding events may be slowed down because of increased thermodynamic 

penalty for more spatial degrees of freedom (higher entropy) of flexible linkers. A linker 

with optimized flexibility would serve to limit this conformational entropic penalty and 

constrain the freedom of the bound ligand, while increasing the likelihood of second 

ligand binding before the first ligand takes off, and thus, providing the enthalpic gain 

required for net decrease in free energy. In this context, it is therefore recommended that 

linkers should be relatively rigid, i.e., with low inherent entropy.13 However, it may be 

judicious to take some cues from how nature deals with this issue, where proteins and 

peptide hormones such as glucagon,14 enkephalin,15 etc, often possess flexible 

conformations and yet bind to their receptors with sub-nanomolar affinities (though their 

on-rates often are slow). Although these structures (e.g., loop regions of proteins) have 

often been deemed from their X-ray crystallographic and NMR studies as highly flexible 

and therefore described as random coils, it is now becoming increasingly clear through 

studies by other biophysical means (e.g., electronic and vibration circular dichroism) that 

the endogenous peptides possess locally ordered segments in their whole conformer 

populations.16-19 Further, most residues due to side-chain steric interactions do not occupy 

the whole Ramachandran space and are rather confined to certain regions of the plot.18,20 

Therefore, the flexibility of such peptides should not be assumed to be similar in nature to 

the flexibility of a molecule such as a polyethyleneglycol chain. In fact, the extent of 

ordered structures and the degrees of freedom that provide ligands with high-affinity and 
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slow off-rates could be extended to give us an interesting linker design paradigm where 

polypeptides of optimal rigidity/flexibility could be used as linkers, as will be discussed 

later. Nature provides another interesting example of how binding epitopes are oriented 

on a scaffold, in the form of immunoglobulins. The complementarity determining regions 

(CDRs) of the antibodies are flexible and variable loop regions that are responsible for 

binding to the antigen, and are displayed on relatively rigid constant domains of the Fab 

scaffold composed of heavy and light chains.

! In addition to the optimum linker length and rigidity, a further design 

consideration is the ligand density, defined as the number and proximity of the ligands as 

they are organized on the backbone scaffold such as polymeric constructs. Extremely 

high ligand density on polymers, for example, may seem favorable for faster rates of 

cluster formation, but it may also obstruct additional binding events due to steric 

hindrance. The most efficient binding per residue has been shown with polymers 

constructed with moderately lower densities, thus allowing better ligand spacing, and 

consequently clustering of adjacent receptors.21,22

! In this work, three different types of linkers were used and two will be described 

in detail in this chapter. This includes highly hydrophilic and flexible polyethylene glycol 

(PEG) based linkers (Figure 6.2), and semi-rigid (Pro-Gly) repeats designed based on 

collagen-like proline-rich sequences (Figure 6.5). The aminomethylphenylnaphthyl 

(AMPN) linker built from aromatic groups, is a highly rigid linker and has been 

described earlier.11,12
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6.2. PEG LINKERS

! Polyethylene glycol (PEG) is a versatile, chemically unreactive, and biologically 

inert polymer that has been extensively used to alter the physiological properties of drugs, 

therapeutic proteins and peptides, liposomes, and polyplexes. Conjugation with PEG has 

been reported to confer a number of beneficial properties including increased water 

solubility (unlike long alkyl spacers23), reduced interaction with serum and complement 

proteins and significantly prolonged half-life in vivo.24-25 PEGylation can improve the 

performance of drugs and their dosing frequency by optimizing pharmacokinetics. PEGs 

have been used to increase the physical size to escape rapid kidney clearance of drugs,26 

and to exert “enhanced permeability and retention”  (EPR) effect.27 Attachment of 

polyethyleneglycol to polypeptides has been widely used to improve their clinical 

effectiveness.28,29 Further, “PEGylated” proteins and peptides may be less susceptible to 

proteolysis or clearance by receptor-mediated mechanisms, and they may be less 

immunogenic and antigenic.30,31 Other advantages of PEG include its amenability to 

chemical modification at one or both termini, and its availability in a variety of forms and 

sizes. They are also commerically available in their mono-protected and 

heterofunctionalized forms. In addition, PEG chains can act as spacer for bioconjugation, 

where separation between components is often necessary to preserve the function of each 

component of the conjugate. For example, labeling of peptides with fluorophores or 

biotin often includes a PEG chain to preserve the activity/affinity of the reporter group.32 

Polyplexes33 containing targeting ligands for specific tissues have been shown to retain 
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better ligand-receptor binding affinity when separated by a PEG spacer as small as 1000 

Da.34 

! In this dissertation work, three PEG based hydrophilic and flexible linkers were 

used. These were a 9 atom long  “Ado”  (8-amino-3,6-dioxaoctanyl) linker, a 20 atom 

long “PEGO”  (short for PEG and 2,2’-oxydiacetyl) linker , and a 76 atom long “PEG24” 

linker (Figure 6.2). These linkers were used either to connect the ligands directly or to 

provide adequate flexibility at the ends of a rigid (e.g., AMPN) or a semi-rigid (e.g., Pro-

Gly) linker. 

! Molecular modeling studies on PEGO linker were done to study the flexibility and 

maximum length of this linker. A conformational search study study on Ac-PEGO-NH2 

linker revealed many low energy conformers with a bent (U-turn) conformation (Figure 

6.3A). This is probably because of interactions between end amide groups. However, 

these interactions could be easily replaceable with bonds from polar solvent (solvation), 

and the chain should be highly flexible. Indeed, the MD simulations on one of this low 
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Figure 6.2. The structure of PEG linkers with their length in atoms used in this study.



energy conformer indicated that the linker could take a myriad of different conformations 

that have a low energy barrier as evident from the broad distribution profile of the end-to-

end distances of this linker (atoms 1-50 in Figure 6.3A). This distance ranged anywhere 

from 3 to 18 ! (Figure 6.3B), indicating that the linker is highly flexible as one would 

expect.
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Figure 6.3. Computational modeling of PEGO linker. (A) Structure of PEGO linker in its lowest energy 
conformation generated via conformational search algorithm in Macromodel software. (B) Molecular 
dynamics study of the lowest energy conformer shown in (A). The end-to-end distance range was explored 
for the PEGO chain between atoms 1 and 50. The relative distribution of the linker length confirms the high 
degree of flexibility of PEGO linker, which could extend up to 18 !.



6.3 PRO-GLY LINKER

6.3.1. Design of Pro-Gly as a Semi-Rigid Linker

! As discussed previously, an optimized linker would contribute minimal 

conformational entropic penalty on binding of the associated ligands, and at the same 

time, maximize the enthalpic gain by minimally affecting the ligand binding 

conformation and affinity. It would be desirable then to build a linker that would not only 

be modestly rigid, but would also be inert, fairly easy to assemble, exhibit high solubility, 

and present low non-specific binding and toxicity to cells. In our view, a semi-rigid linker 

would best fit the above criterion for assembling or connecting ligands, and such a linker 

could be built from amino acids, especially proline and glycine, taking a note from 

naturally occurring collagen and collagen-like peptides.35 The predominant feature of the 

structure of collagen is the presence of proline and glycine in amounts much greater than 

in most other proteins and a direct consequence of this is the existence of individual 

chains of collagen in the polyproline-type II conformation. The occurrence of glycine in 

every third position in the collagen sequence, Gly-Xaa-Yaa, has been considered to be 

essential for the supercoiled triple-helical conformation of collagen.35,36 The Xaa and Yaa 

positions are frequently occupied by imino acids like Pro and Hyp (3-hydroxyproline) 

(e.g., collagen prominently contains Gly-Pro-Hyp).37 In this context, the (Pro-Pro-Gly)n 

sequence has been the first and most widely investigated synthetic sequence in the 

structural studies of collagen model compounds. Proline-rich sequences are also present 

in peptides capable of crossing cell membranes, a crucial property that can be utilized to 
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deliver cargo into cells. They are known to play important role in biological signal 

transduction, cell motility, immune responses.20

! We designed a linker based on polyproline helix that was appropriately modified 

for desirable characteristics. Polyproline adopts two stable secondary structures: the type 

I helix (PPI) and the type II helix (PPII).38 PPI is a right-handed helix containing all cis 

peptide bonds, backbone dihedral angles of (!,") = (-75°, +160°), and is compact having 

a helical pitch of 5.6 #/turn and 3.3 residues/turn. In comparison, the PPII helix is left-

handed, all trans peptide bonds with average backbone (!,") = (-75°, +145°), and is 

extended having a helical pitch of 9.2 #/turn and 3.0 residues/turn. PPI helices are rare in 

biological contexts, whereas PPII helices are common in both folded proteins and 

unfolded polypeptides. The high conformational stability and rigidity of the PPII helix 

has led to the use of (Pro)n sequences as a molecular “spacer”39 and “ruler”40 in some 

studies. Although the pitch/residue ratio of this helix may be appropriate for building a 

linker, ligand presentation may be conformation-dependent and could obstruct binding of 

two epitopes simultaneously as has been seen with highly rigid synthetic linkers. The 

poly(Pro-Gly) linker presented here places glycine at alternate positions to provide some 

flexibility in the linker backbone, and the lack of residues with polar functional groups 

(e.g., hydroxyproline in collagen) should render it less prone to aggregation and also 

make it inert. Remarkably, these two residues have opposing rigidity/flexibility 

characteristics that can lend the linker a semi-rigid structure. Various “host-guest”  studies 

have been carried out by introducing one reside in the middle of a poly(Pro) sequence to 

reveal their PPII formation propensity and the total % of PPII content in the solution. 
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From these studies, a general consensus for the order of relative PPII helix-forming 

propensities of various residues is Pro ! Gln > (Ala, Arg, Glu) > (Lys, Gly, Ser) > (Asn, 

Cys, Met) > (Ile, Val).41,42 Proline is by far the best residue for PPII formation since 

consecutive prolines are forced into extended helical form by the steric clashes of their 

rings. Due to this reason, the three prolines per turn lie on the apex of a prism (see Figure 

6.4) and give PPII helix a characteristic triangular shape when viewed down the radial 

axis.20 Most studies on proline-rich sequences suggest that solvation of the backbone is a 

major driving force (although not the only one) in PPII helix formation. Most 

intriguingly, PPII has been shown to disrupt water organization less than "-sheet and #-

helical conformations, and is therefore entropically favored.17,19 Other stability factors for 

PPII formation such as steric clashes as in the case of poly(Pro), side-chain to main-chain 

interactions (e.g., arginine, glutamine), electrostatic interactions (e.g. lysine) are also 

relevant on a case-to-case basis. Glycine is generally considered to be the most 

energetically unfavorable residue in regular secondary structures because of large 

entropic loss associated with restricting its backbone. However, the lack of C" also gives 

glycine a unique position not to be restricted to the "  region of (!,$)-space through steric 
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Figure 6.4. Ball and stick representation of a polyPro II helix (PPII)  with the proline side chain of three 
consecutive residues occupying the three edges of a prism.



interactions with the neighboring prolines. Also, introduction of glycine favors PPII 

formation by backbone solvation more than any other non-proline residue.† In fact, 

polyglycine itself has been shown to have some PPII character in solution. As outlined in 

the order above, introduction of one glycine among a poly(Pro)7-Gly-Tyr sequence (i.e., 

Pro3-Gly-Pro3-Gly-Tyr) reduced the PPII content from 67% to 58%.42 Therefore, 

alternate positioning of proline and glycine should reduce the PPII content even further, 

and thus provide a semi-rigid backbone to the peptide. Both these residues are chemically 

unreactive and should also be biologically inert with low non-specific binding. Further, 

the inclusion of flexible glycine at alternate positions should ease the solid-phase 

synthesis of these linkers by eliminating the aggregation propensity normally seen in 

homooligomeric prolines and glycines as well as by increasing their coupling efficiency 

during synthesis.43,44 

! In order to determine the structural characteristics of Pro-Gly linker, molecular 

modeling, circular dichroism and FRET studies were performed. The CD experiments 

were conducted on Ac-[PG]n-NH2, where n = 3, 6, 9 or 12 (compound 6.3 - 6.6 in 

Scheme 6.1; abbreviated here as PG3, PG6, PG9, and PG12, respectively), and the role of 

introduction of glycine at alternate positions was delineated by comparing the CD of Ac-

PGPGPG-NH2 with CD of Ac-PPPPPP-NH2 and Ac-PPGPPG-NH2 linkers (abbreviated 

here as P6 and PPG2, respectively). For FRET studies, tryptophan-dansyl was chosen as 

the fluorescence donor-acceptor pair, and compounds 6.7 - 6.9a,b were prepared with 
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† Note that favoring PPII formation does not mean that the sequence would assume collagen-like rigid 
structures. In fact PPII becomes the predominant or the only conformation when it can form a triple-helix 
structure as in collagen. For other proline-rich sequences, there is some fraction of conformers that assume 
this structure, or all conformers with locally PPII ordered fragments.



dansyl attached on the N-terminus and Trp coupled on the C-terminus. The FRET 

distances were calculated from fluorescence emission intensity of Trp in the presence and 

absence of dansyl group.

6.3.2. Molecular Modeling of Pro-Gly Linkers

! In order to investigate what secondary structure would these Pro-Gly sequences 

take that present alternating rigid and flexible residues to the backbone, we modeled these 

linkers using Macromodel program 9.01.45 Initially, Monte Carlo conformational searches 

were performed separately on model [PG]n linker peptides. The structures were 

minimized using AMBER* force field46 and the conformational search was performed 

using OPLS-AA force field47 with water as solvent and for 10,000 iterations. To simulate 

the environment where the ends of these linkers would be used for connecting ligands in 

the multivalent constructs, the N-termini of the linkers were acetylated and the C-termini 

were amidated. As can be seen from Figure 6.5A-B , a 7-mer and 18-mer Pro-Gly (PG) 

sequence is folded into a helical structure in the lowest energy conformer with a 

triangular prism shape (Figure 6.5C) similar to a polyproline helix Type II.17,20 However, 

the helix is broader with a pitch of 5 Å per 6 residues. This lowest energy conformer was 

further investigated using Monte Carlo/stochastic dynamics simulations at 310 K for 

20,000 ps of simulation time. The study revealed that the end-to-end distance of a 

hexapeptide PG unit (i.e., PG3) as used in the heterobivalent ligand series would be about 

5 – 13 Å in length. The higher energy conformers were mostly extended as this is a short 

peptide. But longer sequences revealed more helical pattern even in the high energy 
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conformers. For example, PG9 linker displayed an end-to-end span of up to 30 !. 

Therefore, the PG repeat seems to get more stabilized in helical conformation with higher 
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Figure 6.5. Modeling studies on Pro-Gly linker. (A) Computationally modeled structure of a heptapeptide 
Ac-GPGPGPG-NH2 in its lowest energy conformation indicating a 5 !/turn length. (B) One of the lowest 
energy conformer of Ac-[Pro-Gly]9-NH2 linker. (C) Top view of the conformer in (B) highlighting the 
triangular pattern commonly seen in Polyproline helix Type II sequences. (D) Molecular dynamic study of 
conformer in (B) with an energy cut-off window of 50 kJ/mol. Most conformers retained helical structure 
to some degree with a distance spread up to ~ 30 !. 



oligomers. Nevertheless, the study shows that the Pro-Gly is semi-rigid as we had 

anticipated in the initial linker design. 

6.3.3. Modeling of a Bivalent Ligand with PEGO-[Pro-Gly]n-PEGO Linker

! A model heterobivalent ligand, Ac-MSH(7)-PEGO-[PG]6-PEGO-CCK(6)-NH2, 

was also investigated for conformation and dynamics of this compound with respect to 

linker mobility and space interrogation by the attached ligands. Figure 6.6A shows the 

bivalent construct in one of the extended conformation with PEGO-[PG]6-PEGO linker 

with the connected MSH (yellow) and CCK (red) ligands in their "-turn conformations. 

The molecular dynamic study was conducted on this construct by freezing the ligand 

conformations during the simulations, while the linker was allowed to change shape and 

length. Distances were monitored end-to-end for [PG]6 part and the full linker PEGO-

[PG]6-PEGO part (Figure 6.6B). The MD simulation results included populations of both 
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Figure 6.6. Modeling study on heterobivalent ligand 2.10. (A)  Structure of htBVL 2.10 (Ac-MSH-7-
PEGO-[PG]6-PEGO-CCK-6-NH2) in one of its conformation generated by conformational search algorithm 
of Macromodel program. (B) Molecular dynamic study on this htBVL where MSH and CCK ligands atoms 
were fixed during the dynamic study and the linker length for [PG]6 and PEGO-[PG]6-PEGO explored 
against total time of simulation (20 ns).



open and closed conformations (i.e., MSH and CCK ligands either far apart or closer 

together). As is evident from figure 6.6B, the full length linker could extend up to ~ 52 !, 

although the average of conformer population was about 35 !. Similarly, although there 

were conformers for the PG6 unit that gave end-to-end distance of just 5 ! to as long as 

30 !, the average of the conformer population was about ~ 17 !. It must be noted that if 

the linker was completely stretched with Pro-Gly linker in fully extended form, the 

maximum length of full linker would translate to approximately 72 !. Based upon these 

modeling studies, the maximum length of each Pro-Gly linker, with or without PEGO, 

used in MSH-CCK series was estimated (Table 2.2).

6.3.4. Synthesis of Pro-Gly Linkers for CD & FRET Measurements

" The syntheses of these linkers were carried out on solid phase using Rink or 

Tentagel Rink resin (0.2 mmol/g or 0.77 mmol/g loading) as shown in Scheme 6.1. The 

resin was swelled in THF for 1 hour and the Fmoc protection was removed with 20% 

piperidine in DMF. The first amino acid, Fmoc-Pro-OH for compound 6.1, Fmoc-Gly-OH 

for compounds 6.2 - 6.6, and Fmoc-Trp(Boc)-OH for compounds 6.7 - 6.9, was then 

coupled using standard HOCt/DIC coupling protocol. A double coupling procedure was 

performed to ensure complete loading of the resin and to eliminate deletion sequences 

during this polymeric Pro-Gly synthesis. Any remaining amine terminals were N-capped 

using 50% acetic anhydride in pyridine. Finally, for compounds 6.1 - 6.6 and 6.7b - 6.9b, 

the N-termini were acetylated. For compounds 6.7a - 6.9a, dansyl tag was coupled by 

treating the resin with 3 eq. of dansyl chloride and 4 eq. of DIEA in DMF and stirring the 
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resin overnight. The peptides were cleaved from the resin with 95% TFA in water, 

purified by reverse-phase C-18 preparative HPLC and characterized by mass 

spectrometry. Figure 6.7 shows the HPLC of P6, PPG2 and [PG]n peptides. The low 

retention times of these peptides run under high polarity eluent conditions illustrate the 

hydrophilicity of these linker peptides, especially the marked change with introduction of 

glycine at every alternate position, for a given peptide length. Further, it may be of 

consequence to point out here that although proline polymers cannot act as hydrogen 

donors due to cyclization of the side chain onto the amide nitrogen, the carbonyl oxygen 

is more electronegative than that in a secondary amide and therefore a strong hydrogen 

bond acceptor. This explains the reason for the high water solubility of proline 

homopolymers.48 In fact, we have observed the excellent solubility of all four of the Ac-
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Scheme 6.1. Synthesis of labeled and unlabeled Pro-Gly linkers.



[PG]n-NH2 peptides, all of which were freely soluble in water. The improved solubility of 

a linker is especially important for building multivalent constructs of peptides and 

peptidomimetic ligands, where bigger molecular mass often tends to raise the 

hydrophobicity of the construct due to greater chances of interaction of hydrophobic 

groups. The synthesis and purification of AMPN and Pro-Gly series of htBVLs (Chapter 

2) further highlight the importance of improved physical characteristics of the linker.
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Figure 6.7. HPLC of P6, PPG2, and [PG]n peptides measured at 220 nm. Following HPLC condition 
was used: 0 to 30% Phase A (0.1%TFA in water) in Phase B (0.1% TFA in acetonitrile)  in 30 minutes. Note 
the retention times of [PG]3 peptide with respect to P6 or PPG2, suggesting the high hydrophilic character 
of poly(Pro-Gly) peptides.



6.3.5. Circular Dichroism

! To validate the modeled data presented earlier, circular dichroism experiments 

were performed on these linkers. Initially, comparison between spectra were made upon 

introduction of glycine at every third position and at every alternate position to study the 

influence on PPII helix formation. Figure 6.8A shows the CD spectra of Ac-[PG]3-NH2 

(PG3) compared against Ac-PPPPPP-NH2 (P6) and Ac-PPGPPG-NH2 (PPG2) spectra at 

100 "M concentration and 25# temperature. The polyproline P6 oligomer gives a 

characteristic PPII helix with a negative band at 204 nm and a slight positive band at 227 

nm. This shows that a sequence as short as six residues can attain a PPII helical structure. 

Substitution of glycine for proline residues at every third position reduces the rotational 

strength of polyproline oligomers and results in drop in intensity of the negative band 

remarkably in PPG2.49 Also, the characteristic positive band around 225 nm, which is 

generally reflective of the amount of PPII content in solution in a given sequence, is also 

dropped below zero. This shows the impact of introduction of glycine’s flexibility in a 

rigid helix. Since consecutive prolines are forced into extended form because of steric 

interactions between the pyrrolidine rings, polyproline sequence takes a characteristic 

extended shape. Glycine relaxes this requirement with a consequent drop in PPII content. 

Upon introduction of glycine at every alternate position as in PG3, the intensity of 

negative band remains approximately the same as PPG2 peptide, but the positive band 

around 225 nm has been further reduced, i.e., grows more negative. It must also be noted 

that in both PPG2 and PG3 case, the negative band around 200 nm is slightly blue-shifted 

compared to P6, presumably because of less PPII ordered content and more random coil 
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content (Figure 6.8B).49 In fact, a deconvolution study of the PG3 spectrum using a base 

spectrum of a random coil, and the P6 spectrum here, reveals about 30-40% content of 

PPII helix (Figure 6.8C). This is not unexpected as pointed out earlier that the model 

studies conducted by Kelly et al. on introduction of glycine in the sequence Ac-(Pro)7-

Gly-Tyr-NH2 showed a decrease in PPII content from 67% to 58%.42 The authors in this 
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Figure 6.8. CD study of P6, PPG2 & PG3 linkers. (A) Comparison of CD spectra of P6, PPG2 & PG3 
compounds (6.1 - 6.3)  at 100 !M in water. (B)  CD spectra of P6, PG3 and random coil normalized to 
highlight the secondary structural content and the negative band (ca 205 nm) in PG3 vs polyproline and 
random coil. (C) P6 spectrum subtracted in varying amounts from PG3 to deconvolute the secondary 
structure elements. It is apparent that at least ~ 30% content is PPII structural element (highlighted), at 
which point the subtracted spectrum traces the random coil curve. The study also reveals the presence of 
some "-turn component, evidently reflective of Pro-Gly turns commonly found in many proteins.



study used a polyproline peptide under 8.4 M of chaotropic agent guanidine‡ to measure 

the upper bound for PPII helical content (i.e., 100% PPII content corresponding to [!]max,

228nm = 7600 deg cm2 dmol-1). Using an earlier study50 with a (TSDSR)3 peptide as model 

for completely disordered state at 80" to calculate the lower bound (i.e., 0% helical 

content as – 6100 deg cm2 dmol-1), the authors used the following formula to calculate 

the %PPII content in their host-guest peptides:

# # #

 

%PPII=
![ ]

max
+ 6,100

13,700
"100

                                                     …(1)

Although this model cannot be directly used here since there is no positive band observed 

around 225 nm, and the negative ellipticity at this wavelength is > – 6100 in the Pro-Gly 

peptides, one could determine the relative content of PPII in PG3 peptide with respect to 

P6 by arriving at a similar formula. Toumadje & Johnson described the negative 

ellipticity for the (TSDSR)3 peptide mentioned above as [!]max,200nm ~ – 14,000 deg cm2 

dmol-1.50 Using the [!]max ~ – 250,000 deg cm2 dmol-1 for the negative band of P6 as the 

upper bound for PPII content (see P6 CD curve in Figure 6.8A), the %PPII content for 

other peptides of same length could be calculated as:

# # #

 

%PPII=
![ ]

max,204
+14,000

13,700
"100

                                                                      …(2)

The ellipticity of PG3 at 204 nm is – 72,508 deg cm2 dmol-1, and using the equation (2), 

the PPII content corresponds to 37% relative to P6 peptide. This calculated value is also 

in accordance with the manual deconvolution of PG3 spectrum using normalized base 
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‡ As opposed to other secondary structures, guanidine stabilizes the extended helical structure of proline 
and makes it even more rigid, thus making the PPII content in CD spectrum even more prominent.



spectra of P6 and a random coil (Figure 6.8C). Further, the deconvolution of PG3 

spectrum points to some !-turn component as well, as can be expected from Pro-Gly 

motifs that are commonly associated with turn structures in proteins.51 This will become 

more evident from the presence of isoelliptic point at 213 nm in temperature-based and 

solvent-based studies described later in the text.

! Dependence of PPII content on the number of repeats: The CD spectra of three, 

six and twelve repeats of Pro-Gly were distinct indicating that the conformation and PPII 

content is chain length dependent (Figure 6.9). The molar ellipticity/residue nearly 

doubled from PG3 to PG12. However, the lack of positive band around 225 nm was still 

evident, which probably indicates that the longer peptides still do not form distinct PPII 

helix throughout the backbone. This is because if the stability has increased with length, 

then there would be a red shift in the negative band centered at 203 nm, and closer to that 

of P6 peptide. On the other hand, the reduction in stability moves the PPII helix to 

random coil region (centered around 195 nm) and thus gets blue-shifted. Therefore, it 

appears the increasing chain length does not lead to more pronounced helix formation in 

the peptide backbone, instead it merely increases the number and probability of locally 

ordered PPII units, thereby giving increasing elliptical intensity to longer linkers. 

Previous studies have shown that the intensities of these PPII bands are length dependent 

and that these bands increase in intensity, on a per residue basis, up to a length of about 

15 residues. It has been suggested that the length dependence of the ellipticity is due to 

the proportion of end effects, both electronic and conformational.42,49 Further, if the 

conformational effect is predominant, then disorder at the ends (fraying) of the smaller 
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peptides could contribute to decreased rotational strength for shorter peptides. However, 

the presence of this conformational flexibility do not provide much credence to the 

explanation of observed length dependence in these Pro-Gly peptides since glycine is 

present throughout the peptide at alternate positions and the flexibility will anyway be 

inherent in the peptide. This leaves electronic effects as the possible explanation for the 

observed length dependence. Since a polyproline sequence is stabilized by backbone 

solvation effects and by van-der Waals interactions, it is likely that these electronic 

effects also contribute to greater intensity seen in longer poly(Pro-Gly) linkers.

! Effect of Concentration, Solvent and Temperature: Figure 6.10 shows CD studies 

on Ac-[PG]6-NH2 and Ac-[PG]12-NH2 carried out at different concentrations, and in 

different solvents and temperatures. Initially, the effect of concentration of peptide on CD 

was studied to achieve optimal concentration (Figure 6.10A). Reasonable CD spectra 

were obtained with peptide concentrations of 100 and 250 !M; therefore, 100 !M 

concentration was chosen for further investigations. Figure 6.10B shows the effect of 

different solvents on the CD of PG6 linker. The CD trace and the PPII content remains 
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Figure 6.9. Mean residue molar 
ellipticies of PG3, PG6 and PG12 
linkers.



same for PG6 in water (pH 7.0) and PBS buffer (at pH 7.4). This indicates that these 

linkers would behave conformationally in a similar way in PBS buffer as they do in 

water. The CD spectra of PG6 linker were also obtained in trifluoroethanol (95% TFE v/v 

in water) which is a helix-promoting solvent (predominantly PPII for proline-rich 

sequences), and in n-propanol (95% nPrOH v/v in water) that favors PPI helix formation. 

In TFE at 25!, the CD spectrum of PG6 exhibited a slight blue-shift and less intense 

negative band at 200 nm. In case of nPrOH, there is a slight bathochromic shift of the 

negative band to 205 nm, and the intensity of this band is reduced. In both cases, there is 

an inflection point around 217 nm, and the band at 225 nm is even more negative than it 

is in water. Although this wavelength shift in non-polar solvents like TFE and nPrOH 

seen here has also been observed in other polyproline peptides,38 what is less clear at first 

is the tendency for lower intensity of negative band around 205 region as compared to 

water, when TFE and nPrOH are known to favor helix formation in peptides. However, 

these results can be explained on the basis that other secondary structures like "-helix are 

preferred in relatively non-polar solvents like TFE due to occlusion of water, and thereby 

forcing the peptide to form intramolecular hydrogen bonds. On the other hand, in case of 

homooligomeric prolines, the lack of hydrogen bond donor forces the carbonyl of amide 

to interact with solvent to stabilize the structure. Additionally, the stereoelectronic factors 

within the peptide play a role to stabilize the structure. Therefore, depending upon the 

non-polar solvent whether it favors PPI or PPII formation, there might be slight blue or 

red shift in the spectrum,38,52 and a slight reduction in intensity due to lowering of 

stability of polyproline helix. Further, whereas structures like #-turn (which proline is 
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Figure 6.10. CD study of PG6 and PG12 linkers in different conditions. (A) Concentration dependence 
of CD spectrum of PG6 linker in water at 25!. 100 "M concentration was selected for further studies. (B) 
Effect of solvent on molar ellipticity of PG6 linker at 100 "M conc and at 25!. (C) Effect of increasing 
temperature on PG6 peptide dissolved in water, revealing the convergence of ellipiticities (isodichroic 
point)  around 213 nm. (D) Effect of temperature on CD of PG12 peptide in water, with clear isodichroic 
point at 210 nm. (E) Difference spectrum between CD at 4! and 90! with a positive band at 225 nm 
highlighting the absence of #-helix, and its similarity to reported spectra from other proline-rich sequences 
(see ref. 46). (F) The temperature induced changes in the CD spectrum plotted with the ellipticity values 
obtained at 204 nm.



known to induce in protein sequences) cannot form in poly(Pro) due to steric interactions 

between pyrrolidine rings, glycine (or for that matter, other residues in natural proline-

rich peptides) can provide flexibility and primary amide bonds that can participate in 

hydrogen bonds. The unique Pro-Gly sequence can, therefore, form equally favored !-

turns.53 The changes in solvent polarity affects the peptide structure such that the 

hydrogen-bonding conformations like the !-turns will also be more or less dominant in 

nonpolar solvents like TFE and nPrOH. Thus, the band around 225 nm (figure 6.10B), 

normally associated with PPII structure, is even more negative in non-polar solvents 

indicating the favoring of !-turn formation in these Pro-Gly peptides. On the other hand 

in water, it will be less stable due to hydrogen-bonding interactions of the backbone with 

the solvent that promotes polyproline helix formation. Therefore, an extended structure 

like PPII which is not stabilized by intramolecular hydrogen bonds will be manifested 

more in water than in TFE or nPrOH. Together, the CD data presented here may be 

interpreted as suggesting an extended PPII structure in water co-exisiting with the !-turn 

in these poly(Pro-Gly) linkers.54,55 

" Increasing the temperature produces a gradual and significant increase in the 

negative band centered between 220 and 235 nm as well as a concomitant decrease in the 

intensity of the negative band centered at 204 nm (Figure 6.10C-D). Besides the changes 

in these two negative bands, it is also evident that at approximately 212 nm and – 14,000 

deg cm2 dmol-1 (for PG6) and – 28,000 deg cm2 dmol-1 (for PG12), there is an isodichroic 

point. This point is maintained in the temperature range studied, 4# to 80#, suggesting 

the presence of an equilibrium between two conformational states. This decrease in 
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intensity of the 204 nm band and increase in intensity of the band around 220 nm, which 

is characteristic of an increase in !-helical content, led us to consider the possibility of 

temperature-induced folding of the peptide in !-helix§,17 However, the difference 

spectrum ("4#  – 90#) of PG6, characterized by an intense negative CD band centered 

at 200 nm, and a positive band above 210 nm, rules out this possibility (Figure 6.10E). If 

!-helical content is present, then as the temperature increases, the band above 210 nm 

becomes even more negative.56 Therefore, the positive band indicates that the !-helical 

contribution is minimal if any. However, the presence of $-turn component can be clearly 

confirmed. In fact, the isodichroic point visible around 210 nm in PG6 and PG12, and the 

increase in negative band centered between 220 and 235 nm indicates that $-turns are 

possibly present. As the helicity gets diminished with temperature, the $-turn component 

from Pro-Gly becomes even more prominent. The temperature dependence of the CD 

signal at the PPII minima (204 nm) for the PG12 peptide is shown in Figure 6.10F. 

Although there appears to be a steady decrease in structure with increasing temperature, 

the effect is weak and the PPII structure is still present at 90#.42 Clearly there is no large 

transitions as noticed in other secondary structures like !-helix, $-sheets, and even in 

collapse of collagen and collagen-like peptides. In fact, a first derivative of this spectrum 

(Figure 6.10F) did not give a clear transition melting temperature, indicating 

noncooperative transition. Also, the lack of noncooperating melting indicates the peptide 

remains monomeric and does not aggregate to form triple-helical structures like other 
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containing peptide and protein structures that form !-helices, have been shown to acquire PPII structure 
before folding into more ordered forms (see ref. 17).



collagen-like peptides. It may be of note here that turbidity studies on the model peptide 

(Pro-Pro-Gly)10 had shown no aggregation potential with concentrations of up to 14 mg/

mL ,and over a wide range of temperatures (10 - 70!).37 Therefore, the poly(Pro-Gly) 

peptides used here, with concentrations ca. 1 mg/mL, are unlikely to self-associate. Since 

the presence of PPII helix has been observed with polyproline or proline-rich peptides as 

short as three residues,52,57 it is likely that the presence of PPII CD spectrum in these Pro-

Gly peptides comes from locally ordered fragments. Further, there seems to be an 

apparent transformation from PPII content to "-turn component with increasing 

temperature, as evident from the presence of a distinct isodichroic point in both PG6 and 

PG12 peptides studied (Figure 6.10C-D) Also, the reversibility of PPII helix formation 

was studied by tracing the CD spectra at 25! and 50! before and after heating the PG6 

peptide to 90 ! for 10 minutes, and was found to be greater than 90%. This further 

reinforces the notion that these linkers are only modestly rigid from the locally ordered 

PPII content, but remains flexible enough to lack a distinct secondary structure and a 

melting transition. The presence of these three structural elements (PPII, "-turn, random 

coil) have also been reported in several other proline-rich peptides54,55 and peptides that 

lack proline but form PPII ordered structures.58 #

# Finally, comparison of CD spectra from inclusion of different residues in host-

guest studies have revealed that residues such as glutamine, arginine and lysine (long 

flexible chains that do not obstruct backbone solvation) are also well tolerated, in that 

order, in forming PPII helix.41 In fact, the host-guest polyproline studies by Rucker et al. 

on Ac-(Pro)3-Xaa-(Pro)3-Gly-Tyr-NH2 revealed that glycine and lysine introduction 
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produced nearly similar effect on PPII content in the peptide (59% and 58% PPII content, 

respectively).41 Further, polylysine itself has been shown to form PPII helix at neutral or 

low pH, although the presently available data does not give a clear consensus whether the 

PPII formation is driven by electrostatic repulsion between side chains59,60 or the 

polylysine backbone itself has the propensity for PPII helix formation at neutral pH.61 

Nevertheless, the nearly similar influence of glycine and lysine can be exploited to 

introduce the functional handle in the linker region. Therefore, in our recent studies with 

multivalent ligands, lysine was either added to the end of PG3 linker (PGPGPGK) or 

substituted for one of the glycines in PG6 linker (PGPGPK-PGPGPG), and have been 

used to couple DOTA and Cy5 dye tags (see Chapter 7 and Figure 7.3). Other options for 

functionalization include modification of side chain of proline,18 (e.g., 4-aminoproline), 

glutamic acid for amide coupling with tags (since glutamine is the second most favorable 

residue after proline).41 In summary, the side chains of lysine and glutamic acid can be 

explored for dye/cargo conjugations and for branching the linker backbone for assembly 

of trivalent or higher order multivalent ligands.

6.3.6. Fluorescence Spectroscopy

! Almost 40 years ago, Förster resonance energy transfer (FRET) was introduced in 

classic experiments by Stryer and Haugland, as a “spectroscopic ruler”  to measure 

distances in nanospace.62 In these experiments, dye labels attached to the N and C termini 

of polyprolines of various lengths were studied with FRET, and demonstrated that the 

rate of FRET depended on the inverse sixth power of the donor-acceptor distance, as 
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predicted by Förster theory. Since then, FRET has been widely used in evaluation of 

biomolecular structure and dynamics. It provides information about distances on the 

range of 10 to 100 ! and is thus suitable for investigating spatial relationships in 

biochemistry. More recently, polyproline has also been used as a spectroscopic reference 

for single-molecule fluorescence experiments,63 and have been suggested to be used as a 

standard for calibrating measurements and for testing and refining new experimental 

methods. Using this well-established system, an experimental study was done to 

determine FRET efficiencies from ensemble measurements of donor fluorescence in the 

presence and absence of acceptor, for [PG]n peptides where n = 3, 6, or 9. The energy 

donor was a tryptophan group at the C-terminus, while the energy acceptor was a dansyl 

group at the N-terminus of the peptides. The choice of this donor-acceptor pair was based 

on the well separated emission spectra of tryptophan and dansyl, significant overlap of 

emission spectrum of Trp and absorption spectrum of dansyl, and their documented use 

for distance measurement of many peptides including polyprolines.64 The synthesis of 

these ligands is shown in Scheme 6.1, and was carried out on solid-phase. (See 

Experimental Section for more details).

" The CD spectra of Trp and Dansyl-Trp labeled peptides (6.7a,b) were acquired at 

100 #M concentration and compared against unlabeled PG3 peptide (6.3) to determine 

any changes in structure upon labeling with these tags (Figure 6.11A). Both Trp and 

Dansyl-Trp labeled peptides gave the same characteristic negative band centered around 

204 nm. However, there is some noticeable change at positive band at 225 nm, which is 

characteristic for PPII content. It appears that these two peptides have a slightly more 
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Figure 6.11. FRET study on poly(Pro-Gly) linkers. (A) CD spectra of Trp and Trp/Dansyl labeled PG3 
peptides compared to spectrum of Ac-[PG]3-NH2 at 100 !M conc. in water. (B) Concentration dependence 
of fluorescence emission intensity of tryptophan in compound 6.7b. (C)  Emission spectra of Trp with or 
without dansyl in PG3 peptides (6.7a,b) at 25 !M in water. (D)  Emission spectra of Trp with or without 
dansyl in PG6 peptides (6.8a,b)  at 25 !M in water. (E) Emission spectra of Trp with or without dansyl in 
PG9 peptides (6.9a,b) at 25 !M in water. (F) Fluorescence spectra were acquired at different temperatures 
for PG6 peptides (6.8a,b) at 10 !M, and measured FRET distances plotted against temperature. 



extended PPII structure than the unlabeled PG3 peptide (Ac-[PG]3-NH2). The positive 

band centered at 260 nm in dansyl peptide is due to absorption by this group itself.

! For fluorescence measurements, the excitation spectrum of compound 6.7b (Ac-

[Pro-Gly]3-Trp-NH2) was initially studied in water to determine the excitation 

wavelength for maximum emission yield. The magnitude of the excitation peak at 293 

nm provided the most sensitive index of the efficiency of transfer from indole group of 

Trp to the dansyl chromophore. The concentration dependence of fluorescence intensity 

of this compound was then studied to determine the linear range for variation of intensity 

with concentration (Figure 6.11B). The upper limit of this range appeared to be around 

100 "M, so the FRET measurements for all the peptides were made at 25 "M 

concentration. Further, the emission spectrum of dansyl labeled compound 6.7a was 

taken (at #ex: 293 nm) to determine the emission maxima of tryptophan and dansyl 

groups, and was found to have #max,ex of 360 nm and 570 nm, respectively, in this peptide, 

which coincide with the emission maxima of free tryptophan and dansyl in aqueous 

solutions.65,66 This indicates that the groups were fully solvated and there was no solvent 

shielding from the peptide, or change in structure, to influence the fluorescence maxima. 

! The efficiency of energy transfer can be readily obtained from the emission 

spectrum of the energy donor. At a given wavelength, the magnitude of the emission 

intensity of the energy donor in the absence (ID) and in the presence (IDA) of energy 

acceptor is related to the transfer efficiency, E, as 40,62

! ! ! !
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This energy transfer efficiency varies as an inverse function of the sixth power of distance 

(r-6), as proposed by Förster, and is given as 

! ! ! !
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For distance measurements, the Förster distance for the dansyl-tryptophan pair, Ro = 21 

", was taken from Wu and Brand.64 Figures 6.11C-E show the fluorescence intensity of 

PG3, PG6, and PG9 with and without dansyl chromophore. The transfer efficiency is 

nearly 90% for the shortest oligomer and decreases to 64% for the PG9 peptide. Table 6.1 

shows the energy transfer efficiency of these peptides and the measured FRET distance at 

25#.

! The measured FRET distance for PG3 peptide seems to be fairly high as 

compared to distances calculated for low energy conformers or for the average of whole 

population from modeling studies, and seems to be rather on the high end of the 

estimated distances. The ensemble FRET measurement presumably indicates that the 

short hexapeptide remains mostly in the extended conformation to give a relatively large 

distance measurement. However, the results gave much less differentiation between the 
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Table 6.1. Energy transfer efficiency (E) and the measured FRET distance (Ro = 21 ").

Linker Efficiency of transfer (%) Distance (!)

[PG]3 88% 14.9

[PG]6 72% 17.9

[PG]9 64% 19.1

The measurements were made at 25# for at least n = 3, before averaging the intensities. 



measured distances for different chain lengths. Although, these are more or less within 

the 5 ! statistical limit of FRET measurements, previous reports on introduction of 

glycines in polyproline sequence and the distance estimates using paramagnetic 

enhancement of nuclear relaxation gave similar values.67 Since ensemble FRET measures 

an average of distance distribution, this means at any given time the average of distance 

distribution is similar for relatively flexible peptides like poly(Pro-Gly). Therefore, 

single-molecule fluorescence experiment may be a better choice to measure distance of 

single, freely diffusing molecules and the distance distribution.40

" In summary, this abridged work on Pro-Gly linkers reveal much of the 

characteristics that were considered for the design of a good semi-rigid linker. Taken 

together, the poly(Pro-Gly) peptides show evidence of “conformational averaging”  and 

“conformational plasticity”, where the peptides can access an ensemble of conformations 

at all temperatures with no significant free energy barrier separating the “folded”  and 

“unfolded”  conformations, giving rise to a semi-rigid structure. The poly(Pro-Gly) linker 

has a suitable blend of rigidity and flexibility that could reduce the conformational 

entropy of the linker and yet provide enough flexibility for the ligands to bind. Finally, 

these linkers could be easily modified by substituting lysine for glycine or using prolines 

modified at 4-position for inclusion of functional groups that could be exploited for later 

modifications. 
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6.4. EXPERIMENTAL SECTION

Materials

! N"-Fmoc protected amino acids, Rink amide resin, and Fmoc-Rink linker were 

purchased from SynPep (Dublin, CA) or from Novabiochem (San Diego, CA). Tentagel 

resin was acquired from Rapp Polymere (Tubingen, Germany). The following side chain 

protecting groups were used for the amino acids: Trp(Ni-Boc). Dansyl-Cl was acquired 

from Sigma-Aldrich (Milwaukee, WI). HOBt, HOCt, DIC, and HBTU were purchased 

from IRIS Biotech (Marktredwitz, Germany). Peptide synthesis solvents, reagents, and 

solvents for HPLC were reagent grade, were acquired from VWR (West Chester, PA) or 

Sigma-Aldrich (Milwaukee, WI), and were used without further purification unless 

otherwise noted. The polypropylene syringes equipped with frit and the Domino manual 

synthesizer were obtained from Torviq (Niles, MI). 

General Method for Solid-Phase Synthesis

! Solid-phase syntheses were carried out in polypropylene syringes (5-20 mL) fitted 

with polyethylene porous disks. Solvents and soluble reagents were removed by vacuum 

to dry the resin. Peptides were synthesized on Rink amide resin or Tentagel Rink amide 

resin (with initial loading 0.77 mmol/g or 0.2 mmol/g, respectively) using N"-Fmoc 

protecting groups and a standard DIC/HOCt or HBTU/HOBt activation strategy. The 

resin was swollen in THF for an hour, washed with DMF, and Fmoc protecting group 

removed with 20% piperidine in DMF (2 min + 20 min). The resin was washed with 
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DMF (3X), DCM (3X), 0.2 M HOBt in DMF (2X), and finally with DMF. The first 

amino acid was coupled using pre-activated 0.3 M HOCt ester in DMF (3 eq. of N!-Fmoc 

amino acid, 3 eq. of HOCt and 6 eq. of DIC) and double-coupled with 3 eq. of amino 

acid, 3 eq. of HBTU and 6 eq. of DIEA in DMF. To avoid deletion sequences for longer 

Pro-Gly peptides, the double coupling was performed at all steps, and the unreacted NH2 

groups on the resin thereafter were capped with 50% acetic anhydride in pyridine for 5 

min. The resin was washed with DCM (3X), DMF (5X), DCM (3X), and DMF (2X). The 

same procedure was repeated for the next amino acid until all the amino acids were 

coupled. After the final amino acid was incorporated, the N! Fmoc group was deprotected 

and the free N!-termini were acetylated with excess of acetic anhydride/pyridine (1:1). 

The resin was then washed with DCM (3X), DMF (5X), DCM (3X), THF (2X), was 

dried over vacuum, and the peptides were cleaved from the resin. Alternatively, the 

dansyl group was introduced at the N!-termini by reacting the resins with 3 eq. of dansyl 

chloride and 3 eq. of DIEA in DMF for 3 hr. Frequently during the synthetic steps, a 

small amount of peptide was cleaved and analyzed by HPLC and mass spectrometry to 

monitor the synthetic progress and purity of the peptide. The peptides were cleaved from 

the resin using 95% TFA in water for 3 h at room temperature. The crude peptides were 

isolated from the resin by filtration, the filtrate was reduced to low volume by evaporation 

using a stream of nitrogen, and the peptides were precipitated in ice-cold diethyl ether, 

centrifuged, and washed several times with ether, dried, dissolved in water and 

lyophilized to give off-white solid powders that were stored at -20°C until used.
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HPLC Analysis, Size Exclusion Chromatography and Peptide Concentration 

Determination 

! The purity of final products was analyzed using Waters high-performance liquid 

chromatography (HPLC) apparatus and with a Vydac C18 reverse phase column (dia "  

length: 4.6 mm " 150 mm, pore size 3 #m). Buffer A was water with 0.1% TFA and 

buffer B was acetonitrile with 0.1% TFA. Peptides were analyzed using a linear gradient 

of buffer B under various gradient conditions at a flow rate of 0.3 - 1 mL/min and the 

separations monitored at 220 and 280 nm. Purification of compounds was achieved using 

a Waters 600 HPLC apparatus equipped with a Vydac C18 reverse phase column (22 mm 

"  250 mm, 5#m) with similar buffers under optimized gradients and 3-10 mL/min flow 

rate. The separations were monitored at 230 and 280 nm.

! Size exclusion chromatography was performed on a borosilicate glass column 

(2.6 "  250 mm, Sigma, St. Louis, MO) filled with medium sized Sephadex G-25 or G-10. 

The compounds were eluted with an isocratic flow of 1.0 M aqueous acetic acid. 

! The concentrations for Trp and Trp/Dansyl labeled peptides were determined by 

monitoring absorbance of peptides (initial conc. 1-5 mM) against 0.5 mM solutions of 

DTrp in water at 280 nm. Co-injections of peptide and DTrp were made on analytical 

HPLC with a number of different volumes and peptide concentration calculated from 

averaged area under the peaks using the formula given here. 

Peptide Conc. =  

Abs. of comp.[ ]

Abs. of DTrp[ ]
 !  

0.5

"280  of comp.

 !  

Vol. of DTrp

Vol. of comp.
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where !280 of compound was calculated by summation of extinction coefficients of all  

Trp (!280=5500) and Dansyl (!280=5800) residues and normalizing the value to one DTrp. 

Other components do not absorb significantly at this wavelength. Extinction coefficient of 

dansyl group was measured in a similar way by comparing absorbance (area under peak) 

of 0.5 mM solution of dansyl chloride against 0.5 mM of DTrp as standard at 280 nm. For 

all other peptides, the concentrations were determined by weights of freeze-dried peptides 

during solution preparation.

Mass Spectrometry

" Mass spectra of positive ions were recorded with a low resolution ESI mass 

spectrometer (Finnigan, Thermoquest LCQ ion trap instrument, Lake Forrest, CA)

(See representative examples of HPLC & MS in Appendix C)

Circular Dichroism

" CD measurements were carried out using a JASCO J-720 spectrometer equipped 

with a water-jacketed cuvette holder.! Data were collected with a quartz cuvette of 2 mm 

path length, from 300 to 185 nm, at 0.5 nm intervals, and with a scan rate of 1 nm per 

second. The spectra were recorded as an average of at least 3 scans and were corrected by 

subtracting the solvent/buffer base line contributions. No curve-smoothing procedure was 

applied. The solvent conditions included water, 95% TFE v/v in water, 95% nPrOH v/v in 
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CD instrument had been calibrated by the machine supervisor with ammonium (+)-camphor-10-sulfonate 
(CSA).



water, and PBS (phosphate buffered saline) buffer (pH 7.4). For all peptides analyzed by 

CD, the concentration dependence was studied initially for PG6 peptide from 1 mM to 10 

!M range, and was then kept constant at 100 !M for the rest of the studies. All peptides 

were analyzed over a temperature range from -10" to 90". For melting temperature 

scan of PG12 in water, a heating rate of 1" /minute was used and the full CD spectra 

were collected at 5" intervals from -10" to 90". For reverse temperature trace of PG6 

at 25" and 50", the peptide was incubated for 5 minutes prior to data collection during 
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Table 6.2. HPLC & MS data of linkers for CD & FRET study

Compound Mass Calculateda Mass Foundb tR (Purity %)c K’

Ac-[PG]3-NH2 

(C23H35N7O7)
522.259 (M+1)1+ 521.9 (M+1)1+ 9.0 (99) 4.5

H-[PG]3-W-NH2
* 

(C32H43N9O7)
666.328 (M+1)1+ 666.3 (M+1)1+ 16.3 (99) 8.1

H-[PG]6-W-NH2
*

(C53H73N15O13)
1128.551 (M+1)1+ 1128.5 (M+1)1+ 17.9 (98) 8.9

H-[PG]9-W-NH2
* 

(C74H103N21O19)
1590.774 (M+1)1+ 1590.6 (M+1)1+ 18.7 (95) 9.4

Dansyl-[PG]3-W-NH2 
(C44H54N10O9)

899.379 (M+1)1+ 899.2 (M+1)1+ 25.0 (98) 12.5

Dansyl-[PG]6-W-NH2 
(C65H84N16O15)

1361.602 (M+1)1+ 1361.3 (M+1)1+ 24.4 (97) 12.2

Dansyl-[PG]9-W-NH2 
(C86H114N22O21)

1823.825 (M+1)1+ 1823.3 (M+1)1+ 23.3 (95) 11.6

a Exact Mass calculated based on the most abundant isotope of each element; b ESI-MS; c 0-40% B gradient 
in 30 min; HPLC eluents: Phase A is 0.1% TFA in water; Phase B is 0.1% TFA in acetonitrile; tR is the 
retention time of compound peak in HPLC; (purity of final product in percentage is given in parenthesis); 
K’ is retention time of compound peak/retention time of solvent peak. * Although acetylated products were 
used in the CD & FRET measurements, masses given here are for non-acetylated peptides, which were 
cleaved during the parallel synthesis for assessing purity and identity of the peptides, as well as for 
monitoring the dansylation of the peptides by HPLC.



the 4! ––> 90! heating and 90! ––> 4! cooling cycle. The CD spectra were highly 

reproducible. Replicate measurements as a function of temperature agreed within ± 5% 

on heating and cooling. Data are presented in molar ellipticities (["], deg•cm2•dmol-1) of 

peptide chain length, except for comparison of [PG]n peptides (Figure 6.9) where mean 

residue molar ellipticity (["]res, deg•cm2•dmol-1) values were used. The monomeric state 

of the peptides was concluded from CD spectra collected during temperature titrations.

Molecular Modeling

! Modeling studies were performed with Macromodel version 9.1 implemented 

under Maestro 7.5 interface on a Linux workstation. The MacroModel implementations 

of Merck Molecular Force Field (MMFF), AMBER* and OPLS all-atom 2005 force 

fields were used.45 AMBER* is a reparametrized AMBER force field containing a new set 

of torsional parameters that more closely reproduces ab initio calculations on the 

conformational preferences of simple peptides.46 For solution phase calculations, the GB/

SA continuum model for water was used. Amide bonds were required to be trans except 

in case of proline whose imide bonds were intentionally sampled and accepted with either 

cis or trans geometry in the conformational searches.

# Conformational Search: Conformational searches were performed with systematic 

Monte Carlo method of Goodman and Still.68 Using water as a solvent, 5000 starting 

conformers were generated and minimized using OPLS-AA force field and the truncated 

Newton-Raphson method until the gradient was less than (0.05 kJ/mol)/Å. Duplicate 
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conformations and those with energy greater than 50 kJ/mol above the global minimum 

were discarded.

! Monte Carlo/Stochastic Dynamics: All simulations were performed at 310 K with 

Monte Carlo/stochastic dynamics hybrid simulation algorithm69 with either the AMBER* 

all-atom force field or the new OPLS-2005 force field in MacroModel 9.1. A time step of 

1.5 fs was used for the stochastic dynamics (SD) part of the algorithm. The Monte Carlo 

part of the algorithm used random torsional rotations between ± 60° and ±  180° that were 

applied to all rotatable bonds except the proline imide C-N bond where the random 

rotations between ±  90° and ± 180° were applied. No torsion rotations were applied to 

bonds in the pyrrolidine ring of proline as the barriers are low enough to permit adequate 

sampling from the SD part of the simulation. The total simulation time was up to 20,000 

ps and samples were taken at 1 ps interval, yielding an appropriate number of 

conformations for analysis.
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CHAPTER 7

LANTHALIGANDS* & IMAGING AGENTS
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7.1 INTRODUCTION

! The field of medical imaging is rapidly evolving towards the development of 

molecular imaging procedures aimed at visualizing molecular events occurring at cellular 

levels.1 This would represent a breakthrough in clinical settings since in addition to 

providing an early diagnosis, it would also allow the assessment of an underlying therapy 

by visualizing specific molecules and biomarkers that are the “signature”  of the pathology 

(‘theragnostics’). Such an approach will be highly beneficial in ensuring the patient that 

the chosen therapy is going to provide the expected benefits, as it will largely circumvent 

the time currently required for assessment of anatomical changes. In the same vein, we 

are trying to develop a platform that would not only provide the early diagnostic tools but 

would also be easily modifiable into suitable therapeutics tailored to the patient’s 

expressed cell-surface protein profile. The earlier chapters provided the description of this 

platform based on the principles of multivalency. In this regard, heterovalent ligands were 

discussed that showed enhanced binding on cells engineered to co-express two receptors, 

compared to cells that expressed only one of those receptors. Our goal is to test the utility 

of such molecules as targeted agents for diagnosis. Therefore, heterobivalent ligands were 

labeled with suitable fluorescent dyes such as Cy5 and chelating labels such as Eu-

DOTA (lanthaligands),* etc, for initial studies on the same model system, which will be 

the focus of this chapter. Information gleaned from these compounds could be further 
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* The author has coined the term “lanthaligand” to define ligands labeled with lanthanide chelates (cf 

radioligand). DOTA: 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid; DTPA: Diethylenetriamine-

N1,N2,N3,N4-pentaacetic acid; N1 is a Perkin-Elmer notation for N1-(p-iodoacetamidobenzyl) derivative of 

diethylene-N1,N2,N3,N4-tetraacetic acid (DTTA) 



utilized for preparation of diagnostic compounds such as Gd-DOTA labeled for magnetic 

resonance imaging (MRI) or 111In for single photon emission computed tomography 

(SPECT). 

! Fluorescence occurs when a molecule, atom or nanostructure absorbs a photon of 

light, undergoes transitions to lower vibrational energy levels and then relaxes to its 
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Figure 7.1. Time-resolved fluorescence (TRF) of luminescent lanthanide chelates and its utility in 

high-throughput screens. (A) Mechanism of energy transfer from the ligand to the lanthanide(III) ion; (B) 

Spectral characteristics of Cy5 fluorophore. Gray line = excitation, blue line = emission; (C) Emission 

profiles of different lanthanides produced with fluorescent chelates, illustrating the long emission times ("s 

to ms) and narrow emission peaks at different wavelengths [613 nm for europium (Eu), 643 nm for 

samarium (Sm), 545 nm for terbium (Tb), 572 nm for dysprosium (Dy)]. The spectra from these four can be 

easily distinguished on the basis of decay time and wavelength (allowing multiplex assays). (D) Principle of 

time-resolved luminescence measurements, indicating delay period given to allow decay of background 

fluorescence (typically less than 10 ns). This property allows the development of high-throughput assay 

screens. (Images reproduced with permission from ref. 17; also see DELFIA™ research reagents guide on 

www.perkinelmer.com for basics and applications of this assay)

http://www.perkinelmer.com
http://www.perkinelmer.com


ground state by triggering an emission of photon of longer wavelength (Figure 7.1A). The 

use of fluorescence detection is desirable because of its high sensitivity, excellent spatial 

and temporal resolution, and multiple detection capability by simultaneous use of several 

probes.2,3 Therefore, the use of fluorescently labeled agents has rapidly expanded in 

recent years. In research employing small animals, fluorescence allows ready monitoring 

of superficial lesions, and can detect targets at centimeter depths though with decreased 

resolution.4 This extension into the in vivo settings allows visualization of biology in its 

intact and native physiological state.5 However, there are two main technical challenges 

in their effectiveness. First, there is a fundamental barrier to optical imaging in tissues 

due to high light scattering, autofluorescence, and high absorption by hemoglobin (Hb) in 

the mid-visible band. Second, the in vivo environment puts additional demands on the 

stability of imaging probe (or contrast agent). Thus, the use of red and near-infrared 

(NIR) light is the most critical step towards improved imaging.6 Near-infrared 

wavelengths beyond 650 nm confers advantage of less background fluorescence from 

tissues (mainly from pyridine nucletoides, folates and flavins) over lower bands.7 The 

most common organic NIR fluorophores are polymethines such as pentamethine and 

heptamethine cyanines.8,9 Their physical properties, biodistribution, pharmacokinetics 

and applications for in vivo fluorescence imaging have been summarized in recent 

reviews.5,6,8 Briefly, the existing sulphonated cyanine dyes have good aqueous solubility, 

quantum yields greater than 0.1, and high extinction coefficients (e.g.; !620 for Cy5™ > 

250,000; see Figure 7.1B for spectral characteristics of Cy5).10 They are stable between 

pH 3 and 10 and exhibit low non-specific binding to tissues, and are more photostable 
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than dyes like fluorescein.† This allows repeated excitation cycles with limited loss of 

signal. Further, their small size (compared to fluorescent proteins) and spectral properties 

make them an excellent choice for everything from assay development to screening.

! Non-fluorescent techniques, including radiography, magnetic resonance imaging 

(MRI), X-ray, scintigraphy, positron-emission tomography (PET), and ultrasound are 

capable of deep penetration through tissues.1,11 Although these techniques have suffered 

in the past from resolution, contrast, and sensitivity issues, and were suitable only for 

imaging the end effects of severe disorders, the rapid development of clinical diagnostic 

technologies intended for imaging of biological processes at cellular and molecular level 

(termed as “molecular imaging”) are set to alleviate these shortcomings and probe 

abnormalities that are the basis of diseases.1 This will cause a shift in the treatment 

options and possibilities for patients. It is expected that much emphasis will be placed on 

diagnosis and treatment of early stages of disease progression. This demands a new 

category of therapeutic strategies such as the multivalent ligand approach.

! In the context of these non-fluorescent techniques, the group of lanthanides started 

to be considered both for imaging and therapy soon after the very beginning of nuclear 

medicine.12,‡  Elements from the group of lanthanides have very interesting physical 

characteristics (like their density and magnetic susceptibility) for imaging applications 

and are the ideal candidates to be co-loaded either in their non-radioactive or radioactive 

form (into ligands or advanced drug delivery systems) because of various reasons.12,13 
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† Note that the photooxidation of cyanine dyes increases with increasing conjugation of methine group.

‡ For the multivalent project described here, both lanthanide and transition metal radioisotopes will be 

considered for labeling and in vivo imaging.



First, luminescent lanthanide chelates exhibit unusual spectral characteristics that make 

them useful non-isotopic alternatives to organic fluorophores, particularly in applications 

where background autofluorescence is a significant problem (vide infra). Second, they 

can be deployed for multi-modality imaging such as magnetic resonance imaging (MRI), 

and computed tomography (CT) contrast agents and for single photon emission computed 

tomography (SPECT).13,14 Third, they can be used for radionuclide therapies, which can 

then also be monitored with SPECT, CT, and MRI. Finally, when complexed to ligand 

chelates, they have relatively low toxicity.13

! The rare earth elements [atomic number 57 (La) to 71 (Lu), 21 (Sc), and 39 (Y)] 

present the largest group of chemically similar elements. The lanthanides (elements from 

Ce through Lu) possess unique optical (luminescent) and magnetic properties, which is a 

consequence of the f-electronic configuration of the lanthanide elements.15 Among the 

lanthanide ions that emit in the visible range of the spectrum, Tm(III), Tb(III) and Eu(III) 

are more attractive due to their emission of three primary colors – blue, green, and red, 

respectively (Figure 7.1C). The lanthanides are also paramagnetic, a property that makes 

them useful for MRI contrast agents (such as gadolinium) by inducing the relaxation of 

water protons and, thus, decreasing T1 and/or T2 relaxivity values.14 For luminescence, 

the lanthanide complex requires close proximity of a sensitizing chromophore, which is 

capable of transferring its excited state energy to the encapsulated lanthanide(III) ion 

(Figure 7.1A).16,17 Alternatively, the lanthanide can be dissociated from the chelate and 

then incorporated into an in situ fluorescent chelate (Figure 7.2). This is usually 

accomplished with a buffered solution containing a polyanion (typically a polyacid such 
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as nitrilotriacetic acid to dissociate the lanthanide from the chelate), an enhancer reagent 

i.e, a fluorophoric antenna (such as 2-naphthyltrifluoroacetone, NTA, for excitation), and 

a synergistic detergent (typically Lewis bases such as  trioctylphosphineoxide (TOPO) to 

enhance fluorescence by forming micelles and shielding the complex from water).18-22 

The solution is typically buffered to pH 3.5 at which the polyanion present in sufficient 

concentration can dissociate the lanthanide metal ions from the chelate. The metal ions 

then re-associate with the enhancer reagent and detergent to form a micellar chelate that 

derives the equilibrium forward, thus transferring the lanthanide ions into a fluorescent 

form. This is essential as direct excitation of the Ln3+ ion is very inefficient, leading to 

low values of extinction coefficient (! " 1 M-1 cm-1) as the relevant f-f transitions are 

parity forbidden. Lanthanide emission bands are very sharp compared to organic 

fluorophores, typically with a full width at half maximum of less than 10 nm (compare 

Figure 7.1C vs 7.1B). The detection limits are conservatively in the range of 10-12 – 10-15 
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Figure 7.2. An example of a luminescent 

lanthanide-chelate complex formed from a !-

diketone such as NTA and lewis base such as 

TOPO. Perkin-Elmer’s DELFIA™ based kit used 

for bioassays here, describes the formation of Eu.

(NTA)3.(TOPO)2 complex after dissociation of 

lanthanide from the DTPA or N1 chelator. 

Europium(III) forms coordination complex with 

three NTA molecules (under basic conditions, the 

active methylene group is deprotonated to give 

negative charge delocalized on the two carbonyl 

groups). The two water molecules are replaced with 

TOPO that aids in micelle formation.



M. Finally, the two most important characteristics of lanthanide emission that make them 

very useful for bioassays are the extremely large Stokes’ shift (often exceeding 200 nm) 

and the long-lived luminescence, which typically range from microseconds (Yb, Er, Nd) 

to milliseconds (Eu, Tb) (Figure 7.1C).23 These long lifetimes immediately offer an 

advantage as they allow time-resolved fluorescence (TRF) spectroscopy and microscopy 

to be used. The introduction of time delay (say 400 !s) prior to detection of the emitted 

light eliminates the interference from light scattering and autofluorescence (Figure 7.1D). 

This greatly enhances the signal/noise ratio and the reliability of detection and 

monitoring. This feature also permits signal amplification by multiple read-outs in a short 

time period for high-throughput screening of compounds. Additionally, the high 

sensitivity of these assays combined with the elimination of radiation (and the consequent 

radioactivity disposal problem) renders them amenable to easy automation and makes 

them highly attractive. 
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7.2 LABELED HETEROBIVALENT LIGANDS

7.2.1. Design of Labeled Heterobivalent Ligands

! As outlined earlier in Chapter 1, with proof-of-principle experiments in Chapter 2, 

the goal of our multivalent project is to identify receptor combinations that are uniquely 

expressed on a cancer cell, but not on normal cells, and develop specific imaging and 

therapeutic agents targeted to these receptor combinations. The ligands complementary to 

these receptors could be decorated on a multivalent scaffold that also bears payloads 

suitable for in vivo imaging and tumor therapy. To demonstrate the potential of such an 

approach, model systems were chosen consisting of cells that overexpressed two or only 

one of the chosen cell-surface receptors (i.e., human melanocortin-4 receptor, hMC4R, "-

opioid receptor, "-OR, and cholecystokinin-2 receptor, CCK-2R). A library of 

heterobivalent ligands that contained either MSH and CCK binding motifs, or "-OR and 

MSH binding motifs were designed and synthesized. Through binding studies on cells 

that expressed either hMC4R, or CCK-2R, or both hMC4R and CCK-2R for MSH-CCK 

system, it was demonstrated that the multivalent constructs displayed enhanced bivalent 

binding compared to its monovalent binding. Similarly, binding studies were conducted 

for "-OR/hMC4R system that expressed either "-OR, or hMC4R, or both "-OR and 

hMC4R. In all cases, the multivalent ligands were demonstrated to have a significant 

enhancement in binding affinities on cells that expressed both receptors, up to ca. 80-fold. 

This apparent binding affinity enhancement results most likely from clustering of 

receptors (clustering effect) as evidenced from "-OR/hMC4R system where the 
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heterobivalent ligands with smallest linkers exhibited no binding enhancement. In order 

to further explore the utility of these ligands for imaging, the best heterobivalent ligands 

from MSH-CCK series, namely htBVL 2.10 and 2.11 were chosen and syntheses of these 
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ligands with lanthanide and dye labels were devised. Initially, these ligands were labeled 

with a NIR fluorescent dye (Cy5) and/or DOTA/DTPA chelates of europium (Figure 7.3). 

These labels were attached either at the N-terminus (7.1), or in the linker region (7.2) via 

a lysine (7.2, 7.3, 7.4) or a cysteine (7.5) side chain, or both (7.6). In case of 7.3, a small 

spacer Ado (8-amino-3,6-dioxaoctanyl) was used between the ligand and the lanthanide 

chelate to provide a similar spacing as in 7.4, which showed promising results in the 

bioassays. Lanthaligand 7.6 was designed as a multi-modality agent incorporating both 

optical and magnetic components (by substituting Gd for Eu after initial bioevaluation). 

The ligands were synthesized using solid-phase methodology, purified and characterized 

by HPLC and MS. The ligands were tested for binding affinity to determine the influence 

of labels on binding. These ligands were then pursued further for imaging. Initial 

bioevaluation of Cy5 for in vitro cellular imaging is described here. At present, work is in 

progress to generate tumorogenic cell lines expressing the MSH-CCK receptor 

combination. In vivo testing of Cy5, Gd, and 99mTc or 111In chelate labeled heterobivalent 

ligands will be explored in the near future to demonstrate imaging and tumor kill. Since 

lanthanides possess very similar chemical properties, different lanthanides can be labeled 

in the same system, combining in this way the best diagnostic or therapeutic properties. 

7.2.2. Synthesis of Labeled Heterobivalent Ligands

! The modular nature of the solid-phase synthetic strategy described earlier for the 

construction of heterobivalent ligands, allows easy incorporation of functional handles 

such as orthogonally protected lysine, cysteine, diaminopropionic acid, etc, for coupling 
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of labels in solution or on the resin. Scheme 7.1 shows the synthesis of lanthaligand 7.1 

with DTPA chelator starting from resin 2.40. The unprotected N!-termini were reacted 

with DTPA-dianhydride in the presence of HOCt to yield labeled product 7.7. Since 

DTPA-dianhydride is highly reactive and leads to significant amount of head-to-head 

inter-peptide dimerization on the resin, it was converted to a less reactive HOCt ester by 

initially reacting 20 eq. of DTPA-dianhydride with 40 eq. of HOCt in 2 mL of DMSO. 

The reagent mixture was heated to 40" till dissolved, stirred at room temperature for 

another 20 min, and then added to the resin with vigorous vortexing for 5 minutes 

followed by shaking the resin for 3 hours. Note that the resin must be washed with 

DMSO prior to reaction, and DMF must be avoided due to the presence of trace amounts 

of dimethylamine, which can interfere in the reaction. The reaction completion was 

monitored by analytical HPLC on a small amount of peptide cleaved from the resin. 

Despite advantage of a less reactive HOCt ester, small amount of dimer was still 

observed (Figure 7.4A).  Therefore, commercially available DOTA-NHS ester was used 
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Scheme 7.1. Synthesis of compound 7.1 illustrating DTPA coupling to the peptide.
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Scheme 7.2. Synthesis of a representative labeled heterobivalent ligand 7.6.



for coupling the lanthanide chelator for other peptides, with the added benefit that DOTA 

is a stronger chelator than DTPA.24 

! Scheme 7.2 shows a representative example of DOTA coupling as well as 

synthesis of a dual-modality labeled heterobivalent ligand that illustrates examples of 

both on-resin and in-solution routes. Starting from resin 2.38 (Scheme 2.1), N"-Fmoc-N#-

Mmt-Lysine (Mmt = methoxytrityl) was coupled by DIC/HOCt coupling protocol. This 

was followed by assembly of the rest of the linker and the MSH-7 ligand as described in 

Scheme 2.1. Following final amino acid addition, namely Fmoc-Ser(tBu)-OH, the Fmoc 

protection from 7.9 was removed with piperidine:DMF (1:4). The DOTA ligand was then 

coupled using commercially available DOTA-NHS ester (2 eq.), DIEA (8 eq.) in DMF to 

give product 7.10. The commercial DOTA-NHS ester contains approximately 3 eq. of 

TFA complex (DOTA-NHS.3TFA.HPF6
-). So higher molar equivalent of DIEA was used 

to neutralize the acid. Further, in cases were precipitation was observed after addition of 

DIEA to the reagents, a few drops of DMSO were added to enhance solubility. The 

reaction was aided by heating in a microwave for few seconds, stirring on a vortex until 

the reaction cools to room temperature, and repeating the microwave heating cycle until 

reaction completion. A similar protocol was followed for compounds 7.2 and 7.3 where 

DOTA was coupled in the linker region instead of the N-terminus. In the case of htBVL 

7.3, the Mmt protection was removed with repeated washings of 10% TFA, 5% TIS in 

DCM (about 7 washes needed). Although the available literature suggests usage of 1-3% 

TFA in DCM for Mmt deprotection,25,26 this condition leads to incomplete deprotection in 

these peptides (roughly 10-25% still protected). This was observed on a small amount of 
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resin by acetylating the free NH2 groups of partially deprotected peptide, cleaving the 

peptide from resin, followed by analytical HPLC to observe the amount of acetylated vs 

non-acetylated products. Alternatively, N!-Aloc protected lysine was used for the 

synthesis of compound 7.2 (see Figure 7.4B&C for HPLC at various synthetic steps - 

Aloc deptrotection, DOTA coupling, and europium chelation). Following the synthesis of 

peptide and acetylation of N"-terminal, the Aloc protection was removed with Pd[0] 
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Figure 7.4. HPLC of Eu-DTPA/DOTA  labeling for lanthaligands 7.1 & 7.2. (A) DTPA labeling for 

lanthaligand 7.1 shown at 220 nm in Method D (see Table 7.2 for HPLC methods). (i)  Unlabeled product 

2.40 (Scheme 7.2); (ii)  Labeling of free N-terminus with DTPA-dianyhydride/HOCt method yields 7.7 with 

some dimer product; (iii)  Purified DTPA product 7.7. (B) DOTA labeling for lanthaligand 7.2 shown at 220 

nm in Method B. (i) Heterobivalent peptide with N!-Aloc protected lysine side chain; (ii)  Aloc protection 

removed with Pd[0] reagent; (iii) Reaction of free amine with DOTA-NHS ester. (C) Europium chelation 

reaction of 7.2 monitored at 280 nm in acetonitrile-TEAA (buffer) gradient (Method F). (i) Purified DOTA 

compound from (B,iii); (ii)  Europium-DOTA chelation reaction to give lanthaligand 7.2, which elutes at 

higher retention time indicating its more hydrophobic character. (TEAA: TEA/AcOH)



reagent mixture using tetrakis(triphenylphosphine)pladium[0] (Pd[0]TPP4) and a ‘pro-

nucleophilic’ scavenger such as dimethylbarbituric acid (DMBA) in dry, oxygen-free 

DCM, under argon atmosphere (Figure 7.4B).27,28 Before the addition of this deprotection 

reagent mixture, the resin was washed with DCM (argon-flushed), the reagents added, 

and the resin stirred for 30 min. The resin was then washed with dry DCM (argon-

flushed), and the deprotection procedure repeated for another 30 min. Following the 

deprotection, the resin was washed multiple times with DCM, DMF, 5% DIEA in DMF, 

1% sodium diethyldithiocarbamate in DMF, 5% piperidine in DMF, DMF, 0.2 M HOBt 

in DMF, DMF, THF, and the resin dried over vacuum. Finally, the peptides were cleaved 

from the resin with 82.5% TFA, 5% H2O, 5% triisopropylsilane, 5% thioanisole, and 

2.5% ethanedithiol. The crude peptides were then purified by preparative HPLC in an 

acetonitrile-water gradient. Following purification, the europium complexation for the 

chelate ligands was carried out with 3 eq. of Eu(III) chloride (EuCl3.6H2O) in basic pH 

buffer or in DMSO (Scheme 7.1, 7.2 and Figure 7.4C). The excess of metal salts was 

removed by solid phase extraction (using Sep-Pak™ C18 cartridges), and the peptides 

eluted with acetonitrile-water gradient. The purity of the final products was checked by 

analytical HPLC, and the structures were characterized by mass spectrometry.

! Due to the high cost of activated Cy5 dyes (N-hydroxysuccinimide, NHS, for 

amines, and maleimide, MAL, for thiols), solution coupling was preferred for the dye 

conjugation reactions. Therefore, compounds 7.4 and 7.6 were prepared by coupling of 

Cy5-NHS ester (Amersham Biosciences, MW: 791.9) to the pure peptides in DMSO. 1.2 

eq. of Cy5-NHS ester was dissolved in DMSO and 1 eq. was added to the solution of the 
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peptide in DMSO. For compound 7.5, free thiol groups of the peptide were reacted with 

Cy5-MAL (Michael addition) in water at neutral pH and under argon to minimize 

intermolecular disulfide formation by air oxidation. The reaction was monitored by 

analytical HPLC and if the starting material was still observed, additional aliquots of 0.2 

eq. of dye were added until full conversion was achieved (Figure 7.5). No side reactions 

were observed despite the presence of unprotected reactive side chains of histidine and 

arginine in the peptides. In both types of conjugation chemistries, the reactions were 

quantitative and single product peak was observed for each case in the analytical HPLC. 

Following the reaction, the labeled peptides were separated by solid phase extraction 

(SPE) using reverse-phase C-18 Sep-Pak™ cartridge (Waters) or by size exclusion 

chromatography (SEC; see Experimental Section 7.2.4). The purified products were 

lyophilized to yield blue-colored amorphous peptides, which were stored under dark, and 

argon atmosphere to minimize photooxidation (see end of section 7.3.2 for more 

discussion on the photooxidation propensity of the labeled peptides).
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Figure 7.5. Cy5 labeling of 

compound 7.4 in solution. (A) 

Unlabeled compound 7.4 with free 

lysine side chain; (B) 1 eq. of Cy5-

NHS added; (C)  Addition of aliquot 

of 0.2 eq. more of dye and reaction 

left overnight.



7.2.3 Biological Evaluation

The binding studies were carried out by Dr. Liping Xu (Gillies group) and the in vitro cellular imaging 

work was done by Dr. Ron M. Lynch, at Medical Research Building, Bio5, University of Arizona.

! In order to test if the multivalent constructs differentially bound to the dual-

expressing cells vs mono-expressing cells, the fluorescently labeled heterobivalent ligand 

7.4 was initially evaluated for the binding affinity to these cells as outlined in Chapter 2. 

Table 7.1 shows the binding data of compound 7.4. The Cy5 labeled heterobivalent 

ligand 7.4 was tested on dual-expressing cell lines with CCK-2R in higher abundance 

than hMC4R (i.e., CCK-2R > hMC4R), and showed enhanced binding affinity on the 

lower abundant receptor, i.e., hMC4R. The binding enhancement on CCK-2R was modest 

at best, as seen in the previous experiments for the higher abundant receptor. However, 

compound 7.5 (Cy5 coupled to cysteine in the PG6 linker region) showed no detectable 

monovalent binding on the CCK-2R cells, although it bound comparably to the hMC4R 

cells just as the compound 7.4. It is unlikely that the Cy5 dye influenced CCK-6 

pharmacophore, as evident from its binding in compound 7.4. However, it is unclear if 
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Table 7.1. Binding data of Cy5 labeled heterobivalent ligands 7.4 and 7.5 tested for crosslinking in 

HEK293/hMC4R/sCCK-2R system (CCK-2R > hMC4R)

No. IC50 (nM) of CCK-6aIC50 (nM) of CCK-6a Fold 

Increasee

IC50 (nM) of MSH-7aIC50 (nM) of MSH-7a Fold 

Increasee

No.

CCK-2Rb hMC4R/CCK-2Rd

Fold 

Increasee

hMC4Rc hMC4R/CCK-2Rd

Fold 

Increasee

7.4 240 ± 27 200 ± 22 1.2 780 ± 210 28 ± 7 28

7.5 NB - - 700 - -

[a] IC50 concentration in  nM from at least 4 independent experiments reported with standard error of mean (SEM). [b] 

Binding  data from competition with Eu-DTPA-CCK-8 (unsulfated) against CCK-2R expressing cells. [c] Binding data 

from competition  with Eu-DTPA-NDP-"-MSH against hMC4R expressing cells. [d] Binding data from competition 

with  either Eu-DTPA-CCK-8 (unsulfated) or Eu-DTPA-NDP-"-MSH against cells expressing both CCK-2R and 

hMC4R. The IC50 values of Ac-MSH-7-NH2 and Ac-CCK-6-NH2 are 39 ±  4 nM and 26 ±  4 nM, respectively. [e] “Fold 

Increase” is the ratio of IC50 values between single- and dual- expressing cell lines. (NB: No binding)



the introduction of cysteine in the semi-rigid poly(Pro-Gly) linker region had any 

influence on the CCK-6 binding, or the structure of the linker. Nevertheless, compound 

7.4 showed a comparable binding enhancement as was seen from the unlabeled 

heterobivalent ligands (Table 2.2 and 2.3), and therefore, was pursued further for in vitro 

imaging experiments. 

! For optical imaging experiments, cells expressing CCK-2R, or hMC4R, or both 

were grown on #1 cover-slips harbored in individual wells of six well plates. For 

excitation of Cy5 fluorescence, white light was passed through a 10 nm band pass filter 

centered at 640 nm. Control images were acquired prior to addition of htBVL to the 

incubation medium. Following ligand addition, images were acquired at 30 sec. and 1 

min. The ligand was then replaced with a ligand-free media and images were again 

acquired (at 3 min). Figure 7.6A&B shows cell-surface labeling at a concentration of 0.2 

nM for hMC4R/CCK-2R and CCK-2R expressing cells, respectively. Figure 7.7A&B 

shows labeling at 0.8 nM conc. for hMC4R and hMC4R/CCK-2R expressing cells, 

respectively. The labeled ligand was able to bind to the dual-expressing cells with high 

avidity, as demonstrated by the high fluorescence intensity even at sub-nanomolar 

concentrations. In contrast, the ligand displayed weak binding to the cell lines expressing 

only a single receptor at these concentrations. Figures 7.6C&D and 7.7C&D show same 

images with contrast scaling adjusted to allow visualization of this low level of 

monovalent binding. Since only cells that express both receptors could bind the 

multivalent ligand with high affinity, the enhanced labeling must be characteristic of dual 

receptor expression and bivalent crosslinking. These imaging data provide a direct 
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visualization of the binding results carried out on cell populations, and a clear 

demonstration that the heteromultivalent ligand binds with relatively high avidity and 

enhanced specificity to target cells that express the complementary receptor combination. 

Although differentiation can be achieved using a dual receptor combination system, it 

will be intriguing and remains to be seen, if further enhancement in differentiation can be 
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Figure 7.6. In vitro imaging of Cy5 labeled htBVL 7.4 targeted to cells expressing both hMC4R and 

CCK-2R, and that expressing CCK-2R only. Cell-surface labeling of (A)  cells expressing both hMC4R 

and CCK-2R, and (B)  cells expressing CCK-2R only, each at ligand concentration of 0.2 nM. The cells 

were incubated with ligand for 3 min and imaged (identical acquisition times). Contrast is set identically for 

each pair of images and is optimized (reduced scaling) in C & D (corresponding to A & B, respectively) to 

show the level of labeling in the single receptor expressing line. The signal appears “saturated” in the dual 

expressing cell lines (C) due to relatively large extent of labeling.



achieved with a heterotrivalent and other multivalent systems. Future work on this ligand 

will assess the utility of these multivalent constructs in in vivo settings. For this purpose, 

experiments are in progress to generate tumorogenic cell lines that express both hMC-4 

and CCK-2 receptors. These cells will then be xenografted into mouse models to assess 

the targeting efficiency and pharmacokinetics and pharmacodynamics of these ligands. 
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Figure 7.7. In vitro imaging of Cy5 labeled htBVL 7.4 targeted to cells expressing both hMC4R and 

CCK-2R, and that expressing hMC-4R only. Cell-surface labeling of (A) cells expressing CCK-2R only, 

and (B)  cells expressing both hMC4R and CCK-2R, each at ligand concentration of 0.8 nM. The cells were 

incubated with ligand for 3 min and imaged (identical acquisition times). Contrast is set identically for each 

pair of images and is optimized (reduced scaling)  in C & D (corresponding to A & B, respectively) to show 

the level of labeling in the single receptor expressing line. The signal appears “saturated” in the dual 

expressing cell lines (D) due to relatively large extent of labeling.



! Simultaneously, we have been working on multivalent constructs labeled with 

lanthanide probes to aid in testing via different imaging systems such as MRI, PET, 

SPECT, etc, as well as for mechanistic in vitro investigations. For this purpose, 

compounds 7.1, 7.2, 7.3 and 7.6 were synthesized that incorporated a lanthanide chelator 

such as DOTA or DTPA (Figure 7.3). These ligands are being tested at present for their 

binding avidity. Follow-up work would involve binding kinetic studies and delineating 

their usage in in vivo targeting. However, the assay carried out on these ligands so far did 

not show any specific monovalent binding in most cases (Figure 7.8B, 7.9 & 7.10), and it 

was initially unclear why all lanthanide-chelate labeled ligands would display similar 

behavior, i.e., no specific binding. Although this has been observed previously with 

lanthanide labeled deltorphin analogues in our group, where the chelate attachment 

severely impaired the binding affinity in many analogues studied,29 the results here could 

not be explained on that basis since Cy5 labeled compounds and one of the chelate 

labeled compound (7.1) did show some specific binding. Therefore, what is very peculiar 

in this case was the lack of binding affinity from DOTA labeled compounds, although the 

DTPA labeled compound 7.1 displayed specific binding at the CCK-2R. Figure 7.8 
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Figure 7.8. Binding evaluation of Eu-DTPA labeled compound 7.1. No binding was observed for the 

hMC4R, possibly due to the steric effect of chelator on the MSH ligand. (TB: total binding; NB: non-

specific binding; SB: specific binding).



illustrates the monovalent binding curves for Eu-DTPA labeled compound 7.1. The 

compound exhibited specific monovalent binding on the CCK-2R, with a Kd of ~ 23 nM, 

which is comparable to the monovalent IC50 of CCK-6 ligand motif in unlabeled htBVLs 

(Table 2.2). However, no specific binding was observed for the hMC-4 receptor. This 

could very likely be a result of the proximity effect of DTPA chelator on the MSH ligand, 

which sterically hinders binding of the MSH ligand to its complmentary receptor site. 

Although one could argue that the tetrapeptide His-DPhe-Arg-Trp, a minimal MSH 

pharmacophore, is sufficiently spaced away from the DTPA chelator in these peptides 
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Figure 7.9. Binding evaluation of Eu-DOTA labeled compound 7.2. No specific binding was observed at 

each site. (TB: total binding; NB: non-specific binding; SB: specific binding).

Figure 7.10. Binding evaluation of dual labeled Eu-DOTA & Cy5 compound 7.6. Similar results as 7.2, 

although the Eu-DOTA complex is labeled at the same place as Eu-DTPA in 7.1 where specific binding was 

observed on CCK-2R (Figure 7.8). (TB: total binding; NB: non-specific binding; SB: specific binding).



(due to the intervening Ser-Nle-Glu sequence), it appears the distance is still short and 

requires the usage of a longer linker for attachment. 

! The DOTA ligand is a stronger chelator than DTPA owing to its relatively rigid 

cyclic scaffold, with extremely slow dissociation of lanthanides from the chelate.24 

However, it seems this property albeit good for in vivo systems where the high stability of 

complex is desirable14,24,30 (free metal is not cleared easily from body and is toxic31-33), it 

turns out to be counter-productive for the DELFIA™ enhancement assay protocol. 

Owing to its higher chelation strength, the europium does not dissociate efficiently from 

the chelator, which is required before re-association with the fluorescent chelate (Figure 

7.2). In fact, it has been reported that the dissociation half-life of DOTA-lanthanide 

complexes in 0.1N HCl is greater than 1 month.24,34 Therefore, the low counts that are 

measured during the assay with DOTA compounds result either from low dissociation 

levels or more likely from the europium ions non-specifically attached to the peptide. Our 

recent work has elucidated that the dissociation of europium from the DOTA chelator is 

remarkably low, less than 3% of the total amount complexed (personal communication, 

Dr. Channa De Silva). Only when the chelation complex was dissociated with 1M HCl 

and at 75°C for 1 hour, did the total counts yield the expected europium concentration. 

Further, in line with the reports cited above, incubating with 1M HCl at room temperature 

required more than 24 hours of keeping for full dissociation. In more recent experiments, 

increasing the dissociation of lanthanide from DOTA complex was observed to increase 

the sensitivity of this assay, and showed specific binding from a DOTA labeled NDP-"-

MSH lanthaligand, with comparable binding curves as the DTPA labeled lanthaligand. 
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Presently, work is in progress to understand the influence of attachment of lanthanide 

chelate via linkers of different length, and to optimize the DELFIA™ assay protocol for 

DOTA labeled compounds using NDP-!-MSH as the model peptide. 

7.2.4. Experimental Section

Materials

" N!-Fmoc-protected amino acids and Fmoc-Rink linker were purchased from 

SynPep (Dublin, CA) or from Novabiochem (San Diego, CA). Tentagel resin was 

acquired from Rapp Polymere (Tubingen, Germany). HBTU, HOBt, HOCt, DIC, and 

DIEA were purchased from IRIS Biotech (Marktredwitz, Germany). The following side 

chain protecting groups were used for the amino acids: Arg(Ng-Pbf), Asp(OtBu), 

Glu(OtBu); His(Nim-Trt), Lys(N#-Mmt), Lys(N#-Aloc), Ser(tBu), Trp(Ni-Boc), and 

Tyr(tBu). Carbonyldiimidazole, Tetrakis(triphenylphosphine)palladium[0], and 1,3-

dimethylbarbituric acid were acquired from Sigma-Alrich (Milwaukee, WI). Diglycolic 

anhydride and 4,7,10-trioxa-1,13-tridecanediamine were acquired from TCI America 

(Portland, OR). DOTA-NHS ester was purchased from Macrocyclics (Dallas, TX). Cy5-

maleimide and Cy5-NHS ester were purchased from Amersham Biosciences (Piscataway, 

NJ). Fmoc-Ado-OH (Ado: 8-amino-3,6-dioxaoctanyl) was acquired from Bachem 

(Torrance, CA). Peptide synthesis solvents, dry solvents, and solvents for HPLC were 

reagent grade, were acquired from VWR (West Chester, PA) or Sigma-Aldrich 

(Milwaukee, WI), and were used without further purification unless otherwise noted. All 

the peptides were manually assembled using 5 to 50 mL plastic syringe reactors equipped 
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with a frit and Domino manual synthesizer obtained from Torviq (Niles, MI). The C-18 

Sep-Pak™ Vac RC cartridges for solid phase extraction were purchased from Waters 

(Milford, MA). 

General Method for Solid-Phase Synthesis

Amino acid couplings & Peptide synthesis:

! Solid-phase syntheses were carried out in polypropylene syringes (5-20 mL) fitted 

with polyethylene porous disks. Solvents and soluble reagents were removed by vacuum 

to dry the resin. Peptides were synthesized on Tentagel Rink amide resin (initial loading 

0.2 mmol/g) using N"-Fmoc protecting groups and a standard DIC/HOCt or HBTU/

HOBt activation strategy. The resin was swollen in THF for an hour, washed with DMF, 

and Fmoc protecting group removed with 20% piperidine in DMF (2 min + 20 min). The 

resin was washed with DMF (3X), DCM (3X), 0.2 M HOBt in DMF (2X), and finally 

with DMF. The first amino acid was coupled using pre-activated 0.3 M HOCt ester in 

DMF (3 eq. of N"-Fmoc amino acid, 3 eq. of HOCt and 6 eq. of DIC). An on-resin test 

using Bromophenol Blue was used for qualitative and continuous monitoring of reaction 

progress (see Section 2.5 for monitoring tests). To avoid deletion sequences, the double 

coupling was performed at all steps with 3 eq. of amino acid, 3 eq. of HBTU and 6 eq. of 

DIEA in DMF. If Kaiser test was positive, a third coupling was performed with 

symmetric anhydride method (4 eq. of amino acid and 2 eq. of DIC in DCM). The 

unreacted NH2 groups on the resin were capped using 50% acetic anhydride in pyridine 

for 5 min. When the coupling reaction was finished, the resin was washed with DMF, and 
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the same procedure was repeated for the next amino acid until all the amino acids were 

coupled. Frequently during the synthetic steps, a small amount of peptide was cleaved 

and analyzed by HPLC & MS to monitor the synthesis and purity of the peptide 

intermediates. After the final amino acid was incorporated, the N!-Fmoc groups were 

deprotected and the free N!-termini were acetylated or labeled as required. The resin was 

washed with DCM (3X), DMF (5X), DCM (3X), THF (2X), and dried over vacuum. A 

cleavage cocktail (10 mL per 1 g of resin) of 82.5% TFA, 5% water, 5% 

triisopropylsilane, 5% thioanisole, and 2.5% ethanedithiol was injected into the resin and 

stirred for 3 h at room temperature. The crude peptides were isolated from the resin by 

filtration, the filtrate was reduced to low volume by evaporation using a stream of 

nitrogen, and the peptides were precipitated in ice-cold diethyl ether, centrifuged, washed 

several times with ether, dried, dissolved in 5% acetic acid in water and then lyophilized 

to give off-white solid powders that were stored at -20°C until used. The peptides were 

purified by preparative HPLC and/or gel-filtration as described before. The yields of the 

crude peptides were 50-80% based on the resin weight gain, and overall, the purified 

yields for the syntheses were 5-20% based on the loading of the resin.

PEGO coupling:

" The PEGO spacers were introduced as follows. The N-terminal of the peptide on 

resin was coupled with the glycolic acid spacer using 10 eq. of diglycolic anhydride in 

DMF (10 mL per 1 g of resin) for 5 min. The resin was washed with DMF (3X), with the 

last washing with dry DMF (1X), and the free carboxylic groups were activated using 10 
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eq. of carbonyldiimidazole in dry DMF for 30 min. The resin was washed with dry DMF 

(3X), and the PEG diamine coupled using 20 eq. of 4,7,10-trioxa-1,13-tridecanediamine 

in dry DMF for 30 min (vigorous vortexing for first 5 minutes).

Aloc deprotection: 

! The Aloc deprotection was carried out with Pd[0] reagents as follows: 0.5% w/v  

of tetrakis(triphenylphosphine)palladium[0] (Pd[0]TPP4; MF: 1155.56 g/mol) and 3% w/

v of dimethylbarbituric acid (DMBA; MW: 156.14 g/mol) were dissolved in DCM (10 

mL per 1 g of resin). The resin was washed with dry, oxygen-free DCM (argon-flushed), 

and treated with the deprotection reagent mixture (2 " 30 min). The resin was washed 

with DCM (3X), DMF (3X), 5% DIEA in DMF (3X), DMF (2X), 1% sodium 

diethyldithiocarbamate trihydride in DMF (2X, 5 min), DMF (2X), 5% piperidine in 

DMF (2X), DMF (3X), 0.2 M HOBt in DMF (2X), DMF (2X), DCM (3X) and finally 

with DMF.

Mmt deprotection: 

! The methoxytrityl (Mmt) protection was removed by repeated treatment (~ 7-8 

times) with 10% TFA, 5% triisopropylsilane in DCM (10 mL per 1 g of resin) for 1 min, 

with DCM washings (2X) between steps. Following deprotection, the resin was washed 

with DCM (3X), DMF (2X), 5% DIEA in DMF (5X), and finally with DMF (3X). The 

complete deprotection of the side chain was ascertained by acetylating the released amino 
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groups on a small amount of the resin, followed by cleavage of the peptide from resin, 

and then analyzing the acetylated vs non-acetylated product with analytical HPLC.

DTPA coupling: 

! The DTPA reagent mixture was prepared as follows: 20 eq. of DTPA dianhydride 

(MW: 357.3 g/mol), 40 eq. of HOCt (MW: 170 g/mol) in 10 mL of DMSO were heated to 

50°C for 1 min, followed by stirring at room temperature for 20 min (if the precipitation 

occurred, the reagent mixture was heated to 80°C to re-dissolve, followed by stirring for 

20 min). The reagent mixture was then added to the resin (typically 0.02-0.04 mmol) and 

left for stirring for 3 hours. 

DOTA coupling: 

! To the resin (typically 0.02-0.04 mmol), 2 eq. of DOTA-NHS ester (DOTA-NHS.

3TFA.HPF6
-, F.W.: 989.5 g/mol) and 8 eq. of DIEA (172"L/mmol) were added in 5 mL 

of dry DMF (few drops of DMSO were added to aid solubility if precipitation occurred). 

The reaction was then heated in a microwave for 3 sec, stirred vigorously on a vortex 

until it cooled to room temperature, and the microwave heating cycle repeated until 

reaction completion (typically 7 times with the bivalent peptides). 

Europium chelation: 

! Purified ligand with DOTA/DTPA chelate (~ 1-2 "mol) was dissolved in 1 mL of 

0.1M NH4Ac solution (or aqueous acetonitrile/0.1M NH4Ac buffer in case of solubility 
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issues), or DMSO, and treated with 3 eq. of Eu(III) chloride (EuCl3.6H2O, MF: 366.41 g/

mol). The reaction mixture was stirred for 24 h, and the completion of complexation 

reaction monitored with analytical HPLC under basic buffer conditions (see HPLC 

Methods E and F in Table 7.2 for examples). The peptide was then separated by solid-

phase extraction with a pre-conditioned Sep-Pak™ C-18 cartridge. The reaction mixture 

was loaded onto the cartridge and washed multiple times with water to remove excess of 

Eu salt. The column was gradually washed with 5, 10, 20, 30, 50, and 70% of aqueous 

acetonitrile, salt-free Eu-DTPA/DOTA ligand was eluted, and lyophilized. 

Cy5 coupling: 

! The purified peptides (~ 1-2 "mol) were dissolved in 1 mL of DMSO, or 

preferably in water. The free amine or thiol groups on the peptide were reacted with 1 eq. 

of Cy5-NHS ester (MW: 752.87 g/mol) or Cy5-maleimide (MW: 777.93 g/mol),§ 

respectively, and under argon atmosphere for thiol-maleimide reaction to prevent 

disulfide formation by air oxidation. The reaction was monitored by analytical HPLC at 

every hour, and additional aliquots of 0.2 eq. of dye were added until the reaction was 

complete. The peptides were then purified by size-exclusion chromatography or solid-

phase extraction, and/or HPLC.
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§  FW: 791.99 g/mol; see Amersham Biosciences’ technical notes for more information on these 

monofunctional Cy5 dyes (www.gelifesciences.com).
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HPLC Analysis, Solid Phase Extraction, Size Exclusion Chromatography and Peptide 

Concentration Determination 

! The purity of final products was analyzed using Waters high-performance liquid 

chromatography (HPLC) apparatus and with a Vydac C18 reverse phase column (dia "  

length: 4.6 mm "  150 mm, pore size: 3 #m). Peptides were analyzed using a linear 

gradient of buffer B under various gradient conditions at a flow rate of 0.3-1 mL/min and 

the separations monitored at 220 and 280 nm. Purification of compounds was achieved 

using a Waters 600 HPLC apparatus equipped with a Vydac C-18 reverse phase column 

(22 mm "  250 mm, 5#m) with similar buffers and 3-10 mL/min flow rate. The 

separations were monitored at 230 and 280 nm. Table 7.2 shows the HPLC run methods 

used for analysis and purification.

! Solid-Phase Extraction (SPE) was employed where simple isolation of final 

compound was needed, for e.g., europium chelated compound 7.2 from excess salts and 

buffers. For this purpose, C-18 Sep-Pak™ cartridges (100 mg or 500 mg) were used and 

pre-conditioned initially with 5 column volumes (5 times the volume of packed column 

bed) each of acetonitrile, methanol, and water, in that order. After loading the compound, 
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Table 7.2. HPLC conditions used for labeled heterobivalent compounds.

PHASE A PHASE B

A1: 0.1% TFA in water B1: 0.1% TFA in acetonitrile

A2: 0.1% TEA/AcOH (TEAA) in water (pH 6.0) B2: 90% acetonitrile in Phase A2 (pH adjusted to 6.0 

with acetic acid)

Method A: 10-40% Phase B1 in Phase A1 in 30 min; Method B: 10-60% Phase B1 in Phase A1 in 50 min; 

Method C: 10-90% Phase B1 in Phase A1 in 30 min; Method D: 20-60% Phase B1 in Phase A1 in 50 min; 

Method E: 10-60% Phase B2 in Phase A2 in 50 min; Method F: 10-90% Phase B2 in Phase A2 in 40 min



the column was washed several times with water, and then gradually with 5, 10, 20, 30, 

50, and 70% of aqueous acetonitrile to elute the peptide.

! Size exclusion chromatography (SEC) was performed on a borosilicate glass 

column (2.6 mm " 250 mm, Sigma, St. Louis, MO) filled with medium sized Sephadex 

G-25 or G-10. The compounds were eluted with an isocratic flow of 1.0 M aqueous acetic 

acid.

! The lyophilized final products were dissolved in DMSO for bioassay. The peptide 

concentrations were determined by monitoring absorbance of peptides against 0.5 mM 

solutions of DTrp in DMSO at 280 nm. The peptides were initially prepared at 

approximately 1-5 mM concentration. Co-injections of peptide and DTrp were made on 

analytical HPLC with a number of different volumes and peptide concentration calculated 

from area under the peaks (see HPLCs in Appendix C for an example) using the formula 

given here. 

where #280 of compound was calculated by summation of individual extinction 

coefficients (#280,DTrp = 5500, #280,Cy5 = 5800, #280,Cys or SH = 120) times the number of 

chromophores for each in the peptide, and normalizing the value to one DTrp. Other 

components do not absorb significantly at this wavelength. Extinction coefficient of Cy5 

was measured by comparing absorbance (area under peak) of equal injections of 0.5 mM 

solution of Cy5 against 0.5 mM of DTrp as standard, at 280 nm in HPLC. Using this 
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Peptide Conc. =  

Abs. of comp.[ ]

Abs. of DTrp[ ]
 !  

0.5

"280  of comp.

 !  

Vol. of DTrp

Vol. of comp.



protocol, the generally assumed absorbance at 280 nm of Cy5 dye (5% to that of 

absorbance at 650 nm) was found to be inaccurate and unreliable.35

Mass Spectrometry

! Mass spectra of positive or negative ions were recorded either with a single stage 

reflectron MALDI-TOF mass spectrometer (Bruker Rexlex III, Bruker Daltonics, 

Billerica, MA; "-cyanocinnamic acid as a matrix) in reflectron mode or with a low 

resolution ESI mass spectrometer (Finnigan, Thermoquest LCQ ion trap instrument, Lake 

Forrest, CA,) and/or using high resolution Fourier transform mass spectrometer (FT-ICR 

MS, Bruker Apex Qh, Bremen, Germany) equipped with an ESI source. For internal 

calibration, an appropriate mixture of standard peptides was used with an average 

resolution of ca. 10,000 and 60,000 on the Reflex III and the FT-ICR instrument, 

respectively.
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Table 7.3. HPLC & MS data of labeled heterobivalent compounds 7.1 - 7.6 

Compound Mass Calculateda Mass Foundb tR (Purity %)c K’

7.1 (C147H213N34O45Eu) 3326.4636 (M+1)1+ 832.3723 (M+4)4+ 12.9 (97) 6.1

7.2 (C176H259N42O50Eu) 3912.8227 (M+1)1+ 978.9635 (M+4)4+ 13.5 (94) 5.6

7.3 (C163H243N38O48Eu) 3652.6954 (M+1)1+ 1218.2487 (M+3)3+ 13.4 (95) 8.4

7.4 (C174H246N35O45S2) 3610.7478 (M+1)1+ 903.6916 (M+4)4+ 14.6 (96) 5.1

7.5 (C196H274N41O52S3) 4129.9219 (M+1)1+ 1378.0041 (M+3)3+ 13.9 (99) 6.1

7.6 (C188H267N39O51S2Eu) 4102.8152 (M+1)1+ 1026.7047 (M+4)4+ 12.8 (98) 6.4

[a] Exact Mass calculated based on most abundant isotope of the element; [b] FT-ICR; [c] HPLC Method C 

(Table 7.2); tR is the retention time of compound peak in HPLC; (purity of final product in percentage is 

given in parenthesis); K’ is retention time of compound peak/retention time of solvent peak. 



Cell Lines & Binding Assay Protocols 

! See Chapter 2 Experimental Section, page 108 for cell line generation for single 

and dual expression of hMC4R and CCK-2R, and the DELFIA™ based lanthanide assay 

screen.

Digital Imaging Microscopy

!  Cells were grown on #1 coverslips harbored in individual wells of six well plates.  

Individual slides were mounted in a chamber maintained at 37" on the stage of an 

inverted Olympus IX70 microscope equipped with a 40X 1.35 NA objective. For 

excitation of Cy5 fluorescence, white light emitted from a 150W Xe lamp was passed 

through a 10 nm band pass filter centered at 640 nm. The emitted light was selected using 

a band pass filter centered at 680 nm, and subsequently imaged onto a CCD camera 

(Photometrics CH-350; TEK-512 chip). Three control images were acquired at 5 min 

intervals prior to addition of the labeled htBVL to incubation medium. Immediately 

following addition of the ligand, images were acquired within 30 sec, 1 min and 3 min, 

then the media was then replaced with ligand-free medium prior to further image 

acquisition. Image analysis was performed on a SGI Indy-2 workstation using customized 

software.
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7.3. LABELED !-OPIOID RECEPTOR LIGANDS

7.3.1. Design of Labeled !-Opioid Ligands

" Labeling of opioid peptides remains an active area of research for more than two 

decades because of their usefulness as pharmacological tools to study opioid receptor 

structure and function, as well as imaging agents.36-38 Most labeled ligands for in vivo 

studies of opioid receptors have been designed for brain imaging, and are lipophilic to 

allow entry across the blood brain barrier (BBB).36,39 However, opioid receptors have 

been implicated to play a role in variety of cancers,40-43 cardiovascular diseases,44,45 and 

gastrointestinal disorders.46 Further, recent research promises newer paradigms of opioid 

analgesia acting outside the central nervous system.47 Therefore, there is an increasing 

need to develop and establish synthetic strategies for a variety of labeled opioid ligands 

for in vivo imaging of peripherally restricted opioid receptors in addition to the centrally 

acting receptors. For instance, 11C-labeled methylnaltrindole and carfentanil, and Indium 

labeled macrocyclic conjugates of naltrindole have been reported for PET imaging 

studies of !-opioid receptors overexpressed in lung and breast cancer, and for other in 

vivo studies.44,48,49 These ligands could also serve as useful tools for in vitro studies of !-

opioid receptor expression such as altered opioid receptor expression profiles observed in 

patients with morphine dependence,50 hypertrophic scars with associated nociceptive 

pain,51 etc.

" Among the wide variety of opioid ligands known, the dipeptide Dmt-Tic 

represents the minimal peptide sequence that selectively interacts with !-opioid receptors 
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as an antagonist (Ki
! = 0.022 nM; pA2 = 8.2), which makes it an ideal candidate for 

labeling.52,53 Numerous derivatives of Dmt-Tic have been reported that have either 

agonist or antagonist properties, "- or !- opioid selectivities, or mixed ",! activities. 

Dmt-Tic-Lys(R)-OH and many of its derivatives have previously been shown to be 

highly potent and selective !-opioid ligands.52-56 For example, H-Dmt-Tic-Lys(Ac)-OH 

compound exhibits sub-nanomolar !-receptor affinity (Ki = 0.047 ±  0.013 nM) and high 

selectivity (Ki ratio ("/!) = 22,000) in radioligand binding assays.57-59 

# Labeling of opioid peptides generally cannot involve the N$-terminus since this is 

critical for the opioid receptor affinity (“message region”).60 Further, a free carboxylic 

function at the C-terminus is important to maintain high !-receptor selectivity.58,60,61 

Thus, the label must be attached on the side chain of a C-terminal residue in a manner 

that has minimal influence on the ligand-binding domain. In order to find a suitable 

attachment point, compound 7.11 was designed to test the suitability of a 

mercaptopropionyl replacement of the acetyl group in H-Dmt-Tic-Lys(Ac)-OH (Figure 

7.11). Opioid peptide ligands with fluorescent functionalities such as rhodamine, pyrene, 

dansyl, biotin and fluorescein have been described before.37,38,62-66 We chose a cyanine 

dye for compounds 7.13 and 7.15 as the dye is highly fluorescent, water-soluble and 

provide a significant advantage over other fluorescent labels for in vivo imaging. For e.g., 

the Cy5 fluoresces in the far-red region of the visible spectrum and is, therefore, ideal for 

minimizing background artifacts.10,67 The photostability of Cy5 derivatives is comparable 

to, or somewhat better than that of fluorescein.10 Further, the ionic charges on Cy5 along 

with the free N and C termini of Dmt-Tic ligand should aid in the hydrophilicity of the 
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Figure 7.11. !-opioid ligand analogues of antagonist H-Dmt-Tic-Lys(Ac)-OH.



compound and balance out the lipophilic bulk of the molecule. In fact, a calculation of 

logD values of compound 7.13 reveals a value of -0.40 at pH 7.4 (logD values: 1.47, 

-0.06, and -0.26 at pH 1.5, 5.0, 6.5, respectively). Therefore, the compound should 

exhibit relatively hydrophilic character. Hydrophilic opioid ligands, designed for 

peripheral studies, might also show low non-specific uptake, higher specific binding, 

faster blood clearance, and favorable dosimetry. A focus on hydrophilic ligands also 

permits the use of chelated transition and lanthanide metals as the marker elements, 

which can be employed for TRF based bioassays, SPECT (e.g., 99mTc, 111In) or PET (e.g., 

68Ga) imaging or perhaps for radiotherapy (e.g., 177Lu). For lanthanide chelate tag, Eu-

DOTA was chosen for labeling compounds 7.14 and 7.15 for TRF bioassays. Two types 

of linkers were used in order to connect the tag to the ligand. This comprised a short 4-

atom long mercaptopropionyl (Mpr) linker and a longer 9-atom long 8-amino-3,6-

dioxaoctanyl (Ado) linker. It was reasoned that the shorter Mpr linker combined with the 

12-atom linker from the Cy5-maleimide should suffice for adequate spacing of tag from 

the binding pharmacophore. However, for the attachment of Eu-DOTA, a relatively 

longer Ado linker (9 atoms) was used to provide spacing between the ligand and the tag. 

Here we employed a bifunctional handle to investigate its utility in coupling commonly 

available labeling moieties, for dual labels (e.g., lanthanide and fluorescent for magnetic/

optical properties),68,69 for coupling to nanoparticles with lanthanide labels and to prepare 

dimeric ligands at a later stage. Therefore, compound 7.15 was designed to investigate 

the utility of a dual modality agent for MRI (Gd instead of Eu) and optical imaging. 

Besides these labeled ligands, an unlabeled dimer of Dmt-Tic, compound 7.12 was 
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prepared to serve as a competitive ligand for in vivo imaging. The following sections will 

discuss a solid-phase strategy we have devised to prepare Dmt-Tic ligands and their 

labeled analogues linked at the C-terminus lysine side chain via small linkers. 

Bioevaluation of a Cy5 derivative 7.13 is described and the value of this far-red probe for 

in vivo imaging highlighted.

7.3.2. Synthesis of Labeled !-OR Ligands

! We have developed an easy, robust and scaleable synthetic route to labeled Dmt-

Tic ligands based only on commercially available reagents and a labeling scheme that 

could be performed on-resin or in solution as desired. Many commercially available 

labeling moieties contain an activated carboxylic acid such as N-hydroxysuccinimide 

(NHS) ester or a maleimide that readily react with an amine or a thiol. Therefore, the 

synthetic scheme was designed for labeling H-Dmt-Tic-Lys(R)-OH by a maleimide 

derivative of Cy5 and an NHS ester of the lanthanide chelator DOTA. The synthesis was 

started with coupling of N"-Fmoc-Lys(N#-Mtt)-OH onto Wang resin (Scheme 7.3). This 

was achieved by esterification of mesylated Wang resin (8-fold excess of MsCl/DIEA at 

0°C). The N"-Fmoc group of 7.16 was removed with 20% piperidine in DMF and Fmoc-

Tic-OH was coupled using HOCt/DIC protocol to give intermediate 7.17. For final 

coupling, Boc-Dmt-OH was used since a free N-terminal peptide can be directly obtained 

after final acidic cleavage. Additionally, a choice of N"-terminal Boc protection prevents 

against premature Fmoc deprotection (in the case of Fmoc-Dmt-OH) by free NH2 groups 

released on side-chain of lysine after Mtt cleavage. This premature deprotection could 
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further lead to cyclative elimination (dioxopiperazine) of Dmt-Tic from Dmt-Tic-Lys(R)-

resin, since Tic based peptides are known to be prone to diketopiperazine formation.70 

Lastly, Boc is smaller than Fmoc, facilitating faster coupling rate. Despite that, Boc-Dmt 

coupling to sterically hindered Tic-Lys(R)-resin was challenging. The coupling had to be 

mediated via strong HBTU activation accelerated by microwave. Also, there is a 

conceptual disadvantage of using unprotected phenolic hydroxyl on Dmt. The coupling 

leads to Dmt self-condensation forming small amounts of Dmt-oligomers of the peptide. 

However, the phenolic esters are susceptible to mild aminolysis. The oligomers could be 

selectively removed by treatment with 50% piperidine in DCM:MeOH (5:1) before final 

cleavage. 
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Scheme 7.3. Synthesis of resin intermediate 7.18.
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Scheme 7.4. Synthesis of lanthanide chelate labeled compound 7.14 and a dual modality (Cy5 and Eu-
DOTA) labeled compound 7.15.



! Following Dmt coupling to give intermediate 7.18, the coupling of dyes and 

chelating agents can be performed on the resin or in solution. The on-resin labeling was 

tested by synthesizing a DOTA chelate as depicted in Scheme 7.4. The Mtt protection on 

lysine was removed with 3% TFA and 5% triisopropylsilane (TIS) in DCM. For 

assembling a dual-modality agent, the synthetic scheme was designed to incorporate 

orthogonally protected Fmoc-Cys(Mmt) at the end of Ado linker and coupled using 

standard N"-Fmoc/tBu strategy to give intermediate 7.19. The amine group of Cys was 

then chosen to couple DOTA on-resin using DOTA-NHS ester (2 eq.) and DIEA (8 eq.) in 

DMF overnight to yield compound 7.20. The peptide was then cleaved from the resin 

using TFA (82.5%), H2O (5%), TIS (5%), thiophenol (5%) and ethanedithiol (EDT, 

2.5%). The peptide 7.21 was purified by preparative HPLC and the europium chelation 

carried out in solution followed by solid-phase extraction to yield compound 7.14. 

! For Cy5 labeling, more cost-effective conjugation of dye in solution was preferred 

via a thiol-maleimide reaction. Therefore, for compound 7.15, peptide 7.21 was dissolved 

in DMSO and reacted with 1.2 eq. of Cy5 maleimide. The reaction was monitored for 

completion of reaction by analytical HPLC. After the starting material was fully 

converted to labeled product, 3 eq. of EuCl3.6H2O was added to the reagent mixture and 

stirred overnight. The compound 7.15 was then purified by solid-phase extraction.

! The Cy5 labeled compound with shorter linker, i.e., Mpr was synthesized as 

shown in Scheme 7.5. The Mtt group from lysine was removed as described before, and 

Trt-Mpr-OH was then coupled using HOCt/DIC protocol. The resin was treated with 50% 

Piperidine in DCM:MeOH (5:1) for 30 min, and the peptide was cleaved from the resin 
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with TFA to give compound 7.11. The compound was purified by preparative HPLC and 

the Cy5 dye was conjugated to the peptide in solution using 1.2 eq. of Cy5 maleimide to 

give labeled !-opioid ligand 7.13.
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Scheme 7.5. Synthesis of mercaptopropionylated compound 7.11 and the Cy5 labeled compound 7.13.



! The homobivalent compound 7.12 was synthesized by air oxidation of compound 

7.11 in solution in the presence of small amount of DMSO. Compound 7.11 was 

dissolved in 0.1M ammonium acetate in concentration of  0.5 mg/mL and containing 10% 

of DMSO. The reaction was monitored by analytical HPLC and following completion, 

the reaction was quenched with 5% acetic acid. The dimerized compound was then 

separated by gel filtration with G-10 sephadex. 

! The purified peptides were dissolved in DMSO:H2O (3:2) for bioassay purposes. 

Note that Tic-based peptides are amenable to diketopiperazine formation in organic 

solvents such as DMSO. However, the presence of 25% water has been reported to 

reduce this tendency for long periods of time.70,71 It was noticed that the compound 7.19 

was stable in DMSO:H2O (3:2) for 1 month when stored at -20". Nevertheless, it must 

be pointed out that the labeled compound was found to yield lower fluorescence in 

imaging experiments over a period of time. The HPLC analysis revealed formation of 

degraded products, but further investigative studies with mass spectrometry were 

inconclusive as whether the #-opioid ligand had decomposed or whether the dye had 

undergone oxidative degradation. However, it is likely that this was a case of oxidative 

decomposition of dye as has been reported in the literature regarding the stability of 

cyanine dyes, especially the near-infrared ones (containing more methine groups).! ,72-74 

Moreover, it was noticed that the long storage itself did not affect the dye fluorescence, 

but occurred once the vial was opened. Therefore, the latter batches of this compound 
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! Also see Amersham Biosciences’ application note on “Stability studies of dyes in  microarray applications - CyDye 

fluorescent nucleotides” available at www.gelifesciences.com
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were stored in multiple vials containing 50 !L of sample each and under argon to reduce 

this oxidative decomposition.

7.3.3 Biological Evaluation

The binding studies on #-OR were carried out by Dr. Liping Xu (Gillies group) and the in vivo imaging 

work was done by Dr. David L. Morse, at Medical Research Building, Bio5, University of Arizona.

" The #-opioid ligands described above were evaluated for their binding affinity for 

#-opioid receptors (#-OR) in a competitive binding assay using HCT116 colon carcinoma 

cells engineered to express the #-OR (Figure 7.12). Europium labeled opioid peptide 

DPLCE was used as a competed readout ligand in a time-resolved fluorescence (TRF) 

assay of our own design.29,75 Peptide 7.11 retained high # receptor affinity (Ki = 2.5 ± 0.8 

nM), which was only slightly lower than Dmt-Tic-Lys-NH2 (Ki = 0.71 nM) and 

significantly lower than Dmt-Tic-Lys(Ac)-OH (Ki = 0.047 nM). However, note that a 

direct comparison between these TRF results and literature-based radioligand binding 

assays is not wholly instructive due to the inherent difference in the assay methods.  

Further, the assays were done on whole cells rather than membrane preparations, which 

generally tend to give lower Ki values. Ligand 7.13, with Cy5 label attached through its 

maleimide group exhibited a similar bioactivity profile as ligand 7.11. Peptide 7.13 

retained high #-receptor affinity (Ki = 3 ±  0.1 nM), which is equipotent to its unlabeled 

counterpart. Thus, the attachment of this small mercaptopropionyl spacer and the Cy5 

label did not interfere in any significant way in the interaction of the ligand with the 

receptor. This is in sharp contrast to reports of many other labeled opioid peptides 
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including the TIPP (Tyr-Tic-Phe-Phe) analogue where a fluorescent group spliced to the 

thiol group of a Cys residue at the C-terminus of the TIPP peptide leads to remarkably 

high loss in affinity for !-opioid receptors (Ki = 119 nM).76

" The homobivalent !-opioid ligand 7.12 demonstrated exceptionally high binding 

avidity (IC50: 0.3 nM). It is likely that the increased binding affinity of compound 7.12 vs. 

compound 7.11 is a result of a local concentration effect since the linker is relatively 

short. Alternatively, opioid receptors are known to dimerize (both homodimers and 

heterodimers between subtypes77-79) and it is also possible that the linker length is 

adequate for bivalent binding to the dimerized receptor, as has been reported with other 

opioid bivalent ligands with four glycyl spacers.80,81 The increased binding affinity is 

suitable enough for binding displacement for in vivo purposes. The compound will be 

assessed in vivo for its capacity to competitively displace the labeled ligand 7.13 and 

demonstrate specificity of targeting. 

" The europium labeled ligand 7.15 did not show any specific binding on the !-OR 

cells in saturation binding assays. The compounds displayed similar results as were seen 
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Figure 7.12. Representative binding curves of !-OR ligands. (A) unlabeled compound 7.11 (Ki = 2.5 

nM; R2 = 0.98); (B) Cy5 labeled compound 7.13 (Ki = 3 nM; R2 = 0.96). Assays were performed using 

HCT116/!OR cells and the Eu-DPLCE ligand. Addition of Cy5 tag did not affect the binding.



with europium labeled heterobivalent ligands. Pending suitable assay development with 

DELFIA protocol, these compounds will be re-tested.

! In Vivo Imaging: For in vivo studies, SCID mice were xenografted bilaterally with 

HCT116/"OR and parental HCT116 tumors, which do not express "OR. Mice were then 

injected with 10 #g of ligand 7.13 into the tail vein. Images were acquired at times post-

injection using a VersArray 1300B cooled CCD camera, a filtered fiberoptic light source 

and a tunable emission filter (CRI, Inc). An excitation wavelength of 640 nm with a 10 

nm band pass, emission wavelength of 670-720 nm and a 100 ms acquisition time with an 

F1.2 aperture were used. Saturating intensities were not observed at these parameters. 
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Figure 7.13. In Vivo imaging of fluorescently labeled Dmt-Tic targeting agent 7.13. Mice bilaterally 

implanted with HCT116 xenografts of (right) control cells, and (left)  cells over-expressing "-OR. A) Mouse 

imaged 72 h post-i.v. injection of 100 #g of ligand 7.13; B) Mouse imaged 72 h post-i.v. injection of 10 #g 

of ligand 7.13; C)  Fluorescence intensity values over whole tumor regions of interest (#1) after 72 h of 

clearance of 100 #g and (#2) after 24 h of clearance of 10 #g of ligand 7.13.



After 15 min post-injection, the fluorescence intensity maps indicated systemic presence 

of the compound with high intensity throughout the animal (not shown). At 24 h, the 

compound was systemically cleared and retained in the !OR-containing but not the 

parental tumors, as shown in Figure 7.13A-B. Images were analyzed using Image-Pro® 

Plus 5 by drawing regions-of-interest (ROIs) over each tumor and non-involved muscle 

tissue. Histograms were generated for each ROI and mean fluorescence intensities were 

determined for each time point. After 72 h, all !OR(+) expressing tumors had elevated 

fluorescence intensities compared to the corresponding !OR(-) tumors (Figure 7.13C). 

Notably, this intensity differential was independent of dose, although higher contrast was 

observed at low dose (10"g) after 24 h (cf. high dose (100 "g) animals). The Cy5 labeled 

opioid peptide provided a high-constrast non-invasive molecular marker for live imaging 

of cultured cells or in vivo imaging. 

# In conclusion, the goal of this work was to develop a solid-phase synthetic 

methodology for the highly potent !-opioid ligand, Dmt-Tic-Lys(R)-OH and its labeled 

derivatives. These ligands were developed for establishing capabilities in imagina 

monovalent system that would then be adapted for imaging of bivalent ligands. More 

detailed in vivo exploration of these compounds is underway, and the information and 

experience gained from this work will become useful for investigating heterobivalent 

ligands. We demonstrated the applicability of the above discussed synthetic approach by 

assembling a Dmt-Tic ligand with a lanthanide chelator on the solid-phase support. In 

this context, a bifunctional handle with orthogonal protection was described to build a 

dual-modality agent. Alternatively, the scheme allowed coupling of tags in solution as 
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exemplified by the Cy5 labeling. Binding data illustrated the high affinities of both 

unlabeled and labeled Cy5 compounds. The in vivo experiments in mice clearly 

demonstrated the high potency of this ligand at low dose (10 !g) and excellent 

pharmacokinetic profile for binding/clearance from the tumorogenic tissue. Finally, the 

solid-phase scheme and the labeled peptides described here could serve as useful 

synthetic and pharmacological tools to study " opioid receptor expression and in vivo 

imaging of peripherally expressed " opioid receptors. 

7.3.4. Experimental Section

Materials

# N$-Fmoc protected amino acids and Wang resin were purchased from SynPep 

(Dublin, CA) or from Novabiochem (San Diego, CA). The following side chain 

protections were used for the amino acids: Lys(Mtt); Cys(Mmt). Boc-Dmt-OH was 

purchased from RSP Amino Acids (Shirley, MA). HOBt, HOCt, DIC, DIEA and HBTU 

were purchased from IRIS Biotech (Marktredwitz, Germany). DOTA-NHS ester was 

purchased from Macrocyclics (Dallas, TX). Cy5-maleimide was purchased from 

Amersham Biosciences (Piscataway, NJ). Fmoc-Ado-OH and Trt-Mpr-OH were acquired 

from Bachem (Torrance, CA). Peptide synthesis solvents, dry DMF, dry DCM, and 

solvents for HPLC were reagent grade, were acquired from VWR (West Chester, PA) or 

Sigma-Aldrich (Milwaukee, WI), and were used without further purification unless 

otherwise noted. The polypropylene syringes equipped with frit and the Domino manual 
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synthesizer were obtained from Torviq (Niles, MI). The C-18 Sep-Pak™ Vac RC 

cartridges were purchased from Waters (Milford, MA).

General Method for Solid-Phase Synthesis

! Solid-phase syntheses were carried out in polypropylene syringes (5-20 mL) fitted 

with polyethylene porous disks. Solvents and soluble reagents were removed by vacuum 

to dry the resin. Fmoc group was deprotected with piperidine/DMF (1:4) for 2 +  18 min. 

After deprotection, the resin was washed with DMF (3x), DCM (3x), 0.2 M HOBt in 

DMF (2x) and finally with DMF (3x) using 10mL solvent per 1g of resin per treatment. 

Washings between other steps were done with DMF (3x) and DCM (3x). Due to 

formation of small amounts of Dmt oligomer on the resin, the resin was treated with 50% 

piperidine in DCM:MeOH (5:1) for 30 min followed by washings as described above. 

The compounds were then released from the resin using TFA cocktail as follows: TFA 

(82.5%), water (5%), triisopropylsilane (5%), thioanisole (5%) and ethanedithiol (2.5%) 

and using 10 mL of reagent mixture per 1 g of resin.

Synthesis of resin intermediate 7.18 

! Lys coupling: In a 50 mL bottle containing 1g of Wang resin (initial loading: 1.3 

mmol/g) with a magnetic stir bar, dry DCM was added and the resin stirred for 1 h to 

swell it. The solvent was then decanted and the resin washed again. The bottle was closed 

with a septum, flushed with nitrogen, and 9 eq. of DIEA (8.4 mmol, 1.4 mL) in 15 mL of 

DCM was added to the resin. The resin slurry was cooled to 0°C followed by dropwise 

259



addition (with a syringe) of 8 eq. of mesyl chloride (MsCl, 7.4 mmol, 0.57 mL) in 2 mL 

of DCM. The reaction was stirred for 20 min at 0°C, the ice bath was then removed and 

the reaction stirred for another 20 min at room temperature. The resin was then 

transferred to a syringe reactor and washed with dry DCM (3x) and dry DMF (3x). Fmoc-

Lys(Mtt)-OH (2 eq., 1.2 g) and CsI (2 eq., 0.5 g) were dissolved in ca 10 mL of dry DMF 

and 2 eq. of DIEA (0.32 mL) was added. The reaction mixture was added to the resin and 

the resin stirred overnight at room temperature. 

! Tic coupling: The resin was N"-Fmoc deprotected with piperidine/DMF (1:4) for 

2 +  18 min and washed. Tic was then coupled using 3 eq. each of Fmoc-Tic-OH, HOCt 

and 6 eq. of DIC in DMF and the reaction was stirred for 2 h. 

! Dmt coupling: The Fmoc group from Tic was deprotected and washed as before. 

Boc-Dmt-OH (3 eq.), HBTU (3 eq.) and DIEA (6 eq.) in DMF were added to the resin 

and the reaction was heated in a household microwave for 3 sec. The reaction was then 

stirred on a vortex until it cooled to room temperature and the heating/cooling sequence 

was repeated for five times, then stirred for another 2 h. 

Synthesis of compound 7.11

! 300 mg of intermediate resin 7.18 was treated with 3% TFA, 5% TIS in DCM for 

1 min (7X), with DCM washings (2X) between steps, to cleave Mtt group from lysine 

side chain. After final step, the resin was washed with DCM (3X), DMF (3X), 5% DIEA 

in DCM (3X), and finally with DMF (3X). The free amino groups were then coupled with 

mercaptopropionyl (Mpr) linker using 3 eq. of Trt-Mpr-OH (M.W.: 348.47 g/mol, 282 
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mg), 3 eq. of HOCt (M.W.: 170 g/mol, 138 mg), and 6 eq. of DIC (154 !L/mmol, 250 

!L) in DMF (10 mL/g of resin), and the reaction was stirred for 3 h to give resin 

intermediate 7.22. Kaiser test was done on a small portion of the resin to test reaction 

completion. The peptide was then cleaved from the resin with 90% TFA, 5% TIS and 5% 

H2O, and the crude peptide precipitated with cold ether, centrifuged, and the peptide 

washed two more times with cold ether. The peptide was then purified by preparative 

HPLC and characterized by MS to give compound 7.11 in 52% overall yield (purified 

yield ca 30%).

Synthesis of compound 7.12

" 2 mg of compound 7.11 (M.W.: 584.27g/mol, 3 !mol) was dissolved in 5 mL of  

0.1 M ammonium acetate buffer (pH 8.0) with 10% DMSO, and the reaction was stirred 

overnight. The reaction completion was confirmed by analytical HPLC. The compound 

was then loaded onto the pre-conditioned C-18 Sep-Pak™ cartridge, and the column 

washed multiple times with water, followed by 5% acetonitrile in water. Finally, the 

compound was eluted with 50% acetonitrile in water and lyophilized to give the dimeric 

compound 7.12.

Synthesis of compound 7.13

" 2 mg of purified compound 7.11 (M.W.: 584.27 g/mol, 3 !mol) was dissolved in 1 

mL of HEPES buffer (pH 7.2) and reacted with 1 eq. of Cy5-maleimide dye (FW: 

791.99) g/mol), under argon atmosphere to prevent disulfide formation by air oxidation. 
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The reaction was monitored by analytical HPLC at every hour, and additional aliquots of 

0.2 eq. of dye were added until the reaction was complete. The labeled ligand was then 

loaded onto a pre-conditioned C-18 Sep-Pak™ cartridge and the column washed several 

times with water and then with 5% acetonitrile in water. Finally, the compound was 

eluted out with 50% acetonitrile/water and lyophilized to yield compound 7.13 as blue 

amorphous powder.

Synthesis of compound 7.14 

! 250 mg of intermediate resin 7.18 was treated with 3% TFA, 5% TIS in DCM for 

1 min (7X), with DCM washings (2X) between steps, to cleave Mtt group from lysine 

side chain. The resin was washed each time with DCM (3X). After final step, the resin 

was washed with 5 mL each of DCM (3X), DMF (3X), 5% DIEA in DCM (3X), and 

finally with DMF (3X). The Ado linker was then coupled to the lysine side chain using 2 

eq. of Fmoc-Ado-OH (M.W,: 385.4 g/mol, 178 mg), 2 eq. of HOCt ( 78 mg), 4 eq. of 

DIC (140 "L) in DMF, and the reaction was stirred overnight. Next, the Fmoc protection 

was cleaved with piperidine/DMF, and the resin washed as described earlier. The 

orthogonally protected cysteine was coupled using 3 eq. of Fmoc-Cys(Mmt)-OH (462 

mg), 3 eq. of HOCt (127 mg), and 6 eq. of DIC (261 "L) in DMF and stirring the resin 

for 2 h to give the resin intermediate 7.19.

! DOTA coupling: The Fmoc protection was removed from cysteine, and the free 

N#-termini were treated with with 2 eq. of DOTA-NHS ester (F.W.: 989.5 g/mol, 455 mg) 

and 8 eq. of DIEA (320 "L) in DMF. If precipitation occurred during reagent preparation, 
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a few drops of DMSO were added. The reaction was then heated in a microwave for 3 

sec, stirred vigorously on a vortex until it cooled to room temperature, and the microwave 

heating cycle repeated until reaction completion (about 7 repetitions needed in this case), 

to give the resin intermediate 7.20. The peptide was then cleaved from the resin using 

82.5% TFA, 5% triisopropylsilane, 5% H2O, 5% thioanisole, and 2.5% EDT for 3 h. The 

crude peptide was isolated from the resin by filtration, the filtrate was reduced to low 

volume by evaporation using a stream of nitrogen, the peptide precipitated from cold 

ether, centrifuged and washed two more times with cold ether to give the crude 

compound. The compound was then purified by preparative HPLC in an acetonitrile/

water gradient and characterized by ESI-MS, to give the purified compound intermediate 

7.21.

! Europium chelation: 5 mg of the purified compound 7.21 (M.W.: 1130.53 g/mol,  

4.4 "mol) was dissolved in 0.1 M ammonium carbonate/ammonium acetate buffer (pH 

8), and treated with 3 eq. of Europium(III) chloride (EuCl3.6H2O, MF: 366.41 g/mol), 

under argon atmosphere to prevent disulfide formation by air oxidation in this compound. 

The reaction was stirred for 24 hours, and completion of the complexation reaction was 

monitored with analytical HPLC under basic buffer conditions (see HPLC Methods E and 

F in Table 7.2 for examples). The reaction mixture was then passed through a pre-

conditioned reverse-phase C-18 Sep-Pak™ cartridge to load the compound. The cartridge 

was repeatedly washed with water to remove excess of metal salts and buffer, then with 

5% acetonitrile in water. Finally, the compound was eluted in 50% acetonitrile/water, and 

lyophilized to yield compound 7.14.
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Synthesis of compound 7.15

! Cy5 coupling & Europium chelation: 5 mg of the purified compound 7.21 (M.W.: 

1130.53 g/mol, 4.4 !mol) was dissolved in 1 mL of DMSO and reacted with 1 eq. of 

Cy5-maleimide dissolved in DMSO, under argon atmosphere to prevent disulfide 

formation by air oxidation. The reaction was monitored by analytical HPLC at every 

hour, and additional aliquots of 0.2 eq. of dye were added until the reaction was 

complete. Following the Cy5 conjugation, 3 eq. of Europium(III) chloride (EuCl3.6H2O, 

MF: 366.41 g/mol) was added to the reaction mixture and stirred for 24 hours, in order to 

form Eu-DOTA complex. The completion of the complexation reaction was monitored 

with analytical HPLC under basic buffer conditions (see HPLC Methods E and F in Table 

7.2 for examples). The labeled ligand was then loaded onto a pre-conditioned C-18 Sep-

Pak™ cartridge and the column washed several times with water, then with 5% 

acetonitrile in water. Finally, the compound was eluted with 60% acetonitrile/water and 

lyophilized to yield a dual labeled ligand 7.15.

HPLC Analysis, Solid Phase Extraction, Size Exclusion Chromatography and Peptide 

Concentration Determination 

" The purity of final products was analyzed using Waters high-performance liquid 

chromatography (HPLC) apparatus and with a Vydac C18 reverse phase column (dia #  

length: 4.6 mm #  150 mm, pore size: 3 !m). See Table 7.2 for HPLC methods used for 

analysis and purification. Peptides were analyzed using a linear gradient of buffer B 

under various gradient conditions at a flow rate of 0.3 - 1 mL/min and the separations 
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monitored at 220 and 280 nm. Purification of compounds was achieved using a Waters 

600 HPLC apparatus equipped with a Vydac C18 reverse phase column (22 mm !  250 

mm, 5"m) with similar buffers and 3 - 10 mL/min flow rate. The separations were 

monitored at 230 and 280 nm. 

# Solid-Phase Extraction (SPE) was employed where simple isolation of final 

compound was needed, for e.g., europium chelated compound 7.14 from excess salts and 

buffers. For this purpose, C-18 Sep-Pak™ cartridges (100 mg or 500 mg) were used and 

pre-conditioned with 5 column volumes (5 times the volume of packed column bed) each 

of acetonitrile, methanol and water, in that order. After loading the compound, the column 

was washed several times with water, and the compound was eluted with acetonitrile/

water gradient as needed.

# Size exclusion chromatography (SEC) was performed on a borosilicate glass 

column (2.6 mm ! 250 mm, Sigma, St. Louis, MO) filled with medium sized Sephadex 

G-25 or G-10. The compounds were eluted with an isocratic flow of 1.0 M aqueous acetic 

acid. 

# The lyophilized final products were dissolved in DMSO:H2O (3:2) for bioassay. 

The peptide concentrations were determined by monitoring absorbance of peptides 

against 0.5 mM solutions of DTrp in DMSO at 280 nm. The peptides were initially 

prepared at approximately 1-5 mM concentration. Co-injections of peptide and DTrp were 

made on analytical HPLC with a number of different volumes and peptide concentration 

calculated from area under the peaks (see Appendix C for examples) using the formula 

given here: 
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where !280 of compound was calculated by summation of individual extinction 

coefficients (!280,DTrp = 5500, !280,Dmt = 1490, !280,Cy5 = 5800, !280,Cys or SH = 120) times the 

number of chromophores for each in the peptide, and normalizing the value to one DTrp. 

Other components do not absorb significantly at this wavelength. Extinction coefficient of 

Cy5 was measured in a similar way by comparing absorbance (area under peak) of 0.5 

mM solution of Cy5 against 0.5 mM of DTrp as standard at 280 nm. 

Mass Spectrometry

" Mass spectra of positive or negative ions were recorded either with a single stage 

reflectron MALDI-TOF mass spectrometer (Bruker Rexlex III, Bruker Daltonics, 

Billerica, MA; #-cyanocinnamic acid as a matrix) in reflectron mode or with a low 
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Peptide Conc. =  

Abs. of comp.[ ]

Abs. of DTrp[ ]
 !  

0.5

"280  of comp.

 !  

Vol. of DTrp

Vol. of comp.

Table 7.4. HPLC & MS data of labeled $-OR ligands 7.11 - 7.15

Compound Mass Calculateda Mass Found tR (Purity %) K’

7.11 (C30H40N4O6S) 585.27 (M+1)1+ 585.1b (M+1)1+ 9.9e (96) 4.3

7.12 (C60H78N8O12S2) 1166.5185 (M+1)1+ 584.2689c (M+2)2+ 11.9e (98) 6.6

7.13 (C69H85N8O15S3) 1362.53 (M+1)1+ 1361.859#,d (M–1)1- 11.1e (95) 5.3

7.14 (C52H75N10O16SEu) 1281.43 (M+1)1+ 1279.3 & 1281.2*,b (M+4)4+ 9.6e (96) 4.4

7.15 (C91H120N14O25S3Eu) 2058.69 (M+1)1+ 2058.29d (M+1)1+ 20.6f (98) 9.6

[a]  Mass calculated based on the most abundant isotope of the element; [b] ESI-MS; [c]  FT-ICR; [d] 

MALDI-MS; [e] HPLC Method C (Table 7.2); [f] HPLC Method A; tR is the retention time of compound 

peak in HPLC; (purity of final product in percentage is given in parenthesis); K’ is retention time of 

compound peak/retention time of solvent peak. Mass calculated from most abundant isotopes of elements. # 

Due to negative charges on Cy5, -ve ionization mode gave best spectrum; * Eu has two isotopic peaks for 

150.9 and 152.9 



resolution ESI mass spectrometer (Finnigan, Thermoquest LCQ ion trap instrument, Lake 

Forrest, CA,) and/or using high resolution Fourier transform mass spectrometer (FT-ICR 

MS, Bruker Apex Qh, Bremen, Germany) equipped with an ESI source. For internal 

calibration, an appropriate mixture of standard peptides was used with an average 

resolution of ca. 10,000 and 60,000 on the Reflex III and the FT-ICR instrument, 

respectively.

Cell Culture & Lanthanide Binding Assays

! Chinese hamster ovary (CHO) cells overexpressing the human "-OR were used to 

evaluate binding at the "-OR.82 CHO/ "-OR cells were kept under selection with 0.8 mg/

ml Hygromycin (10687-010, Invitrogen, Carlsbad, CA, USA) and were grown in Hams 

F-12 media supplemented with 10% fetal bovine serum. All cells were maintained under 

standard conditions (37#, 5% CO2).

! Binding assays were performed on CHO/"-OR cells. Cells were plated in black 

Costar 96-well plates (cat. no. 3603) at a density of 12,000 cells/well and were allowed to 

grow for 3 days. On the day of the experiment, media were aspirated from all wells, and 

then 50 $L of nonlabeled ligand (dilutions ranging from 1e-5 to 1e-11 M) and 50 $L of 

Eu-labeled ligand (10 nM) were added to each well. Ligands were diluted in binding 

media (Dulbeccos modified Eagles medium [DMEM], 1 mM 1,10-phenanthroline, 200 

mg/L bacitracin, 0.5 mg/L leupeptin, 0.3% BSA) and samples were tested in 

quadruplicate unless otherwise noted. Cells were incubated in the presence of ligands for 

1.5 h at 37# and 5% CO2. Following the incubation, cells were washed four times with 
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wash buffer (50 mM Tris–HCl, 0.2% BSA, 30 mM NaCl) using a Molecular Devices 

SkanWasher. Enhancement solution (1244-105, PerkinElmer) was added (100 !L/well), 

and plates were incubated for at least 30 min at 37" prior to reading. The plates were 

read on a Wallac VICTOR3 instrument using the standard Eu TRF measurement (340 nm 

excitation, 400 !s delay, and emission collection for 400 !s at 615 nm). Competition 

curves were analyzed with GraphPad Prism software using the sigmoidal dose–response 

(variable slope) classical equation for nonlinear regression analysis. In the case of 

saturation binding assays, the one site binding (hyperbola) classical equation for 

nonlinear regression analysis was used. Nonspecific binding was tested in the presence of 

10 !M naloxone.

Small Animal Imaging

# All animals were maintained under IACUC-approved protocols. Female SCID 

mice were obtained from the Arizona Cancer Center shared services (Tucson, AZ, 

U.S.A). For xenografting, HCT-116 colon cancer cells were obtained from ATCC, 

Manassas, VA. HCT-116 cells expressing $-OR were provided by Robert J. Gillies.83  

Imaging was performed using a dark box system built and maintained at The University 

of Arizona Biomedical Imaging Laboratory. For imaging, animals were anesthetized by 

i.p. injection of a cocktail containing 72 mg/kg ketamine, 6 mg/kg xylazine and 6 mg/kg 

acepromazine.
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CHAPTER 8

CONCLUSIONS & FUTURE PERSPECTIVES
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8.1 CONCLUSIONS

! Nature is replete with examples of cell-cell, protein-protein and ligand-protein 

interactions that are driven by multivalent targeted specificity. This specificity is very 

often achieved using heterovalent binding partners as described earlier with 

representative examples in Chapter 1. By exploiting nature’s template to derive avidity 

and specificity in interactions, the research of multivalency has added a new dimension to 

the way imaging agents and therapeutics can be targeted to desired cell populations for 

the diagnosis and treatment of malignancies. Multivalent ligands have been constructed 

consisting of multiple binding entities tethered together by numerous linkers and 

scaffolds. These ligands have the potential to recruit and simultaneously connect several 

homologous and/or heterologous receptors. In this context, we have reasoned that there is 

no inherent specificity in interactions at the molecular level from the homomultivalent 

binding, although some level of specificity in targeting can be achieved from the 

preferential binding of homomultivalent constructs to cells that “overexpress”  a given 

protein than to healthy cells with low basal expression of this protein. However, by 

designing a heteromultivalent construct that bears different ligands and targeted to 

different receptors (receptor combination approach), it should be possible to derive 

specificity in interactions of this construct at the molecular level. That is, 

heteromultivalent constructs with fine-tuned ligand affinities and linker backbones can be 

developed that would bind with high avidity to cells expressing two or more of the 

complementary receptors, but will bind with weak affinities to cells expressing only one 
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of those cognate proteins, given the equal cell-surface receptor densities. Therefore, a 

high degree of specificity could be achieved in tandem with the increased avidity of these 

constructs. We envisioned the use of this receptor combination approach to target 

multivalent ligands carrying payloads to single cell types within an organ.1 These 

payloads could be cell-specific toxins (“magic bullets”) or could have more regional 

effects (“smart bombs”). Further, we have reasoned that receptor combination approach 

provides more than billion possibilities with a three receptor combination as target.  

Compared to few thousand cell-surface receptors that are available as potential targets for 

conventional tumor targeting approaches, the receptor combination approach provides a 

tremendous opportunity to find a suitable target for every conceivable scenario. More 

specifically, our goal is to identify three receptor combinations that are uniquely 

expressed in a given cancer with highest possible coverage of heterogeneous tumor sub-

populations. No more than one of the protein in this combination should be expressed in 

any healthy tissue samples. Heterotrivalent ligands can then be designed for this receptor 

combination that would preferentially target tumor tissues expressing this protein pattern, 

but will clear out rapidly from all the healthy organs.

! In order to achieve this goal, the ability to recruit and non-covalently crosslink 

heterologous receptors of choice needed to be established. To date, however, much of the 

work of crosslinking mutliple receptors has centered on homologous receptor targets, i.e., 

homomultivalency. Although the data suggest crosslinking of multiple receptors, it does 

not conclusively prove that the derived avidity effects are the result of crosslinking of 

multiple receptors and not by the enhanced local concentration effects. Although there 
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have been few reports of heterobivalent constructs that target a cell-surface receptor and a 

soluble extracellular protein, or two different cell-surface receptor ligands connected with 

a short linker or decorated on a membranous scaffold,2,3 there have been no reports of 

systematic investigation on heteromultivalent ligands that are capable of crosslinking two 

or more different cell-surface proteins. Therefore, it was imperative to evaluate the 

potential of crosslinking (or clustering) heterologous cell-surface proteins such as 

GPCRs, kinases, ion-channel proteins, etc, and the degree of enhanced affinity (avidity) 

and the specificity in targeting that can be achieved with crosslinking bivalent systems, 

trivalent systems, and so on. A systematic study was needed to profile the utility of 

various linkers and scaffolds, and the spatial spacing required to optimally orient the 

multiple ligands for binding to their cognate receptors. Various synthetic methodologies 

to assemble heteromultivalent ligands with or without labels needed to be delineated. 

Further, other relevant factors such as the use of agonistic and antagonistic ligands for 

crosslinking and its effect on signaling and internalization properties, the rate of uptake of 

these multivalent ligands vs monovalent ligands, and the retention times of these ligands 

in the targeted tissues, etc, would need to be outlined for successful establishment of this 

heteromultivalency based targeting platform. 

! The work described herein has attempted to answer some of the questions that we 

face in exploiting the potential heteromultivalency provides for differentiation of cellular 

surfaces. Further, the work has sought to conclusively test and validate the hypothesis of 

heteromultivalency based targeting approach as presented in Chapter 1. This dissertation 

has detailed the proof-of-concept heteromultivalency experiments by connecting two 

272



different ligand motifs (melanocortin ligands with cholecystokinin or deltorphin ligands) 

with variety of linkers and bioevaluating in receptor systems with different ratio of 

receptors (Chapter 2 & 7). These ligands were tethered together using linker backbones 

constructed from a combination of flexible polyethylene glycol (PEG) chains, semi-rigid 

Pro-Gly repeats, or rigid synthetic units such as AMPN. The effects of linker length and 

rigidity on the binding of multivalent ligands were also evaluated. The study 

demonstrated that the heterobivalent ligands targeted to MSH and CCK receptors were 

able to simultaneously bind these two heterologous receptors accompanied with affinity 

enhancement. For example, a heterobivalent ligand such as 2.10 and 2.11 were able to 

bind with 24-fold and 83-fold higher affinity, respectively, to cells expressing both 

receptors than to cells expressing only one of them (Chapter 2). Additionally, the affinity 

of CCK-6 ligand motif against CCK-2R was increased up to roughly 50-fold over the 

affinity of its parent monovalent ligand 2.2 (Ac-CCK-6-NH2). Similarly, in a different 

system containing overexpressed !-OR and hMC4R, comparable results were obtained 

with a 50-fold higher affinity of MSH-7 ligand motifs in their heterobivalent constructus 

for the hMC-4 receptor. It is our contention that these ligands will, therefore, target far 

more specifically to cells expressing two-receptor combination than to cells expressing 

only one of these receptors. In the context of these binding assays, it was pointed out that 

the lack of affinity enhancement on the more abundant receptor does not invalidate our 

model to achieve specificity using a combination of receptors. Although these 

experiments only assayed binding affinity changes at each ligand motif in these 

heterobivalent constructs, the results allude to the degree of difference in avidity and 
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specificity of these constructs that can be attained in bivalent vs monovalent ligand 

binding modes at each of the receptors. This was qualitatively demonstrated by in vitro 

imaging of Cy5 labeled heterobivalent ligand 7.4 (see Chapter 7 for discussion). The 

avidity enhancement at both receptor sites is clearly discernible on cells that expressed 

both hMC4R and CCK-2R vs cells that expressed either hMC4R or CCK-2R only. In 

fact, the degree of specificity seen in this 2- vs 1- receptor combination demonstrates the 

utility of this heteromultivalent approach as well as the potential of targeting multiple 

receptors. Thus, the work clearly demonstrated that with fine-tuned linkers/scaffolds and 

ligand affinities, multivalent ligands can be constructed that bind with moderate or weak 

affinities in monovalent binding mode (~ 100 nM to 5 !M in this work), but bind with 

high affinities in multivalent binding mode (~ 0.5 nM to 10 nM for bivalent binding in 

this work). Further, the in vitro imaging results suggest that bivalency (2- vs 1-receptor 

combination) holds on its own in terms of its ability to differentiate cellular surfaces. 

Thus, the potential of a heterotrivalent system (3- vs 1-receptor combination) can only be 

surmised. In this context, this dissertation work has laid the groundwork for evaluating 

the trivalent vs monovalent system, both with homomultivalent (Chapter 4) and 

heteromultivalent ligands (Chapter 5).

" The receptors used in this study have never been implicated in heterodimer 

formation, which could have indicated affinity gains mediated by a ‘chelate 

effect’ (although melanocortin receptors have been shown to form homodimers and 

heterodimers among their subtypes). Thus, the observed affinity gain is most likely the 

result of clustering of these two receptors (cluster effect). To the best of our knowledge, 
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the present report is the first demonstration of crosslinking of two functionally unrelated 

cell-surface receptors through synthetic heterovalent constructs carrying cognate ligands. 

This clustering ability opens up future possibilities to simultaneously bind multiple cell-

surface proteins of choice. The results reported here are of significance in the broader 

context of multivalency as a route to high affinity and high specificity. This 

demonstration of non-covalent crosslinking different cell-surface proteins has far 

reaching consequences in terms of achieving a high degree of targeting specificity (in the 

context of heterovalent binding enhancement) to defined cell populations. Using a 

receptor combination approach, heteromultivalent ligands carrying binding motifs 

cognate to combinations of cell surface receptors that are expressed in cancer but are 

either absent or expressed at low basal levels in normal cells could be targeted 

specifically. Further, the heteromultivalent constructs can be modified to carry payloads 

of fluorescent tags, radioisotopes, toxins, drugs, or plasmid DNA. We believe this 

approach will provide a revolutionary new platform to build novel targeting agents for 

cancer. The present demonstration portends an optimistic picture towards this objective. 

Going to hetero- trivalent and tetravalent combinations should provide a remarkably high 

degree of differentiation of different cell-surfaces, something that can address the 

heterogeneity of a particular cancer in addition to its differentiation from healthy normal 

cells.
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8.2. FUTURE PERSPECTIVES 

!

8.2.1. Linkers

! Linker structure plays an important role in orienting and spacing the ligand motifs 

or epitopes for optimal binding. In this context, the rigidity and flexibility of the linker 

backbone is especially important in order to minimize the entropic penalty that a 

multivalent construct incurs once one of its ligand motifs has bound, and to maximize the 

enthalpic gain that ensues from enhanced apparent affinity of each ligand motif when 

multiple ligand motifs are allowed to bind simultaneously. Therefore, a relatively rigid 

linker would minimize this entropic penalty, while a relatively flexible linker, especially 

at the termini where ligands are connected, would allow simultaneous binding and help 

off-set this entropic penalty with an enthalpic gain. One such semi-rigid linker based on 

amino acid repeats, poly(Pro-Gly), was extensively used in this work and was described 

in detail in Chapter 6. This linker was designed based on polyproline helix Type II 

conformation found in proline-rich sequences such as collagen. The alternating proline 

and glycine sequence was designed to present an optimal blend of rigidity of constrained 

proline residue and flexibility of glycine residue to the linker backbone. Although, this 

linker is apt for constructing the multivalent ligands, there is a room for linker 

improvement in terms of the linker length that can be attained per residue added, the 

rigidity of the linker, and finally the synthetic feasibility at longer linker lengths. The 

poly(Pro-Gly) linker provided an extraordinary linker template with its solubility and 

synthetic ease. However, longer sequences greater than 36 residues were seen to present 
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problem in coupling and purity of final peptide. Further, the theoretical and experimental 

studies on this linker suggested that the maximum linker length that can be attained per 

residue added is approximately 1.6 !. Therefore, in order to build a linker that can 

potentially attain a maximum span of 10 !, at least six residues of alternating proline and 

glycine (i.e., [PG]3) needs to be coupled to the desired ligand. 

" In order to build a linker that provides some of the same benefits as poly(Pro-Gly) 

such as its exceptional solubility in various solvents and its relative synthetic ease, and to 

further enhance the distance span per residue addition as well as impart rigidity from a 

constrained structure rather than by secondary structure formation (an example from this 

work would be AMPN linker), peptidomimetic scaffolds could be explored. Figure 8.1 

illustrates the conceptual framework behind this linker design and shows two such 

scaffolds based on a diketopiperazine scaffold and a #-turn mimetic 

triazabicyclo[4,4,0]decane scaffold that can be used for the semi-rigid linker design. As 

illustrated in Figure 8.1A, a chain type linker can provide rigidity from the constrained 

ring or bead design and the flexibility from connections between the rings/beads. This 

flexibility can be modulated by the nature of these connections, i.e., rings being directly 

attached or connected by a short flexible linker. Figure 8.1B provides two examples from 

the literature where ring based design has been used for building rigid linkers.4,5 A 

decreasing rigidity can be obtained in the order of directly fused rings, followed by spiro-

fused rings, followed by single bond connections between the rings. By further providing 

a flexible connection between the two rigid rings, an alternating sequence of rigid and 

flexible units could be devised for a semi-rigid linker. Such a linker would present 
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Figure 8.1. Design of semi-rigid linkers. (A) Linker design concepts based on chains. (B) Two examples 

of relatively rigid chains shown on left in figure part A above. These are formed from fused 

diketopiperazines (ref. 4) or oligopiperidines (ref. 5). (C&D) Two conceptual semi-rigid linker designs 

based on a diketopiperazine structure [(2S,5S)-5-(aminomethyl)-3,6-dioxopiperazine-2-carboxylic acids)], 

abbreviated here as ‘Dop’ linker, and a azabicyclodecane structure [2-((3S)-1,4-dioxooctahydro-1H-

pyrazino[1,2-a]pyrazin-3-yl)acetic acid], abbreviated here as ‘Dppa’ linker. These linkers theoretically will 

be relatively flexible as shown in the comparison on right in figure part A above. 



rigidity not from any secondary structure formation of the oligomeric sequence, but from 

the rigidity of these rings. The flexibility for rotational freedom in the linker region, 

required to access conformations for simultaneous binding of ligands, can be provided by 

introducing flexible methyl groups between the rings. One such linker that was described 

in the text was aminomethylphenylnaphthyl (AMPN) linker, which provided an 

alternating rigid and flexible units in the linker. However, the poor synthetic feasibility of 

multiple AMPN groups (at least with the protecting group presently used), and the 

solubility issues of this aromatic linker leaves a lot to be desired for improving this semi-

rigid linker. 

! Peptidomimetic scaffolds were, thus, deemed to provide a judicious choice to 

enhance solubility and synthetic ease as compared to aromatic rings based semi-rigid 

linker design. Both of the linker scaffolds shown in Figure 8.1C&D could be build from 

naturally available chiral pool and extensive repertoire of unnatural amino acids. Figure 

8.1C shows a dioxopiperazine based scaffold (abbreviated here as ‘Dop’), a promising 

linker design that imparts rigidity from the relatively constrained diketopiperazine ring, 

and flexibility from either or both aminomethyl and carboxylic acid side chains. The 

flexibility of the Dop residue can be easily tweaked by using either n = 1 or 2 for the 

carboxylic acid side chain. This can be achieved by using an aspartic acid or glutamic 

acid in place of 2-amino-malonate during the linker synthesis. The Dop linker should also 

possess good solubility profile from the three amide bonds that would be present per 

linker residue when present in an oligomeric chain. Further, the lack of secondary 

structure formation should increase synthetic feasibility of longer linker assemblies. 
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Figure 8.1D shows an triazabicyclo[4,4,0]decane linker (dioxooctahydro-pyrazino-

pyrazinyl-acetyl linkage, abbreviated here as ‘Dppa’), which is more rigid than the Dop 

linker and similar to AMPN linker in terms of fused rings. However, the most remarkable 

property of both these linkers would be the distance span per linker residue addition. 

Each Dop residue can provide up to ~ 6 ! linker spacing for a diketopiperazine with 

aminomethyl side chain and n = 0 for the carboxylic acid side chain. Similarly, Dppa 

linker could provide up to ~ 8 ! spacing per linker unit. Therefore, the coupling of one or 

two residues of these linkers would provide nearly the same distance span as provided by 

coupling of three residues each of proline and glycine in a poly(Pro-Gly) linker. 

" The Dop linker can be prepared from N#-Fmoc-N$-Aloc-protected 

diaminopropionic acid and a variety of diacids such as 2-aminomalonic acid, aspartic 

acid, glutamic acid, etc (Figure 8.2). Peptide coupling followed by removal of Fmoc 

group and spontaneous diketopiperazine formation under basic conditions would afford 

the piperazine linker. For facile solid-phase assembly of oligomeric Dop units as linker in 
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synthesis of multivalent ligands, the Aloc group can be cleaved and replaced with Fmoc 

or Boc protecting groups. It must be noted that in case an ester of 2-aminomalonic acid 

(achiral) is used, a diastereomer would be formed following the peptide coupling, which 

may be resolvable with or without chiral chromatography. The retrosynthetic route of 

Dppa linker can be traced to a protected piperazine derivative with various diacids as 

pointed out above. The mono-protected piperazine carboxylic esters are commercially 

available or could be readily prepared from N1,N4-protected piperazine-2-carboxylic 

acids.

8.2.2. Heterotrivalent Ligands of (bis)-CCK/(mono)-MSH type

! Chapter 5 described the design, synthesis and partial bioevaluation of 

heterotrivalent ligands with one CCK ligand and two MSH ligands connected by a linker 

[(bis)-MSH/(mono)-CCK heterotrivalent ligands] (see Figure 8.3A for an example). A 

further explorative work based on the same template but with two CCK ligands and one 

MSH ligand is needed to investigate the trivalent binding on cells that express CCK-2R 

in higher abundance, i.e., CCK-2R > hMC4R system (see Figure 8.3B for an example). In 

order to design a suitable library bearing different linkers, initial attempts were made to 

explore suitable chemistry for connecting these ligands. Since CCK ligands require a free 

C-terminus (as an amide group) for optimal binding to its cholecystokinin receptors, this 

requirements puts a constraint on the mode of assembling bivalent and trivalent ligands. 

For example, the simplest design of a bivalent ligand that has been extensively used in 

this dissertation work so far, is to assemble CCK ligand initially on the solid-phase resin, 
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followed by assembly of linker and MSH ligands, i.e., CCK ligand on the C-terminus and 

MSH-7 ligand on the N-terminus of the linker connected in a head-to-tail fashion (see 

Figure 8.3C). Alternatively, as shown in Figure 8.3D, the CCK and MSH ligands can be 

connected in a head-to-head fashion and assembled via a segment condensation approach. 

This synthetic design requires building the MSH ligand with the appropriate linker region 
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Figure 8.3. Segment condensation approach for building trivalent ligands. The direction of arrows 

indicate N --> C terminus orientation of the peptide. (A)  Heterotrivalent ligands of (bis)-MSH/(mono)-CCK 

type as described in Chapter 5. (B) Heterotrivalent ligands of (bis)-MSH/(mono)-CCK type needed to 

investigate trivalent binding on cells with CCK > hMC4R expression system. (C) Ligands and linkers can 

be assembled in a linear fashion, which in the case of work described earlier in the dissertation necessitated 

placing CCK ligand on C-terminal owing to the requirement of free C-terminal for binding. (D) 

Alternatively, for ligands such as shown in part B, a free C-terminal ligand such as CCK can be assembled 

on the peptide using segmental condensation approach. (E)  The segmental condensation can be achieved by 

assembling a ligand such as CCK with an electrophile (El) at the N-terminus, and reacting with a 

nucleophile (Nu) bearing linker on the rest of the peptide, either on the solid-phase on in solution.
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Figure 8.4. Design of heterotrivalent constructs of (bis)-CCK/(mono)-MSH type. CCK-4, CCK-6 and 

CCK-8 were used as CCK-2R ligands. MSH-4 or MSH-7 were used as hMC4R ligands.



bearing a nucleophilic site at the N-terminus (Figure 8.3E). Separately, the CCK ligand 

can be build on the solid-phase bearing an electrophile at the N-terminus of the CCK 

peptide. The CCK peptide can then be cleaved from the resin and purified, and used to 

react with the nucleophile on the MSH peptide. The reaction can be carried out on the 

solid-phase with MSH peptide on the resin or in solution where both peptides are cleaved 

from the resin. Based on this scheme, two libraries of trivalent ligands were designed 

(Figure 8.4). The ligands had either MSH-4 or MSH-7 as the melanocortin ligand motif. 

Since this library would be tested for binding affinity enhancement on the MSH ligand 

(the CCK ligands will likely show no enhancement; also see Table 5.1 and Figure 5.3), 

the CCK ligands were varied in affinity from a low-affinity CCK-4 ligand to medium-

affinity CCK-6 ligand to a high-affinity CCK-8 ligand in each library series (Figure 8.4). 

The linker lengths were also varied with one or two PEGO units per linker arm or with 

combination of poly(Pro-Gly) and PEGO linkers. 

! Initial attempts to assemble these ligands using a segment condensation approach 

were made. The MSH-4 And MSH-7 ligands on the C-terminus connected to various 

linkers and containing two nucleophilic sites at the N-termini of these linkers were 

assembled on the solid-phase to give 8.13 and 8.16 (Scheme 8.1). Separately, CCK-4 and 

CCK-6 ligands were built on the resin, and the N-termini of these CCK peptides were 

bromoacetylated. The peptides were then cleaved with TFA cocktail (91% TFA, 3% H2O, 

3% thioanisole and 3% ethanedithiol), and purified to give 8.14 and 8.15. The 

conjugation reaction was performed in variety of different conditions as shown in Figure 

8.5 (also see Scheme 8.1). First, the conjugation was carried out on the solid-phase by 
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reacting excess of these bromoacetylated CCK ligands with the nucleophilic species on 

the N-termini of the MSH peptides on the resins. The reaction, however, did not give the 

desired product as observed by mass spectrometric analysis. Alternatively, both reacting 

species were cleaved from the resins and the conjugation reaction was performed in the 

solution-phase. However, similar problems were encountered in coupling these two 

species in the solution-phase as well, where no product obtained matched with mono- or 
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Scheme 8.1. Synthesis of heterotrivalent ligands of (bis)-CCK/(mono)-MSH type. The direction of 

arrows indicate N --> C terminus orientation of the peptide.



di-CCK-conjugated final products. It must be noted here that the solubility of 

bromoacetylated CCK-4 peptides posed a significant problem, which was resolved to 

some extent by using sodium bicarbonate solution (pH 8.0) to deprotonate the aspartic 

acid residue. Alternatively, addition of organic bases such as DIEA or TEA were tried that 

could also aid in the reaction of thiol with bromide. However, none of the products 

identified from HPLC matched with the correct mass of the desired trivalent ligand in 

these reactions. Therefore, alternative routes need to be explored to assemble these 

trivalent ligands.
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Figure 8.5. Liquid chromatograms of conjugation reaction of bromoacetylated CCK ligands with 

thiol-derivatized MSH ligands. (A) Reaction of thiol derivative of MSH-linker peptide 8.13 with 

bromoacetylated derivative of CCK-4 ligand 8.14, performed under different conditions. (B) Reaction of 

thiol derivatized MSH-7-linker peptide 8.16 with bromoacetylated CCK-6 ligand 8.15, performed under 

basic conditions with or without microwave mediated heating. In both cases, none of the products obtained 

matched with the desired product, or even the mono-conjugated CCK product. The thiol derivatives of 

MSH ligands were characterized with high-resolution mass spectrometry to confirm their reduced forms, 

before carrying out the reaction.



! There are variety of chemical ligation approaches available in the literature, all of 

which have their merits and demerits.6,7 Since native chemical ligation8 of these two 

peptides is not a strict requirement here, with the peptides being condensed in the linker 

region, many different chemistries can be explored. One such efficient conjugation 

chemistry that has been used in the labeling chemistries described in this dissertation, is 

the thiol-maleimide chemistry.†  As shown in Scheme 8.2, the CCK ligands can be 

derivatized at the N-termini using a maleimidopropionic acid linker. The purified peptides 

can then be conjugated in solution to achieve the desired trivalent product. A potential 

complication in this reaction, however, is the generation of four diastereomers at the two 

epimeric centers. Although, this may not adversely affect the biological efficacy of these 

compounds, their purification and characterization may pose a problem. Nevertheless, the 

287

† The author here has concentrated on exploring only thiol based conjugation chemistries since peptide 

libraries containing Linker-MSH sequence had already been prepared. However, this is by no means the 

only or the best route available. Other alternative approaches, as will be discussed shortly, can be explored 

such as ‘click’ chemistry, Staudinger ligation, hydrazone formation, etc.

Scheme 8.2. Synthesis of heterotrivalent ligands of (bis)-CCK/(mono)-MSH type using thiol-

maleimide reaction based segment condensation. The direction of arrows indicate N --> C terminus 

orientation of the peptide.



reaction is highly selective and is quantitative even at low concentrations of the reacting 

species.

8.2.3. Development of Two or More “In Tandem” Conjugation Chemistries for 

Construction of Complex Multivalent Ligand Libraries

! The problems encountered with synthesis of multivalent ligands of long 

sequences and complex design can be mitigated by developing conjugation chemistries 

that can be performed in tandem in solution. For unprotected peptides, this may not be a 

trivial task as the conjugation chemistries not only have to be compatible with aqueous 

phase (for peptide solubility), but also be compatible with each other. Most organic 

reactions are carried out in polar or apolar organic solvents and are generally 

incompatible with water. Figure 8.6A lists some of the presently available chemistries that 

can be carried out in aqueous phase.9,10 Among these chemistries, thiol-maleimide 

reaction,11-14 Huisgen 1,3-dipolar cycloaddition (“Click”  reaction),‡,15-21 and Staudinger-

Bertozzi ligation22-25 have been studied extensively, require relatively mild conditions (an 

important requirement for unprotected peptides), and are fairly robust chemistries. The 

reaction of thiols with maleimides is one of the best known simple, selective, and 

quantitative chemical modification reaction.13 While there are a number of reactions that 

fulfill the criteria of ‘click’ chemistry (including thiol-maleimide reaction), the Huisgen 
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‡ The name ‘Click’ reaction is often synonymously used for Huisgen 1,3-dipolar cycloaddition reaction as 

the latter is undoubtedly the most commonly studied reaction of this ‘click’ concept. However, this concept 

is general where two complimentary functional groups are ‘clicked’ together to provide a quantitative 

yielding reaction. As evident, the name is applicable to multiple other chemistries such as thiol-maleimide, 

Diels-Alder conjugations, etc.



1,3 dipolar cycloaddition of azides with terminal alkynes has emerged as a frontrunner 

for its wide applications in polymer chemistry, material sciences, and pharmaceutical 

sciences. Several modifications of ‘click’ reaction are also available such as in situ 

generation of azides from amines by triflic azide or trimethylsilyl azide, followed by 1,3-

cycloaddition reaction to give the triazole.26 See references 15, 17, 18, 27, and 28 for 

reviews on the growing impact of ‘click’ chemistry on drug discovery. Finally, besides 

small organic molecules, there have been some reports on Diels-Alder cycloaddition 

reaction in water of derivatives of oligonucleotides and peptides, and may provide 

another route to connect two ligands.29 Although, a variety of peptide ligation techniques 

can also be added to this repertoire,7,8 they have been left out here in the list since the 

chemistries are often slow and inefficient in terms of yields where mild reaction 

conditions are involved.7 

! An example of a simple one-pot reaction of trivalent ligand assembly would be 

using one of the conjugation chemistry such as the selective thiol-maleimide reaction, 

and reacting all three groups at the same time (Figure 8.6B; also see Figure 8.7B for an 

example).30 This is an elegant method of preparing homomultivalent ligands, especially 

with long linkers, since ligands with one of the ligand arm would require fewer synthetic 

steps and will be more efficient. Although such an approach can also be theoretically 

extended to heterotrivalent constructs, the lack of selectivity, however, would lead to 

homo-bivalent and trivalent mixtures. Therefore, selective and orthogonal chemistries are 

desirable for rapid assembly of fine-tuned heterotrivalent constructs, with or without 

fluorescent and radiolabels. Although one-pot reaction using three selective conjugation 
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Figure 8.6. ‘In tandem’ conjugation chemistry. (A) List of few aqueous-phase compatible chemistries. 

See text for references. (B) One-pot assembly of homotrivalent ligands using thiol-maleimide reaction. (C) 

A suggested route for the development of ‘in tandem’ conjugation chemistries for assembly of bivalent and 

trivalent ligands. Based on the chemistries employed, the order of the reactions can be outlined, with each 

synthetic step followed by a rapid purification step by SPE (solid-phase extraction) or GF (gel filtration), 

and a final HPLC purification step. See text for description.



chemistries may not be practically feasible owing to mutual interference between the 

reaction pairs selected for conjugation, ‘in tandem’ solutions to this problem can be 

developed. Taking Huisgen’s ‘click’ reaction, Staudinger’s ligation and thiol-maleimide 

reaction as an example, it is evident that both ‘click' conjugation chemistries require 

azide as one of the reacting species. Thus, an alkyne and a phosphine (with an 

electrophilic trap) may not be contained on the same scaffold, and neither would an azide 

and an alkyne. Similarly, a free amine can react with a maleimide group, albeit slowly, if 

present on the same scaffold. Further, presence of free thiol and amine group on the 

scaffold could present complication in ‘click’ reaction. Therefore, an alternative can 

developed where at least one of the groups can be made latent until used, and the rest of 

the reaction pairs arranged such that it maximizes the possibilities of different reactions 

that can be carried out simultaneously as well as reactions of different types on each 

group. At the same time, it must minimize the interference between different chemistries. 

Further, a route can be developed where one conjugation step can be followed by another 

conjugation step (i.e., ‘in tandem’) with or without a fast purification step such as solid-

phase extraction (Figure 8.6C). For example, a maleimide group can be present on the 

trifunctional scaffold so that it can be used both for thiol-maleimide conjugation 

chemistry as well as for Diels-Alder conjugation reaction. Placing a thiol on the scaffold, 

on the other hand, could present complications in other conjugation chemistries. 

Similarly, an azide group, which is a latent functional group, can be placed on the 

trifunctional scaffold. This will provide a choice for both ‘click’ reactions and Staudinger 

ligation. To provide a third orthogonal choice, a protected amine group can be used that 
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can be readily deprotected with TFA and purified by solid-phase extraction. The free 

amine can then be used for amide coupling with a succinimide ester or can be converted 

to azide in situ before a second ‘click’ reaction or a Staudinger ligation. Finally, it will be 

important to choose the sequence of steps for this ‘in tandem’ chemistry (Figure 8.6C). 

For example, the most complicating reaction pairs can be taken care of in the first 

reaction step so as to minimize loss of materials at the last step. In this context, thiol-

maleimide reaction is selective and quantitative and can be performed last. A ‘click’ 

reaction, on the other hand, can be complicated by the type of residues in the peptide as 

well as the reagents used. Therefore, this reaction can be carried out in the first step. A 

solid-phase extraction step can be performed using commercially available C-18 reverse-

phase cartridges for rapid purification between each step. As pointed out earlier, 

developing such an ‘in tandem’ solution will not be trivial and will be dependent on the 

chemistries employed, the reactive species present in the peptide sequence, the choice of 

reagents and conditions, as well as the sequence in which these chemistries will be 

performed. However, development of such solutions could provide a facile method for 

rapid assembly of multivalent ligands (at the very least bivalent and trivalent), with 

controlled ratios of ligand motifs, and combinatorial assembly of different linker arms. It 

would also ease the construction of complex multivalent ligands with long linkers. 

Further, it would allow rapid re-synthesis of a fluorescent, lanthanide-chelate or 

radioisotope labeled multivalent ligand once one or more of the unlabeled ligands from 

the library screen have been identified as hit(s).
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8.2.4. Cy5 Labeled Agonist, Antagonist and a Homotrivalent Antagonist of !-Opioid 

Receptor

! As described earlier in Chapter 3, agonists are generally considered superior for in 

vivo targeting of ligands because of their internalization properties that provide longer 
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Figure 8.7. Labeled monovalent agonist, antagonist and a homotrivalent antagonist of !-OR for 

investigating antagonist based tumor targeting. (A) Labeled agonist, antagonist and a trivalent 

antagonist for studying the tumor uptake of antagonists vs agonists in monovalent and multivalent forms. 

(B) A suggested synthetic route for building this trivalent ligand. However, this design could be flexible in 

terms of linker choice and a variety of other scaffolds, some of them commercially available, can be chosen 

to arrange these ligands.



retention time of ligands in the targeted tissues. However, antagonists have recently been 

explored for their targeting potential and, quite intriguingly, have shown equal or better 

efficacy in tumor targeting. Further, homobivalent antagonists have shown peculiar 

behavior where they exhibit either partial agonism and internalization by clustering of 

receptors (see Chapter 3 for discussion). Therefore, it would be intriguing and instructive 

to explore the potential of agonist vs partial agonist vs antagonists in  multivalent settings. 

A limited work on this approach using antagonists based multivalent ligands was 

described earlier in Chapter 3. Figure 8.7 provides an extension of this work based on the 

in vivo imaging work that is ongoing in the group with Cy5 labeled Dmt-Tic antagonist 

(see Chapter 7 for discussion on Dmt-Tic ligands). In order to compare the utility of 

antagonist vs agonist for tumor targeting, a Cy5 labeled agonist such as Deltorphin-II 

ligand, 8.18, can be prepared (Figure 8.7A). Further, a homotrivalent ligand, 8.19, 

constructed from Dmt-Tic antagonist 7.11 with a suitable linker scaffold could be useful 

in delineating the role of clustering in the internalization properties of antagonists. This 

ligand can be prepared from a variety of scaffolds, one of which is shown in Figure 8.7B, 

where three Dmt-Tic ligands are each connected by a PEGO-(PG)3 linker to a central 

polylysine backbone, and Cy5 conjugated on the N-terminus of the linker. An 

orthogonally protected lysine side chain (with Aloc or Mtt) with N!-Boc protection can 

be used for resin-based selective cleavage and assembly of PEGO-(PG)3 linker, followed 

by coupling of maleimidopropionic acid. Cleavage of this peptide followed by 

conjugation with Dmt-Tic-Lys ligand 7.11, and then reacting with Cy5-NHS ester, could 

afford the homotrivalent ligand 8.19. Comparing the "-OR tumor uptake of the antagonist 
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ligand 7.11 and trivalent antagonist ligand 8.19 with the agonist ligand 8.18 could help in 

illustrating and validating the efficacy of antagonist-based tumor targeting as has been 

reported by Reubi and co-workers.31,32
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APPENDIX A

SYNTHETIC PROCEDURES

No. Reaction Procedure

1 Fmoc deprotection Deprotection with 20% Piperidine in DMF (2 min + 18 min). 

Washings with DCM (3X), DMF (3X), 0.2 M HOBt (2X), 

DMF (2X)

2 Aloc deprotection Aloc deprotection reagent prepared as follows: 0.5% w/v of 

tetrakis(triphenylphosphine)palladium[0]  (MF: 1155.56 g/

mol), 3% w/v of dimethylbarbituric acid (DMBA, MW: 156.14 

g/mol) in argon-flushed, dry DCM (10mL/1g of resin). Resin 

washed with dry DCM, followed by treatment with reagent 

above for 30 min; resin washed again with dry DCM (3X) and 

deprotection step repeated. Following cleavage, the resin 

washed with DCM (3X), 5% DIEA in DMF (3X), DMF (2X), 

1% sod. diethyldithiocarbamate trihydride in DMF (2X, 5 

min), DMF (2X), 5% piperidine in DMF (2X), DMF (3X), 0.2 

M HOBt in DMF (2X), DMF (2X), DCM (3X). 

3 Mtt/Mmt deprotection 3-10% TFA, 5% Triisopropylsilane in DCM. The resin is 

treated with the cocktail above for 1 min, washed with DCM, 

and deprotection step repeated for a total of 7 times. Longer 

peptides like heterobivalent ligands require higher conc. of 

TFA. The quantitative deprotection can be cross-checked by 

acetylating the free amines, cleaving the peptide from the 

resin, and comparing acetylated vs non-acetylated product by 

analytical HPLC.

4 Tfa deptrotection 15% hydrazine, 15% MeOH, in THF for (1 h + 5 h) (may need 

longer coupling; monitor reaction by HPLC).

5 Peptide coupling First coupling step:

Fmoc-amino acid (3 eq.), HOCt (3 eq.), DIC (6 eq.) in DMF or  

DCM/DMF mixture (0.3 M solution of HOCt).

Second coupling:

Fmoc-amino acid (3 eq.), HBTU (3 eq.), DIEA (6 eq.) in DMF 

or  DCM/DMF mixture (0.3 M solution of HBTU).

Third coupling (if needed):

Fmoc-amino acid (4 eq.), DIC (2 eq.)  in DCM (few drops of 

DMF to aid in solubility).
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No. Reaction Procedure

6 PEGO coupling Resin with free amine reacted with 10 eq. of glycolic 

anhydride in DMF (1 M solution)  for 5 min, the resin washed 

with DMF, with dry DMF as last washing; 10 eq. of 

carbonyldiimidazole (CDI) in dry DMF for 30 min, and resin 

washed with dry DMF; 20 eq. of 50% 4,7,10-trioxa-1,13-

tridecanediamine in dry DMF for 30 min with vigorous 

mixing.

7 Fmoc-PEG24-OH coupling Fmoc-PEG24-OH (5 eq.), TFFH (4.9 eq.), DIEA (5 eq.) in 

DMF for 1 hour.

8 Acetylation (N-capping) acetic anhydride:pyridine (1:1) for 5 min; followed by 

extensive washings. 

9 DOTA coupling DOTA-NHS ester (DOTA-NHS.3TFA.HPF6-, M.W.: 989.5 g/

mol)  and 8 eq. of DIEA (171 !L/mmol) in dry DMF (few 

drops of DMSO to aid solubility if precipitation occurs). The 

reaction heated in a microwave for 3 sec, stirred vigorously on 

a vortex until cooled to rt, and microwave heating step 

repeated for 7 times or until reaction completion (as monitored 

by HPLC). 

10 DTPA coupling 20 eq. of DTPA dianhydride (MW: 357.3 g/mol), 40 eq. of 

HOCt in DMSO is heated to 50°C for 1 min, followed by 

stirring at room temperature for 20 min (if the precipitation 

occurs, the reagent mixture heated to 80°C to re-dissolve, 

followed by stirring for 20 min). The resin washed with 

DMSO and then reacted with the reagent mixture, and stirred 

for 3 hours. (Note: do not use DMF as it contains trace amount 

of dimethylamine, which interferes in reaction)

11 Cleavage from resin For peptides with Trp/Arg/Cys: 82.5% TFA, 5% water, 5% 

triisopropylsilane, 5% thioanisole, 2.5% ethanedithiol (10 mL/

1g of resin.

12 Europium chelation 3 eq. of europium chloride (EuCl3.6H2O, MF: 366.41 g/mol)  in 

1 mL of DMSO, or 0.1M NH4Ac solution, or 0.1M AcOH/

acetonitrile, as required. 

13 Cy5 coupling 1.2 eq. of Cy5-NHS or Cy5-MAL in DMSO or buffer, as 

required. Add 1 eq. to the peptide, check HPLC at 1 h, add 

aliquots of 0.2 eq., until conjugation is complete
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APPENDIX B 

SYNTHETIC NOTES

(1) Before additions of the coupling reagents to the resin, the amino acids can be 

preactivated by stirring the reagents for 2 min to form the active ester. For 

symmetric anhydride method, the amino acid and DIC were kept for 5 min.

(2) During washings and before the addition of coupling reagents, the final solvent 

wash can be given with DCM, one of the most effective solvent for swelling the 

resin, which can also aid in the coupling reaction.

(3) In case of difficult coupling or deprotection, up to 1% Triton X-100 detergent can be 

used to prevent aggregation of peptides on the resin.

(4) It is recommended not to keep the coupling reactions in DMF solvent for unduly 

long time. DMF contains trace amount of dimethylamine which can cleave Fmoc 

over a period of time. Typically, each coupling can be done within 1.5 hours, or 

significantly less if double coupling is performed, and with 3-4 couplings per day. In 

fact, the purity of the peptide can be significantly increased if the coupling reactions 

are done faster. The resin can be washed with DCM or THF, and stored in the 

refrigerator at the end of required coupling time, instead of leaving it for overnight 

couplings or weekend couplings!

(5) Occasionally, during peptide cleavage from the resin, a byproduct from protected 

tryptophan can be observed in HPLC (typically this peak has slightly lower 

retention time than the parent peak). The t-butyl moiety is removed during cleavage, 
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leaving the indole protected with N-carboxy group. This intermediate rapidly 

decarboxylates in acidic aqueous media of the cleavage cocktail. If this byproduct is 

still observed after cleavage, the problem can be typically resolved by treating the 

crude peptide with 5% aq. acetic acid for 5 h.

(6) For Aloc deprotection procedure, care must be taken to use oxygen-free, argon-

flushed, dry DCM. The tetrakis(triphenylphosphine)palladium(0) reagent is prone to 

decomposition, and must be stored under argon/nitrogen in the freezer after use. If 

the color (bright yellow crystalline solid) of the reagent turns brown or yellowish 

brown, triturate with methanol and filter to give the desired yellow power, or use 

fresh reagent for successful deprotection. 

(7) Mmt/Mtt deprotection: Although 3% TFA in DCM (with 5% TIS) was observed to 

be sufficient for Dmt-Tic peptides, this was insufficient for longer peptides such as 

heterobivalent ligands. The latter needed up to 10% TFA for efficient removal.

(8) DOTA coupling: The commercial DOTA-NHS ester (Macrocyclics, TX) used in this 

study contains 3 mol eq. of TFA in its formula weight (refer technical notes from 

Macrocylics, TX). Therefore, 4 eq. of DIEA were used to neutralize the acid, and to 

aid the reaction. This was observed to be critical for the reaction. DOTA-NHS ester 

and DIEA when dissolved in dry DMF were seen to form precipitate (TFA salt of 

amine), which complicated its addition to the syringe reactor. This was resolved 

either by adding a few drops of DMSO, or by first dissolving DOTA-NHS ester in 

dry DMF and injecting it to the resin, followed by addition of requisite amount of 

DIEA in DMF to it.
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(9) For europium-chelate complexation reaction, which is typically slow and generally 

requires keeping for 12-24 hrs (occasionally longer), the complexation reaction in 

the presence of a thiol group present on the peptide may pose a problem owing to 

disulfide byproduct formation by air oxidation during this long reaction time. 

Therefore, avoid use of DMSO solvent, and use inert conditions. If the problem is 

significant, the complexation can be carried out at lower pH (~ 5), which should 

minimize disulfide formation but allow complexation, albeit significantly slower. 

Aqueous acetic acid can be used for this purpose. (Note that the reaction of thiols 

with elecrophiles such as maleimide group can be carried out in DMSO, which is 

usually fast, without disulfide byproduct formation) 

(10) Eu(III) chloride contains approx. 6 eq. of water and must be included in 

calculations. For facile weighing of usually very small amount of Eu salt required 

for chelation, 10 mg of europium chloride (EuCl3.6H2O, MF: 366.41 g/mol) can be 

dissolved in 1 mL of 0.1M NH4Ac solution, or DMSO, and appropriate volume 

needed for complexation can be aliquoted. In case a buffer is used for the europium 

chelation reaction, the solubility of MSH-CCK heterobivalent peptides can be aided 

at higher pH, for instance with 0.1M (NH4)2CO3 (pH 8.0), which should also 

accelerate the lanthanide-chelate complexation reaction.

(11) Solid-phase extraction: Before loading the peptide onto the Sep-Pak™ C-18 

cartridges, the latter must be preconditioned with at least 5 column volumes each of 

acetonitrile, methanol, and water, in that order (5 times the volume of column bed; 

typically 15 mL can used for each washing). The purification can be sped up by 
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negative pressure using a commercial vacuum manifold mounted on a rectangular 

glass chamber, which can be evacuated by a minivac diaphragm pump.

(12) Cy5 dyes are susceptible to degradation by oxidation and other mechanisms. It was 

observed that Cy5 labeled peptides became prone to degradation once the vial 

containing the product was opened. Therefore, store the Cy5 containing peptides in 

dark, under inert atmosphere (use argon). Further, keep the peptides in lyophilizate 

form for longer storage, or divide the prepared solutions into aliquots that can be 

stored with each vial having sufficient product volume for few times usage.
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APPENDIX C

HPLC & MS DATA

CHAPTER 2

II-I! ! HPLC of Compound 2.3

II-II! ! MS of Compound 2.3

II-III! ! MS of Compound 2.4

II-IV! ! MS of Compound 2.5

II-V! ! MS of Compound 2.6

II-VI! ! MS of Compound 2.7

II-VII! ! MS of Compound 2.8

II-VIII!! MS of Compound 2.9

II-IX! ! MS of Compound 2.10

II-X! ! MS of Compound 2.11

II-XI! ! MS of Compound 2.12

II-XII! ! MS of Compound 2.14

II-XIII!! MS of Compound 2.15

II-XIV!! MS of Compound 2.16

II-XV! ! MS of Compound 2.19

II-XVI!! MS of Compound 2.20

II-XVII! MS of Compound 2.24

II-XVIII! MS of Compound 2.25

II-XIX!! MS of Compound 2.26

II-XX! ! MS of Compound 2.29

II-XXI!! MS of Compound 2.30

II-XXII! MS of Compound 2.31

II-XXIII! MS of Compound 2.32

II-XXIV! MS of Compound 2.33

II-XXV! MS of Compound 2.34

CHAPTER 3

III-I! ! HPLC of Compound 3.1

III-II! ! MS of Compound 3.1

III-III! ! MS of Compound 3.2

III-IV! ! MS of Compound 3.3

III-V! ! MS of Compound 3.4

CHAPTER 4

IV-I! ! HPLC of Compound 4.1
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IV-II! ! MS of Compound 4.1

IV-III! ! MS of Compound 4.2

IV-IV! ! MS of Compound 4.3

IV-V! ! MS of Compound 4.4

CHAPTER 5

V-I. ! ! MS of Compound 5.1

V-II. ! ! MS of Compound 5.2

V-III. ! ! MS of Compound 5.3

V-IV. ! ! MS of Compound 5.4

V-V. ! ! MS of Compound 5.5

V-VI. ! ! MS of Compound 5.6

V-VII. !! MS of Compound 5.7

V-VIII. ! MS of Compound 5.8

CHAPTER 6

VI-I! ! HPLC of dansylated and non-dansylated compounds

VI-II! ! MS of a representative Ac-[PG]n-NH2 Compound 6.3

VI-III! ! MS of H-[PG]3-W-NH2

VI-IV! ! MS of H-[PG]6-W-NH2

VI-V! ! MS of H-[PG]9-W-NH2

VI-VI! ! MS of Dansyl-[PG]3-W-NH2 (Compound 6.7a)

VI-VII!! MS of Dansyl-[PG]6-W-NH2 (Compound 6.8a)

VI-VIII! MS of Dansyl-[PG]9-W-NH2 (Compound 6.9a)

CHAPTER 7

VII-I! ! HPLC of Compound 7.1

VII-II! ! MS of Compound 7.1

VII-III!! MS of Compound 7.2

VII-IV!! MS of Compound 7.3

VII-V! ! MS of Compound 7.4

VII-VI!! MS of Compound 7.5

VII-VII! MS of Compound 7.6

VII-VIII! HPLC of Compound 7.15

VII-IX!! MS of Compound 7.11

VII-X! ! MS of Compound 7.12

VII-XI!! MS of Compound 7.13

VII-XII! MS of Compound 7.14

VII-XIII! MS of Compound 7.15
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II-I. HPLC of Compound 2.3
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II-II. MS of Compound 2.3
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II-III. MS of Compound 2.4
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II-IV. MS of Compound 2.5
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II-V. MS of Compound 2.6
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II-VI. MS of Compound 2.7
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II-VII. MS of Compound 2.8
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II-VIII. MS of Compound 2.9
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II-IX. MS of Compound 2.10
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II-X. MS of Compound 2.11
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II-XI. MS of Compound 2.12
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II-XII. MS of Compound 2.14
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II-XIII. MS of Compound 2.15
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II-XIV. MS of Compound 2.16
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II-XV. MS of Compound 2.19
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II-XVI. MS of Compound 2.20
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II-XVII. MS of Compound 2.24
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II-XVIII. MS of Compound 2.25
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II-XIX. MS of Compound 2.26
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II-XX. MS of Compound 2.29
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II-XXI. MS of Compound 2.30
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II-XXII. MS of Compound 2.31
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II-XXIII. MS of Compound 2.32
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II-XXIV. MS of Compound 2.33
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II-XXV. MS of Compound 2.34
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III-I. HPLC of Compound 3.1
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III-II. MS of Compound 3.1
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III-III. MS of Compound 3.2
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III-IV. MS of Compound 3.3
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III-V. MS of Compound 3.4
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IV-I. HPLC of Compound 4.1

Dual Channel Summary 

Project Name:    Jatinder_HplcReported by User:    Jatinder J. (Jatinder)

Page:  1 of 1Report Method:  Dual Channel Summary Printed 1:31:22 PM 9/24/2008

S A M P L E      I N F O R M A T I O N

Sample Name:  297(703-088)-diluted Acquired By:  Jatinder 
Sample Type:  Unknown Date Acquired:  8/30/2007 8:38:52 PM 
Vial:  112 Acq. Method Set:  0_70B_in 30min_41RT 
Injection #:  1 Date Processed:  9/24/2008 1:27:09 PM, 9/24/2008 
Injection Volume:  5.00 ul Processing Method:  Peptide_general 
Run Time:  45.0 Minutes Channel Name:  2487Channel 1, 2487Channel 2 
Sample Set Name: Proc. Chnl. Descr.:  220nm, 280nm 

Sample Name: 297(703-088)-diluted; Proc. Chan. Descr. 220nm

Sample Name: 297(703-088)-diluted; Proc. Chan. Descr. 280nm
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IV-II. MS of Compound 4.1
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IV-III. MS of Compound 4.2
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IV-IV. MS of Compound 4.3
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IV-V. MS of Compound 4.4
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V-I. MS of Compound 5.1
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V-II. MS of Compound 5.2
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V-III. MS of Compound 5.3
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V-IV. MS of Compound 5.4
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V-V. MS of Compound 5.5
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V-VI. MS of Compound 5.6
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V-VII. MS of Compound 5.7
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V-VIII. MS of Compound 5.8
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VI-I. HPLC of dansylated and non-dansylated compounds
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VI-II. MS of a representative Ac-[PG]n-NH2 Compound 6.3
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VI-III. MS of H-[PG]3-W-NH2
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VI-IV. MS of H-[PG]6-W-NH2
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VI-V. MS of H-[PG]9-W-NH2
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VI-VI. MS of Dansyl-[PG]3-W-NH2 (Compound 6.7a)
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VI-VII. MS of Dansyl-[PG]6-W-NH2 (Compound 6.8a)
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VI-VIII. MS of Dansyl-[PG]9-W-NH2 (Compound 6.9a)

354



VII-I. HPLC of Compound 7.1
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VII-II. MS of Compound 7.1
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VII-III. MS of Compound 7.2
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VII-IV. MS of Compound 7.3
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VII-V. MS of Compound 7.4
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VII-VI. MS of Compound 7.5
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VII-VII. MS of Compound 7.6
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VII-VIII. HPLC of Compound 7.15
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VII-IX. MS of Compound 7.11
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VII-X. MS of Compound 7.12
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VII-XI. MS of Compound 7.13
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VII-XII. MS of Compound 7.14
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VII-XIII. MS of Compound 7.15
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