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ABSTRACT

Peptide receptor overexpression in diseased cells and tissues, including carcinomas
provides an opportunity to develop therapeutics and imaging agents that selectively bind
to such cells and tissues. This dissertation ptsgeols and processes that can be

utilized to target melanocortin and cholecystokinin receptors through multivalent binding.
In Chapter 2, improved synthesis and purification methods are described for the
production of Etchelated probes that serve t@kate the binding efficacy of

multivalent molecules through competition binding assays. Specifically, a xylenol
orangebased assay for quantification of unchelated metal ions was used to determine
unbound metal ion contamination and the success of metatmoval. The use of
EmporeE chelating disks was determined to
removal of unchelated Eu ions from severaldi®thylenetriaminepentaacetic acid
chelatepeptide conjugates. Applying new synthesis and purificai@ategies, the TRF
probe EuDTPA-PEGOCCKA4 targeted to cholecystokinin receptors was synthesized and
validated via saturation and competition binding assays using an optimized bioassay
protocol. Three CCK4 trimers (Chapter 4) were analyzed in compdtitioimg assays
against the new probe using HEK293 cells that overexpress the2G&¢eptor. The

results reinforce the conclusion that the CCK4 ligand is too potent a binder for use in a
multivalent construct. In Chapter 3, short and efficient synthesasiitivalent

molecules targeted to melanocortin receptors based on three commercially available
trigonal core scaffolds, phloroglucinol, tripropargylamine, and itfaZacyclononane,

are described. These constructs were designed to further test tefRihterligand

distance suggested in recent literature for multivalent binding to melanocortin receptors.
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The bioactivities of these compounds were evaluated using a competitive binding assay
that employed HEK293 cells engineered to overexpress the huelanocortin 4

receptor. In the course of conducting these bioassays, inoxigi binding assay

protocols were established, which led to high repeatability and robustness of the
bioassays compared to previous methods. The divalent molecules exhibite@Qfold
higher levels of inhibition when compared to the corresponding monovalent molecules,
consistent with divalent binding. The trivalent molecules were only statisticaHioleR

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

with trivalent binding. Possible reasons for these behaviors and planned refinements of
the multivalent constructs targeting melanocortin receptors based on these scaffolds are

discussed in Chapters 3 and 6.
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CHAPTER [: INTRODUCTION

1.1 Multivalent Interactions
1.1.1 Enhancement of binding avidity via nultivalency

Multivalent interactions arise from the simultaneous binding of several ligands on
a single entity to another entity bearing suitable receptors/bindindBitese1.1).13

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

Receptor

Figure 1.1 Schematic representationmiltivalent binding of a trivalent molecule to

another entitypearing multiple receptars

The resultat binding avidity (a term defining tr@mbined strength of multiple
attachmentfsof a multivalent construct can be much higher than the sum of the individual

binding affinities, due to several factors.

1 Statistical and proximity effects Thestatistical probability of a binding event
increaseslue to higher ligand density near a given binding gitilitionally,
once one binding event ocspother ligands remain in closer proximity to the
binding surface, renderirgubsequertinding eventsnorefacile. With both
effects proportional linear incremesin binding potency can be expected,

resulting inhigherbinding avidity.
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1 Cooperative/synergistic effectsThesearethe main facta for gaining
significant increasem binding avidity. Once aultivalentbinding occurs,
transient unbinding of a single site will not allow the molecule to diffuse away
from the binding surfac&hisrenders rebinding everga much more likely since
the proximity and the properientation otheligandandbindingsiteare

maintained

Four different binding mechanisms have been propo&edhe increasedvidities of
multivalent molecules binding to receptofée first mechanisrmvolvesfixed
oligomeric receptors on the cell surface binding to multivalent ligénela chelate
effect, Figurel.2 A). Some proteins that carsgcondarypinding subsites in addition to
the primary binding site can facilitate multivalent bindinga second mechanism
(subsite binding, Figure 1.2 B third mechanism invokeS r ecep¢t |l ust eri ngo,
forming receptoioligomers through the binding afultivalent entities (Figuré.2 C).
Thisrequires thateceptors diffuse through the lipid bilayer of the ceimbraneLastly,
enhancedinding affinity canresult fromhigher local concentrations of the binding
epitopes in the vicinity of a given recepthre to multivalency promotingtatistical

rebinding (Figurel.2 D).

1.1.2 Multivalent interactions in biological systems

Nature has used multivalent interactionsdpecific targeting ofarious
biological components, demonstratittg versatility of this approach. The review article
by Mammeret al in 1998, provides valuable insight into some of thesamples (Figure

1.3)146
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Figure 1.2 Receptor binding mechanisms of multivalent ligandsCAghkte effectB)

Subsitebinding C) Receptor Clusterin®) Statistical rebinding.

Forexamplethe cell surface ahe influenzavirus carries hemgglutinin (HA), a
trimeric membranebourd glycoprotein of approximately 225 KDaolecularweight®~°
Epithelial cells carrysurfacesialic acid units in a high densitgialic acids are Nor O

substituted derivatives of ttmonosaccharideeuraminic acidThe term sialic acid (SA)
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is employel in general usage for the most common member of this family, N

acetylneuraminic acid (Neu5Achhe viral attachment to the target cell ocoties

interactiors between multiple trimers @dhe hemagglutinin on the viral particle and sialic

acid units on thepithelial cell* Multivalent binding results in strong attachment of the

virus and subsequent endocytosis, resulting in infection.

HA trimer density:

2 - 4 per 100 nrh
or
600- 1200 HA per
virus particle

Virus
Diameter = 100 nm)

‘; = HA trimer
¢) = Sialic acid (SA)

Figure 1.3 Infectionof bronchial epithelial cellyi nf | uenza v i nalcs

Bronchial
Epithelial Cell

50- 200SA per
100 nnt

HO OH coO-
ACMO%
HO HO

N-Acetylneuraminic acid
(AKA: Sialic Acid, SA)

Virus attaches to target cell vi
multivalent interactions, and
triggers endocytosis, infecting

the cell.

acicchemagglutinid i nt er a criotitocscae}* ( f i gur e

a



25

Otherexamples otheuseof multivalent binding includadhesion of E. coli to
urethral endothelial cellsesulting in severe diarrheacognition of pathogens by
antibodies and subsequelgestionby macrophages; armnding of transcription facts

to multiple sites on DNA

1.1.3 Thermodynamic and kinetic factors influencing binding enhancementby

multivalent constructs

There have been several attentptdefine parameters &valuate or predict
multivalent interaction$.1%* Most of these attempts are specific to certain experimental
parametersnodels andareperhaps not extendable to all multivalent systems. One
approachadvancedy Whitesides and eworkers defines theerms discussed belothe

degree of cooperativity)f andthe binding enhancement factds)(
1.1.3.1 Degree of cooperativity ()

For a multivalent molecule witaspecific number of ligandeceptor interactions
(N), the degree of cooperativitydefined as the ratio of the free energy chaongéhe
multivalent(Y"O ) divided by N times the free energy changetier momvalent

()

YO upon binding[Equation 1).

&

(Equationl)

e

If Uis greaterthan 1, the association is termed positively cooperative, meaning the
consecutive binding events are progressively rfexie (in terms ofthefree energy

change)ollowing the first binding event.
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Given that the free emgy changés relatedtd he af fi ni t y-REonstant
In(K), Ucan be defined in terms dfé affinity constantsgguation2). Solving Equation 2
givesEquation 3, whib gives the relationship between the affinity constant of the

multivalent constructy( andthe monovalent construcb

[ (Equation2)

0 0 (Equation3)

Positive cooperativitysynergisticbinding) would havé)> 1; negative
cooperativity (additional binding events are thermodynamicallyféessablg would
haveU< 1; and ifU=1 thereareno cooperativity effectsThere are presently no
examples of positive cooperativity for multivalent systemsiefined byl For the
description opositively cooperativéivalent and trivalent bindindequations 4 and 5

apply, respectively

0 0 (Equation 4)

0 0 (Equation 5)

Considerthe work by Karuliret al.who studiedhe binding of alivalent
antibody (30fold higher affinity than the monovaleantibody,0 o T )toa
surface antigen on Bdkis Sp.'° By substitutinghe binding affinityof the monovalent

antibody (0° M1):

0 CcTPTM G pTO
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0 p1oO

We see thab 0 suggesting negative cooperativity in binding

(according to Equation 4)espite the 30 fold incremeabservedn binding affinity.

Consider the work by Lee et al., whtudied mong di-, and trvalent ligand
binding to hepatocyte cell surface lecttfighe affinity constants wene =7 x 1¢
M1 0 =3x10M1=4200 ,andd  =2x1¢ M1 =28000 . Despite these
large increases in apparent bimgliaffinity of the bi and trivalent compounds, the degree
of cooperativelyis less tharl, i.e. 0 0 ando 0 , suggesting

negative cooperativityHence it is clear tha@nhanced aviditd o es not requi r e

cooperasidefiyned b,whidWhas liméasiansbecausdi U o

1) direct measurement of affinity constants may not be feasiblesgstems; 2) the
kinetic parameters for binding phenomena are not considered in the derivation of the
equationd e f i nand3y thethumber of functional liganeteptor interactions may not
beknown in certain systems.Q, in a polymeric scaffold aataining hundredsef

ligands).

A second parametgeb (binding enhancement factoyasdefined for use across

a broader range alystemdyy extension of the same concepts used to derive.alpha
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1.1.3.2 Binding enhancement factor( b )

The binding enhancement factbr s defined as the ratio diie avidity of a
multivalent moleculeo the affinity of thecorrespondingnonovalent interaction

(Equation 6)

f — (Equation ¢

The efficacie®f binding of the madculesn this workare quantifiedy theirability to
compete againsttane-resolved fluorescence (TRBjobefor binding tocell surface
receptorsand uptake by the cellgiving inhibition comstants Ki) for therespective
compoundsThe better the alily to compete against the TRF probe, the lowerkhe
value.The multivalentompoundsliscussed in this workearup tothreecopies of the
ligand,and sahe expectatiofor the inhibitionconstant®f tri-, bi-, and the monaalent
speciesvould bev 0 0 . For the purposes of thdissertationwe define
[ asthe ratio ofK; values between the monovalent and the multivalent spémesition

7).

fee — (Equation 7

1.1.3.3 Enthalpy of multivalent binding

The free energy change of multivalent binding is comprised of two
thermodynamic termshe enthalpy change/{O andtheentropy change’Y

(Equation8).
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YO YO WY (Equation §

Following the first binding event, the binding of subsequent ligands may happen
with a greater enthalpy change. Such enthalpically enhanced binding is seen in the

binding thepentameric cholera toxin binding to ttaeget cells-!’

In conformationallyrigid multivalent molecules it is more common to expect
enthalpically diminished binding, unless the idigand distancend the ligand
geometryarematched perfectly to the inteeceptor distanédgeometry. Since such a
perfect fitis unlikely, it is reaspable to assume that most synthetic multivalent
compounds may havesserenthalpicfavorability in achieving second and third (or N)
binding eventswheredistortion from themost favorable conformatiaof the multivalet

ligand for bindingmay be requiré to achieve multiple binding events to the receptors.
1.1.3.4  Entropy of multivalent binding

While some flexibility in the linker can compensate for imperfect orientation and
spacing of the ligands, highly flexible linkercanresult in entropially diminished
multivalentbinding.In analyzing the entropic contribution to multivalent binding, there
are four factor§Equation9) that make up thiotal entropy changeé/(Y  ).! Theseare
thetranslational entropy chang¥{; ), therotational entropy chang®Y; ), the

conformational entropy chang¥¥; ), and the entropy change of the associated

water molecules(Yy ).

w

Y'Y AT

<
<
0%«
'~<‘<
<
0%«
<
<
0%«

(Equation 9



30

The translational and rotational entiegpdescribéhe freedom of the molecules to
independently translate and rotate through sgadpen aligandreceptoiindingevent
(Figurel.4 A) three translationand three rotational degrees of freedom are lost. If we
consider monovalent binding of two such recetlitgand pairs, there are twaet of
translational and rotational entropy changes that ogaGY j Y'Yy .Inthe
caseof a reasonably stationary receptor pair on a cell surface bindindjalant
molecule(Figurel.4 B) the translational and rotational entropic loss for the second
binding event idessenedbecause the 8t binding eventmpacted the entropy of the
second ligang Additionally, if the interligand distance is well matched to the inter
receptor distance (Figufie4 B) the conformational entropy loss is also minimal.
However,if an overlyflexible linker isemployed(Figure1.4 C), the conformational
entropy becomesfactorfor multivalent binding. If the flexibility of the linkesloesnot
presentoo high an entropic cost, multivalent biding will still prevail (Figir®C, path
1). However, if the linkers too flexible, monovalent binding coutdedominatéFigure

1.4 C, path 2).

The atropy of solvationY"Y is relevant in multivalent associations in
agueous systems. The major contributiorolves the release ofdered water mecules
from the surfaceof specieghat bind to each other, resulting in an increase in entropy.
Regardless of whether the ligareteptor interactions are monosal ormultivalent
similar changes in solvation entropy will occirom this discussiorit is apparent that
the most critical consideration for thermodynamic gains in binding avalayproper
match between intdigand distances arttie interreceptor distances via relatively low

flexibility linkers/scaffolds.
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Figure 1.4 Entropicconsiderations imultivalentbinding. (A) Two monovalent
moleculesbinding toreceptos. (B) A dvalentmoleculewith a rigid, properly matched
inter-ligand distance binding to a receptor p&llowing the firstbinding event,he
second binding event does not caignificanttranslational or rotational entropy costs.
(C) A divalentmoleculebinding to its receptors with averly longinter-ligand distance
not properly matched to the inte¥ceptor distance.he binding of the construct in
divalent (pathl) or monovalent (path 2) modessdictated by théength and flexibilityof

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



1.1.3.5 Kinetics of multivalent binding

For the systems evaluated in this work, kinetic carsitions becomeelevant
due to the nature of the ligand binding assay employed. During the course ofithe ass
(explained in further detaih the chapters to followjhe ligands bind to the&rgeteccell

surface receptorsn living cells,and the ligandeceptor system is internalized.

U
Q
0%

U
Q
= x3

U
Q
= x3

Figure 1.5 On andthe df rate kinetics of anultivalent binding. The on rate of the first

bindingevent {Q F‘) of the multivalent construct shown here is arguably similar to the

binding of a monovalent construct. However, the off rate of the multivalent construct
(Q F‘)would be much slower due to the influence of the other tecégand

interactions of the same molecule.
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Internalized receptors are recycled back toctiesurfacevherefurther interactionsvith

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

The on rate of the firdiinding event of a multivalent constru€igure1.5 A)

should be similar to the binding of a monovalent construct to the sare@tor system.

Some increasia the first associatiorateconstant of the multivalent construd®( h)
could beexpected due to the greater ligand concentration near a given receptor. However,
depending on the scaffold, slower kinetiogyht result if the scaffold size or polarity

interferes with the receptor bindirgssuming proper spacing and orientatidrg on

rates for the secon2 " and any further subsequent binding events would be

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

the cellular surface/receptors.

The off rate kineticef multivalently bound molecules would bemuch slower
thanmonovalently bound liganteceptor pas due to the additional ligaraceptor
interactionsat are present. Binding aht-DNP antibodies to DNRys (kon= 8 x 10
M1 st relative to the binding of the same aotlytoaDNPc over ed sur f ace
(kon = 3.7 x 16 M s1) established that the valueskaf differed only by a factor of.2
Thekor values however differed by a factor of 19 reflecting theeffect ofmultivalent

binding®

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

in working with live cellss the rate of receptor cycling whiclnsists of

St

1 Recdptgaarndo bi nding

5t

1 Re c digatnodr compl ex 0 tothetcellr nal i zati on i n
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T ARecdptgaarnd c o ngdidn avithia thelcells s o ¢

1 Receptor resurfacing
The rate of thi®verallprocess has not been well studied for the receptor systems
discusedin this work. Neverthelesshe effectreceptorrecycling wouldhave on
multivalent binding is not negligible, becausepleed receptor density (i.e. slawceptor
resurfacing after internalization) may resulfewer opportunities fomultivalent

binding.

1.2 Targeting Malignant Cells via Synthetic Multivalent Molecules

1.2.1 Peptidereceptor overexpression in malignant cells

With theaforementionedactors in mind, in this work we attempt to harness
multivalent bindingo enhanceherapeutic potentiaMultivalent molecules can be used
to achieve selective and strong binding @lignant cells with higheceptor desities

(Figure1.6).

g

A B

Figure 1.6 Achieving selective binding via multivalent targetig. A multivalent
construct bindindo a cell possessing high receptonsigy; B) A multivalent construct
bindingto a cell with low receptor densitywith thechoice of proper ligands and
optimized design parametespecific bindingof the multivalent construatould be

achieved towards the cell possessimegreater receptor density.
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The transient unbinding of a single site in a multivalent associatiorasuch
Figurel.6 (A) will notpermitthe moleculdo diffuse away, because it would still be held
by other liganereceptor interactions. This is the fundamental phenomenon that gives

high avidty to molecules capable of multivalent binding

A numberof tumor types that overexpress receptors for regulatory peptide
hormoneshave been identifie(Table1.1).1>2° Theseprovideexcellentopportunities to

develop theherapeutigotential of multivalent targeting

Table 1.1 Peptide receptors owxpressed in tumors:2°

Peptide Receptor Associated tumor type

Umelanocytestimulating hormone

(MC1R to MC5R) Melanoma

Medullary thyroid canceMTC), small
Cholecystokinin (CCKL and CCK2) cell lung cancer (SCLC)pancreatic,
astrocytoma, ovarian
Neuroendocrine,neGRlo d g ki nd s
lymphoma, melanoma, breast, pancreat
gastric, colon, prostate,
lung, MTC, andSCLC
SCLC, colon, gastric, breast, pancreatig
prostate, urinaryladder, lymphoma,
meningioma

SCLC, colon, exocrine pancreatic,
prostate

SCLC, glioblastoma, colorectal, gastric,
prostate, ovarian, breast

Somatostatin (hSST1 to hSST5)

Vasoactive Intestinal Peptide (VPAC1
and VPAC2)

Neurotensin (NTR1 to NTR3)

Bombesin (BB1 to BB4)

RGD (Uvb3 integr i n Melanoma, neuroblastoma, breast

Neuropeptider (Y1 to Y6) Neuroblastoma, glioblastoma, breast

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

Glucagn-like peptide (Glpl) Insulinoma MTC

GnRH (LHRH) Breast, postate
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1.2.2 Factors to consider in developing multivalentonstructs capable of selective

binding

With proper design of the multivalent construct, selective binding to malignant
cells can be achievddr diagnostic or therapeutic applications. Of the receptor types
shown inTable1.1, this dissertation describestempts and strategies to target cells
overexpressing melanocortin (MC) and cholecystokinin (CCK) receptors. The general
designof multivalent molecules is described inglsiection, while more elaborate
discussions relevant to particular receptor typeggaven inChapters 3 and df this

work.

1.2.2.1 Ligands

For the purposes of this dissertation we focus on peptide ligands for the
construction ofmultivalent moleculesPeptide ligandsirelessprone to be unexpectedly
toxic and have better penetrability into tissue as comparadger moleculedike

monoclonal antibodies or proteiffs.

To achieve selective binding, ligandsistbe carefully selected with particular
attention to the monovaiebinding affinity. As shown ifrigure 1.6, amultivalent
construct camchievemultiple ligandreceptor interactionwith a cell overexpressing
surface receptor&deally, a construct capable of strong bindsigpuld be built from
intrinsically weak ligad-receptor pairing If sufficiently weak ligandareused in the
multivalent construcits ability to stably bindo healthy celf with low receptor densities

(Figure1.6 B) will be minimized Thisapproactprovidesa promising alternative to
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existing herapeutic strategiewhere patients oftesufferextensve side effects due @

high drug burderaffecting healthy cell§.e. low selectivity)

Thebinding affinities of thre@eptide ligand$or the human melanocorti

receptor MC4R) are given in Thle 1.2

Table 1.2 Melanocortin receptor ligands and their affinity MC4R 2122

Peptide Name Aff|n|j[y to
(Amino acid sequence) melanocortin receptors
(K, NM)
NDP-U-MSH
(Ac-SerTyr-SerNle-Glu-His-DPheArg-Trp- 2-5
Gly-Lys-Pro-Val-NHy, 1)
MSH7
(SerNle-Glu-His-DPheArg-Trp-NHz, 2) 30-40
MSH4
(His-DPheArg-Trp-NHz2, 3) 1000

NDP-U-MSH, a potent agonist of tHdC4R, is not a good choice for a
multivalent construct capable of selective bindidgsingle binding event (Figurk6 B)
would bind sucta construcstrongly to the cells, making impossildéscernment of
normal frommalignant cellsThe off rate(kor) of this ligand fromthehuman
melanocortinl receptor ("(MC1Ris 0.08 h (t2 = 8.5 h)?3 Use of the low affinity Kq
~1 uM) MSH4 ligandwould aford much weaker binding abrmal cellswith lower
receptor densitydence the MSH4 tetrapeptide, which is the minimum sequence
activation ofmelanocortin receptors, has becatmeligand of choice irmultivalent

constructgargeting melanoatin receptors (further elaboratiamgiven in Chapter 3)
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1.2.2.2 Inter-ligand and theinter-receptor spacing

As described in 1.1.3.4,proper match between intkgand and intereceptor
distances is essential for thermodynaatiicenhanced multivalent binady. The studypf
target receptor arrangemept®vides insightor the designof effectivemultivalent

constructs.

Closer analysis of the HA trimer arrangement on the influenza viral cell surface
(section 1.1.2)evealsthatthe adjacent binding sites tme subunits ofrimeric HA are
46 A apart, while the specific sialic acid binding site asi@a of 64A2 (Figure1.7 A).*
Though not fully confirmedthe average intereceptor distance betweadjacent trimers
is approximately105 A With theseestimates Glick etal. designedbialic acid dimers
linked by polyethylene glycol, glyciner 1,4-piperaine linkers 4-6, Figure1.7 B).?*
The divalent specidsearing aglycine linker(4, m=4) wher e t he-tormal ecul e
span (fully extended conformai) was 57 Aachievedapproximately a 800 fold
increas€K; = 0.003 mM) in binding when compared to the monovalent sialic acid
controls(Ki ~ 2.5 mM). The otheglycine-linked constructs wittshortertethers (27 49
A endto-end spas) were not able tachieve such tight binding, indicating insufficient

reach for simultane@ubinding to two binding sites

1.2.2.3 Scaffolds andlinkers

Apart from the spacingl{scussedn the above section), the flexibility and the
steric constraints of linkers and/or scaffotd@mplay an important role imfluencing
multivalent bindingFor the moleculeS and6 with the polyethylene glycol dk,4-

piperaine linkersandspacing similar to the dimers bearigigcine linkers binding
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Figure 1.7 Effect of the intedigand distancen multivalent binding to hemagglutinin
trimers on the influenza virus. A) Schematic representation of the HA trimer arrangement
on the viral cell surface. B) The dimers synthesized by Glick et al. to probe multivalent

binding to the HA unit$? Compound4 with m = 4 was the most potent.
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potency was much loweln the best case onb/20 foldincremenin binding potency
wasobsened. This clearly shows thahe conformational properties aflinker caraffect
binding bya multivalent constructevenwith the optimal intedigand distancesDifferent
scaffold systems used for multivatdigand presentations inclug@lymeric, linea,
spherical, and dendrimeric cor&amples of suchcaffolds with reference to
melanocortin or cholecystokinin receptargeted multivalent molecules are given in

Chaptes 3and 4

1.3Current Work

Despite all theoretical models putward, calculategroperties damot necessarily
lead to practical successachieving multivalent binding. Hence careéxiperimental
optimization of factors influencing the binding efficacy of multivalent constructs needs to
be dne to harness the powerntiltivalent ineractionsa develop potential therapeutic
andimaging agents. This requiresnsideratiorof both thermodynamic and kinetic
parameters, as well as specific analysis of the ligandptor system in questidBased
on this background, the work in thdsssertationentails the design, syntsis, and
evaluation oimultivalent constructtargeted tonelanocortin (Chapter 3) and
cholecystokinin (Chapter 4gceptorsystemsThe work done taevelopthe tools
(Chapter 2) required for analyzing thenthyesized mitivalent compounds and
application ofthose tools to obtain data tretvanceshe current understandirg
multivalent bindingof melanocortin and cholecystokinin receptor systems are described

in the chapters that follow.
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CHAPTER II: SYNTHESIS, PURIFICATION, AND
CHARACTERIZATION OF EUROPIUM CHELATED

PROBES

2.1Time-resolvedFluorescence (TRFProbes

The multivalent rolecules described in this woakd n related recent literature do
notincorporatereporter group While the usef radidabelled peptides is strategythat
would afford a direct signaling method, the generatiomiothazardousnaterialsmakes
thisa less desirable approadrests ofthe binding efficacy ofinlabeled multivalent
moleculedargeted @ the melanocortin and cholecystokinin receplt@ageemployed
time resolved fluorescence (TRF) probe®HBLFIA (dissociatiorenhanced lanthanide
fluoroimmunoassay) based ligand binding assag@ir approacemployedEu labeled
probes targetinthesereceptossin competition binding assayath molecules of interest

(Figure2.1).

Due to their unique propertf@<8, luminescent lanthanide chelates are-non
radiolabdéled alternatives to organic fluorophoresd areparticularlyusefulin
applications wherbackground autofluorescence is a significant probleme.long
lifetime of the excitd state of the lanthanidmabledemporal separation de
lanthanide signal frorautoflurescenc&2°-*°Typical lifetimes for background
fluorescence from plates, reagemscells aren the rage ofpicosemndsto attoseconds
while lanthaniddifetimes are on the order 6f2 1.5 milli seonds?®>3!This difference

allows excitation of the systerdelayof readoutuntil the background fluorescence has
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decayed, andollection ofthe emission signal from the lanthanfdén addition tolong
luminescence lifetimesanthanide emission bands are very sharp comparedamic

fluorophoresand haveverylargeStokes shifts (often exceeding 200 s

\r/ Receptor
¥* Label

() Ligand

Figure 2.1 Schematic representation of the competition of a TRF probe against a
multivalent molecule for cell surface receptor binding. The ability of the multivalent
construct to prevent binding and uptake of the labelled preftectsthe binding avidity

of the multivalent construct.

Following binding to a targeted receptomé-resolved fluorescendeom the
lanthanide iorgives thefunctional readout of the assajth excellent sensitivityFigure
2.2). To achieve these measurements, an enhancement solution is added to the cells
following washes to remove all unbound ligands. The enhancement solwioacislic
(pH = 3.23.2) solutioncontainingTriton-X 100, acdic acid, and chelator$.The acidic
solutioncauseslissociation of the lanthanide ion from gh@beandleads to formation

of a highly fluorescentn(2-NTA)3(TOPO)-3 micellarcomplex

Formation of this complex is essential for good sensitivity ob8say, since
direct excitation of the L1 ion is very ineffcient, leading to lovextinctioncoefficients

( O 1!cmt) because the relevant fransitions are forbiddett.
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Addition of
enhancement solution

[
»

Formation of the Ln
enhancement reagen
complex

ES o i 5Do

Emission
616 nm

— P2
GS e — 7F1

Antenna/ Eu(lln)
sensitizer ion

Figure 2.2 Lanthanideenhancement reagent complex at the end of the DELFIA binding
assayA) The addition of the enhancement solution (acidic) dissociates the Ln ions from
theprobe In solution, the Ln ions then form micellar complexes with the regents in the
enhancement solutidhatgive enhanceduminesence B) Thestructure of the

luminescent Eu(NTA(TOPO) complex3’ C) Energy level diagram for the
absorption/emission process of photoluminesceneekafmicellar complex. The
chromophore absorbs energy, and transgaesgyto form the exited state of the

lanthanide ionThe Euem t s (& = 6 1 6 °DpAn¥F transipohaod retumns i n
to theground staté®

a
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The presence -dkétone fuaoploricamennai2c b
naphthyltrifluoroacetone, NTA) provides efficient/enhanced absorbance and transfer of
the excitation engy to the lanthanide ion (Figure 2.2, B and®&fTOPO
(trioctylphosphineoxide) enhances the luminescencehbiping to formmicelles(along
with the nonionic detergent)hat protect the comgk from aqueous quenching while
providingincreased oxygecoordination to the lanthanide i8f*® The nonrionic

detergent, Triton X100, formsmicelles which include the chelate and protiet
lanthanide from the aqueous environment, preventing the quenching of the TRF
signal®?3®4%Thesignal at 615 nm idetected using a delay time of up to 400 ps
following 340 nm excitation. The delay time effectively removes the interference from
light-scattering and autofluorescen@@e enhancement process elevates the lanthanide
luminescence by up to 1@old.?>*2 Due to the sensitivityfathe assay, detection limiss

low as 10" mol of Eu havébeen demonstratéd.

Several different multidentate moleculeasve beemsed to construct labeled
probes. Tworery common chelatosre DOTA(1,4,7,106tetraazacyclododecane

1,4,7,106tetraacetidAcid) and DTPA(diethylenetriaminepentaacetic acfé*

H H
DTPA COOH bota SO0 coo
COOH W,
N— [N N]
HOOC— N N N
N—/_ \—COOH /
Hooc—/ COOH COOH

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

DTPA-Ln complexes? To facilitate efficient release of the lanthanide ion from the
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chelate during the DELFIA assay protocol, DTRAreferredfor constructing Lrbased
probes for binding assayBuring the past decade we amitiershavedevelopedeveral
Eu-DTPA chelateg7 1 11) linkedto peptiderecognition element®r usein the
evaluation of receptor binding of multivalent mollesuto melanocortft 4447 (Figure

2.3) or cholecystokinin recepto(gigure 2.4)849

H
N-:E'u::\\/YN\/\/O\/\O/\/O\/\/Nj(\OW MSH4
O O

o’ © O Eu-DTPA-PEGO-MSH4 7

H
N—-EIUZ:\\TYN\/\/O\/\O/\/O\/\/NW\OWMSFW
o O

(@]
o © Eu-DTPA-PEGO-MSH7 8

/\N H H
(\ ! N/YN\/\/O\/\O/\/O\/\/NWW/\OWNDP-OL-MSH
(0] (0]
Eu-DTPA-PEGO-NDP-a-MSH 9

Figure 2.3Eu-DTPA probes targeted to melanocortin receptors.
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HO NZEu=-lN |
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Eu-DTPA-CCKS 10
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QN
(\ ' Pegg-Asp-Tyr-Nle-Gly-Trp-Nle-Asp-Phe-NH,
HO \(N:;Eu::[\l\\\lo
O//\/ / \ 0
oo ©

Eu-DTPA-PEGO-CCKS 11

Figure 2.4 Eu-DTPA probes targeted tholecystokinirreceptors

2.2Limitations Observedin the Synthesisand Purification of TRF

Probes

The presence of unchelated Eu ions in formulations of piliges-11 can result in
high backgroundluorescenceand can lead to poor results in binding assays by

overshadowing specific binding of the probe to teedesceptors Figure2.5).

Probedike 7-11 are generally assembled using sqilthse peptide synthesis tosfir
make the metdiree peptide bearing astterminal DTPA unit. Although it would greatly
simplify the purification process, the lanthanide cannot be introdutesolid phase
becaise LARDTPA chelates are acid labile and miat survive thecleavagestep ly TFA.
Hence the desired metal is usually introduced after cleavage of the peptide from the resin
and purification, utilizing an excess of a metdidea(1.2 3 eq). h our hands,
purification involving reversed phasaromatographd?->3did not achieve astjuate

removal of unchelated metal ion contaminants. Recent literature describes the removal of
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Figure 2.5 Saturation bindingwrves for EbDTPA-PEGOMSH7 (8) using HEK293

cells expressinIC4R/CCK2R. Total binding,(). Nonspecific binding ). (A)
Previously reported binding data using a formulation of this probe with an undetectable
level of unchelated Eu ion contaminatioB) Binding data observed for a formulation of
this probecontaminated with 0.32 equivalents of unchelated Eu ion shdlmoiggscence

intensity that is one order of magnitude higher.

excess metal i1ions from DTPA and DOTA chel a
techniques, such as sie&clusion chromatography and dialy2is! Alternatively,

ifact i ve o excessmeetatms hadebn demonstrated using Chéld00 resin for

a nonpeptide compound that contained a DTPA chéfaktowever, this method has not

been validated with metal chelates linked to peptid&/e are unaware of amell-

detailed published methodtsr removal ofunchelated Eu ions while leaving the-Eu

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

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

concern. Recovery can greatiynihish if multiple purification and/oransfer steps are

necessary. With these considerationsiind we have developed ardiscussherean
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Afactived method that removes unchel ated
completely, and convenientlBy applying this methodthe synthesisf themelanocortin
binding probe8 was optimized, and a new TRF probe for use in cholecystokinin receptor

binding wasproduced

2.3Results and Discussion

2.3.1 Establishing a repeatable protocol for efficientemoval of unchelated

lanthanide ion contamination

Given the lowyield (9%) previously reportééfor the symhesis of EtDTPA-
PEGOMSHY7 (8), an approach leading to a higher synthetic efficiency was devised,
utilizing a different resin for soligphase peptide syimesis (Schemg.1). The metafree
peptde precursor DTPAREGOMSH7 (12) was obtained in 8% yield following HPLC
purification, and was characterized by mass spectrometry. Europium(lll) was then
introduced using the previously published proceduresidafig ELDTPA-PEGOMSH7
(8) in good yield (76%) and purity based upon mass spectral and analytical HPLC
analyses. However, unchelated Eu ion is not detectable by either of these
characterization methods, so an assay based on xylenol orange chelatienel@zed
and employed.

Xylenol orange has long been the indicator of choice for detection of polyvalent
metal ions>3>* The fact that metal complexes with xylenol orange have stability
constants (log K ~ 5) far lower than DTRAetal complexes (log K 20) ensures that

unchelated metal ions can be detected selectively in the presence of eniRT&A
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chelate®®>® Xylenol orange has two absorption maxima in its-Usible spectrum, at

433 and 573 nm (Figure@).

Fmoc—HO

Rink Amide AM resin
(0.68 mmol/g)

Amino acid
coupling

H
Fmoc-Ser(tBu)-NIe-GIu(OtBu)-His(Trt)-DPhe-Arg(be)-Trp(Boc)—NO

1) PEGO Coupling
2) DTPA dianhydride, HOBt, DMSO
3) TFA, Thioanisole, TIPS, H,O

H
SO N
0 \[o]/i N/YOH
ﬁ O~ oH Ho/l\o
(e} (0}
H
1/N\n/\o/\ﬂ/Ser(tBu)-NIe-GIu(OtBu)-His(Trt)-DPhe-Arg(be)-Trp(Boc)-NH2
) o

DTPA-PEGO-MSH7
12 (62%)

EuClg,
NH4OAc Buffer

| NTEGNTN_on
o Ry
H 0 / \O/Q%

o

H
N Trp-Nle-Asp-Phe-NH
l/ \C[)]/\O/\g/ p p 2

Eu-DTPA-PEGO-MSH7
8 (76%)

Scheme2.1 Synthesis of DTPAPEGOMSH7 (8) using an N-Fmoc solidphase peptide

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

amax433and 573 nm.

In the presence of lanthanide ions, the xylenol orange solution undergoes a color
change from orange to violet that can be visually detected at concentrations higher than
50 uM. Based on this knowledge, Barge et al. published a method fotifepadion of
unchelated Gd ions in solution with Gd chelatesThe ratio of the Geylenol orange
complex absorbances at 573 and 433 nm was used to construct a standard curve.
However, in adapting this method for use with[ETGPA chelates, we observéuht a
plot of absorbance at 573 nm versus metal ion concentration afforded better linearity over

the concentration range B@0 uM than the eported ratiometric methoéigure2.7).

Prior to evaluating possible purification methods, it was necessgautge the
concentrations of unchelated Eu ions present in test samples from independersesynt
of ELDTPA-PEGO MSH7 8 and EuDTPA-PEGOCCKA4 [section 2.3.R A previously
reported GeDOTA chelaté’ that had been purified by moal phase column

chromatgraphywas used as a negative control to validate our assay protocol.
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Figure 2.7 Calibration curves for the Exylenol orange complex. (A) Using the
absorbance at 573 nm4R 0.9998); (B) Using the absorbance ratio 573 nm/433 rfim (R

= 0.9794).

Using the xylenol orange spectrophotometric assay for determination of
unchelated Eu ion concentration describethenexperimental section (Chaptey te
control GADOTA chelate did not exhibit a detectable level of unchelated Gd ions (i.e.

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

Gd-DOTA chelate

Using the xylenol orange assay, simple visual observation confirmed the presence
of concentrations of unchelated Eu ions higher thanNsn all the test samples. The
unchelated Eipbn concentrations were quantitatively determined using standard curve A,
and the percentages of unchelated Eu ion (out of the total Eu content) were calculated

(Table2.1).
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TABLE 2.1 Determination of unchelated europium ion concentratioBS#DTPA-

PEGO-peptide conjugate preparations.

ChelatePeptide Conjugate Unchelated Europium

Structuré® | Sample Conentratiori | Absorbance| Conentratiort % of
P (M) (573 nm) (HM) Total Eu

1 1100 0.56 350 24

Eu-DTPA-
PEGO-MSH7 2 1300 1.16 720 36
8

3 1300 0.6Z2 770 37

EuDTPA- 4 1700 0.99 1230 42

PEGO-CCK4 5 1700 0.5 1250 "

aThe peptideMISH7 is Ser-Nle-Glu-His-DPhe-Arg-Trp-NH.. The peptideCCK4 is
Trp-Nle-Asp-Phe-NH.. °Chelates prepared using 2.0 equivalentsug!s.
‘Concentration®f the chelatgeptide conjugates were determined using analytica
hplc by comparison with a eajected standard (0.50 mm) solutionostryptophan.
dCalibration curveA wasused in these determinatiofi€helatepeptide conjugate
solution diluted bya factor of two for analysiéChelatepeptide conjugate solution

diluted by a factor of four for analysis.

Having recognized unchelated Eu ion contamination as a problem during the
synthesis of probe EDTPA-PEGOMSHY7 (8), we experimented with the usé
different amounts of Eugln the chelation reaction. Decreasing the amount of £uCl
from 3 equivalents to 1.2 equivalents did not significantly decrease the amount of free Eu
after purifiation of the probe as descriBéty passage through a SBpK® Ci1s column.
Increasing the number of water washes during the purification step on tiRaSaps

column and/or preparative reversgisase HPLC under buffered conditions (pH 6) to
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prevent detachment of the DTRAelated Eu failed to satisfactorily rengothe

unchelated Eu ions. We presume that, in addition to DTPA chelation, Eu ions must also
associate with PEGO and/or the peptdenponent®f the probe. Given these results, a
purification technique that actively removes unchelated Eu ions withaouptigy the

Eu-DTPA chelate was required.

Two methods for removal of unchelated Eu ions were evaluated: (a) filtration
through Empore chelating disks, and (b) shaking with Ch&léx0 resin. Both of these
commercially available products employ iminodiaigefunctionalities on a solid support
and are capable of actively binding divalent and trivalent metal cations. A comparative
study of the thermodynamic and kinetic properties of metal sorption onto these materials
was reently reported by Alberti et & While the thermodynamic properties of metal
sorption were not significantly different for the metals studied in their work, some metals
were found to have slower kinetics of sorption to the chelating disks. Lanthanides were
not included in this studynaking predictions about Eu ion sorption difficult.

In the event, purificatio of both EtDTPA-PEGOMSH?7 (8) and EUDTPA-PEGCG

CCK4 probes using filtration through Emp5rehelating disks yielded quantitative

recoveries with no apparent extrusion of the metal chelated to DTPA (as evidenced by the
absence of metdtee DTPApeptide in the mass spectra). Analysis of the purified
conjugates using the xylenol orange assayiouoefl, to the limit of detection (ca 10

KM), the removal of unchelated Eu ions. Shaking of contaminategles of EtDTPA-
PEGOMSH7 with Chele® 100 resin also removed unchelated Eu ions, but gave a much

lower recovery of the probe (<30%). We operatetl below the manufacturepecified
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capacities for the chelation disks (breakthrough capacity per disk = 0.30 mfipladd

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

In conclusion, the preparatiaf the probe EuDTPA-PEGOMSH?7 (8) by the
methods described herein gave an overall yield of 47%, a significant improvement over
the 9% vyield achieved previouslyJse of Empor‘% chelating disks provides an efficient
method for the selective removal of unchelateddas, which may be detected using a
modified xylenol orangdased spectrophotometric assay. These methods should find

general use in the preparation of wageluble méal chelatepeptide conjugates.

2.3.2 Design, synthesis, and evaluatioaf a CCK4-based TRF pobe targeted to

cholecystokinin-2 receptors

While TRF probe 10 and11 based a a CCK8 recognition eleméft®havebeen
used to characterize ligand binding to CCK2 receptors via competition bifieigywe
felt a redesign of this probe could imprabhe ease of preparation and purification, probe
properties (such as solubility and receptor binding), and would at the fegisno
additionaltool for bioassaysin designing prob@& for the melanocortin assays, we
employed the minimum peptide sequetita gave an acceptable level of binding to the
receptors on the theory that competition should involve recognition elements of similar
potency. In addition, this strategy minimizes the number of synthetic steps required for

probe assembly.

The minimal ative sequence required to bind cholecystokinin receptors is the
tetrapeptide TriMet-Asp-PheNH..%1®2Recent studies involving melanocortin receptors

have shown minimum active sequences can have better utility as ligands due to their ease
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of synthesis athin some cases better performance in binding agé&ys.decided to use
this pharmacophore in our new probe, while replacing the methionine with the isosteric
analog norleucine. The norleucine side chain has a similar size and polarity as
methionine, buts not susceptible to oxidation aisdess prone to proteoigt
degradatior$®®4This substitution can result in easier isolation/purification and increased

shelf life of the peptid&®° while maintaining high biological activif}.®’

Based on ourmimized protocol for europium chelated probe synthesis, the Eu
DTPA-PEGOCCK4 probel5 was synthesized using a solid phase peptide synthesis

strategy(Scheme2.2).

Amino acid H 1) PEGO Coupling
Fmoc— NO —— > Fmoc-Trp(Boc)-Nle-Asp(OtBu)-Phe—N
coupling 2) DTPA dianhydride, HOBt,
Rink Amide AM resin 13 DMSO
(0.68 mmol/g) 3) TFA, Thioanisole, TIPS, H,O
0 O
H N/w N
o) N /\/o\/\/N
0NN \"/\N N/»]/OH 0 \|/\ Eu N/w/o
OJ\ A\
o 0 EuClj,

OH HO e B

)

k“ Trp-Nle-Asp-Phe-NH NHaOo Buffer L/H Trp-Nle-Asp-Phe-NH
rp-Nle-Asp-Phe-NH, rp-Nle-Asp-Phe-NH,
T 7

DTPA-PEGO-CCK4 Eu-DTPA-PEGO-CCK4
14 (35%) 15 (73%)

Scheme2.2. Synthesis oEuWDTPA-PEGGCCK4 probels using an N-Fmoc solid

phase peptide synthesis strategy.

The CCK4 tetrapeptide in its protected form was assembled on Rink amide AM
resin to yield the restbound intermediat&3. To this wasattached a PEGO linker, which

gives better solubility and possibly better binding characteristics to the probe. Increased
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water solubility § a useful characteristiconsidering the hydrophobic nature of the

CCKA4 peptide. The separation achieved by incmapon of the linker between the

binding element and the DTPA cage should result in less interference with the receptor
ligand binding. The DTPA moiety was then attached to the-tesimd peptide using

DTPA dianhydride.

Using acocktail of TFA/thioanist/triisopropylsilane/HO (9.1:0.3:0.3:0.3), the
resinbound material was cleaved and deprotected. The crude product was purified by
reversed phase HPLC to yield DTFEGGCCK4 intermediatd4 in 35% yield. E§*
was installed using Eu€in a pH = 78 buffer. The resultant produtb was initially
purified by a SegPak® Cigcolumn to remove most of the excess salt. Passage through an
Empore chelating disk completed the purification and resulted in a 73% yield. Prior to the
Empore purification step, there svapproximately 40%anchelatecuropium ions as
judged by a xylenol orange as$4yhe absence of such ions after passing through the
Empore filter was confirmed by a second xylenol orange colorimetric assay. Following
the optimized procedure for lanthdaichelated probe synthesis and purification, the
overall yield of probd5 was 26%. This is higher than typical yields reported for such

probes in the past (16% fa0)*8, and is repeatahle

2.3.3 Biological characterization and utility of the probes8 and 15

Theprobes EFDTPA-PEGOMSH7 8 andEu-DTPA-PEGOCCK4 15 were
evaluatedvia saturation binding assaysingHEK293 cellsthat overexpresBIC4R and

CCKZ2R. The details o novel assay method developed to conduct thesiro binding
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experimentsas well asubsequent competitive binding experiments carried out using the

validatedprobes are detailed ilfChapters3 and 4.
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CHAPTER Ill: TRIGONAL SCAFFOLDS FOR

MULTIVALENT TARGETING OF MELANOCORTIN

RECEPTORS

3.1 Introduction

3.1.1 Melanoma

Melanoma is onef the most dangerous skin neoplasms with a high percentage of
mortality caused by local and distant metastasis and unsatisfactory resultsstddate
disease treatmeft.’°Only a few effective therapies are currently available for advanced
and metast&c melanoma. Higidose interleukir? and dacarbazine are the two main
therapies, approved by the FDA in 202Zhese have response rates of only2%%,
and an even lower percentage of complete respdhi&adther chemotherapy agents
currently used inhe management of metastatic melanqficéemustinetemozolamide,
paclitaxel/carboplatindocetaxél have not yielded satisfactory lotgrm response
rates’® Prognosis for advanced and metastatic melanoma is poor, wiglear Survival
of 78, 59 and 40%or patients with stage IlIA, IlIB, and IlIC, respectively, and-gehr
survival of 62% for M1a, 53% for M1b and 33% for M£& In 2010 approximately
68,000 new cases of melanoma were expected in't)8ifyhlighting the importance of

the development afetection and therapeutic tools for this disease.

Targeted therapy towards oncogenic mutation leading to melanoma is a
developing field of research. Known oncogenic mutations in melanoma include
activating mutations in BRAF-KIT, and NRAS’>’®These mtations mainly function

by inhibiting the pathways afpoptosis and cell cycling This approach still is in the
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developmental stages, and is hindered by the need for expensive individual genetic
screening processes prior to treatment. Additionallydthg therapies introduced thus

far exhibit sideeffects common to the classical chemotherapy procedures for c&hCers.
Four out of the six drugs approved for melanoma treatment by the US FDA since 2011
have been in targeted therapy for patients witiR&B gene mutation, with the latest

approval in September 2014eRbrolizumabtrade name: Keytruda, Merck & C§%8?

Our strategy to build diagnostic tools for melanoma based on multivalent
mol ecul es seeks fearl y detotreatmenvairelanomat he d
before it reaches metastatic stadf8We expect that multivalent molecules used for
detection could be extended to selectively deliver therapeutic agents to diseased cells
utilizing the receptor targeting strategy outlined ima@ter 1. This approach is possible
because melanoma cells display a greater density of melanocortin cell surface receptors
compared to normal skin cefl3?°A closer examination of receptor function and
expression, intereceptor distances, and the peofpigands to utilize is necessary to the

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

3.1.2 G-protein coupled receptors (GPCRS)

Melanocortin receptors belong to the superfamily gdrGtein coupled receptors
(GPCRs). GP8srepresent the largest family of integral membrane proteins encoded by
the human genome and detect a wide variety of ligands, including peptides, hormones,
lipids, and nucleotide®!Due to their involvement imanyphysiological processes,

GPCRs are thtarget(directly or indirectly) ofapproximately 3660% of currentdrugs®*

86
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N-terminus loop
Exo-1 Exo-2 Exo0-3

Extracellular

‘o
®

ICL-1 ICL-2 ICL-3 GDP

Intracellular C-terminus loop

Figure 3.1Schematic representation of ap@tein coupled receptor (GPCR). The seven
transmembrane (TM) domains terminate in an extracelluaridinus, while the €

terminus is intracellul&f’ 88

All GPCRs (Figure 3.1) have an extracellulatddminal domair(7i 595 amino
acids), seven transmembrane (TM) domains, three exoloops (EXO), three cytoloops
(ICL), and an intracellular @erminal (12 359 amino acids) domaft88 A fourth
cytoplasmic loop can form when thet@minal segment is palmitoylated at Gy&ach
of the seven TMs is generally composed afZ0amino acids. The loops and the
terminal domains vary in length, indicating GPCR diversity of structure and function,
while the TM segments are less variable in terms of length. In some GPCRs (bovine
rhodopsin, the TSkeleasing hormone receptor, the thromboxane receptor, and the
GnRH receptor) there are two highly conserved Cys residues-loeps 1 and 2 which

form a disulfide linkag&® Connected to the GPCR on the intracellular side ispaoBein
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heterotrimer consisting of two functional unitsg@nd G » Upon agonist binding to the
receptor, an intracellular signaling cascade is initiated, where the GDP bound to the alpha
subunit is replaced by GTP, leading to the dissociation of tfieo@® G, »°°! Both of

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

Human GPCRs are classified into five families: rhodopsins (672 members),
secretins (15 members), glutamates (22 members), adhesions (33 members), and
frizzledi taste 2 (36 member&)Melanocortin and cholecystokinin receptors are
members of the rhodopsin family. In most rhodogsie GPCRs, the TM helices form a
ligand-binding cavity that is lined by about 35 amino atdsf which several are almost
invariant, and for a total of about 36000 amino acids for the complete structiffes.
Hence the ligandbinding properties of a rhodopsiike GPCR are determined by B0%

of its amino acid$?

GPCRsinteract with components of the bilayer, such as lipids andistas well
as with other GPCRs to form dimers and higher order oligoffiéiris likely that, at least
in some cases, these dimers are of functional significance and can affect the ligand

binding and &naling properties of GPCF#4%

3.1.3 Melanocortin receptors (MCRs) and ligands

The melanocortin receptor (MCR) subfamily consists of five receptor isoforms
(MC1R - MC5R) which stimulate the cyclic adenosine monophosphate (cCAMP) signal
transduction pathway upon activation by an agofii$tThey are involvd in both

peripheraland central nervous systgrhysological functions (Table 3.1)



Table 3.1Melanocortin receptasoformexpression and functict3:*81%°

Receptor Expressed in Primary function
MC1R Melanocytes and Melanophores Pigmentation
. Glucocorticoid
MC2R Adrenal cortex and Adipocytes : .
Biosynthesis
MC3R Brain, Heart, Placenta, and the Gut Energy Homeostasis
Rat and human penis, the Rat spinal cord,
MC4R Hypothalamus, Brainstem, and Pelvic Energy Homeostasis
ganglion
Central angperipheral exocrine glands and| Exocrine Gland
MC5R : .
Tissues Regulation
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MCRs are among the shortest of the GP&RBlence the structures of the five

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

endogenous agonists/antagasigthe endogenous melanocortin peptide agonists that

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

polypeptide, preopiomelanocortin (POMC, 241 amino acid®)These melanocortin

| i gands -MSAH-MS8HB|, antdb-MSH) all contain a common core sequence of

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

binding (Table 3.2).

Table 32 Endogenous agonists for the melanocortin receptgps®s-104

Agonist

Peptide Sequence

UMSH

Ac-SYSMEHFRW GKPV -NH:

b-MSH | AEKKDEGPYRMEHFRW GSPPKDOH

2-MSH

YVMGHFRWDRFG

ACTH

SYSMEHFRW GKPV GKKRRPVKVYPNGAEDESAEAFPLEFOH
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When considering the selectivity of binding of the endogenous ligands to MCR

i sof or ms,

i t -MSH bindsateeall BI@Rs, excdptfax MC2R (Table 3.3).

MC2R is bound only by the ACTH ligand with the 39 amino acid sequéntae fact

t hat ACTH i s

capabl e

of

e x-MSHtto MCgR anch e

Ssame

MCA4R canbe explained by the conserved 13 amino acid sequence they share (Table 3.2).

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

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

agoutirelated protein (AGRP), are the only two endogenous antagonists of GPCRs

identified to dat&®106.107

Table 3.3Endogenous ligand selectivity for

mammalian melanocortin receptdfd®

Agonist Binding Affinity

MCIR |UMSH = AGCNMSH >V
MC2R | ACTH only

MC3R |9iTMSH = AGNWMSHOMSEH
MC4R [UMSH = AGNMSH >&VshH
MC5R |UMSH > AGWM3$H > b

Many synthetic analogs of endogenous melanocortin peptides have been

described over t

he

ast

f our -WM8Haaaog,s .

[Nle* DPhe]-UMSH (NDR-U-MSH, MT-I, 1).2* Compared to the native peptide, NADP

MSH is more stable to enzymatic degradation, more potent (low 4)VaKd exhibits

prolonged biological activity*?*Since the discovery of NDB-MSH, this peptide &s

Mo s t

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

specific and/or more potent anald§s.

For the synthesis of molecules capable oftivalent binding, we seek weaker
binding ligands such as MSH3)( the minimal active pharmacophok&i 1 uM). As
stated in Chapter 1, cooperative binding leading to enhanced avidity is more evident
when weakly binding ligands are utiliz&%:1°°The fact that Nerminal modifications to
3 can be made without adversely affecting its receptor binding dbjtitgvides the
means to decorate a scaffold with multiple copies of this ligand. Such multivalent

molecules can be used in recegtording asays to evaluate their binding efficiency.

3.1.4 Melanocortin receptor structure, expression and intefreceptor distance

considerations

To synthesize effective multivalent molecules bearing MSH4 ligands, the inter
receptor distances must be considered. Irabisence of crystallographic ddfathis
requires analysis of the current understanding of the melanocortin receptor structure and

experimental results from previously evaluated multivalent molecules.

Until 2007, the only crystal structure of a GPCR resdlto show atomic detall

was that of #fAbovi n%d1Honwidgy maedelsobothéricGPQRe,r e 3.

including the MCRs, have been built using the crystal structure of rhodopsin as a
template'*® Since 2007, twenty crystal structures of other GRG&ve appearéed?
Melanocortin receptors have not yielded a crystal structure, and so our current
understanding of MCR inteeceptor distances is based on binding studies and homology

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

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

structures of GPCRs and the year of publication. Active conformations are marked with a
black asteriskand an intermediatactive conformation is marked with a grey asterisk.

Protein Data Bank accession numbers are shown in parentheses. Reprinted by permission
from Macmillan Publishers Ltd\ature (454, 185194)*2 copyright (2014).
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Melanocortin receptorsave been shown to exist as herand heterodimers,
characteristic of their GPCR family linedéfe MC1R dimerization and oligomerization
was observed in living cells that overexpress this receptor usingPABE and ce
immunoprecipitation techniqué&. The ability for MC4R to form homodimers was
explored by Nickolls et &ft® Bioluminescence resonance energy transfer (BRET) data
indicate that MC4R exists as a constitutive homodimer, unregulated by peptide
interactions. BRET studies have also shown th@tl® and MC3R reside as

constitutively preformed dimers when eexpressed in Ceg cells!t’

In an early attempt to characterize the ireptor distances of GPCRs, Conn et
al. studied dimeric gonadotropin hormone (GnRH) antagonists where ahgatet
distance of 15150 A was required for divalent bindidtf.With the divalent binding
mode, the receptor dimerization yielded a change in the transmembrane response system,

resulting in agonislike activity.

A homology model based on the crystal swmoe of bovine rhodopsin suggested
distances ranging from 280 A between the binding sites of abutted receptors, depending
on their relative orientation (Figure 33Y.Coupled with ligand binding data, Handl et al.
concluded an optimal linker distancethe range of 25 + 10 A for constructing divalent
MSH7 molecules using linkers derived from PEGO and/or@&gounits!® As stated in
Chapter 1, the type of linker is an important factor since linkers/scaffolds of different
flexibility/geometry/chemicabehavior may not exhibit the same optimal iHigand
distances. Hence, in the development of subsequent multivalent molecules targeting

melanocortin receptors, an indégand distance range of D A was appropriate.
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Figure 3.3The distance estimates between the binding sites of adjacent GPCRs (modeled
from pdb 1GZM). A) The binding site is estimated to be ~12 A from the nearest edge of
the receptor. When the receptors are arranged in atbdexhd (B), taito-head (C), or
tail-to-tail fashion (D), the estimated distances between the binding pockets are 25, 35,
and 45 A, respectively. Reprinted with permission from Handl eBiaiconjug. Chem.

2007,18, 11021109. Copyright (2014) American Chemical Society."

3.1.5 Homomultivalent molecules bearing MSH ligands leading up to the current

work

In 1981, Shwyzeret al . att achedMSupthetobacc® 0 copi e
mosaic virus (2130 possible attachment sites) and conducted phenotypic bioassays on
frog skin melanophores. The autholaimed that potentiation of skin darkening occurred

due to cooperative affinit}?°
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In pioneering work published by Hruby andworkers in 1994, a poly(vinyl
alcohol) scaffold (avg. MW 110,00@500 hydroxy groups) was decorated with multiple
copies (1616 per chain) of NDR}MSH (Figure 3.4)?' Compounds6 and17 were
demonstrated to bind specifically to human and mouse melanoma cells that express and

display melanocortin receptors.

O s
HOOC OH

WWNDP-Q-MSH
a o

HN Q

OH 0O OH OH OH OH OH O OH OH OH OH OH OH OH

16

HOOG Q oH OjNDP-a-MSH

HN Q S

S
OH OH OH OH OH OH OH

OH O

OH OH OH OH OH O

17

Figure 3.4 Poly(vinyl alcohol) based moleculé§ and17 by Hruby and coworkers
displaying multiple copies of NDBFMSH (10-16 per chain) and fluorescein tags<{12

18).

With this demonstration, construction of multivalent compounds bearing MSH

ligands came to the fore as a major research effort. In the decade that followed, several
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research groups investigated dimers of the MSH ligands, mainly to explore the optimal
inter-receptor distance to achieve multivalently enhanced binding and to prove that

multivalency could be used for selective targeting of receptors.

An NDP-U-MSH dimer linked by a spacer of >50 A length, consisting mainly of
polylysing was synthesized and evaluate functional melanocyte dispersion asbgy
Carrithers et al. in 1996. The dimer showed apjpnately a seven fold increaseerthe

monovalentontrolin binding affinity, which was attributed to cooperative bindifrg.

Homodimers and homotrimers BISH4 weresynthesized by Vagner et alsing
varying linker lengths and rigiditi€¢$® Based on E& values (Tablé.4) from binding
assay performed orHEK293 cells transfected witdC4R, the authors claim
cooperativebindingwhich results in ai&/ fold decrease in the E@with the addition of
each subunit?® However with the current understanding of the receptor structures,
arguably it is not possible for compouridsor 29 to bind to two melanocortin receptors
at the saméime, given the insufficient linker length. Hence these increments in binding
affinity are better correlated to statistical and proximity effects. However, this work
clearly affirmed the fact that different linkers, albeit of the same atom length, will exe
different characteristics to the divalent constructs. Comp@dndth a more rigid 4
aminobenzoic acid (AMB) linker exhibited a higher binding affinity tB8mvith a PEG
linker with the same number of atoms in the spacer. This is attributable tatargre

entropic cost of multivalent binding f@3, as explained in Chapter 1.
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Table 3.4Homodimersl8-28 and homotrimer29 and30 of MSH4 by Vagner
et al.}>> Homodimers were of the architecture-BRW-SPACERHfRW-NH_,
while the homotrimers were of tlaechitecture AAHfRW-SPACERLys(HfRW-
NH2)-SPACERHfRW-NHo>.

Compound Spacet Atoms in Spacer ECso (nM)
18 No spacer 0 264
19 bAI a 4 119
20 AMB 7 38
21 Pro-Gly-Pro 9 14
22 b AlGlH-b Al a 11 143
23 PEGSu14 14 234
24 (AMB) 2 14 123
25 ( b AGlyx-b Al 3q 18 231
26 PEGSu19 19 662
27 (AMB)3 21 164
28 ( b AGlyx-b Al 14 25 571
29 bAI a 11-11-11 15
30 b AlGlH-b Al a 182518 24

a.AMB = 4aminobenzoic acid
A set of MSH4 constructs tethered by rigid linkers were synthesized by Monguchi

et al. in 2005 and studied by Vagner et al. in 2668

Ac—NH o)
C HfRW-NH,

31

Ac-HFRW—HN C 0
HfRW -NH,

32
The highest increase in potency was 23 fold, comparing comp@8Qaraohsl 31.

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

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

of the ligand near a given receptor.

Bowen et al. evaluated divalent compo@3dvith abranched flexible linker that

incorporates a fluorescent dansyl moiatgl two low affinity MSH4 ligands'?®

HaC SN S N O g O WRIH-AC

' H
0=S=0
H .

@) 0]
SCIIESTE -

NMe2
33

Compound33with a 26 atom spacer showed no cooperative enhancement in binding
compared to a monovalent control, possibly due to the entropic cost associated with the

PEG spacer.

Handl et al. constructed homodivalent MSH7 compounds tethered bg(Aro
linkers or PESO linkers, guided by their receptor homology mddeAll bivalent
constructs exhibited order of magnitude increases in binding affinity. In an extension of
this work, Fernandes et al. evaluated divalent constructs of MSH7 and/or the MC4R
antagonist SHUB19 (AcNle-c[Asp-His-2-D-Nal-Arg-Trp-Lys]-NH>) using a DELFIA
competition binding assdy’ The binding elements were connected by segil (Pro-
Gly)sz units, with or without flexible PEGO linkers. Compared to the monovalent
antagonist control AAEGOPEGO-SHU9119 (EGo = 400 nM), a binding increase of
240 fold was seen for the heterodivalent species MBHGOPEGOSHU9119 (EGo =

1.7 nM). The EG for the monovalent species MSHPEGGPEGO was not reported.
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In proofof-concept studies towards buildindnpadroxylated poly(isoprene)
scaffold [further described in Chapter 5], Mash anavookers synthesized MSH4
bearing multivalent constructs based on squafaed solanes&t® cores. Squalene
derived divalent molecul®6 (Figure 3.5) showed a 19 fold increment in binding as
compared to the monovalent constr84t A structural varian87 showed a threefold
increment in binding as compared to its monovalent counte3gaBolanesoterived
construct39 bearing 2 MSH4 ligads showed a modest increment ¢} & binding as
compared to the monovalent constr88t whereas the constru® with 4 copies of
MSH4 showed a foufold increment in binding (Figure 3.6). These increases in binding

potency could only be attributed $tatistical and proximity enhancements in binding.

OH OH OH CH, CHj CHj OH OH OH CH, CH, CH,
H,C HsC
3 CHj 3 CHj
CHj CH, CH, LO/\/\OH OH CHj CH, CHs o} OH OH
N N
N N o E/\/\[ \/N o)
=~ N
MSH4 MSH4
34 35

MMSH4 mMSH4
N 0] N o
J/\/\/N\N J/\/\/N\N

o) OH OH CHs CH, CH, o) OH OH CH, CH, CH,

HSCWWCHS H3CMM/Y§/Y\CHS
CHj CHj CHj (o} OH OH CHj CHj CHs (0] OH OH
E/\/\ N N
Ny o E/\/\[ N o
=X AW
MSH4 MSH4
36 37

Figure 3.5Stereo and regioisomeric mixtures of monand divalent constructs based on

a squalene scaffold bearing MSH4 hgis.
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R R R
N N N
| N [N N, |
N N N
o) OH OH o OH OH o OH OH
CH,OH
CH,OH
o} OH OH o) OH OH o} OH OH
N
| N RN ~NR
N N=N N=N
R

38 R = 1/6 (CH)5(CO}MSH4 + 5/6 (CH)s(CO)-SerNH>
39: R = 2/6 (CH)5(CO}MSH4 + 4/6 (CH)s(CO)-SerNH>
40; R = 4/6 (CH)5(CO}MSH4+ 2/6 (CH)s(CO)-SerNH-

Figure 3.6 Steree and regioisomeric mixtures of monand multivalent constructs of a

solanesol based core bearing MSH4 ligands.

Rao et al. constructed a multivalent MSH4 display (Figure 3.7) using a sucrose
scaffold coré® With the resemblance of theadfold to the structure of Olestr§ a
spherical distribution of ligandsasassumedgiving the maximum distance between
ligandsas approximately 40 Aased on molecular modellinghe compoundd2 (K; =
0.23pM) and43 (Ki = 0.17puM) demonstrated similar statistical and proximity

enhancements in binding, as compared to monovalent cdat(| = 1.6 pM).

The first demonstration of true multivalency involving MSH4 monia, and
trivalent binding by Brabez et al. involved compouddst6 (Figure 3.8)3! These

molecules were synthesized using a solid phase synthesis strategy.
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R= 0

_ \/\/\)\RﬂRz
N N

-,

N R, = MSH4
R2: Ser_NHz

41: R = 1B MSH4 + 7/8 SerNH:
42: R = 26/8 MSH4 + 5.4/8 SerNH2
43: R = 41/8 MSH4 + 3.98 SerNH:

Figure 3.7 Regioisomeric mixtures of monand multivalent constructs based on a

sucrose scaffold bearing MSH4 ligands.

HN-R, o
0 /\)/\)L

5 o o " _\%lvN\ x MSH4

H - N=N
R/NQJ\N ”/\)J\NHZ
1 H 44 R1:W,R2:R3:AC
’R3 45 R1 :AC, R2: R3:W
N 46 R;=Ry,=Rz=W

Figure 3.8 Compoundsgt4-46 synthesized by Brabez et al. in 20%#1.

The divalent ad trivalent constructd5 and46 exhibited 16fold and 356fold
enhancements, respectively, in the measuregM&ues when compared to the
monovalent construé4 in competitive binding assays against an NDRISH-based
probe. The inteligand distances 45 and46 were estimated to be 24 + 5 A by
molecular modeling. Compared46, all other homologs with higher intégand

distances (3%0 A) were 544 times less potent in competitive binding assays.

Structurally related dendrimeric constru@®sgure 3.9) bearing si{) or nine
(48) MSH4 ligands exhibited somewhat reduced inhibitory potencies as compared to

46.132While 46 had aK; of 14 nM in competition binding assays, and48 hadK; values
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of 46 and 49 nM respectively. This suggestspbssibility that the binding of additional

ligands may not be feasible due to steric constraints.

Peptide

HN-R, W= Kfo
o 0
Ho] ~ N _N :)>—NH 0 N
Rf/N\v/ﬂ\” H NH /j:;;N \—7§L N/ﬁ\v/zi;z*‘Pepﬁde
o H

Peptide
N-Rs P
H

47 Ry=Ac,Ry=Ry=W
48 Ry=R,=R3=W o

Figure 3.9 Dendrimeric compound4/ and48 synthesized by Brabez et al. in 2013.

3.1.6 Focus of the Current Work

The studies outlined above strongly suggest that narrow limits on ligand spacing
exist for observation of true multivalent binding to MC4 receptors, at least for the
engineered HEK293 cell lifdused in the current competitive bing assays of these

molecules.

In light of prior work and the remarkable demonstration of multivalent binding by
Brabez at al. in 2011, we wished to more fully evaluate the effects of ligand spacing and
orientation on avidity while simplifying the scaffioto enhance the economy and
versatility of the synthetic approach to useful multivalent molecules. In the remainder of
this chapter, we present syntheses and bioassay results from-b&akdg multivalent
molecules based on phloroglucindBy, tripropargylamine §0), and 1,4,7

triazacyclononaneb(l) scaffold cores. As a part of this study, we also describe new
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protocols that improve the sigri@-noise ratio fotin vitro binding assays when using

engineered HEK293 cells.

OH M H\N/_\N’H
N N
Q, S &
HO oH Z H
49 50 51

3.2 Results and Discussion

3.2.1 Chemistry

Commercially available phloroglucinod®) was alkylated according to a reported
method33to produce trisalkyng2 (Scheme 3.1). Using microwaassiséd copper
catalyzed azidalkyne cyclization (CUAAC) reactions, the known serinamide a&&€
was attached to the phloroglucirdérived hub, leading t84ac. CuAAC reactions
betweerb4b, 54¢ 52 and the known MSH4 azidss'%° afforded mong bis-, and tris

MSH4 construct®6a-c, respectively.

0}

OH NBMSGF-NHZ
HOQ Propargyl bromide, — \ Q 53 J

K,COs, Cu(CH3CN),4PFg, TBTA,
OH DMF, rt, 4 d Sodium ascorbate, DMF, 54a Ry =R, = R3 X (83%)
48% Microwave (100 °C, 4 h) 54b Ry =R,=X; Ry=Y (31%)
49 52 54c Ry =X; Ry =Ry =Y (48%)
o o}
R Rs H
-/ N \/\/\)’L -/ N
0 3 MSH4 0 N-N" TN %NHz
55 X= N’ B
0 P N:/W) O on
Ry~ Cu(CH4CN),PFs, TBTA, Ry
0\ Sodium ascorbate, DMF, 00—\ _
R ; o R4 Y= =
1 Microwave (100 °C, 4 h)
54b Ry =Ry =X; R3=Y 56a R;=R,=X; R3=2Z(16%) MSH4
54c Ry=X; Rp=R3=Y 56b R;=X; Ry = Ry=Z (23%) NN Y
52 Ri=Ry=R3=Y 56c R;=Ry=R3=Z(51%) 2= N:/—) 0

Scheme 3.1Synthesis of phloroglucinddased compoundstaand56a-c.4’
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Reaction vials and solvents were ged with argon to exclude oxygen from the system,
mainly to prevent Glaser couplings and protect the Cu(l) species during the reaction.
However, if air is introduced during handling processes, oxidation of the reactive Cu(l)
species can occur. We observldt inclusion of sodium ascorbate in the reaction

mixtures enhanced the repeatability of the product yields.

Serinamidecontaining constructs7ac were prepared from commercially
available tripropargylaminé() and azidé3in a similar manner (Scheme23}.
However, CUAAC reactions &7b, 57¢ and50 with MSH4 azideb5 under the
conditions used to prepab@ac were unsatisfactory. For the synthesi&®hand58b,
acceptable yields were obtained when trigjéhzyt1H-1,2,3triazok4-yl)methyllamine
(TBTA) was omitted from the reaction mixture. Normally TBTA stabilizes Cu(l) species
and protects it from oxidatioh¥* In these reactions the product triazoles might serve this
function. Along with added TBTA, the products might complex Cu(l) ions, iedube
reaction rate due to a depleted concentration of Cu(l) species. Read&witf azide
55to produceés8cwas more challenging. Microwawassisted reactions with different
reagent compositions, solvents, and reaction times failed. Howewroneaf 50 with
azide55in the presence of tetrakis(acetonitrile)copper(l) hexafluorophosphate (TACP)
catalyst and 2;futidine in a mixture of water and acetonitrile (ACN) for 4 days at room

temperature providefi8cin 62% vyield.
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// Rz
4 o

N Rs3
— / BN Cu(CH3CN),PFs, TBTA R—/
Sodium ascorbate, DMF, 7 .
50 Microwave (100 °C, 4 h) 57a Ry =R; =Ry =X (100%)

57b R;=R,=X; Ry=Y (30%)
57¢ Ry=X; Ry=R3=Y (71%)

" )
55 -
R— ® Conditions (A) or (B) R
1

57b R1=R2=X; R3=Y 58a R1=R2=X; R3=Z (33%)

57c R1=X; R2=R3=Y 58b R1=X; R2=R3=Z (40%)

50 R1=R2=R3=Y 58c R1=R2=R3=Z (62%)
L0
N

/N_N/\/\/\n/ \:)J\NH2
X = N/ 0 =
= “OH

A = TACP, sodium ascorbate, DMF, Microwave
(100 °C, 4 h); used in the synthesis of 58a and 58b.

B = TACP, 2,6-lutidine, H,O/ACN (1:1), rt, 4d; used
in the synthesis of 58c.

Scheme 3.Bynthesis of tripropargylamirdeased compoundsZaand58a-c.*’

Reaction of 1,4 Ariazacyclononanes(l) with propargyl bromide using a reported
method® gave59 along with quaternary ammonium salts due to @lkylation
(Scheme 3.3). By reducing the number of equivalents of propargyl bromide and
controlling the reaction temperature during its addithwas produced in 69% yield.
The CuAAC reaction betweds® and azidé5 under the conditions used for preparation
of 56a-c but without TBTA afforded compourgDin 42% yield. Removal of copper
ions from the crude produ60was especially difficult, possibly due to metal ion

chelation by the side arms and thé,Z-triazacyclononane core. It was necessary to
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remove the copper ions by extractitht*’because preparative HPLC does not remove
them. Fortunately, prolonged contact with dithizone in chloroform gave complete
removal of the copper ionE.copper catamination is present, it is visible to the eye as

the final product looks yellovgreen instead of white.

I f z z
—\ Propargyl bromide, L k [\
Hayo N KOH [\ 55 & b
</ \) EtOH/Toluene (1:1), NJ Cu(CH3CN)4PFg, N
24 h, 69% \ Sodium ascorbate, DMF, 7
X' Microwave (100 °C, 4 h), 42%
51 59 60
MSH4
N_Nw
Y O
Scheme3.3 Synthesis of 1,4;Tfriazacyclononandased compoung0.*’
Compound$6ac, 58ac,and6used i n biological assays

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

3.2.2 Biological Assays

Using a new protocol (Chapter 7: Experimental), saturation binding assays were
performedusing the timeesolved fluorescence (TRF) probe-BUuPA-PEGOMSH7
(8) and HEK293 cells engineered to overexpress MC4R (approximately 640,000 copies
per cell) and human cholecystokinin 2 receptor (CCK2R, approximately 1,100,000 copies

per cell)>® Saturagion binding curves are depicted in Figure 3.10. Kiéor 8 calculated
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from these assays was 21 + 3 nM, which is consistent with the value of 27 + 4 nM

reported from saturation binding assays using an older pratocol.

Competitive binding assays emplaly#e new binding assay protocol, HEK293
cells engineered to overexpress MC4R and CCK2R, and TRF dr&spresentative
binding curves are depicted in Figures 3.11 and 3.12, and the results for all compounds
are numerically summarized in Table 3.5. Agaond line of validation for the new
binding assay protocol, the fluorescence intensity value of eagksbay data point in
each competitive binding assay was normalized to the protein content present in the
supernatant following processing of the cé@$apter 7). This should give a measure of
the fluorescence as a function of the cells in each assay well, correcting for any cell loss
during assay manipulation. In all thenspetitive binding assaysimilar results and the
same trends were observed wiegttheK; values were calculated from the fluorescence
data or from data normalized to theteincontent (Table 3.5). Thi€ values calculated
from the nornormalized data will be used in the discussion, for clarity and comparison
(to previously repori data) purposes. Control compouBdsand57adid not inhibit
the binding and uptake 8fover the concentration range tested. The matig and
trivalent construct§6a-c exhibitedK; values of 990, 91, and 45 nM, respectively. The
correspondingl; valuesbased on data normalized to protein content (as a measure of cell
number) were 600, 64, and 45 nM. A similar trend was observed for consBaats
which exhibitedK; values of 2210, 69, and 36 nM, respectivélye corresponding Ki
values normated to protein content were 1730, 72, and 40 Ridally, the trivalent
construct60 exhibited &K value of 25 nM and K valuenormalized to protein content

of 29 nM.
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Figure 3.10 Saturation binding curves for proBeyenerated using the sixell plate
assay method. Top: Total binding)Xand norspecific binding { ). Bottom: Specific

binding (© ). The calculate&q = 21 + 3 nM (n = 5}
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Figure 3.11Competitionbinding curves fothe compoundS6a-c (top), 58a-c (middle),
and60 (bottom) againstprobe8 (20 nM) generated usinthe sixwell plate assay method.
Control compoundS4a and57a were not competitive inhibitors &over the
concentration ranges test&d.
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Figure 3.12Competition binthg curves (normalized to the protein content) for the

compounds$6ac (top), 58ac (middle, and60 (botton) against prob& (20 nM)

generated using the sixell plate assay method. Control compoubdiaand57awere

not competitive inhibitors o8 over the concentration ranges tested.



Table 3.5. Results of competitive binding ass&y¥.

84

Ki + SEM (nM)° Relative Potency
Compound raw catd! | normalized data| raw datd norcrlr;l?;zed

54a nbf nbf nad nad
56a 990+ 140 600+ 9 1 1

56b 91+ 13 64 £ 11 11 9

56c 45+ 11 45+ 9 22 13
57a nbf nbf nad nad
58a 2210 + 460 1730 £ 200 1 1

58b 69 +12 72 +6 32 24
58c 36+4 40+ 8 61 43
60 25+4 29+1 na® nad

adCompetition experiments were carried out against p8da = 21 nM, B] = 20 nM)
using HEK293 cells overexpressiflC4R and CCK2R.

bSEM = standard error of the mean; n = 5 independent determinations.

‘Relative potency compared to the monovalent M8bi#struct with the same scaffold
core.

dK; value calculated from fluorescence data

°Ki value calculated from fluorescence dateimalized to protein content

'nb = no competitive binding observed.

9na = not applicable.

3.2.3 Discussion

Previously we prepared MSHkaring multivalent molecules based on

lineart24126.128.123nd spheric&f scaffolds, most with inteligand distances in the Z&D

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

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

construct. In no caseas potency attributable to multivalent binding observed. Divalent

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

the MSH4bearing mong di-, and trivalent compoundi-46.13! The interligand

distances im5 and46 were estimated to be 24 + 5 A by molecular modeling, suggesting

that the limits on ligand spacing for multivalent binding to MC4 receptors had been
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overestimated by the prior homology moefadt least for the engineered HEK293 cell
lineusedinthecongpt i ti ve binding assays. To confir
to pursue multival ent-l imod ® caudreess bafsfear dend tl
phloroglucinol 49), tripropargylaminef0), and 1,4,#triazacyclononanes(l). These

compounds have been usectases for dendrimeric molecufé&!*and in syntheses of

multivalent molecule$?*?144 Their simplicity and commercial availability suggest

synthetic versatility and economy, important considerations for implementation of a

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

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

prearranged in a trigonal planar fashion.

In the event, assembly B#ig 56a-c, 573 58a-c, and60 by alkylations o9 and
51with propargyl bromide, followed by CUAAC attachment of the platddro
serinamide ligan&3 and/or the MSH4 ligan@5 to trialkyness0, 52, and59 required

short reaction sequences that were reasonably straightforward and efficient.

Standard high throughput TRF assays used to screen for functional binding are
normallyconducted with cells grown in 98ell plates (Costar 3603§:1*° In the present
study with HEK293 cells, these assays exhibited relatively poor sigimalise ratios due
to cell detachment during the multiple wash and reagent addition steps. Thenase o
adherent A375 cells bearing melanocortin 1 receffftatso gave poor signab-noise
ratios due to the lower receptor expression levels of these cells. While the engineered
HEK?293 cells express about 640,000 MC4 receptors pet’thit, A375 cdb express

about 75,000 MC1 receptors per céfl.
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To improve the signalo-noise ratios of the assays to provide more robust data for
calculation of binding and inhibition constants, we shifted the assays franelDflates
to 6-well plates in order tavork with much larger populations of cells in a given sample
well. While the 96well plates were seeded at 20,000 cells per well and grew to 90%
confluence (~40,0060,000 cells per well) over about three days, theeb plates were
seeded at 240,000 tper well and required five days to grow to 90% confluencé (~1
10° cells per well). The significantly larger cell population meant that small losses of
cells during assay manipulations would have a lesser effect on the precision of the TRF
data. To rmimize the loss of cells during binding assays, solutions were carefully added
down the sides of the well walls. To reducespecific signal due to adherence of the
probe to the wells, the cells were scraped from the wells after the binding incudation
transferred to micr@entrifuge tubes for postssay processing. These changes led to a

robust assay with high precision and repeatability.

To test the consistency of a result from the new protocoMelbplates with a
published result from a pvious protocol in 96vell plates, a saturation binding assay
was performed for the TRF proB&-%8using the new protocol and HEK293 cells
engineered to overexpress MC4R and CCR2ZRheKq for 8 calculated from this assay
was 21 + 3 nM, while the repedKq for 8 from use of the previous protocol was 27 + 4

nM.?? This level of agreement was taken as a validation of the new protocol.

In the competitive binding assays, control compoutisand57adid not inhibit
the binding and uptake of the TRF prd@bever the concentration range tested. The
monovalent construct6aand58aexhibitedK; values consistent with monovalent

MSH4 binding (approximately 1 uMy® Impressively, the divalent constru&sb and
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58b exhibitedK; values of 91 and 69 nM, respectively;fbld and 32fold lower than the
corresponding monovalent molecu8aand58a These increases in potency are
consistent with the-ld enhancement observed whswas compared té4 using

probe8?? and are ingtative of multivalent binding?

Compound$6cand58cpossess three copies of MSH4 with what were presumed
to be appropriate intdigand spacings for trivalent binding, and yet these compounds
exhibited only twefold enhancements in potency when cangal with the corresponding
divalent compoundS6b and58b. These results, attributable to statistical and/or
proximity effects, stand in contrast with thé®d enhancement in potency observed for
trivalent46 (Ki = 4.3 nM) compared to divaledd (Ki = 37 nM) when competed against
probe8.2? Trivalent compound0 exhibited &K; of 25 nM, a value reasonably consistent

with those o66¢(K; = 45 nM) andb8c (Ki = 36 nM).

The possibility that these results might have been due to a limit to the dynamic
range of the competitive binding assay was excluded by competingdNBHH (1)
against prob®&. TheK; observed fod using the 6well plate binding assay was 3.2 + 0.4
nM,*" a value consistent with earlier observations im@dl plate binding assays. Thus,
the greater avidity o6, i.e. its ability to bind trivalently, must be rooted in structural

differences wittb6¢, 58¢, and60.

In the design phase of this work, theximum interligand distances fot6, 56¢
58¢ and60, determined by the distances between tkerwinal nitrogen atoms of the
histidine residues, were estimated to be 33, 33, 28, and 32 A, respectively, assuming full

extension of all chain segmenf€ To better address issues that concern structure and
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conformation, molecular dynamics studies were performed using Molecular Operating
Environment (MOE)*° Views of representative conformations4& 56¢ 58¢ and60

are displayed in Figure 3.13.

58c 60

Figure 3.13 Views of representative conformations observed for compod@ b
58¢ and60. The distances from the-ftdrminal nitrogen atoms of the histidine residues
are given as a measure of the three ilg@nd distances. The average distances between

ligands for46, 56c, 58c, and60are 22, 22, 19, and 21 A, respectivély.
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Given a sufitiently long molecular dynamics run, the side arms of the C3
symmetric moleculeS6¢ 58¢ and60would display conformational equivalenchisgt
equivalence is not possible 48, since tle path of attachment of one MShigand to
the central atom differfrom that of the other two ligandslowever, at most points in
time the spatial relationships between the ligands will vary. Over the 2 ns time courses of
our molecular dynamics runs, the intiggand distances lay between 1:28.0 A for
compound46, 19.5-24.5 A for56¢ 16.521.0 A for58¢ and 16.523.0 A for60. These

are at the low end of the 24 + 5 A range previously suggested for comg@tittd

It is generally held that, like other melanocortin receptors, MC4R forms
constitutive dimers on theelt surface'® If a third MC4 receptor (or a receptor dimer)
approaches, a trimer (or a tetramer) may form, but it need not be symmetrical. If the
trimer is asymmetric, different intdigand distances may be required in order to
simultaneously bridge tke ligand binding sites. It seems reasonable to conclude that the
distance between ligand binding sites of dimeric MC4Rs can be bridged by any of the
divalent or trivalent molecules we have studied. Furthermore, we postulate that
compount46has sufficimt fAreacho to permit simultaneou
ligand binding site on the third receptor of a trimer, wheb&as58¢ and60 are unable
to do so. Given the ready adaptability of the synthetic method described herein, we plan
to examine this @stulate by construction and testing of sets of trivalent molecules related
to 56¢, 58¢, and60 but possessing two shorter (inteyand distances ~120 A) and one

longer (interligand distances ~282 A) spacer arms.
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Finally, if the order of magnituddifference in avidity afforded by divalency is
sufficient for distinguishing healthy from abnormal cells by discernment of receptor
overexpression, medically useful compounds might result from attachment of imaging or
therapeutic agents to scaffolds dedyeom49-51. We plan to pursue this line of
investigation by replacement of the serinamidB6hb and58b with radiolabels and
fluorescent tags for use in vitro saturation binding and uptake studies and in vivo

imaging studies, respectively. These future directions are elaborated in Chapter 6.



91

CHAPTER IV: MULTIVALENT TARGETING OF

CHOLECYSTOKININ RECEPTORS

4 1introduction

4.1.1 Cholecystokinin receptorsand ligands

Cholecystokinin (CCKbpr aisnadé fnembleyr ooff
hormones, which mediates numerous regulatory functions in the gut and th&train.
the gastrointestinal system, CCK has been implicated in gastric emptying and alistensi
gallbladder contraction, pancreatic secretion, and intestinal métflity.the nervous
system, CCK plays a role in learning and memory, anxiogenesis, nociception, and

satiationt>1:152

CCK hormones are biosynthesized as a 115 amino acid po&pkgolypeptide
that is cleaved posttranslationally to generate &BK>! CCK-58 is the largest
circulating form of the hormone in humans, rats, and d&g8> From the amino
terminus of the peptide, it undergoes sequential proteolytic cleavage at argsiihues
generating shorter peptides such as E3KCCK-33, CCKk22, sulfated CCK3 [Asp-
Tyr(SOsH)-Met-Gly-Trp-Met-Asp-PheNH2] and CCk7, unsulfated CCK3 and CCK?7,
CCK-5, and CCK4 (Trp-Met-Asp-PheNH).1%+1%¢ The phenylalanine at the-®€rminus
of CCK is modified by a carboxyamidation during posttranslational proceS$amy is

essential for all CCK ligands to bind their cognate receptérs’

There are two kinds of receptors that bind CCK hormones;-C@Ceptor

(CCK1R, formerly CCKAR), and thECK-2 receptor (CCK2R, formerly CCKBR). Like

Pt eng
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melanocortins, they ammembes of class A of th6&PCR family CCK1R is a 438 amino

acid polypeptide, while the CCK2R contains 447 amino acids (Figure 4.1). A closer look
at the CCK1R and CCK2R binding peptides shows two different pharmacophores that
overlap with each other at thet€rminus; an octapeptide for bing CCK-1 receptors

and a tetrapeptide for binding to C&Kreceptors (Figure 4.2).

CCK1 receptors are present mainly in the gallbladder muscularis, pancreatic
neurons (in human, and also directly on pancreatic acinar cells in rodents), pyloric
smooth musle, and enteric neurons and central nervous system AUCGIEK?2 receptors
are present in the gastric oxyntic mucosa and are widely distributed in the brain, with the
highest concentrations in the striatum, cerebral cortex, and limbic s$fstéiAs can be
seen in Figure 4.2, sulfonation of the tyrosine residue at position 8 directs binding to

CCK1R.

For human CCKI1R, the affinity order of the endogenous ligands isSCEK O
sulfatedCCK-8 >>> CCK8 > gastrin17, CCK4.5? For the CCK2 receptor this order is
sulfatedCCK 8, CCK5 a7, OCKg aGOK#?Hence, the CCK4 ligand is the
weakest binding member of the group, whether targeted to CCK1R or CCK2R. From the
discussion thus far about multivalent molecules, it is clear that the best choice of

endogenas ligand to use in a multivalent targeting strategy is the CCK4 ligand.

For a multivalent targeting strategy, the CCK2 receptor provides a much more
attractive target than CCK1R. The latter is implicated in a narrow range of ta#nors
whereas the formes expressed in many carcinomas, includimegullary thyroid

carcinomas, smaltell lung cancers, gastroenteropancreatic neuroendocrine cancers,
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Figure 4.1 Amino acid sequences of the human CCK1 (panel A) and CCK2 (panel B)
receptors. These illustrate the proposed topology of these receptors. The filled black
circles with white lettering represent conserved identical residues, while the gray circles
represenhhomologous residues. Dotted lines represent disulfide bonds that have been
demonstrated to exist. Reprinted fr&harmacology & Therapeuties119, L. J. Miller,

F. Gao, Structural basis of cholecystokinin receptor binding and regulati®3, 83

Copyright (2014), with permission from Elsevier.
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CCK-1
pharmacophore
CCK58 ?O3H
VSQRTDGESRAHLGALLARYIQQARKAPSGRMSIVKNLQNLDPSHRISHRISDR{DYMG{WMDF-NH,
SO;H

I
CCK38 YIQQARKAPSGRMSIVKNLQNLDPSHRISDR{DYMG{WMDF-NH,

?O3H
CCK33 KAPSGRMSIVKNLQNLDPSHRISDR{DYMG{WMDF-NH,
SO;H
CCK8 [DYMG{WMDF-NH,

Gastrin34 QLGPQGPPHLVADPSKKQGPWLEEEEEAYG-WMDF-NH ,

Gastrinl7 QGPWLEEEEEAYG{WMDF-NH,

CCK-2
pharmacophore

Figure 4.2 Amino acid sequences for some human CCK and gastrin peptides, showing

the pharmacophores for the CCK1R and CCK2R binding. Adapted from ref. 62.

stromal ovarian cancgrastrocytomas, and gastrointestinal stromal cartédrsmany of
these CCK2 recepta are oveexpressed on malignant cell surfaces, providing an

excellent prospect for targeted imaging and/or thevagynultivalent binding ®2°

4.1.2 Previous work targeting cholecystokinin receptors via multivalent molecules
Compared tavork on themelanocortin recepterthere have beemnly a few
attemptghus farat multivalent targeting of cholecystokinin receptorhis has been
mainly due to the lack of a suitably weak peptide ligand for display on a multivalent
construct. Even the minimal C@Kpharmacophore demonstrates a low nM binding

affinity for CCK2R, which makes it less desirable for a multivalent targeting approach.
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Rao et al. used a sucrederived scaffold to display multiple copies of a CCK4
related ligand which were evaluated imguetition binding assays against prdlfaising
HEK?293 cells overexpressing the CCK2 recept@ompounds$2 (Ki = 2 nM) and63
(Ki = 0.8nM) demonstrated binding enhancements of 34 aridl@4drespectively, as
compared to compourtl (K; = 67 nM). Authors claimed the lack of significant binding
enhancement fror@2 to 63 might be due to the fact that the scaffold geometry (spherical)

does not allow three ligands to simultaneously approach the binding surface.

R= O

_ \/\/\/\\\R#Rz
Ns N
N R, = CCK4
R, = Ser—NH,

61 R = 18 CCK4+ 7/8 SerNH:2
62 R = 22/8 CCK4+ 5.8/8 SerNH:2
63 R =3.6/8 CCK4 + 4.4/8 SerNH:2

Figure 4.3 Regioisomeric mixtures of monand multivalent constructs of a sucrose

based core bearing CCKigands.

In 2013, Brabez et al. attempted to extend their successful demonstration of
multivalent binding using a tetrahedral core bearing melanocortin ligands (Chapter 3,
Section 3.1, compoundgl-46) to the cholecystokinin receptor systéhThis attempt
was not successful, with all trimeric compounds exhibiting similar potengy%£I6&1 12
nM) to the parental monovalent CCK4 ligand4J€ 16 nM). At best, only statistical

and/or proximity enhancements in binding were observed (~ 2 fold).

Navath et al. evaluated the potency of moueé and trivalent CCK compounds

64-66in competition binding assays against prabe® Small increments in binding
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potency were observed 66 (Ki = 0.80 nM) and6 (K; = 0.92 nM) when compared to
the monowalent compoun®4 (Ki = 3.5 nM). These results can also be attributed to

statistical and proximity effects.

0 N-O i S
| | \N Riw./ \ N 4 N
//\NMN\(:E N N
N Q/ J NO
R < NO, E 2
64 1 65
0] | N’O\
R1\N NMN\@N
C ) N,
NN
R{ R,
66
% o
GPGPG—NH
Ry = \_\_\_\ 0
N—>\/\/\)\CCK4
ro\
IS

N

Figure 4.4Compound$4-66 bearing CCK4 ligands.

4.1.3 Current Work

Given the lack of success in the aforementioned systems and the successful
demonstration of multivalent binding in the melanocortin system, ihsetear that the
potent CCK4 ligand is not a good candidate for demonstration of multivalency. However,
to validate the newly synthesized prdi we synthesized and evaluated several CCK4
trimers during the same time period that the work in section 4.1.2 was carried out. We

extended the newly establishiadvitro bioassay protocol detailed in Chapter 3 to the
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cholecystokinin receptor system. Thathesis of three CCK4 trimers and the bioassay

data are discussed in the next sections of this chapter.

4.2 Results andDiscussion

4.2.1 Chemistry

The known compound A€CK4 (Ac-Trp-Nle-Asp-PheNH>, 66) was
synthesized fouse as a blocking ligand in sedtion assays and foise as a positive
control in competitive binding assays. Sitkke primary use of prob&5will be in the
development of multivalent molecules capable of selective bindioglt®
overexpressing@CK receptors, severiimeric compouds bearingCCK4 ligand were
synthesized to validate the use of the new probe in competitive binding assays. For this
endeavor we used commeity available pkoroglucinol and tripropargylamine as the
primary scaffolds to connect the CCK4 ligands to eehitrigonal symmetry in the final
compounds. We chose three quite different thitggand distances to be evaluatdce
the interligand distance for achievement of multivalent binding to CCK receptors has not
been established. The azidigsand68, requred for CuUAACattachment of the CCK4
ligands to the scaffolds, were synthesized by solid phase synthesis using the known

azides, ézidohexanoic acid and azidoacetic acid.

(0]
N \/\/\)J\
3 CCK4
67
(0]

Ns\)J\CCK4

68



98

Foruse in the assembly of a PEGylated CCK4 trimer, PEG linkearas
synthesized in three steps from tetraethylene glycol (Scheinélhe ligand design to
include a PEG linker was done with the hope of achieving increased water solubility and
to observe theffects on the binding characteristics. Tetraethylene glycol was
monoalkylated using-6hlorohexyne to give the monoalkyl derivat®@ Compounds9
was then alkylated withlhutyl bromoacetate to yieldd, which upon deprotectiargave

the final linker71

(0]
gz
[O\/\OH C|/\/\/ [O\/\O = Br\)J\O
O/\/O\/\OH NaH, THF, reflux, 24h O/\/O\/\OH NaH, THF, rt, 24h

69
(61%)

Z /\/\///
[O\/\o/\/\// TFA/DCM (1:1) [O\/\o

/\/O\/\ OtBu /\/O\/\ OH
o o/\([)( i, 1.5 h o) o/\g(
70 71
(64%) (78%)

Scheme4.1 Synthesis of PEG linkefl.

Interestingly, an alternate approach to the alkylation, attaching the bromoacetate
moiety first, failed to give the monoalkylated puadl While Jones oxidation é9to
establish the carboxy terminus of the truncated lifRaxorked, better repeatability and

ease of purification were attained using the procedure outlined in Scheme 4.1.
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Linker 71 was attached via solid phase synthesis to theridinus of theesinbound,
protected CCK4 ligantb give the alkyne functionalized CCK4 ligaid following

cleavage, deprotection, and purification by preparative HPLC.

[O\/\OM
O/\/O\/\O/\[(CCKA‘
0]
73

To provide the scaffold core (Schedh@) for attaciment of CCK4-alkyne73,
phloroglucinol was talkylated using 1&liboromohexane to produd@in 31% yield.
Reaction of74 with sodium azide gavé5in 83% yield. TheCUAAC attachment o73to

75gave the PEG functionalized CCK4 trim&in 17% yield.

O(CH,)eBr
on (CH2)e
Br/\/\/\/Br NaNj3, DMF
o I oy  KeCOs DMF it 36 Br(H,C)s0 O(CH,)eBr Ar, rt, Overnight
74 (31%)
R
O(CH3)eN3
CCK4 alkyne 73
TCPA, TBTA 0
N3(H2C)eO OCH2)eNs 54 gium Ascorbate, DMF
Microwave (100 °C, 4 h)
75 (83%) R\/\/\/\O O/\/\/\/R

76 (17%)

N=N 0

R= %NIWO/\J'O\)J\CCM

Scheme 4.5ynthesis of pldroglucinol base®EGylated CCK4rimer 76.

The phloroglucincbased alkyn®&2 (Chapter 3functioredas another scaffold
core (Scheme.8). TheCuAAC attachment 067 and68to 52 and50resulted in the

CCKA4 trimers77 and78, respectively, each in 12% yield after HPLCifioation. The
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relatively hydrophobic nature of the CCK4 ligand results in easy emulsion formation
during the dithizone extraction of copper ions. Care must be taken to let the layers

separate fully during each extraction step, to achieve maximum predooery.

VAN
0 N3\/\/\)J\CCK4

R4
O_/
0 R—/
TACP, TBTA, o
\
R4

O_\ Sodium ascorbate, DMF,
Microwave (100 °C, 4 h
5 A ( ) 77 (12%)
/ (0]
N R,
7 3\)J\CCK4 <
68 R N g
N > _/ 2
— N TACP, 2,6-lutidine, R
DMF, rt, Ar, 4 d 78 (12%)
50

CCK4 _ CCK4
e Y
Ri=N__J 0 2 N:/M) O

Scheme 43 Synthesis of short chain CCKAmers77 and78.

Compounds$4aand57abearing serinamide ligands were previously descridpter

3) andserveal hereas controls in theompetitionbinding assays.

R
o~/ Ser-NH
VS G G

0 =N _J o)
—~
R
0
R

54a 57a
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4.2.2 Biological assays

Saturation binding assays of prabewere conducted using HE2Q3 cells that
overexpress th®1IC4 and CCK2 receptotdusingtherecently optimized assgyrotocol,
giving aKq of 17 + 2 nM for the CCK4 prob#5 (Figure4.5). ThisKq value is
comparable withhat ofthe previously described CCK receptor binding prodé&q =
34.6 + 3.9 nM}y? The slight increase ininding affinity of 15in comparison td0 could
be due to the fact that the probe design now allows unhindered binding of the peptide
ligand to the CCK2Rince the ligand and the DTPA cage are separated by a spacer.
Despite the shorter ligand length allowing for a more-effsictive and efficien
synthesis, the binding characteristics remain impressive for ifl&ue to the high
expression levels of CCK2R on the cell surface (~ 1.1 million) and the large cell
populations in the-8vell plate assay (~ 1 1 at 90% confluence), very high

signal/noise ratios were observed in the binding assays.

5.0x10%¢ -

4.0x10° 8+

3.0x10°° 4

2.0x10°5

0

] ] 1
0 100 200 300
Concentration (nM)

Fluorescence intensity (a.u)

Figure 4.5 Saturation binding curves for proth&. Total binding ( ), nonspecific

binding @ ), and specific binding¥). The calculatetqs = 17 + 2 nM (r= 5).
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Competitive binding assays were conducted for compo68d&s, 77, and78
againstprobel5at a concentration of 15 nM, givig values of 6.1, 30, 3.7, and 1.2
nM, respectively (see Tab#el and Figure 4.6 As in the bioassays described in Chapter
3, the fluorescence intensity of each data point in a competitive binding assay was
normalized to the protein content present in the supernatant following processing of the
cells. This gives a measure of the flu@essce normalized to the number of cells in each
assay well, accounting for any cell loss during the assay manipulation. The corresponding
Ki valuesfor compound$6, 76, 77, and78 from the competitive binding assays based on
data normalized to protein cemt wered.4, 3, 4.8 and 1.8 niMrespectivelysee Table

4.1 and Figure 4.6

Table 4.1 Results of competitive binding assays.

Ki + SEM (nM)° . Relative Potency
Compound raw datd norg;?;zed raw datd norg;?;zed
Aciggm 6.1+21 | 4.4+13 1 1
76 308 357 0.2 0.1
77 3.7+04 4.8+0.5 2 0.9
78 1.2+04 1.8+0.5 5 2
54a nb' nb' naf nad
57a nr nb' naf naf

aCompetition experiments were carried out against pi&{&q = 17 nM, [L5] = 15 nM)
using HEK293 cells overexpressifC4R and CCK2R.

®SEM = standard error of the mean; n = 4 independent determinations.

¢ Relative potency compared to the-B€K4 66

dK; value calculated from fluorescence data

°Ki value calculated from fluorescence dataimalized to protein content

'nb = no competitive binding observed.

%na = not applicable.
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Figure 4.6 Competition binding curves for the compoureds 76, 77, and78 against
probel5 (15 nM). Control compoundstaand57awere not competitive inhibitors of

15 over the concentration ranges tested.
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Figure 4.7 Competition binding curve@ormalized to the protein contemdy the
compound$6, 76, 77, and78 against probé5 (15 nM). Control compounds#aand

57awere not competitive inhibitors a6 over the concentration ranges tested.
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In agreement with Chapter 3 data involving the melanocortin ligands, similar
results and trends were observed, whetheKivalues were calculated from the
fluorescence data or from data normalized taptiaéeincontent (Table 4.1). The;
values calculated from the normalized data will be used in the discussion, for clarity
and comparison (to previously reported datappsesAs expected, the control
compound$4aand57adid not hinder the binding and uptake of prdseThe
monovalent construct ACCK4 66, used as a positive contrglave & value (6.1 nM)
comparable to what has been reported for other monovalent CCK4digapeMet-
Asp-PheNH:, Ki = 3.1 nM®%; scaffoldbound TrpMet-Asp-PheNHa, Ki = 3.5 nM%°.
scaffoldbound Trp(NMe)Nle-Asp-PheNHa, ICso = 16 nM*), validating as compable
the performance of the new prodsed the binding assay proceduts mentioned before,
given the high potency of the monovaler@KK4 ligand, we did not expect multivalent
increassin binding avidity for any of the CCK4 trimersven if the ligand sgéng had

been optimal.

Only modest increases in inhibitory potency were observed for comp@uratsl
78 that can be attributed to statistical and/oxproty enhancements in binding.
Construct76 with the presence of the PEG linker in the scaffold digpk significantly
lower potency in binding as compared to the other trimers. PEGylation can result in such
decreases of receptbinding affinity due tdwydrophobic interactions with the targeting
ligand that hinderthe ligandreceptor binding®>1%*Based on the observations from
these competitive binding experiments and our past work, further studies are underway to
develop weaker binding ligandisr the CCK receptors that can be used to demonstrate

multivalent binding utilizing the newly synthesizprbbe.
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In summary, we have successfully validatteel novel TRF prob&5in in vitro binding
experimentsywhich demonstrates large dynamic range in the response intensity to be
utilized in the binding assay&dditionally this work reinforces the factahthe CCK4
ligand has too strong of a monovalent binding affinity to CCK2R, which negates the

possibility for its use in multivalent constructs targeting cholecystoidmeceptors.



106

CHAPTER V: PRELIMINARY STUDIES TOWARD

ALTERNATIVE SCAFFOLDS

5.1introduction

5.1.1 Polymers as scaffolds

The use of polymers has received great interest in the past several decades for the
design of therapeutic agetf$!®*The A Ri ngsdorf model 0 (Figur
Helmut Ringsdorf in 1975, describes a genaradel for designing polymedrug
conjugates®4+1® |t contains a bieccompatible hydrophilic polymer backbone covalently

linked to therapeutic agents and targeting moieties via linkers.

Water soluble backbone —
/ increase aqueous solubility

Drug conjugation — allows
controlled (site specific)
delivery

Targeting moiety —
enhance binding and
cellular uptake

High molecular weight —increased
accumulationvia “enhanced permeability
and retention” (EPR) effect

Figure5.1Rat i onal e f or dr ug dnadatesRepritedwitha p ol y me
permission froml(arsonet al, Chem. Mater2012 2 4, )84Copydyst 3

(2014) American Chemical Society.
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The aqueous solubility of a properly designed polymer can be important since an
estimated 460% of drugs exhibit podsioavailability due to low solubility in
water®41% The incorporation of targeting moieties (e.g. MSH4 or CCK4 ligands) would
enable the polymepeptide conjugate to bind specific cells or tissues. Most targeting
strategies rely on the overexpressidal surface markers in diseased cells as
compared to normal celt§? Sugars, hormones, growth factors, antibodies, antibody
fragments, peptides, or other small molecules can be utilized as targeting
moieties! © 4+ 1 5Pypically conjugation of ligandand drugs to the high molecular
weight polymeric carrier would avoid the interaction of the ligands and drugs with
biological macromolecules, such as proteins, which could sequester the active ingredients

and prevent them from arrival at the tartjét.

An important use of polymedrug conjugates has been the development of
controlledrelease therapeutics that use biodegradable polymer backbones and/or
linkers’2 with proper design, the rate and duration of delivery of drug can be controlled
to achieve thelesired therapeutically effective concentration, avoiding large fluctuations
associated with periodic administration which can lead to undesired side effects, organ
damage, or toxicity®*1’2The polymeric backbone can also protect the drug and ligands
attached to it while the conjugate travels to its target tissue. This is particularly useful for

drugs with short plasma hélfes.

Another major advantage of polyera s ed t her apeutics is th
indexo. Ther apeutarato betweer tke toxis and teefthenapeutic as t h
doses of a given drug. An important factor in cancer therapy is to deliver cytotoxic

amounts of a drug to the tumor, while minimizing seffects on healthy tissues. One of
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the primary ways to achieve a hidtetapeutic index for anticancer agents is through the
ienhanced permeabil it ¥*5Ascompaed tenommal tssue,( EP R)
tumors often have poor lymphatic drainage and increased vascular permeability (Figure

5.2). This can lead to ineased levels of uptake of high MW compounds (e.g. polymer

drug and polymeimaging agent constructs) and low clearance levels after uptake.

Increased accumulation due
to leaky vasculature

Normal tissue

Poorly developed lymphatic
system

A
o<t @ @ 2
= © »
1~
© @® e © A
©3Q
Reduced extravasation due ( g Q \L
— to tight endothelium — (5 W %
Elimination via lymphatic % JJ %
drainage Tumor tissue 1 %

Figure 5.2 The enhanced permeability and retention (EPR) effect. Increased tumor
accumulation of macromolecules occurs via a combination of increased extravasation and
reduced lymphatic drainage in tumor tissues. Reprinted with permissionlfavsoiet

al, ChemMater.2012 2 4, )B*“Copy@ybt 2014) American Chemical Society.

The challenges of using polymkased therapeutics lay mainly in accumulation
and/or toxicity of the carrier itself. To overcome the first issue the use of polymer carriers
with sufficiently low molecular weights (< 50 KDa) or biodegradability facilitate renal or
metabolic clearance within a reasonable time fri#é*1" To overcome the second
issue requires careful evaluation of polymeric carriers in cellular and animal toxicity

studies. Polymer carriers that have already been demonstrated totoginonclude
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poly(vinyl pyrrolidone) (PVP},"1® poly(vinyl alcohol)(PVA),™ polyglutamic acid
(PGA) 0 poly(malic acid)!®poly(ethylene glycol) (PEGF2and N(2-

hydroxypropyl)methacrylamide (HPMAY .

In the context of this discussion, the poly(vinyl alcohol) based scaffold (Chapter
3) described by Hruby and -eworkers?tin 1994is relevant. The PVA backbone was
expected to be reasonably hydrophilic, whilelBcopies of the recognition element
NDP-U-MSH and 1218 fluorescein labels were covalently bound on average to the

scaffold via thioether or disulfide linkeg.

5.1.2 From poly(vinyl alcohol) to hydroxylated polyisoprene Design for anew

biocompatible scaffold

After considering the shortcomings of the PVA scaffold, Mash andar&ers

designed a pohlsoprene derived scaffold. It was envisioned that

1) Polyisoprenesauld be hydroxylated to form scaffolds with hgher aqueous solubility
compared to PVA. Although PVA has a large number of hydroxyl groups, the
formation of intramolecular hydrogen bonds can reduce its water solubility at
physiological temperatures. This ptem would be alleviated in a stereorandom

hydroxylated polyisoprene scaffold.

W i W
. OH OHJ, OH

Polyisoprene Hydroxylated polyisoprene
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Hydroboration was chosen for the hydroxylation chemistry, since boranes are highly

reactive. Additionalf, hydroborations are regiospecific, affording control over the

position of the hydroxylation. This would lead to equivalent spacing of hydroxyl

groups along the chain, affording predictable spacing between ligand attachment

points and lessening the chaadorm intramolecular hydrogen bonds.

2) Weaker ligands are better suited for multivalent constructs than are high affinity

ligands. Hence, NDR+MSH would be replaced by the weaker binding ligand MSHA4.

3) The ligand attachment chemistry could be alteredftoégihigher ligand/label

coverage of the scaffold backbone. To this end, CUAAC redéitiwas chosen as

an alternative to disulfide and maleimide attachement chemistries.

R4
I

NO Ri1<__N
I Cu(CH;CN)4PF W
(o (CHCN)4PFg \[ N
N. TBTA N
R2 R2

With theabove design in mind, Jagadish et al. and Adetil. did initial proofof-

concept studies with smaller isopresherived compounds (Chapter 3) to establish the

chemistry required before extension to a polymeric systéf1?°Squalene and

solanesclerived scaffold cores were hydroborated to a@regiocontrolled but

stereoisomerically mixed polyalcohol products, to which were attached pendant chains

bearing alkyne or azide groups. MSH4 ligands were attached using the CUAAC reaction.

The resultant multivalent compounds (Figures 3.5 and 3.6) ¢xthisiatistical and

proximity enhancements in binding. However these studies were successful in

establishing/validating the chemical approach.
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5.2Current Work

5.2.1 Current design
Upon extending the chemistry from the squalene (Figure 3.5) to solaterset
constructs (Figure 3.6), two issues became more evident.
First, the number of ligands on the scaffold was known only as an average value. The
poly-hydroxylated compounds were inseparable by any form of chromatography owing
to their similar polarities. fis structural ambiguity hinders interpretation and comparison
of the biological assay data from the competitive binding assays. Hence, an approach was

devised that would enable the control of ligand number on a given scaffold.

A second limitation was théependence on competitive binding assays for acquiring
the binding data. We wished to directly attach a reporter group to the multivalent scaffold

to permit a direct readout of binding and/or uptake lbothtro andin vivo.

To address these issues, &#inscaffold derived from solanesol was synthesized,
with a controlled number of ligand attachment points, which could then be linked to a
core substructure like cyclen. Figure 5.3 depicts this proposed structure, with three
solanesol derived arms conrettto the cyclen core. Each of the arms bears two ligand
attachment points (with alkyne or azide ends). These soladegeéd arms would be
purified prior to attachment to the cyclen core so that the exact number of ligand
attachments would be known tims example, six). Additionally, the cyclen core would
bear a reporter moiety (e.g. NBD, Cy5) capable of providing direct binding data
measurements without the need for a competition assay. Following assembly, the MSH4

ligands would be added to the ligaaitachment points via the CUAAC reaction.
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Figure 5.3Proposed solanesderived multivalent construct with a controlled number of
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5.22 Progress thus far

The first priority in getting to the multivalent scaffold depicted in Figure 5.3 was
to get the purified, fully hydroxylated solanesol derivesiwith two major
considerations:

a) A compatible endggroup functionality (for conjugation to the cyclen core)

b) A specific number of ligand attachment points on the scaffold

To this end, commercially available solanesol was reacted with phosphorous
tribromideto yield solanesyl bromidé9in 85% yield (Scheme 5.1). TherQ was
reacted with potassium phthalimide according to litera8tite yield solanesyl

phthalimide derivativ80in 49% yield. Experimenting with the reaction conditions we
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increased the yieltb 84% by switching the reaction solvent to THF and extending the

reaction time. The hydroboration 8 to yield 81 was not successful.

OH

PBrs, Et;N | Anh. THF, Ar
0°C (1 h); rt (1 h)

NS NN NN NN N NN NN NS NN Br
79 (85%)
Potassium phthalimide Potassium phthalimide
DMF, rt, 12 h, Ar, 49% THF, rt, 36 h, Ar, 84%

A A A S A A S A A N
80 o 2:;

1) Disiamylborane (27 eq), Dry THF, Ar, 72 h, 4 °C

® O
2) Me3N-O . 2 H,0
THF, reflux, 18 h

0
N
OH OH OH OH OH OH OH OH OH

o

81
Scheme 5.1Solanesyl phthalimide route to obtain the solanrdsoived scaffold witta
defined number of ligands.

Disiamylborane was used as the hydroborating agent to gain better conversion
and regioselectivity as compared to the conventional use of borane. The mild oxidant
trimethylamineN-oxide was chosen to preserve the end group ifumatity during the
oxidation step. We acquired both owsreduced products (affecting the phthalimide

group) and incomplete hydroboration during several attempts to optimize this reaction.
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This resulted in our choosing of a different approach. The phtigaiprotection was
removed using hydrazine hydrate to form the free a®ihéydroboration was then
performed on this amine. Although the free an88&vas obtained in quantitative yield,

the hydroboration step was not successful (Scheme 5.2).

N,H, . H,0 / EtOH

50 °C, 45 min

AN AN AN AN AN AN AN AN AN

NH,
82 (quantitative)
1) Disiamylborane (27 eq), Dry THF, Ar, 72 h, 4 °C
2) NaOH, H,0,
W\W\)\/\Mh
OH OH OH OH OH OH OH OH OH

Scheme 5.Attempt to hydroborat80 after conversion to the free amine.

At this juncture the endgroup functionality was changed from phthalimide to ethyl

isonipecotate with the hope of attaining better compatibility for the hydagbor Ethyl
isonipecotate was reacted with, to yield ethyIN-solanesylisonipecotat83) in 85%

yield (Scheme 5.3). The hydroboration of this compound to gi¢ldas successful, and

this compound (Figure 5.4) was separable by normal phase column chromatography from

compounds with incomplete hydroboration (e.g. eight hydroxyls etc.). However, the
yields were not repeatable, giving only a 42% yield at the mostssfatattempt. With
the limited success of this route, we sought to understand the difficulty to fully

hydroborate these compounds, and to devise a better hydroboration approach.
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Br

HNQCOZEt NEt;, Ether
Ar, rt, overnight

A A A A A A A A A '\O\
83, 85% CO,Et

1) Disiamylborane (27 eq), Dry THF, Ar, 72 h, 4 °C

® O
2) MesN-O . 2H,0
THF, reflux, 24 h

W\&/\&WQ
CO,Et

OH OH OH OH OH OH OH OH OH
84, 42%

Scheme 33 Synthesis of fully hydroxylatedthyl N-solanesykonipecotaté4.

Exploration of the literature led to two major findings;
1) The conformation of the polyisoprene may be sufficiently solvent dependent to
effect the reaction ratf the various double bonds in compouB@s82, and83.

This was demonstrated by van Tamelen et al. in selectively oxidizing the two

terminal double bonds of squalene, while leaving the internal double bonds intact

to yield 85 (Figure 5.5).86188

2) Potyen et al. found thagitiary aminesan be useds addities to stabilize the
borane solutions at higher temperatdf83.ypically hydroboration reactions that
run for a long time (in the case &, 72 h)arecarried out at OC because the
boranes are not thermally stable. Under regular conditions, borarmesmiese to

alkoxyboranes via reaction with the solvent.
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Figure 5.4Mass spectrum @4.

CHj, CH; CHj;

CHj CH; CH;

Squalene

CHj, CH;

H
OHC 7 7 CHO

CH; CHj
85

Figure 5.5Selective oxidation of the terminal double bonds of squalene by van Tamelen

et al186
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Co': BH; ——— nBuOBH, L (nBuO),BH L (nBuO)5B

Disiamylborane, our hydroboration reagent of choice, is even less stable thdh BH
the boranes can be used at higher temperatures, perbapsréased conformational
flexibility of the polyisoprenes could afford better access by the hydroborating reagent to
the internal double bonds. The methods described by Potyen et al. were;fanBH
were not extended to other hydroborating reagents. approach was first validated on
our smaller polyisoprene model system, squalene. The tertiary amine additives described
by Potyen et al. were quite specific and in some cases relatively expensive. We decided
to use a more commonly available tertiary arei , HeniNgNOsS base (
diisopropylethylamine, DIPEA), in our reactions. These conditions were validated to be
effective in the squalene model system (Scheme 5.4) giving comparable yields to what
was reported previousiP. However, extension of the same wfigtry to synthesiz81

and84 was not successful.

CH, CH, CHs
H,;C = = = = % = CHs,
CH, CH, CH,
a) NaBH,, BF5.0Et,, | a)BHa, DIPEA, THF, | a) Sia,BH, DIPEA,
THF, 1 h 72 h THF, 72 h
b) Hzoz, NaOH b) H202, NaOH b) H202, NaOH
67 % 63 % 71 %
J
OH OH OH CH, CH, CH,
HaC cH, 86
CH, CH, CH, OH OH OH

Schemeb .4 Using a tertiary amine additive to stabilize disiamylborane in a

hydroboration reaction at room temperature.
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CHAPTER VI: SUMMARY AND FUTURE DIRECTIONS

6.1 Summary
The research presented in this dissertation concerned the development of methods
for synthesis and purification of Eahelated probes and the targeting of melanocortin and

cholecystokinin receptors with multivalent ligand displays.

The preparation of thERF probeE-DTPA-PEGGMSH7 (8) by themethods
described (Chapter 2) gave an overall yield of 47%, a significant improvement over the
9% yield achieved previously. A modified xylenol orange spectrophotometric assay was
developed to detect micomolar levefsunchelated europium ion contamination in TRF
probes, which cause significant background signal in DELFIA ligand binding assays.
Use of Empor'% chelating disks was shown to provide an efficient and reliable method
for the selective removal of unchelatéd ions. These methods should find widepread

use in the preparation of watenluble metal chelatpeptide conjugates.

This dissertation also described the development of an impnowéto binding
assay involving HEK293 cells. The propensity of thedis dor detachment from wells
during assay manipulations compromised the consistency of the previously established
96-well plate assay. By switching to a siell plate assay, larger cell populations per
each well/data point were employed, which minimittesl percentage cell loss, making
the assay more reproducible and robust. The effect of cell loss in the new assay protocol
was checked by normalizing the TRF data to the dissolved protein content of each assay

sample. The normalized binding curves exHiet same trends in binding potency and
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approximately the same binding constants, showing that cell losses during these assay

manipulations were not detrimental to the end result of the assay.

The new assay was validated by its use to evaluate melanaeggptortargeted
ligands and cholecystokinin receptargeted ligands. For the latter assays, a novel TRF
probe based on the minimum required binding element for CCK2R was synthesized. The
Eu-DTPA-PEGOCCK4 probe 15) was subjected to saturation bindegsays, then used
in competetive binding assays against@cK4 and CCK4 trimerg6-78. This work
reinforced the fact that the CCK4 ligand has too strong of a monovalent binding affinity
for CCK2R, which negates the possibility of its use in multivalenstructs targeting

these receptors.

In Chapter 3short and efficient syntheses of multivalent molecules targeted to
melanocortin receptomsere demonstrateahsed on three commercially available
trigonal core scaffoldphloroglucinol tripropargylamine, and 1,4frfiazacyclononane
The divalent MSH4 constructs bound to MC4R with34ltimes greater potency than the
monovalent controls, indicating a cooperative mode of binding. The trivalent constructs
bound to MC4R with 2361 times gre@r potency as compared to the monovalent
controls. The potentiation (*2shown by the trivalent constructs as compared to the
divalent compounds can be attributed to statistical and/or proximity effects. Molecular
dynamics runs suggest the intiggand dstances lay between 1728.0 A for compound
46, 19.524.5 A for56¢ 16.521.0 A for58¢ and 16.523.0 A for60. These are at the
low end of the 24+5 A range previously suggested for compé@nitlis possible to say,
based on this data and those presd for divalent constructs by others (in Chapter 3), an

inter-ligand distance of 21 A (or maybe even shorter depending on the linker
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flexibility) would be sufficient to achieve synergistic divalent bindée hypothesize
that the third ligand arm dhe trivalent MSH4 construc&6c 58¢ and60 does not have
a longenough reach tbind toa third receptor or a reptor dimer, as compared to the
trivalent constructi6 studiedoy Brabez et at*! despite having similar numbers of atoms
between the lignds. e fact that MC4R has been shown to form constitutive
homodimers supports this hypothe's®A discussion of possible future directions to
explore this and other testable hypotheses (given in italics) that have risen from and

during the work preseed in this dissertation appears in the next section.

6.2 Future Directions

1 The same trends seen in the binding of multivalent constructs targeting melanocortin

receptors in this workare demonstrablen more physiologically relevarslystems.

The HEK293 cells used in the assay described in this work are engineered to
overexpress MC4R (~640,000 receptors per cell) and CCK2R (~1.1 million receptors per
cell). However, physiological expression levels of receptors are often much lower (<
100,000 reeptors per cell), making the data obtained in these assays of questionable
relevance to real systems. It would be worthwhile to evaluate the compounds prepared
herein in a system closer to physiological receptor expression levels. In this regard, the
melanocortintargeted compounds6ac, 58ac, and60 should be evaluated using A375
cells which bear ~75,000 MC1R cell surface receptors. Although assays with these cells
using 96well plates failed to yield acceptable signal/noise ratios, the new assayoprotoc
with higher cell populations may yield acceptable data. A375 cells are more adherent

compared to the HEK293 cells, which would further improve the assay quality and
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reproducibility by minimizing the effects of cell losses during assay manipulatioren Giv
the fact that human melanoma cells overexpress MC1R, the binding data generated using

the A375 cell line would be more relevant to the target disease.

1 Thespatialrequirementdor highavidity involving divalent binding to melanocortin

receptors ardess stringentdue to the presence of constitutive homodimers.

Although divalent MSH constructs tethered by linkers have been studied reasonably
well, the results have been not entirely consistent. Some studies have shown significant
enhancements in bindingidity for divalent constructs with reasonably short linker
lengths (20" 30 A), while in some cases twerfiyld enhancements in binding were seen
for constructs with linker lengths >50% This suggests the possibility that the
presence of constitutidemodimers may facilitate the second ligand binding event for
divalent constructs independent of ligand spacing. After the first ligand binds, the second
binding event would readily occur unless the entropic penalty associated with the second
ligand bindng are not too high. This postulate can be examined by gradual variation of
linker length between ligands on a divalent molecule bearing MSH4 ligands. Most of the
past work done in this area has used the MSH7 ligand and in some cases transiently
transfectd cells. By conducting these assays with constructs based on the MSH4 ligand
and using stably transfected cells (allowing for more consistent comparison across
different cell passage numbers), we could examine whether receptor dimerization plays a

role in multivalent binding to melanocortin receptors.

1 The interligand distance requirements to crosslink three melanocortin recepters

differentfrom those required to croask two receptors.
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MSH4 homotrimers such & (Figure 6.1) could be constructed siynple
modification of the syntheses described in Chapter 3. The number of atoms on one of the
linkers can be varied to probe the optimal distance required to achieve a third binding
event. The shorter ligand spacing could be kept @114 since these sliances
permitted divalent binding to MC4R. Given tR&with a maximal intetigand distance
of ~28 A was able to achieve trivalent binding, it is logical to assume the longer linker
length should be varied in the vicinity of ~28 A. Having too high kelirength may

produce higher entropic costs and may negate trivalent binding.

?2? A

Constitutive receptor
homodimers on the
cell surface

Ro = N
o—/ R ﬁ o)
0— :>
Ri—/ //N\N/\’{/\}\/\WMSH4
0\
87 Ri

Figure 6.1Probing the intetigand distance required to achieve a trivalent binding event.

1 More accurate measurements loé thermodynamic equilibrium constaatsd celt
surface receptor numbers relevdothe receptor/ligand binding can be acquired by

conducting binding assays at low temperatures.

Receptor cycling during the binding assays and the mobility of the receptors (or

receptor dimers) on the cell surface of live cells require that kinetic $dogoconsidered
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with respect to receptdigand binding. Thermodynamic parameters kgandK;
determined by the assay protocols described in this dissertation are inadequate for the live
systems under study. Apart from the kinetic considerations imgthie receptors stated
above, the high throughput assay protocols may not provide enough time to achieve a
true thermodynamic equilibrium. Hulme et al. have derived a requirement in terms of a
ligands receptor binding hdife to safely assume equilibnubinding in a binding assay
(assuming the system is not challenged by the additional kinetic factors mentioned
above)!®®Here a binding incubation time requirement of greater than five time:the t
value was deemed to be necessary to assumetoloseplete equilibration. Applying
this to the melanocortin systems, other kinetic complications aside, a binding incubation
time of >43 h would be required to assume reasonable thermodynamic equilibrium within
the system if the NDRFMSH (t2 = 8.5 h¥3is used as the ligand.

Work done by Sullivan et al. in 2006 shows such errokg icalculated from
saturation binding compared to kinetic analy8ts®' The Kqy of [*(H]NBI 42 902 binding
to membranes expressing the type 1 GnRH receptor determined in satbnatiing
studies with an incubation time of 2 h was 200 pM. However, radioligand dissociation
experiments gave a hdlfe of 4 h, suggesting that an adequate incubation time in
saturation binding studiesould have been at least 20Failure to attairequilibrium in
the saturation binding studies led touardeestimategotency The trueKgq, calculated

from kinetic analysis (¢/kon), was 29 pM.

In the binding studies described in this dissertation, work with live cells does not
provide an opportunity for a straightforward analysis of the binding data. Among other

factors, receptor cycling and the migration of receptors across cell membranes
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significantly affect ligandreceptor binding equilibria. However, conducting the binding
assays at 4C would help to minimize the receptmternalization, resulting in closer
alignment of thermodynamic parameters suckgandK; with the measured values.
Optimal binding equilibration times (> b1) should be provided based on the off rate of
the ligand used in the binding assays. Comparisons of values obtain¥d with those
obtained at 37C can give a measure of how recegtgeling and related kineti

processes effect ligand binding to the target receptors.

f The onrates of potent (i.e. NDE-MSH) and weaker (MSHMSH? receptor

binding ligandsare relatively similar,while the offratesare significantly different.

The NDRU-MSH ligand has a very lowff rate from MC1R. So we shifted to MSH4
and MSH7 as ligands of choice for probes as well as multivalent molecules targeting
melanocortin receptors. However, the association/dissociation kinetics of these ligands
have not been explored. Knowing the o #ime off rates of these ligands is important to
interpreting results from binding studies under equilibrium or-egailibrium
conditions, as well as for predicting binding properties in the design of multivalent
constructs. A comprehensive study invalyiall three of these peptides (NDMMSH,

MSH7, and MSH4) would prove valuable. The determination okshandkos can be
achieved via the use of radioligands. The assay can be performe@ & minimize

effects from receptor internalization.

Obtaning the association ratelsf) can be achieved by first performing receptor
saturation assays in the vicinity of the approxinkatgalue at different concentrations of

the radioligand. A plot of specific binding vs. the time elapsed (t) can be generated which
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fits to the equation 6.%° ThekobsVvalues for each free ligand concentration can be found

from these graphs.

YO YO YO Q YO Equation 6.1
RL = receptoiligand complex concentration (i.e. the specific binding signal)
RLo = receptofligand concentration at the start, which is equal to zero in an
association experiment.

RLeq= receptotligand concenttion at equilibrium
kobs= Observed rate constant for the association of RL.

The observed rate coasit of the association reacti¢gguation 6.2) would
increasewith the free ligand concentratidfL]) . Re-plotting thekobsas a function of [L]
would give thekonvalue as the slope of the linear plot while kkecan be estimated from

the intercept.
Q Q0 Q Equation 6.2

For the determination of tHes using a separate experiment, the receptors could
first be prelabeled with a large excess (1&g) of the radiolabelled ligand for complete
saturation. Removal of the solution will yield cells with bound radiolabel, resulting in the
highest level of signal. Then dissociation of the radioligands can be facilitated by the
addition of a receptesaturating concentration (1000K4) of an unlabeled competing
ligand (f. ex. unlabeled NDB-MSH) which prevents rebinding of the radioligand.

Removal of the media and recounting at specific time intervals will give a measure of the
decay of the radioligand sighdhe dissociation timeourse can then be analyzed using
an exponential function (equation 6.3) by plotting total binding signal vs. time, yielding

the’Q and t,2valuesfor the ligand under consideration.
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YO YOQ Equation 6.3

1 Multivalent binding to cholecystokinin receptors can be achieved by the use of less

potent CCK4 analogs.

The development of weaker binding ligands is necessary for development of
multivalent compounds targeting cholecystokinin receptors. The ligand QUKDE-
NH2) has too high a binding affinity. A less potent ligand could be sought out by
scanning a particular amino acid of the tetrapeptide with other amino acids efdahe L
the D series. Another approach would be to synthesize airetevsepeptide fom the
D-amino acids (fdmwNH>). The retreinversepeptide would have a similar arrangement
of the side chains in space but a different backbone directionality, including placement of
the terminal carboxy and amino groups. Validation of such compourmsagde
ligands in both receptdrinding efficiency and agonist/antagonist behavioral studies is

necessary before proceeding to multivalent molecule development.

1 Exceptionally high avidityor binding to melanocortin receptor dimezanbe
achieved bygimultaneous divalent targeting 6§and dimersusing two divalent

constructsconnected with appropriategpacedinkers.

Expanding upon the concept of targeting divalent receptor complexes, constructs
capable of higher valency than described in this dessen could be developed. For
example, a family of compoun@8 with varying linker lengths (and/or types of linkers,
hydrocarbon, PEGO, P1@ly singly or in combination) could be synthesized and
evaluated to demonstrate tetravalent binding (Figure Bsthg a polymetigand-drug

conjugate strategy, compounds |&@&could also be constructed for multivalent
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attachment. Due caution must be exercised so as to not sterically hinder the binding

ability of the individual ligands.

R4 R4
N MSH4
o o . % N/\/\/\n/
\—Linker—/ \Z?’ 9]
/0 S
R4 88 R1
R1 R1 R1 R4
D ¢ D ¢
(0] (0] (6} (0]
Drug or
imaging agent
o P o
Linker Linker
o~ 0 o~

89

Figure 6.2 Developing receptor homodimer targeted multivalent molecules. Compound
series88 could be used to probe the inteceptor distance required to achieveand
higher valent binding. Compour®® could be used as a polymregand conjugate for

therapeutic or imaging applications.

1 Aheteronultivalent targeting approach involving the receptor dimer/oligomer

conceptwill achieve higher selectivity of binding to a targeted cell type.

Development oheteromultivalent molecules to target cell surface receptors is a field
of study that could allow for high selectivity in binding to a specific cell type. For

example, studies have been carried out to target both cholecystokinin and melanocortin
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receptoron HEK293 cell lines overexpressing these receptorsIhe initial studies

have shown limitations that need to be addressed in the further development of such
work. Ideally, a) both ligands used should have similar binding affinities towards their
respetive receptors, b) the receptor expression levels for both targeted receptors should

be similar.

Prootof-concept studies for this approach can use the HEK293 cell system that
overexpresses the CCK2R and MC4R, especially if the receptor expressiomcdevieés
further controlled to similar levels. With our hypothesis that melanocortin receptors
should be considered as constitutive homodimers in future multivalent work, the
cholecystokinin receptors may also exhibit similar behavior on the cell suitfhees. |
been shown through BRE®®1%3studies that CCK receptors tend to form constitutive
homo and heterodimers (CCK1R with CCK2R}Assuming similar behavior in the
HEK293 cell system under study, we could use construct88ikleat link a dimer of

MSH4 with a dimer of a weak CCK4 analog to achieve heteromultivalent binding.

1 The avidity afforded by divalent binding is sufficient to achieve selective binding to

melanoma cells.

If the binding potency gained by the divalent constructs is sufficienstedt
malignant cells from healthy cells, the third ligand arm of a divalent MSH4 construct like

90 (Figure 6.3) can be altered to bear a reporter group or a therapeutic agent.

Possible reporter groups should provide good signal to noise with minimum
interference from cellular autofluorescence in biological binding assay#io or in

vivo). In this regard, nednfrared (NIR) dyes may be a good opti§ht®” These dyes
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have absorption and emission bands typically higher than 600 nm, so the effect of
autofluoresence is minimal. Many NIR dyes been developed, some functionalized with
readyto-conjugate end groups. As an example, aQitis commercially availabl&® and
shauld be relatively easy to conjugate to a constructi&eproviding the fluorophore

attached to a divalent MSH4 derivatig®).

J
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Figure 6.3 Synthesis of a fluorophore attached divalent MSH4 derivative. The shown

Cy5 dye hasmaxof646 mnraint aetmigersf 66@ nm, and an extiction

coefficient of 250,000 L mdicm®.1®
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CHAPTER VII: EXPERIMENTAL

7.1 Materials and Methods

Commercial reagents were used @gmied unless otherwise noted.
Dichloromethane (DCM) and tetrahydrofuran (THF) were dried by passage through
activated alumina. Dimethylsulfoxide (DMSQO) aNdN-dimethylformamide (DMF)
were dried by contact with activatd A molecular sieves, followed by distillation under
reduced pressure. Analytical tHisyer chromatography (TLC) was carried out on pre
coated silica gel 60-B54 plates with staining by 10% phosphomolybdic acid (PMA)
solution in ethanol caqueougotassium permanganaselutionand heat. Reactions done
under microwave conditions utilized a Biotagéi#tor 2.0 microwave reacto€olumn
chromatography was performed using silica gel 601200 mesh). Melting points were
recorded on an Electrothermalel-Temp® apparatus (Model 1001) and are
uncorrected. IR spectra were recorded on a Thermo Nicolet i$8B FT
Spectrophotometer using NaCl plafés liquids) or as KBr pellets (for solidsNMR
spectra were recorded at 500 Mé1z600 MHzfor *H NMR andat 125 MHzor 150
MHz for 3C NMR on a Bruker DRX5000r a Bruker DRX600NMR instrument.
Chemical shifts (U) are expres®&dRin ppm a
(CDCl; 7.26 ppm, methanals 3.31 or 4.87 ppm, and DMSG@ 2.50 ppm) and*C NMR
(CDCl3 77.16 ppm, methanals 49.00 ppm, and DMS@s 39.52 ppm).Optical rotations
were measured on a Rudolph Research Autopol Il polarimeter using a 50 mm sample
cell (1 mL volume)Preparative scale reversptdase HPLC was performed using &19
250 mmWat er s XBO0 i @y e EBdparave HPLC columnUnless

otherwise noted, Bnear gradient of mobile phase was used over 45 min fr@®%0
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acetonitrile/water containing 0.1% TFA. The flow rate was 10 mL/min, and a dual

channel UV detector was ubat 230 and 280 nm. Analytical HPLC was performed on a
303150 mm Wat er s X BanalgicaeHPLC3olinnFomnthe Eu

labeled sampleslaear gradient of mobile phase was used over 30 min fre80%0
acetonitrile/triethylammonium acetateffar (pH 6.0). For all other compounds, a linear

gradient of mobile phase from -BD% acetonitrile/water containing 0.1% TFA was used

over 30 min. The flow rate was 0.3 mL/min and a dual channel UV detector was used at

220 and 280 nmEmpor@ chelating dsks (47 mm, 3M company) or Chefex00 resin

(analytical grade, B-Rad Laboratories) were used in the Eu ion removal process. A
Beckman ¢E 350 pH/ Temper atFurTdA/RAE meetfdrl | eacpu
combination pH electrodeas used for pH measurenteim xylenol orange assay
proceduresAVWR® Sy mpHonyE pH meter ( ModAg/AgCISB20) e
electrodewas used for all other pH measuremebitg-visible spectra were recorded on a
UV-2401PC U\visible spectrophotometer (Shimadzu Corporation)l re&ss

measurements were performed ddraker 9.4 T ApexQh hybrid Fourier transform ien

cyclotron resonanc@T-ICR) instrument using standard ESI conditions. The samples

were dissolved in acetonitrile/water 1:1 containing 0.1% formic acid in a coatientr

range of 330 uM. Engineered HE293 cells overexpressing both MC4R ab@K2R

were used to measure the affinity of the psolied multivalent moleculdsy means of

saturatioror competitivebinding assays. All compounds evaluated in bioassays had

pui ti es of O 95 ahagicaHEALE. t Unless otervide spegified, all cell

i ncubations were done i n ancubatos(Nedel 3583001 ent i f

maintained at 37 °C and 5% g&mosphere. Europiwinased timeesolved
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fluorescencéTRF) competitive binding assays were employed to study the binding of all
multivalent constructs and controls. Centrifugations were performed using a VWR
Galaxy 7 microcentrifuge or a Fischer Sci@atModel 59A microcentrifugeTRF was
measured usingICTOR™ X4 2030 Multilabel Reader (PerkinElmer) employing the
standard Eu TRF measurement settings (340 nm excitation, 400 ps delay, and emission

collection for 400 ps at 615 nm).

7.2 Synthesis ofCompounds inChapter 2

7.2.1 Synthesis of DTPAPEGO-MSH7 (12)

DTPA-PEGOMSH7 was synthesized manually via af-Rmoc solidphase
peptde synthesis strategysing a modified version of the previously published
procedurée’ Instead of Tentagel S resin (0.24 mmol/g loading) used in the previous
work, Rink amide AMresin (2086400 mesh, 0.68 mmol/g loaxdj) was usedResin (1 g)
was allowed to swell in THF for 1 h in a polypropylene syringe equipped with a
polypropylene frit. THF was removed, a solution of 20% piperidine in DMF (15 mL)
was added, and the tube shak@r2 min. This solution was removed, 20% piperidine in
DMF (15 mL) was again added, and the mixture shaken for another 18 min. After the
removal of the solution, the resin was washed sequentially with DMR&mL), DCM
(33 15 mL), DMF (3® 15 mL),0.5 M HOBt in DMF (15 mL), 0.5 M HOBt in DMF + a
drop of 0.01 M bromophenol blue solution in DMF (15 mL), DME (5 mL), and
DCM (15 mL) in that order. The amino acid (3 eq, 2.04 mmol) to be coupled was
activated by reaction in DMF (15 mL) in a glasalwith CFHOBt (345 mg, 2.04 mmol)

and DIC (512 mg, 4.08 mmol) over two minutes. This solution was then added to the
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resin, and the syringe shaken for 1 h. The coupling solution was removed and the resin
was washed with DMF (3 15 mL), DCM (3% 15 mL),and DMF (3® 15 mL). Free
amine groups were capped by shaking the resin with acetic anhydride/pyridine (6 mL,
1:1) for 20 min. The resin was washed again with DM¥ {3 mL), DCM (33 15 mL),
and DMF (3® 15 mL). The coupling cycle was then repeatadefach of the remaining
amino acids in the sequence. The Kaiser test was used to determine coupling completion
at each attachent step. The PEGO linkedgvabiochem 85103100pWvas then
attached following the same coupling cycle, with the activation of HAE@GOH (2.04
mmol in 4.1 mL of DCM) with GHOBt (345 mg, 2.04 mmol) and DIC (512 mg, 4.08
mmol) in DMF (10 mL).

One fourth of the resin made above (0.17 mmol) was placadyringe reactor,
and 20% piperidine in DMF (4 mL) was added. The syringe was shaken for 2 min, and
the solution removed. Further 20% piperidine in DMF (4 mL) was added, and the
syringe shaken for 18 min. The resin was then washed thoroughly witiMBY (63 4
mL). DTPA dianhydride (620 mg, 1.7 mmol, 10 eq) and HOBt monohydrate (520 mg,
3.4 mmol, 20 eq) were placed in a capped vial with dry DMSO (5 mL). This suspension
was heated at 70 °C for 5 min. The suspension cleared, and the solutiomrec$osta
further 15 min at rt. This solution was then taken into the syringe reactor and shaken for
1 h. The resin was then washed (5 min shaking for each wash) with DMSO(i2.),
THF (23 4 mL), 20% aqueous THF (4 mL), 5% diisopropylethylamin@&H¥ (4 mL),
THF (3% 4 mL), and DCM (4 mL) in that order.

A cleavage cocktail (3 mL) consisting of TFA, thioanisole, triisopropylsilane, and

H20 (9.1:0.3:0.3:0.3) was injected into the syringe reactor, which was shaken for 4 h at
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rt. The solution was timecollected into a 15 mL centrifuge tube and the resin washed for

2 min with further aliquots of TFA (2 2 mL). The combined TFA solutions were
concentrated in the centrifuge tube under a stream of argon, and the product precipitated
by the addition of ald ether (8 mL). The tube was centrifuged and the supernatant
removed. The pellet was washed with cold ethér§3nL), air dried, dissolved in 1 M

acetic acid, and lyophilized. The resultant solid was subjected to reysdrasd HPLC,
productcontainng fractions combined, and lyophilized to give 174.6 mg (62%dyief

the product DTPAPEGOMSHY7 (12) as a fluffy white solid. LRMS (ESI) m/z

calculated for @H112N19025 [M+H] " 1666.8, observed 1666.5; calculated for

C74H11N19025 [M+2H]?* 833.9, obsered 833.9.

7.2.2 Synthesis of EADTPA-PEGO-MSH7 (8)

7.22.1 Initial synthesis and prrification

The metalfree precursor DTPAREGOMSH7 12 (11.0 mg, 6.60 umol) was
dissolved in 0.1 M ammonium acetate solution at a concentration of 1 mg/mL. The pH
was theradjusted to B with aqueous 0.1 M NiDH, and EuGA 6 .0 kh water (353.6
pL of a 0.022 M solution, 7.92 umol, 1.2 eq) was added. The reaction mixture was
stirred at rt overnight. Salts were removed using aF38f Cis reversephase (500 mg)
column as peviously reported?3® The producicontaining fractions were concentrated
and lyophilized to obtain thproduct EtDTPA-PEGCGMSH?7 (8) as a fluffy whte solid
(9.1 mg) in 76% yieldHRMS (FT-ICR) m/z calculated for £3H110N19025'>%Eu

[M+2H]2* 908.8567, observed 908.8503; analytical HPIG; 12.2 min.
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7.2.2.2 Evaluation of unchelated Eu content

Preparation of acetate buffer (pH = 5.81)
To a beaker of distilled water (800 mL) was added concentrated acetic acid (2.87
mL). The pH was adjusted 5.81 with a solution of 1 M sodium hydroxide. The

volume was then brought up to 1 L using distilled water.

Preparation of xylenol orange solution

The tetrasodium salt of xylenol orange (8 mg, 10r®l) was dissolved in acetate
buffer (250 mL) to yieldan orangecolored solution. The UV/visible spectrum (350
700 nm) was recorded for this solution for comparison purposes. The solution was then
frozen in 20 mL aliquots and stored-20 °C until needed. This solution was stable for

at least three mahs, as previously reporté#.

Preparation of the standard curve for the Exylenol orange complex

A series of Eu ion solutions (range-800 uM) were prepared using an atomic
absorption standard solution of europium(lll) nitrate (970 ppm) diluted into acetate
buffer. Xylenol orange solution (9%0.) was added to a semiicro cuvette, followed
by 50uL of a Eu ion solution. The mixture was skakvigorously, and the absorbance
of the solution was read. A calibration cu(gection7.5) wasplotted using the
absorbance at 573 nm (corrected by subtracting the absorbance of an acetate buffer

blank) versus Eu ion concentration.

Spectrophotometric ekermination of unchelated europium ion concentration
The EUDTPA-PEGQOpeptide conjugates analyzed in this work were first

dissolved in DMSO and/or water at a peptide concentrationdfM. To quantify the
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unbound Eu ion content of a given solution p&0of the solution was mixed with the
xylenol orange solution (950L) in a cuvette and the absorbance at 573 nm read. The
standard curve was then used to calculate the concentration of unchelated Eu ion in the

solution.

7.2.2.3 Use of Empore chelating disks for removal of unchelated europium ions

An Emporg chelating disk (47 mm) was placed on a sintered glass filter holder
base (47 mm) fitted to a 1 L filter flask. The disk was wetted wBihL of distilled
water, as p e rsinstiuaionsn dmsudsudted inswekling of the disk. The
solvent reservoir was then clamped onto the base, completing the apparatus. Nitric acid
(3 M, 20 mL) was added, the disk allowed to soak in this solution for 1 min, then a
vacuum was applied, awing the acid solution through the filter. The disk was washed
on the filter under vacuum with waté& 3 50 mL). The disk was allowed to go dry
between each wash. To put the disk in its most active ammonium form, 100 mL of 0.1 M
ammonium acetate buffé¢pH 5.3, made up in HPLC grade water) was added to the
solvent reservoir and the disk allowed to soak for 1 min. The solution was then drawn
through the disk by applying a vacuum, and the disk left to dry-&fr &in before
sample loading. During thiime, the apparatus was disassembled, cleaned thoroughly
with distilled water followed by HPLC grade water, and the apparatus reassembled for
use.

The peptide sample (D4 mg) in water (3 mL/mg, pH 5 to 7) was passed
through the disk at a flow rate of 3@ mL/min to allow maximum binding interactions.
The disk was then washed with water (50 mL) and acetonitrile/water (20:80, 25 mL).

The combined filtrates were transferred to a round bottom flask and lyophilized to give
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the purified produc8 in quantiative recovery. The product was analyzed by HRMS and
analytical HPLC. The success of unchelated Eu ion removall@asminedy
comparison of the results of xylenol orange assays before and after the passage of the

sample through the disk.

7.2.2.4 Use bChelex? 100 resin for removal of unchelated europium ions

Chelex® 100 resin (analytical grade, 2 g) was placed in a polypropylene syringe
equipped with a polypropylene frit. The resin was washed with 1 M hydrochloric acid
(15 mL, syringe shaken for 5 m)i followed by water (2 15 mL, syringe shaken for 5
min). To put the resin in its most active ammonium form, 15 mL of 0.1 M ammonium
acetate buffer (pH 5.3) was added and the syringe was shaken for 20 min. After removal
of the ammonium acetate solutidhe peptide sample-@mg) in wate (3 mL/mg, pH 5
to 7) wadoaded into the syringe and the syringe was shaken for 1 h. The solution was
then collected in a round bottom flask and the resin washed with 20/80 acetonitrile/water
(5 mL, syringe shakerof 5 min)and water (5 mL, syringe shaken for 5 min). The
solution and washings were combined, concentrated, and lyophilized, giving the purified
product8 in <30% recovery. The product was analyzed by HRMS and analytical HPLC.
The success of unchelated ion removal wadeterminedising xylenol orange assays as

previously described.
7.2.3 Synthesis of EADTPA-PEGO-CCK4 (15)

7.2.3.1 Resin bound protected CCK4 peptide (13)
For the synthesis of prold®, compound$6-68, and73, resinbound protected

CCKA4 peptidel3was synthesized manually via aH-Rmoc solidphase peptide
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synthesis strategy on Rink amide AM resin (2@® mesh, 0.68 mmol/g loading). Resin

(1 g) was allowed to swell in THF for 1 h in a polypropylene syringe equipped with a
polypropylendrit. THF was removed, a solution of 20% piperidine in DMF (15 mL)

was added, antthe tube was shaken for 2 mirhis solution was removed, 20%

piperidine in DMF (15 mL) was again added, and the mixture was shaken for another 18
min. After removal of theolution, the resin was washed sequentially with DMF {3

mL), DCM (33 15 mL), DMF (3% 15 mL), 0.5 M HOBt in DMF (15 mL), 0.5 M HOB

in DMF + a drop of 0.01 M bromophenol blue solution in DMF (15 mL), DMF (B

mL), and DCM (15 mL) in that ordefThe amino acid (3 eq) to be coupled was activated
by reaction in DMF (15 mL) in a glass vial with-8I0Bt (1-hydroxy-6-

chlorobenzotriazole, 3 eq) and DIC (6 eq) over two min. This solution was then added to
the resin and the syringe shaken for 1 h. Tdwpting solution was removed and the

resin was washed with DMF 315 mL), DCM (3% 15 mL), and DMF (3 15 mL).

Free amine groups were capped by shaking the resin with acetic anhydride/pyridine (1:1,
6 mL) for 20 min. The resin was washed with DME (85 mL), DCM (3% 15 mL), and

DMF (33 15 mL). The coupling cycle was then repeated for each of the remaining
amino acids in the sequence. The Kaisemiastused to determine coupling completion

at each attachment step. Following four coupling cythesresinrbound protected CCK4

tetrapeptidel3 was obtained.

7.2.3.2 DTPAPEGO-CCK4 (14)
The PEGO linker was attached to a portion (~0.34 mmol) of-temimd peptide
13following the conventional coupling cycle, with the activation of FrR&GOOH

(2.02 nmol in 2.04 mL of DCM, Novabiochem 8510310001) withHEDBt (1-hydroxy
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6-chlorobenzotriazole , 173 mg, 1.02 mmol) and DIC (256 mg, 2.04 mmol) in DMF (5
mL). After 2 h, coupling completion was ascertained by the Kaiser test, and the resin was
washed sequeiatly with DMF, DCM, and DMF (3 x 8 mL each).

One half of the resin made above (~0.17 mmol) was placed in a syringe reactor,
and 20% piperidine in DMF (4 mL) was added. The syringe was shaken for 2 min and
the solution removed. Additional 20% piperidimeDMF (4 mL) was added and the
syringe shaken for 18 min. The solution was removed and the resin was then washed
thoroughly with dry DMSO (9 4 mL). DTPA dianhydride (620 mg, 1.7 mmol, 10 eq)
and HOBt monohydrate (520 mg, 3.4 mmol, 20 eq) were placadapped vial with dry
DMSO (5 mL). This suspension was heated at 70 °C for 5 min. The suspension cleared,
and the solution was stirred for a further 15 min at rt. This solution was then taken up
into the syringe reactor and the mixture shaken for The resin was then washed (5
min shaking for each wash) with DMSO¥2 mL), THF (23 4 mL), 20% aqueous THF
(4 mL), 5% diisopropylethylamine in THF (4 mL), THF{3 mL), and DCM (2 4
mL) in that order.

A cleavage cocktail (3 mL) consisting of TF#joanisole, triisopropylsilane, and
H20 (9.1:0.3:0.3:0.3) was injected into the syringe reactor, which was shaken for 4 h at
rt. The solution was then collected into a 15 mL centrifuge tube and the resin washed for
2 min with further aliquots of TFA (2 2 mL). The combined TFA solutions were
concentrated in the centrifuge tube under a stream of argon, and the product precipitated
by the addition of cold ether (8 mL). The tube was centrifuged and the supernatant
removed. The pellet was washed withdcether (3 6 mL), air dried, dissolved in

H>O/ACN, and lyophilized. The resultant solid was subjected to revpisase HPLC
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(mobile phase gradient of@% acetonitrile/water containing 0.1% TFA over 45 min, t
= 22.9 min), produetontaining fractionsvere combined, and lyophilized to gitd as a
fluffy white solid. Yield 75.0 mg (0.059 mmol, 35%); HRMS #TR) m/z calculated

for CsgHgaN11021 [M-H]™ 1270.5849, observed 1270.5832.

7.2.3.3 EUDTPA-PEGO-CCK4 (15)

The metalfree precursoit4 (20.0 mg, 157 pmol, 1 eq) was dissolved in 0.1 M
ammonium acetate solution at a concentration of 1 mg/mL. The pH was then adjusted to
7-8 with aqueous 0.1 M N#DH, and EuGIA 6 ;O1f11.5 mg, 31.4 umol, 2.0 eq) was
added. The reaction mixture was stirred at rt ogérni Salts were removed using a Sep
Pak® Cyis reversephase (500 mg) column as previously repodetf The product
containing fractions were concentrated and lyophilized to obtain the procixT EA-
PEGOCCK4 15 as a fluffy white solid (16.2 mg, 11mol, 73%). The presence of
unbound europium ions was confirmed by a xylenol orange 8$say.

An Emporé chelating disk (47 mm) was placed on a sintered glass filter holder
(47 mm) base fitted to a 1 L filter flask. The disk was wetted wbhaL of distlled
water, as per the manufacturerods instruct.i
solvent reservoir was then clamped onto thgeh completing the apparatitric acid
(3 M, 20 mL) was added, the disk allowed to soak in this solutionfi@nlthen a
vacuum was applied, drawing the acid solution through the filter. The disk was washed
on the filter under vacuum with water. The disk was allowed to go dry between each
wash (2 50 mL). To put the disk in its most active ammonium form, h@0of 0.1 M
ammonium acetate buffer (pH 5.3, made up in HPLC grade water) was added to the

solvent reservoir and the disk allowed to soak for 1 min. The solution was then drawn
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through the disk by applying a vacuum, and the disk left to dry-&fr Binbefore

sample loading. During this time, the apparatus was disassembled, cleaned thoroughly
with distilled water followed by HPLC grade water, and the apparatus reassembled for
use.

The peptide sample (15.0 mg) in water/acetonitrile (3 mL/mg, pH 5 taiy aw
minimum amount of acetonitrile required to fully dissolve the compound) was passed
through the disk at a flow rate of-3@ mL/min to allow maximum binding interactions.
The disk was then washed with acetonitrile/water (50:50, 30 mL). The coniitirsds
were transferred to a round bottom flask and lyophilizegive the purified product5.

The success of removal of unchelated Eu ions wasndieied by a xylenol orange
assay’®97%recovery (14.6 mg); HRMS (ESCR) m/z calculated for &HssEUN11021

[M+2H]2* 711.7527, observed 711.7527; analytical HPIG; 13.82 min.

7.3 Synthesis ofCompounds in Chapter 3

7.3.1 Solid Phase Synthesis

NDP-U-MSH (1) and the MSH4 derivative azi®& were synthesized manually
via a N-Fmoc solidphase peptide synthesis strategy. Tentagel S resin (0.24 mmol/g
loading) was used for the synthesisl@nd Rink amide AM resin (26800 mesh, 0.68
mmol/g loading) was used for the synthesis®fResin (1 g) was allowed to swell in
THF for 1 h in a polypropylene syringe equipped with a polypropylene frit. THF was
removed, a solution of 20% piperidine in DMF (15 mL) was added, and the tube was
shaken for 2 min. This solution was removed, 20% piperidine in DMF (15 mL) was

again added, and tmaixture was shaken for another 18 min. After removal of the
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solution, the resin was washed sequentially with DMF {5 mL), DCM (33 15 mL),
DMF (33 15 mL), 0.5 M thydroxybenzotriazole (HOBt) in DMF (15 mL), 0.5 M HOBt
in DMF + a drop of 0.01 M bronpihenol blue solution in DMF (15 mL), DMF §215
mL), and DCM (15 mL) in that order. The amino acid (3 eq) to be coupled was activated
by reaction in DMF (15 mL) in a glass vial withhy/droxy-6-chlorobenzotriazole (€l
HOBLt, 3 eq) and diisopropyl carboatiide (DIC, 6 eq) over two min. This solution was
then added to the resin and the syringe shaken for 1 h. The coupling solution was
removed and the resin was washed with DMF (% mL), DCM (3% 15 mL), and DMF
(33 15 mL). Free amine groups were cappgdhaking the resin with acetic
anhydride/pyridine (1:1, 6 mL) for 20 min. The resin was washed with DMFLE

mL), DCM (323 15 mL), and DMF (3 15 mL). The coupling cycle was then repeated
for each of the remaining amino acids in the sequence Kaiser test”® was used to
determine coupling completion at each attachment step.

For the synthesis df, half (approximately 0.12 mmol) of the resiound, side
chainprotected Fmo®&DP-UMSH was treated as follows. A solution of 20% piperidine
in DMF (8 mL) was added and the tube shaken for 2 min. The solution was removed,
20% piperidine in DMF (8 mL) was added, and the mixture shaken for 18 min. After the
removal of the solution, the resin was washed sequentially with DMIB(@1L), DCM
(33 8 mL), and DMF (3 8 mL). N-terminal acylation was accomplished by treatment
with a mixture of acetic anhydride/pyridine (1:1, 1 mL) in DMF (2 mL) for 1 h. The
resin was then washed with DMF{3 mL), DCM (33 8 mL), DMF (33 8 mL), THF

(8 mL), and DCM (8nL), then left to dry for 1 h.
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For the synthesis of azid®, the Nterminal histidine residue was acylated using
activated 6azidohexanoic acid (2.04 mmol) in 15 mL of DCM with DBt (345 mg,
2.04 mmol, 3 eq) and DIC (512 mg, 4.08 mmol, 6 eq).

A cleavage cocktail (6 mL fat and 10 mL foi55) consisting of TFA,
thioanisole, triisopropylsilane, ancd@ (9.1:0.3:0.3:0.3) was added to the resin and the
syringe was shaken for 4 h at rt. The solution was transferred to a 15 mL centrifuge tube
and theresin washed with further aliquots of TFAX2 mL, 2 min). The combined
TFA solutions were concentrated in the centrifuge tube under a stream of argon, and the
product precipitated by the addition of cold ether (8 mL). The tube was centrifuged and
thesupernatant removed. The pellet was washed with cold ethed (3L), air dried,
dissolved in 1 M acetic acid, and lyophilized. The resultant solid was subjected to
reverseephase preparative HPLC, prochetintaining fractions combined, and the

solutions lyophilized.

NDP-U-MSH (1).2*'28 White solid; yield 53% (83 mg, 0.050 mmol); HRMS (FIR)
m/z calcd. for @GgH112N21019 [M+H]+ 1646.8438, found 1646.8487; analytical HPIC t

=12.77 min.

MSH4 Azide 65).12° Off-white solid; yield 72% (384 mg, 0.49 miicHRMS (FT-ICR)
m/z calcd. for GgHs51N140s [M+H]+ 783.41614, found 783.41606; analytical HPI:G-t

13.61 min.

7.32 1,3,5Tris(prop -2-yn-1-yloxy)benzene(52)-332%
To a round bottomed flask purged with argon was added DMF (20 mL), propargyl

bromide(80% in toluene, 8.020 mL, 72 mmol, 4.5 eq), an@®&s (8.95 g, 64.8 mmol,
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4.0 eq). A solution of phloroglucinor(2.02 g, 16.0 mmol, 1.0 eq) in DMF (12 mL) was
added at rt dropwise with stirring over 15 min. After 4 d the solids were removed by
filtration and washed with DCM. The filtrate and washings were conceninataduo

to yield a reddish slurry. To this material was added DCM (100 mL) and the mixture
washed with water (3 x 100 mL) and brine (2 x 100 mL). The resultant red organic layer
wasdried over sodium sulfate, filtered, and volatiles remawedcuoto yield 4.1 g of a

red slurry. This material was subjected to column chromatography on silica gel 60 with a
mobile phase of 20% ethyl acetate in hexanes. The pradatiining fractios were
combined, volatiles removed vacuq and the resultant solid recrystallized from hexanes

to give52 as an offwhite solid. Yield 1.85 g (7.6 mmol, 48%); ®47 (20% ethyl
acetate/hexanes, visualization PMA); mp&R°C (it mp 83 °C); IR (KBrcmt) 3278,

3268, 3257, 2907, 2133, 2114, 1618;NMR (500 MHz, CDCJ) U 6. 27 -( s, 3 H,
H), 4.65 (dJ = 2.4 Hz, 6H, CH), 2.53 (t,J = 2.4 Hz, 3H, CC-H); 13C NMR (125 MHz,
CDClk) U 15 8-O4%.61((AC=C-0), 78.39 CI C-H), 75.87 (C C-H), 56.11

(CH).

7.3.3 N-(1-Amino-3-hydroxy-1-oxopropan-2-yl)-6-azidohexanamide $3)'?°

To a stirred solution of-azidohexanoic acfd (6.00 g, 36.2 mmol1.0 eq) and
N-hydroxysuccinamide (4.73 g, 39.9 mmol, 1.1 eq) in GAWF (9:1, 15 mL) was
addedN-(3-dimethylaminopropyBNNgthylcarbodiimide hydrochloride (7.80 g, 39.9
mmol, 1.1 eq). The mixture was stirred under argon overnight at rt. Chloroform was
removed under vacuum and the resultant liquid partitioned between 1 N HC| (50 mL) and

ether (50 mL).The organic layer was washed with 1 N HC# (80 mL), 5% NaHC®(2

3 50 mL), water (2 50 mL), and brine (2 50 mL). The organic layer was then dried
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using anhydrous sodium sulfate, filtered, and concentrated under vacuum to piheduce
succinamide ester to be used in the next tegd 8.20 g (32.3 mmol, 89%3)H NMR
(500 MHz, CDC}) U 3=@.BHz(2H), 2.842.72 (m, 4H), 2.59 (1) = 7.4 Hz, 2H),

1.81i 1.67 (m, 2H), 1.641.54 (m, 2H), 1.521.40 (m, 2H)23C NMR (125 MHz, ©Cls)

a 169.21, 168.39, 51.10, 30.78, 28.38, 25.

To a solution of serinamide hydrochloride (3.30 g, 23.0 mmol, 1.1 eq) in DMF
(50 mL) was added triethylamine (3.21 mL, 23.0 mmol, 1.1 eq). To the resultant white
suspension was added the@namide ester from above (5.32 g, 20.9 mmol, 1.0 eq) and
the reaction mixture stirred overnight. Volatiles were removed under vacuum and the
resultant slurry subjected to flash column chromatography using a mobile phase of 10%
MeOH/CHCE. Producicontaning fractions were combined and solvents remared
vacuoto give53as a white solid, mp 986 °C (lit°> mp 9496 °C). Yield 3.81 g (15.7
mmol, 75%); R0.38 (10% MeOH/CHG]| visualization KMnQ); *H NMR (500 MHz,
methanolds) U 4J=B.FHz(H, CH), 3.963.70 (m, 2H, GCHy), 3.33 (t,J= 6.9

Hz, 2H, N-CHy), 2.34 (t,J = 7.5 Hz, 2H, CH), 1.67 (m, 4H, overlapped G} 1.56 1.35

(m, 2H, CH); 2*C NMR (125 MHz, methanedy) 4 175.98 (CO), 175.

56.43, 52.27, 36.62, 29.61, 27.26,21.

7.3.46,6',6"-(4,4',4"-((Benzenel,3,5triyltris(oxy))tris(methylene))tris(1 H-1,2,3
triazole-4,1-diyl))tris( N-((S)-1-amino-3-hydroxy-1-oxopropan-2-yl)hexanamide)

(54a)

DMF and a microwave vial (3:8 mL) were purged with argon for 30 min. To

thevial were added tris(alkyn®&R (49 mg, 204mmol, 1.0 eq), serinamide azié8é (304

09
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mg, 1.25 mmol, 6.0 eq), TBTA (66.2 mg, 124190l, 0.6 eq), and TACP (46.6 mg,
124.9mmol, 0.6 eq) in that order. To this mixture was addedr@06f argorrpurged

DMF, wheaeupon a green solution was obtained. Sodium ascorbate (27.2 mg, 137.4
mmol, 1.1 eq per TACP) was added in a single portion and the solution color changed to
light brown. The walls of the vial were washed down with AD@f argorrpurged

DMF, the vial sealed, and irradiated in a microwave reactor to maintain a temperature of
100 °C for 4 h. The reaction mixture was then cooled, volatiles remoweduq and

the residue subjected to flash column chromatography using/ME®H/conc NHOH
(5:2:0.5) as the eluent. Prodiatintaining fractions were combined and volatiles were
removedn vacuq leaving an oily yellow residue. This was dissolved K10 mL)

and the minimum amount of ACN necessary to effect solution andiktere

lyophilized, yielding 161 mg (166mol, 81%) of54a as a white solid; F0.29
(DCM/MeOH/conc NHOH 5:2:0.5, visualization KMng); mp 8385 °C; [a]%°p +43.90
(c0.66, ACN/HO 1:1); IR (KBr, cm‘) 3321 (br), 2932, 2863, 1675 (CAH NMR (500
MHz,DMSO-ds) U 8. 23 ( 358.131H 3H), 7.25.(s7 3H), 1.G8 (s, 3H), 6.34

(s, 3H), 5.09 (s, 6H), 4.83 &= 5.5 Hz, 3H), 4.35 () = 7.1 Hz, 6H), 4.20 (dt] = 8.1,

5.4 Hz, 3H), 3.54 (hepf,= 5.5 Hz, 6H), 2.222.10 (m, 6H), 1.82 (p] = 7.3 Hz, 6H),

1.52 (p,d = 7.5 Hz, 6H), 1.23 (p] = 7.7 Hz, 6H)::3C NMR (125 MHz, DMSQds) U
172.25, 171.99, 159.88, 142.42, 124.40, 94.54, 61.80, 61.22, 54.86, 49.28, 34.90, 29.49,
25.49, 24.48; HRMS (FTCR) myz calcd. for G2HeaN15012 [M+H] * 970.4853, found

970.4864.
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7.3.56,6-(4,4-(((5-(Prop-2-yn-1-yloxy)-1,3
phenylene)bis(oxy))bis(methylene))bis{d-1,2,3triazole-4,1-diyl))bis(N-((S)-1-

amino-3-hydroxy-1-oxopropan-2-yl)hexanamide) 64b)

DMF and a microwave vial (3-8 mL) were purged witlrgon for 30 min. To
the vial were added tris(alkynB? (72.3 mg, 30dmol, 1.0 eq), serinamide azi88
(146.4 mg, 602mmol, 2.0 eq), TBTA (99.2 mg, 18¥vmol, 0.6 eq), and TACP (69.8 mg,
187mmol, 0.6 eq) in that order. To this mixture was addedrB06f argorpurged
DMF, whereupon a green solution was obtained. Sodium ascorbate (40.8 mg)&06
1.1 eq per TACP) was added in a single portion, and the solution color changed to a light
brown. The walls of the vial were washed down with AD®f argon-purged DMF, the
vial sealed, irradiated in a microwave reactor to maintain a temperature of 100 °C for 4 h.
The reaction mixture was then cooled, volatiles remave@cuqg and the residue
subjected to flash column chromatography using DCM/MeOH/cdtyOM (5:2:0.25) as
the eluent. The producbntaining fractions were combined and volatiles were removed
in vacuq leaving an oily yellow residue. This was dissolved @5 mL) and the
minimum amount of ACN necessary to effect solution and the miktaphilized,
giving 68 mg (93.6rmmol, 31%) of54b as a white solid; R0.42 (DCM/MeOH/conc

NH4OH 5:2:0.25, visualization KMng); mp 7274 °C; IR (KBr, cm') 3295 (br), 2937,

2865, 2118 (CC), 1676 (CO)*H NMR (500 MHz, DMSGds) U 8. 23 (3, 2H),

= 8.1 Hz, 2H), 7.25 (s, 2H), 7.03 (s, 2H), 6.38 (s, 1H), 6.23 1.9 Hz, 1H), 5.09 (s,
4H), 4.84 (tJ = 5.4 Hz, 2H), 4.75 (d] = 2.2 Hz, 2H), 4.35 () = 7.1 Hz, 4H), 4.20 (d{]

= 7.9, 5.4 Hz, 2H), 3.6(8.46 (m, 4H), 2.15 (1] = 7.1 Hz, 4H), 1.8 1.73 (m, 4H), 1.60

1.44 (m, 4H), 1.321.17 (m, 4H)2°C NMR (125 MHz, DMS@ds) U 172. 25, 171.
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159.83, 158.99, 142.37, 124.40, 94.76, 94.69, 79.19, 78.21, 61.80, 61.26, 55.55, 54.87,
49.28, 34.90, 29.49, 25.48, 24.48; HRMS {IER) m/z calcd. for GsH7N100s [M+H]*

727.35220, found 727.35184.

7.3.6(S)-N-(1-Amino-3-hydroxy-1-oxopropan-2-yl)-6-(4-((3,5-bis(prop-2-yn-1-

yloxy)phenoxy)methyl)}1H-1,2,3triazol -1-yl)hexanamide(54c)

DMF and a microwave vial (3-8 mL) were purged with argon for 30 min. To the
vial were added tris(alkyn®R (292.7 mg, 1.22 mmol, 2.0 eq), serinamide abi@e
(148.2 mg, 609.1mol, 1.0 eq), TBTA (64.6 mg, 121r8nol, 0.2 eq), and TACP (45.4
mg, 121.8mol, 0.2 eq) in that order. To this mixture was addedr800f argonpurged
DMF, whereupon a green solution was obtained. Sodium ascorbate (26.5 myd 13
1.1 eq per TACP) was added in a single portion, and the solution color changed to a light
brown. The walls of the vial were washed down with 4800f argorrpurged DMF, the
vial sealed, and irradiated in a microwave reactor to maintain a temperature of 100 °C for
4 h. The reaction mixture was then cooled, volatiles remmveacuqg and the residue
subjected to flash column chromatography using DCM/MeOH/congORH5:0.5:0.1)
as the eluent. The produmbntaining fractions were combined and volatiles were
removedn vacuq leaving an oily yellow residue. This was dissolved @5 mL) and
the minmum amount of ACN necessary to effect solution and the mixture lyophilized,
giving 141 mg (292mol, 48%) of54c as a white solid; F0.25 (DCM/MeOH/conc
NH4OH 5:0.5:0.1, visualization KMng), mp 5859 °C; IR (KBr, cmt) 3419, 3289 (br),
2938, 2862, 212(CI C), 1659 (CO), 1602 (phenyfd NMR (600 MHz, DMSQds) U

8.22 (s, 1H), 7.71 (d = 8.1 Hz, 1H), 7.267.22 (m, 1H), 7.03 (s, 1H), 6.31 @@z 2.1
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Hz, 2H), 6.23 (tJ = 2.1 Hz, 1H), 5.08 (s, 2H), 4.82 {t= 5.6 Hz, 1H), 4.75 (d]= 2.5

Hz, 3H), 4.35 (tJ = 7.1 Hz, 2H), 4.21 (dt] = 8.2, 5.4 Hz, 1H), 3.5B.50 (m, 4H), 2.15

(td,J= 7.3, 2.7 Hz, 2H), 1.82 (8,= 7.4 Hz, 2H), 1.53 (p] = 7.5 Hz, 2H), 1.271.19 (m,

2H); 3C NMR (125 MHz, DMSGds) U 17 2. 23, 17 114287 1243759 . 76,
94.98, 94.92, 79.12, 78.25, 61.80, 61.30, 55.58, 54.83, 49.28, 34.89, 29.48, 25.48, 24.48;

HRMS (FTICR) miz calcd. for GaHzoNsOs [M+H] * 484.2191, found 484.2191.

7.3.76,6-(4,4-(((5-((1-((6S,9R,12S)-12-((1H-Imidazol-4-yl)methyl)-1-amino-6-(((S)-
1-amino-3-(1H-indol-3-yl)-1-oxopropan-2-yl)carbamoyl)-9-benzyl1-imino-8,11,14
trioxo-2,7,10,13tetraazanonadecanl9-yl)-1H-1,2,3triazol -4-yl)methoxy)-1,3

phenylene)bis(oxy))bis(methylene))bisf-1,2,3triazole-4,1-diyl))bis(N-(1-amino-3-

hydroxy-1-oxopropan-2-yl)hexanamide)(56a)

To a microwave vial (0i20.5 mL) purged with argon were addetb (28.2 mg,
38.8mmol, 1.0 eq), MSH4zide55 (48.5 mg, 61.9mol, 1.5 eq), TBTA (4.4 mg, 8.3
mmol, 0.2 eq), and TACP (3.1 mg, &ol, 0.2 eq). To this mixture were added 180
of argonpurged DMF and sodium ascorbate (1.8 mgn®abl, 1.1 eq per TACP). The
vial walls were washed down with 50 pL of argparged DMF, the vial sealed, and
irradiated in a microwave reactor to maintaitemperature of 100 °C for 4 h. Volatiles
were removedh vacuoand the residue dissolved in® (50 mL). The aqueous solution
was extracted with a solution of dithizone in chloroform (0.5 m#1,3® mL) and
chloroform (22 30 mL). The resulting aguessolution was lyophilized, giving 56.2 mg

of residue. Preparative reversed phase HPLC gave 9.3 mg (6.2 umol, 158 )asfa
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white solid; HRMS (FFICR) m/z, calcd. forC7iHesN24014 [M+2H]2* 755.3842, found

755.3849; malytical HPLC & 12.32 min.

7.3.86,6-(4,4-(((5-((1-(6-((1-Amino-3-hydroxy-1-oxopropan-2-yl)amino)-6-
oxohexyl}1H-1,2,3triazol-4-yl)methoxy)-1,3
phenylene)bis(oxy))bis(methylene))bisf-1,2,3triazole-4,1-diyl))bis(N-((S)-1-(((R)-
1-(((9)-1-(((9)-1-amino-3-(1H-indol-3-yl)-1-oxopropan-2-yl)amino)-5-guanidino- 1-
oxopentan2-yl)amino)-1-oxo-3-phenylpropan-2-yl)amino)-3-(1H-imidazol-4-yl)-1-

oxopropan-2-yl)hexanamide)(56b)

To a microwave vial (0-B.5 mL) purged with argon were addett (28.5 mg,
58.9mmol, 1.0 eq), MSH4zide55 (145.8 mg, 86.1mmol, 3 eq), TBTA (13.1 mg, 24.8
mmol, 0.4 eq), and TACP (9.2 mg, 241B0l, 0.4 eq). To this mixture was added 320
of argonpurged DMF and sodium ascorbate (5.4 mg, 2m8l, 1.1 eq per TACP). The
vial walls were washed down with 5@ of argorpurged DMF, the vial sealed, and
irradiated in a microwave reactor to maintain a temperature of 100 °C for 4 h. Volatiles
were removedh vacuoand the residue dissolved in® (50 mL). The aqueous solution
was extracted with a solution of dithizonecimoroform (1.2 mM, 3 30 mL) and
chloroform (23 30 mL). The resulting yellow aqueous solution was lyophilized, giving
136 mg of residue. Preparative reversed phase HPLC gave 27.4 mgniits.23%) of
56b as a white solid; HRMS (FICR) mvz calcd.for C1o0H131N33016 [M+2H] 2

1025.02203, found 1025.0220%adytical HPLC & 13.06 min.

7.3.96,6',6"-(4,4',4"-((Benzenel,3,5triyltris(oxy))tris(methylene))tris(1 H-1,2,3

triazole-4,1-diyl)tris( N-((S)-1-(((R)-1-(((S)-1-(((S)-1-amino-3-(1H-indol-3-yl)- 1-
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oxopropan-2-yl)amino)-5-guanidino-1-oxopentan2-yl)amino)-1-oxo-3-
phenylpropan-2-yl)amino)-3-(1H-imidazol-4-yl)-1-oxopropan-2-yl)hexanamide)

(56¢)

To a microwave vial (0-D.5 mL) purged with argowere added MSH4zide55
(87 mg, 111.1mol, 6.0 eq), TBA (11.7 mg, 22yimol, 1.2 eq), and TACP (8.2 mg, 22
mmol, 1.2 eq). To this mixture was added h25(18.5nmol. 1.0 eq) of a solution &?2
in DMF (35.6 mg/mL). Sodium ascorbate (4.8 mgn®dol, 1.1 eq per TACP) was
added followed by 781 of argonrpurged DMF. The vial was sealed and irradiated in a
microwave reactor to maintain a temperature of 100 °C for 4 h. The reaction mixture was
then cooled, volatiles removédvacuq and the residue dissolved in® (60 mL). The
agueous solutimwas extracted with a solution of dithizone in chloroform (0.5 mM, 3
30 mL) and chloroform (3 30 mL). The resulting yellow aqueous phase was
lyophilized, giving 80 mg of residue. Preparative reversed phase HPLC gave 24.5 mg
(9.5mMmol, 51%) of56¢c asa fluffy white solid; HRMS (FAICR) myz calcd. for

Ci2dH165N42018 [M+3H]3* 863.77661, found 8637676; aalytical HPLC & 13.41 min.

7.3.106,6',6"-(4,4',4"-(Nitrilotris(methylene))tris(1 H-1,2,3triazole-4,1-diyl))tris( N-

((S)-1-amino-3-hydroxy-1-oxopropan-2-yl)hexanamide) 67a)

Using the procedure outlined f6da, compound7a was prepared frori0 (28.9
nmL, 200mmol, 1.0 eq), serinamide azi@8 (292 mg, 1.2 mmol, 6.0 eq), TBTA (95.4 mg,
180mmol, 0.9 eq), and TACP (67.1 mg, 18thol, 0.9 eq), sodium ascorbate (39.2 mg,
198mmol, 1.1 eq per TACP), and DMF (1 mL). Purification by flash chromatography

(mobile phase DCM/MeOH/conc NBH 5:2:0.5) afforded 172 mg (2@6nol, 100%) of
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57a as a yellowoily residue; R0.24 (DCM/MeOH/conc NEHOH 5:2:0.5, visualization

KMnOa); [a]®p +1.18 € 0.56, ACN/HO 1:1); IR (KBr, cmt) 3313 (br), 2930, 2861,

1654 (CO)H NMR (500 MHz, methanetls) &G 8. 01 i4.39(m, SHH3.81L 4. 4 4
3.73 (M, 12H), 2.29 (] = 7.4 Hz, 6H), 1.93 (p] = 7.1 Hz, 6H), 1.67 (p] = 7.5 Hz, 6H),

1.39'1.28 (m, 6H)**C NMR (125 MHz, methaneds) & 175.89, 175. 10, 1
63.11, 56.51, 51.16, 36.47, 30.89, 26.97, 25.97; HRMSIQR) m/z calcd. for

CasHs1N 1609 [M+H] * 861.48019, found 861.47968.

7.3.116,6-(4,4"-((Prop-2-yn-1-ylazanediyl)bis(methylene))bis(H-1,2,3triazole-4,1-

diyl))bis(N-((S)-1-amino-3-hydroxy-1-oxopropan-2-yl)hexanamide) 67b)

Using the procedure outlined f6db, compound7b was prepared frori0 (59.2
nm., 410mmol, 1.0 eq), serinamide azidé& (200 mg, 82Gvmol, 2.0 eq), TBTA (84.8 mg,
160mmol, 0.4 eq), and TACP (59.6 mg, 1@mhol, 0.4 eq), sodium ascorbate (34.9 mg,
180mmol, 1.1 eq per TACP), and DMF (2 mL). Purification by flabinomatography
(mobile phase DCM/MeOH/conc NBH 5:2:0.5) afforded 76.1 mg (128nol, 30%) of
57b as a yellow oily residue;®.34 (DCM/MeOH/conc NEOH 5:2:0.5, visualization
KMnO4); *H NMR (500 MHz, methanetls) G 7. 95 (s, 2H),,4.41 (n
3.8213.72 (m, 4H), 3.363.33 (M, 2H), 2.73 () = 2.4 Hz, 1H), 2.29 () = 7.4 Hz, 4H),
1.92 (p,J = 7.2 Hz, 4H), 1.66 (p] = 7.5 Hz, 4H), 1.301.27 (m, 4H)13C NMR (125
MHz, methanolds) a 175.87, 175. 09, 145. 35114125 . 35,
48.72, 42.58, 36.45, 30.89, 26.94, 25.94; HRMS-(ER) m/z calcd. for G7H44N1106

[M+H]* 618.3471, found 618.3471.
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7.3.12(S)-N-(1-amino-3-hydroxy-1-oxopropan-2-yl)-6-(4-((di(prop -2-yn-1-

yl)amino)methyl)-1H-1,2,3triazol-1-yl)hexanamide §7c)

Using the procedure outlined f6dc, compound7c was prepared frori0 (178
., 1.23 mmol, 3.0 eq), serinamide azbi&(100 mg, 410mmol, 1.0 eq), TBTA (43.5
mg, 82mmol, 0.2 eq), and TACP (30.6 mg, B8#hol, 0.2 eq), sodium ascorbate (17.9 mg,
90 mmol, 11 eq per TACP), and DMF (70€.). Purification by flash chromatography
(mobile phase DCM/MeOH/conc NBH 5:1:0.1) afforded 108.4 mg (29®nol, 71%)
of 57c as a yellow oily residue;R.37 (DCM/MeOH/conc NEDH 5:1:0.1, visualization
KMnO4); *H NMR (500 MHz, methanetds) G 7. 91 i4.38(m, 3HH3.84(s4 . 4 4
2H), 3.813.73 (M, 2H), 3.45 (d] = 2.4 Hz, 4H), 3.35 (s, 1H), 2.69 {t= 2.4 Hz, 2H),
2.29 (t,J= 7.4 Hz, 2H), 1.93 (p] = 7.2 Hz, 2H), 1.67 (p] = 7.5 Hz, 2H), 1.35 (ttJ =
9.7, 6.6 Hz, 2H):3C NMR (125 MHz, methaneds) U 175. 8 4, 175. 04, 14
79.00, 75.18, 63.08, 56.42, 51.14, 48.47, 42.48, 36.44, 30.90, 26.94, 25.93; HRMS (FT

ICR) m/z calcd. for GsH27NeO3 [M+H] " 375.2139, found 375.2139.

7.3.136,6-(4,4-((((1-((6S,9R,129)-12-((1H-Imidazol-4-yl)methyl)-1-amino-6-(((S)-1-
amino-3-(1H-indol-3-yl)-1-oxopropan-2-yl)carbamoyl)-9-benzyk1-imino-8,11,14
trioxo-2,7,10,13tetraazanonadecanl9-yl)-1H-1,2,3triazol -4-
yl)methyl)azanediyl)bis(methylene))bis(H-1,2,3triaz ole-4,1-diyl))bis(N-((S)-1-

amino-3-hydroxy-1-oxopropan-2-yl)hexanamide) £68a)

Using the procedure given for the synthesiS&a, compoundb8a was prepared
from 57c (183l of a 0.41 M solution in DMF, 78mol, 1.0 eq), MSH4zide55(88.1

mg, 112.5mmol, 1.5 eq), TACP (5.6 mg, Ifmol, 0.2 eq), sodium ascorbate (3.3 mg,
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16.5mmol, 1.1 eq per TACP), and DMF (1b1). No TBTA was used in this reaction.
Preparative reversed phase HPLC gave 20.9 mg (14.9 umol, 33#8g a$ an offwhite
solid; HRMS (FFICR) myz calcd. for GsHgeaN2s011 [M+H] " 1400.7559, found

1400.7562; malytical HPLC & 10.41 min.

7.3.146,6-(4,4-((((2-(6-(((S)-1-Amino-3-hydroxy-1-oxopropan-2-yl)amino)-6-
oxohexyl}1H-1,2,3triazol-4-yl)methyl)azanediyl)bis(methylene))bis(H-1,2,3
tri azole4,1-diyl))bis(N-((S)-1-((R)-1-(((S)-1-(((S)-1-amino-3-(1H-indol -3-yl)-1-
oxopropan-2-yl)amino)-5-guanidino-1-oxopentan2-yl)amino)-1-oxo-3-
phenylpropan-2-yl)amino)-3-(1H-imidazol-4-yl)-1-oxopropan-2-yl)hexanamide)

(58b)

Using the procedure given for the synthesiS@lf, compoundb8b was prepared
from 57b (120ni of a 0.50 M solution in DMF, 6@mol, 1.0 eq), MSH4zide55 (141
mg, 180mmol, 3 eq), TACP (8.9 mg, 24mol, 0.4 eq), sodium ascorbate (5.2 mg, 26.4
mmol, 1.1 g per TACP), and DMF (130L). No TBTA was used in this reaction.
Preparative reversed phase HPLC gave 46.3 mg (@3, 40%) of58b as a white
solid; HRMS (FFICR) mvz cacld. for GaH12eN34013 [M+2H]?* 970.51946, found

970.51975; malytical HPLC & 11.88 min.

7.4.156,6',6"-(4,4',4"-(Nitrilotris(methylene))tris(1H -1,2,3triazole-4,1-diyl))tris( N-
((9)-1-(((R)-1-(((9)-1-(((9)-1-amino-3-(1H-indol-3-yl)-1-oxopropan-2-yl)amino)-5-
guanidino-1-oxopentan2-yl)amino)-1-oxo-3-phenylpropan-2-yl)amino)-3-(1H-

imidazol-4-yl)-1-oxopropan-2-yl)hexanamide) 68c)
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A solution of50in ACN (571niL of 0.035 M solution, 20mol, 1.0 eq) was
added to a microwave vial (65mL) purged with argon. To this mixture were added
H20 (500nL), MSH4 azide55 (94 mg, 120mmol, 6.0 eq), 2,8utidine (470nL of 0.085
M solution in ACN, 40mmol, 2.0 eq), and TACP (29 mg, #&ol, 3.9 eq) in that order.
The walls of the vial were rinsed down with 540 of H-O, the vial sealed, and left to
stir at rt for 4 days. The reaction mixtuwvas then diluted with 0 (40 mL), extracted
with a solution of dithizone in chloroform (2.0 mM3 30 mL) and chloroform (3 30
mL), and lyophilized to give 95 mg of residue. Preparative reversed phase HPLC gave
31.0 mg (12.5vmol, 62%) of58c as amoff-white solid; HRMS (FFICR) nvz cacld. for

Ci123H162N43015 [M+3H] 3" 827.10730found 827.44156;ralytical HPLC & 12.29 min.
7.3.161,4,7Tri(prop -2-yn-1-yl)-1,4,7triazonane G9)3°

To a stirred solution of 1,4+ffiazacyclononane hydrochlorid®l 250 mg, 1.02
mmol, 1.0 eq) in toluene/ethanol (1:1, 5 mL) was added potassium hydroxide (355 mg,
6.3 mmol, 6.3 eq). After 30 min, the flask was cooled in anigker bath and propargyl
bromide (80% in toluene, 0.317 mL, 2.13 mmol, 2.1 eq) was addpd/ideas a
solution in toluene/ethanol (1:1, 5 mL). The reaction mixture was allowed to attain rt and
was stirred for 24 h. The resultant suspension was filtered to remove the solid matter and
volatiles removedh vacuoto give a brownish solid. Flashmmatography on silica gel
initially buffered with 1% triethylamine in hexanes using MeOH/DCM/cona®iHi
(0.5:9.5:0.05) as the eluent afforded 171 mg (0.70 mmol, 69%9 a$ a yellowish oll
which solidified upon standing overnight; 38 (MeOH/DCM/con NH:OH

0.5:9.5:0.05, visualization KMn{) mp 5253 °C; IR (KBr, cm') 3292, 3276, 3262,
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3133, 2922, 2804, 2082 (C); 'H NMR (500 MHz, CDCJ) U 3J.=2.2 Hz( &H,
N-CHo-CIl ), 2.79 (s, 12H, NCH2-CH,-N), 2.14 (t,J = 2.3 Hz, 3H, CC-H); 3C NMR
(125MHz, CDCk) U 800D C-13)471.63 {(CI C-H), 53.77 (NCH2-CH2-N), 46.82
(N-CH2-Cl); HRMS (FT-ICR) m/z calcd. for @H22N3 (M+H)* 244.18082, found

244.18044.

7.3.176,6',6"-(4,4',4"-((1,4, Triazonane-1,4, *triyl)tris(methylene))tris(1 H-1,2,3
triazole-4,1-diyl))tris( N-((S)-1-(((R)-1-(((S)-1-(((S)-1-amino-3-(1H-indol-3-yl)-1-
oxopropan-2-yl)amino)-5-guanidino-1-oxopentarn2-yl)amino)-1-oxo-3-

phenylpropan-2-yl)amino)-3-(1H-imidazol-4-yl)-1-oxopropan-2-yl)hexanamide) ©0)

Using the procedure given for the synthesid@f compoundb0was prepared
from MSH4azide55 (75.0 mg, 95.7mol, 4.5 eq), TACP (4.7 mg, 12aimol, 0.6 eq),
59(5.2 mg, 21.2rmol, 1.0 eq), sodium ascorbate (2.8 mgnidbl, 1.1 eq per TACP),
and DMF (3@ ni). No TBTA was used in this reaction. Additionally, at each of the
dithizone extractions, the aqueous and chloroform layers were stirred rapidly together in
an Erlenmeyer flask for 30 min. Extra contact time is necessary to make sure any copper
chelted by the macrocyclic ring is removed. Preparative reversed phase HPLC gave
23.1 mg (8.9mol, 42%) of60 as a fluffy white solid; HRMS (FTCR) nv/z calcd. for

Cr20H178N45015 [M+4H]** 648.6073, found 648.6074nalytical HPLC & 12.43 min.

7.4 Biological Assays for Chapter 3

7.4.1 Preparation of solutions
Stock solutions of the MSHebnstruct$H6a-c, 58a-c, and60, control compounds

54a and57a, and the EADTPA-PEGOMSHY7 probe @) were made up in DMSO at a
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nominal concentration of 2.0 mM based on measured weights of solutes. Except for the
control compounds, concentrations were refined by comparisonTpastandard

solution (050 mM) using analytical HPLGSelective growth mediar cell growth was
prepaed by supplementinu |l beccodés Modi fied Eagle Mediu
bovine serum, 1% penicillistreptomycin, A% zeocin, and 0.8% geneticBasic buffer

was prepared by dissolving 5.97 g ef24hydroxyethyl)piperazind-ethanesulfonic acid
(HEPES) and 2 g BSA in 1 L of DMEM. The pH of this solution was adjusted to 7.4
using 2 N NaOH and the solution sterilized by filtration through a @r22ilter

(Coming, 431117, 500 mL bottp filter, sterile) under vacuunBinding bufferwas
prepared by supplementing DMEM (1 L) with HEPES (5.97 g), BSA (2 g); 1,10
phenanthroline (1 mL of a 1 M solution in EtOH), leupeptin (1 mL of a 500 mg/L
agueous solution)nal bacitracin (1 mL of a 200 g/L aqueous solution). The pH of this
solution was adjusted to 7.4 using 2 N NaOH and the solution sterilized by filtration
through a 0.22m filter (Corning, 431117, 500 mL botttep filter, sterile) under

vacuum.

7.4.2 Cellculture

Dual (MC4R/CCK2R) expressing HEK293 céflsvere maintained in selective
growth media. For the binding assays, cells were plated into 6 well flatsadr Bio
One,657160,Cell Culture Multiwell Plates, Polystyrene, 6 wéllat 240,000 cellper
well in a total volume of 3 mL (2 mL of the selective growth media added initially to
each well, followed by 1 mL of cell suspension). On the third day after plating,

additional selective growth media (1 mL) was carefully added to each of the wa#is so
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not to disturb the cells. The cells were left to grow until ~90% confluence was achieved

(usually by day 5) before conducting assays.

7.4.3 Saturation binding assays

Six solutions containing bl the probe ADTPA-PEGOMSH7-NH: (8) and
NDP-U-MSH (1) were made in 1.2 mL of binding buffer in separate maaotrifuge
tubes (one per each well). All six tubes containedllconcentrations of NDRMSH
(1), while the concentration of the proB&vas varied across the six tubés 10, 25, 50,
100,250 nM).These six solutions were used to assess nonspecific binding. A second set
of six solutions (1.2 mL each) contained the pr8la¢ the same concentrations without
NDP-UMSH. These solutions were used to assess total binding.

To commence an assagll-containing éwell plates ¥ 2) were removed from
the incubator and the selective growth media removed by careful aspiration. The twelve
prepared solutions detailed above were carefully transferred (1 mL per well) by pipette
down the well walls (to mimize disturbance of the cells, which can result in cell loss
during media exchanges). The plates were then maintained in iac®ator at 37 °C
for 1 h.

Solutions were then removed by careful aspiration andreGsf basic buffer
were added to eachell. The cells were scraped from each well individually usiGgk
Scraper (18 cm, GeneMatand transferred in suspension to separate 1.7 mL micro
centrifuge tubes. The wells and scraper were rinsed witmb@d basic buffer and the
rinses combinewith the corresponding suspension. One scraper was used across the
wells measuring total binding, and another was used across the wells measuwing non

specific binding.
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The tubes containing the cell suspensions were centrifuged (3000 rpm for 3 min)
in a mcro-centrifuge. After removing the supernatant, the cells were resuspended in
basic buffer (1 mL) and incubated for 5 min in aG#vater bath during each of three
wash cycles. After the final wash, 660 of DELFIA Enhancement Solution (Perkin
Elmer 1214-104) was added to each cell pellet, the tubes mixed using a vortex mixer, and
incubated for 1 h in a water bath maintained at 37 °C.

Following the incubationgells and cell fragments were pelleted (5000 rpm for 5
min) and £ 100nL aliquots of each supernatant were transferred to a 96 well plate
(PerkinElmer, 6005060, tissue culture treated B&W Isopkt¢ for fluorescence

measuremenising a VICTOR X4 2030 Multilabel Reader.

7.4.4 Competitive binding asays

Immediately beforeraassay, twelve solutions (1360 each) of compounds to
be tested were made up in binding buffer in microcentrifuge tubes at concentrations
ranging from 10vM7 0.10 nM. Each of the tubes also @ned the ExDTPA-PEGO
MSHT7 probe8 at a concentration of®2nM. Cell-containing éwell plates ¥ 2) were
removed from the incubator and the selective growth media removed by careful
aspiration. The twelve prepared solutions from above were carefully transferred (1 mL
per well) by pipette down the well walls.h@& plates were then maintained in a,CO
incubator at 37 °C for 1 h.

After 1 h, solutions were removed by careful aspiration anch&Qff basic
buffer were added to each well. The cells were scraped from each well @#tlg a

Scraper (18 cm, GeneMatand transferred in suspension to separate 1.7 mL micro
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centrifuge tubes. The wells and scraper were rinsed witmb@d basic buffer and the
rinses combined with the corresponding suspension.

The cell suspensions were centrifuged (3000 rpm for 3 minjrici-centrifuge.
After removing the supernatant, the cells were resuspended in basic buffer (1 mL) and
incubated for 5 min in a 3T water bath during each of three wash cycles. After the
final wash, 600rL of DELFIA Enhancement Solution (Perkin EImer 12424) was
added to each cell pellet, the tubes mixed using a vortex mixer, and incubated in a water
bath maintained at 37 °C for 1 h.

Following the incubationgells and cell fragments were pelleted (5@ for 5
min) and £ 100nL aliquots of each supernatant were transferred to a 96 well plate
(PerkinElmer, 6005060, tissue culture treated B&W Isopkt¢ for fluorescence

measuremenising a VICTOR X4 2030 Multilabel Reader.

7.5Protein Assay for Fluorescence Normalization

The dissolved protein content in each of the mumntrifuge tubes from the
bioassays was quantified using the Biad protein assa&d? The manufacturesupplied
lyophilized BSA standard was reconstituted in DI water to provtaradard solution
with a concentration of 1.4 mg/mL. By serial dilution, five solutions (0.50, 0.25, 0.12,
0.080, and 0.050 mg/mL) of BSA were prepared. Dye reagent was prepared by dilution
of 25 mL of the dye concentrate (BiRad) into 100 mL of DI war, followed by
filtration through a Whatman #1 filter. To quantify protein content in each assay sample,
33 10nL of each supernatant solution from the micemtrifuge tubes was transferred to
a 96 well clear bottomed plat€grning Inc., 353072, Faloamultiwell flatbottom plates

with lids, sterile) Control solutions were also placed in the same platel(Bni of
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each BSA concentration) along with a blank (DI watér,2® nL). The reagent dye
solution was then added to all wells using a rachitannel pipette at 2Q€L per well.

The sample and the reagent in wl were mixed by repeated3(bdepressing of the
pipette plunger. After mixing, the plate was left at rt forlb min, and the absorbance
measured at 595 nm. Absorbance values from the standard solutions were used to

construct a calibration curv&igure 7.).

0.81

0.64

0.4

Absorbance at 595 nm

0.0 T T
0.0 0.2 0.4 0.6

Protein Concentration (mg/mL)

Figure 7.1 Representative protein assay calibration curve. y = 0.9038 x + 0.2725 (R
0.99)

Using the protein content calibrationrves, the dissolved protein content of each
of the samples asquantified The observed fluorescenealue of each sample (i.e. data
point) was normalized tthe dissolved protein content according toftiilwwing
eqguation. Then, the competitibinding curves were constructed using the normalized

data values

DD g L oigel PMTTD P
o I € 0 QQRe—. RN T
pnmd pad ni ¢ o@"qa O

Where;
F = measured fluorescence, [protein] = concentration of protein
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7.6 Synthesis ofCompounds in Chapter 4

7.6.1 AcCCK4 (66)

To 13(0.34 mmol) in golypropylene syringe equipped with a polypropylene frit
was added solution of 20% piperidine in DMB nL), and the tube was shaken for 2
min. This solution was remove20% piperidine in DMF& mL) was again added, and
the mixture was shaken for another 18 min. After removal of the solution, the resin was
washed sequentially with DMF €38 mL), DCM (33 8 mL), andDMF (33 8 mL). A
1:1 (30 eq) mixture of acetic anhydeei (960uL) and pyridine (82@QL) in DMF (3 mL)
was taken up into the syringe reactor, which was then shaken fdihg nesin was
washed with DMF (3 8 mL), DCM (33 8 mL), DMF (33 8 mL), THF (33 8 mL), and
DCM (33 8 mL). Cleavage from the resin, removal of TFA, and subsequent
lyophilization according to the procedure outlinedX¥digave 190 mg of crude material.
Following reverseebhaseoreparativeHPLC (mobile phasgradient of 10% at 0 min
50% at 8 miri 55% at 20 mm, acetonitile/water containing 0.1% TFAgR = 13.3min),
productcontaining fractionsverecombined, andhe solution lyophilized to givé as a
fluffy white solid. Meld 82 mg(0.13mmol, 39%9; mp, decomposes at 23¢; HRMS
(ESHCR) mvz calcd. forCzoHaiNeO7 [M+H] ™ 621.3031, found 621.3028nalytical

HPLCtr = 17.47 min.

7.6.2(9)-4-(((S)-1-Amino-1-oxo-3-phenylpropan-2-yl)amino)-3-((S)-2-((S)-2-(6-
azidohexanamido)3-(1H-indol-3-yl)propanamido)hexanamido}4-oxobutanoic Acid

(67)
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Using thecouplingprocedurs outlinedin 7.2.3.1 compound?7 was prepared
from 6-azidohexanoic acid (0.34 g, 2.04 mmol, 3 eq) H&(+0.68 mmo). Cleavage
from the resin, removal of TFA, and subsequent lyophilization according to the procedure
outlined for3 gave 421 mg focrude material. Followingeversegphasepreparative
HPLC (mobile phasgradient of 10% at 0 min50% at 10 mifi 90% at 25 min,
acetonitile/water containing 0.1% TFAR = 17.7min), productcontaining fractions
were combine@ndthe solution lyophilized to provid&7 as afluffy white solid. Yield
198 mg (0.28nmol, 41%); HRMS ESFCR) nvz calcd. forCzsHagN10010 [M+H] "

718.36712found718.36708

7.6.3(9)-4-(((S)-1-Amino-1-oxo-3-phenylpropan-2-yl)amino)-3-((S)-2-((S)-2-(2-
azidoacetamido)}3-(1H-indol-3-yl)propanamido)hexanamido)}4-oxobutanoic Acid

(68)

To a solution of sodium azide (11.5 g, 176 mmol, 2.5 eq) in water (60 mL) was
added bromoacetic acid (10.0 g, 70.5 mmol, 1 eq)’&t @nd the resultant solution
stirred at rt for24 hours [23]. After complete consumption of starting material, the
reaction was diluted with aqueous 1 N HCI (150 mL), and extracted with diethyl ether (4
3 50 mL). The organic layer was dried with anhydrous3\@, filtered, and evaporated
in vacuo to yieldazidoacetic acias aclear oil Yield 6.1 g (60.4 mmol, 86%Rs 0.32
(20%EtOAC/DCM, visualization KMn@Q); IR (NaClplatg cntt) 350062500 (br), 2924,
2113, 1728'H NMR (500 MHz, CDCf) U 1 0. 0 7 (s(28);*CNMR (1253 . 9 7

MHz,CDCk) U 174. 27, 50. 11.
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Using thecouplingprocedurs outlinedin 7.2.3.1 compoundb8was prepared
from azidoacetic acid (0.21 g, 2.04 mmol, 3 eq) 48¢0.68 mmo). Cleavage from the
resin (10 mL of cleavage cocktail), remb@d TFA, and subsequent lyophilization
according to the procedure outlined igrgave 355 mg of crude material theds
subjected to reversgquhasepreparativeHPLC (mobile phasgradient of 10% at O min
50% at 8 miri 55% at 20 minacetonitile/watercontaining 0.1% TFAtr = 14.6min),
productcontaining fractions combined, atite solutions lyophilized to givéas a fluffy
white solid.Yield 230.9 mg(0.35 mmol, 51%); HRMS ESHCR) nvz calcd. for

Cs2Ha0N9O7 [M+H] * 662.3045, foun®62.3044

7.6.4Synthesis of PEGylated CCK4

7.6.4.13,6,9,12T etraoxaoctadeel 7-yn-1-ol (69)

To a flame dried round bottomed flask purged with argon was added sodium
hydride (1.23 g, 48.7 mmol, 2 eq) and anhydrous THF (100 mL). After the resultant
slurry was cooled to €C in an icebath, tetraethylene glycol (16.95 mL, 97.2 mmol, 4
eq) was added slowly via syringe. After stirring for 15 min 3E0the flask was left to
come to room temperature and a yellow solution was obtained. To this was added
dropwise6-chlorohex1-yne (3 mL, 24.3 mmol, 1 eq) dissolved in anhydrous THF (20
mL). After addition, the flask was immersed in an oil bath and the reaction mixture
heated at reflux for 24 h. The flask was cooled, and 50 mLOfwhs added to quench
the reaction. Aftediluting the solution further with 100 mL of28, the product was
extracted with EtOAc (75 m& 4). The combined organic layers were washed with brine

(100 mL), dried with anhydrous MNaQy, filtered, and concentrated in vacuo to yield 5.4
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g of a residue wibh was subjected to flash column chromatographgtile phase

gradientof 50-10%% ethyl acetate in hexar)es give69 as ayellow oil. Yield 4.09¢g

(14.9mmol, 61%); R 0.24 EtOAc, visualization KMn@Q); IR (NaCl plate cnit) 3455,

3259, 2868, 2114, 1958H NMR (500 MHz, CDCY) U i 3.606m, 2H), 3.60 3.48

(m, 14H), 3.39 (t) = 6.4 Hz, 2H), 2.88 (t) = 5.9 Hz, 1H), 2.12 (td] = 7.0, 2.7 Hz, 2H),

1.88 (t,J = 26 Hz, 1H), 1.65 1.56 (m, 2H), 1.55 1.47 (m, 2H)3C NMR (125 MHz,

CDClL) U 84. 23, 72. 48, 70. 62, 7 61.56,28.55,70 . 50,
25.07, 18.12HRMS ([ESFICR) nvz calcd. forCiaH26KOs [M+K] ™ 313.14118found

313.14116.
7.6.4.2tert-Butyl 3,6,9,12,15Pentaoxahenicos20-yn-1-oate (70)

The monoalkylated desative 69 (3.03 g, 10.8 mmol, 1 eq) was dissolved in 15
mL of anhydrous THF. This was added to a suspension of sodium hydride (330 mg, 13
mmol, 1.2 eq) in anhydrous THF (85 mL) at@. The resultant solution was stirred at 0
°C for 30 min, and-butyl bomoacetate (3.25 mL, 21.6 mmol, 2 eq) was added e¥6r 5
min. The resultant mixture was left to stir at rt for 24 h. It was then diluted with 150 mL
of H20 and extracted with EtOAc (75 niL3). The combined organic layers were
washed with brine (100 mLglried with anhydrous N&Qy, filtered, and concentrated in
vacuo. The residue was subjected to fleslamn chromatographymobile phase 050%
ethyl acetate in hexane#),give70as ayellow oil. Yield 2.68g (6.9 mmol, 64%); R
0.29 (50%EtOAc/hexanesyisualization KMnQ); IR (NaClplatg cnt) 3304, 2869,
2116, 1747'H NMR (500 MHz, CDC§) U 3. 93 (358 (m,2H))3,58 B51 6 4
(m, 10H), 3.51 3.47 (m, 2H), 3.39 (t, J = 6.4 Hz, 2H), 2.12 (td, J = 7.0, 2.7 Hz, 2H),

1.87 (t, J = 2.6 Hz, 1H)L.641 1.56 (m, 2H), 55i 1.46 (m, 2H), 1.38 (s, 9H}C NMR
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(125MHz,CDCk) U 169.69, 84.37, 81.56, 70.77, 70
69.08, 68.48, 28.69, 28.17, 25.21, 18 ARMS ESHFCR) mVz calcd. forCzoHssNaO;

[M+Na]" 411.23532found411.23547.
7.6.4.33,6,9,12,18Pentaoxahenicos20-yn-1-oic Acid (71)

The dialkylated linke70 (1.05 g, 2.60 mmol) was dissolved in 2 mL of DCM and
a mixture of TFA (5 mL) and DCM (3 mL) was added slowly at rt. After 1.5 h, volatiles
were removed under vagm to yield a brown liquid which was subjected to flaslumn
chromatographymobile phasgradientof 50-100%ethyl acetate in hexanegiving 71
as apale yellow oil Yield 0.70g (2.2 mmol, 81%); R 0.28 (10% MeOH/DCM,
visualization KMnQ); IR (NaCl plate cntt) 35002500 (br), 2869, 2114, 17584 NMR
(500 MHz, CDCE)  1@.06 (s, 1H), 4.09 (s, 2H), 3.78.64 (m, 2H), 3.64 3.54 (m,
12H), 3.53i 3.49 (m, 2H), 3.41 (t, J = 6.4 Hz, 2H), 2.12 (td, J = 7.1, 2.7 Hz, 2H), 1.88 (t,
J =2.6 Hz, 1H), 1.65 1.57 (m, 2H), 1.54 1.46 (m, 2H)3C NMR (125 MHz, CDGCJ)
a 172.94, 84. 28, 71. 14, 70 . 6B 68.48, 08.58, 7 , 70. 4
25.08, 18.16HRMS [ESHCR) mvz calcd. forCieH2sNaO7 [M+Na]* 355.17272found

355.17252.
76.4.4 3,6,9,12etraoxaoctadecl7-ynoic acid (72)

Sodium dichromate (0.78 g, 2.6 mmol, 1.3 eq) was dissolvedin(s6imL) to
yield an orange colored solution. This solution was cooled’@ i@ an icewater bath
and concentrated23Qs (0.78 mL) was added slowly to yeethe darkred solution of the

Jones reagent.
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To a stirred solution of the monoalkylated deriva®@40.55 g, 2.0 mmoll eq)
in acetone (10 mL) at @ was added the Jones reagent (prepared above) dropwise. The
resultant mixture was left to react for 80n, and the excess oxidant quenched by the
addition of isopropanol (5 mL). The volatiles were remowedacuq and the resultant
solution in water diluted with water (50 m), and extracted with EtOAc (50 @)L The
combined organic layers were washed with brine, dried with anhydro@&ONdiltered,
and concentrated in vacuo. The resultant crude material was subjected to flash column
chromatographynfobile phase 0f5% ethyl acetate in hexanég)give72 as ayellow
oil. Yield 0.34g (1.2mmol,5%%); R 0.21 (10% MeOH/DCM, visualization KM} *H
NMR (500 MHz,CDCl) &G 10.29 (s, 1H), 4.06 (s, 2H),
i 3.52 (m, 8H), 3.52 3.47 (m, 2H), 3.39 (t, J = 6.5 Hz, 2H), 2.09 (ds 7.1, 2.6 Hz,
2H), 1.86 (t, J = 2.6 Hz, 1H), 1.621.54 (m, 2H), 1.53 1.43 (m, 2H) 3C NMR (15
MHz, CDCk) 113.12,84.11, 70.93, 70.56, 70.38, 70.31, 70.29, 70.26, 69.86, 68.45,

68.33, 28.34, 24.92, 18.00

7.6.4.5(3S,6S,99)-9-((1H-I ndol-3-yl)methyl)-3-(((S)-1-amino-1-oxo-3-phenylpropan-
2-yl)carbamoyl)-6-butyl-5,8,1%trioxo-13,16,19,22, 2pentaoxa4,7,10

triazahentriacont-30-ynoic Acid (73)

Forthe synthesis of3, a similar coupling cycle to that describedri2.3.1was
used to coule alkynePEGacid71(0.70 g, 2.10 mmol, 3 eq) td-68 mmol ofl3. Here,
bromophenol blue was not used in the coupling cycle, a coupling time of 2 h was

employed, and postoupling acylation was not performed.
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Cleavage from the resin (10 mL of cleavagektail), removal of TFA, and
subsequent lyophilization according to the procedure outlinetdfgave a solid, which
was subjected to reversptiasepreparativeHPLC (mobile phasgradient of 1600%
acetontrile/water containing 0.1% TFA over 45 mir,= 16.9min). Productcontaining
fractionswere combine@ndthe solutions lyophilized to produ@® asa fluffy white
solid. Yield 243mg (0.27mmol, 40%; HRMS ESFCR) m/z calcd. forCasHesNsO12

[M+H] * 893.46550, found 893.46609

7.6.5 Synthesis of th&®EG incorporated CCK4 trimer

7.6.5.11,3,5Tris((6-bromohexyl)oxy)benzene 14)

To a stirred solution of 1;8ibromohexane (36.3 g, 142.7 mmol, 9 eq) in DMF
(300 mL) were added phloroglucinol (2.0 g, 15.9 mmol, 1 eq) and potassium carbonate
(13.2 g, 95.4 mml, 6 eq). The resultant light yellow suspension was stirred for 36 h at rt.
The solution was filtered to remove solids, and the DMF evaporated under vacuum. The
resultant slurry was partitioned between ether (200 mL) and 10% NaOH (aq, 200 mL).
The agueoukyer was extracted with ether (200 mL), the combined organic layers were
washed with brine (2 150 mL), dried with anhydrous NaQ, filtered, and evaporated
under vacuum. The brown oily residue was subjected to flash column chromatography
(chloroform:lexanes 6:4) to givé4 as a clear oil. Yield 3.0 g (4.9 mmol, 31%);0.20
(chloroform/hexanes 6:4, visualization PMA®, (NaCl plate cnit) 3095, 3003, 2936,
2859, 1598H NMR (500 MHz,CDCl) & 6. 05 (s, 3H), 3.91 (t,

J=6.8Hz, 6H), 1.93 1.85 (m, 6H), 1.81 1.73 (m, 6H), 1.55 1.43 (m, 12H; 13C
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NMR (125MHz, CDC}) & 160.94, 93.91, 67.82, 33.92,

HRMS ESFHCR) mvz caled. forCa4H40Brs03 [M+H] * 615.05016found 6.5.04996.
7.6.5.21,3,5Tris((6-azidohexyl)oxy)benzend75)

To a round bottomed flask purged with argon were add€6.56 g, 0.82 mmaol,
1 eq), DMF (3 mL), and sodium azide (0.41 g, 6.3 mmol, 6.6 eq). The resultant mixture
was stirred overnight and then partitioned between éifemL) and water (30 mL). The
organic layer was washed with water (30 mL), brine (252, dried with anhydrous
NaSQq, filtered, and concentrated in vacuo. The resultant viscous oil was subjected to
flash column chromatography (10% EtOAc/hexanes)we @b as a clear viscous oil.
Yield 0.34 g (67.8 mmol, 83%Rr 0.36 (10% EtOAc/hexanes, visualization PMA;
(NaCl plates, cm) 3011, 2936, 2862, 2094, 1598t NMR (500 MHz,CDClL) U 6. 05 ( S
3H), 3.91 (t, J = 6.4 Hz, 6H), 3.27 (t, J = 6.9 Hz, 6H), 1.77 (m, 6H),i11688 (m, 6H),
1.537 1.39 (m, 12H)1*C NMR (125 MHz,CDCG)) G 160. 91, .49 39.1B,4 , 6 7.
28.85, 26.55, 25.7%RMS ESHCR) nvz calcd. forCz4H4oN9O3 [M+H]* 502.32486

found502.32453.

7.6.5.3(3S,3'S,3"S,6S,6'S,6" S,9S,9'S,9" 5)-29,29',29"-(((Benzenel,3,5
triyltris(oxy))tris(hexane -6,1-diyl))tris(1 H-1,2,3triazole-1,4-diyl))tris(9 -((1H-indol -
3-yl)methyl)-3-(((S)-1-amino-1-oxo-3-phenylpropan-2-yl)carbamoyl)-6-butyl-5,8,1%

trioxo-13,16,19,22, 2pentaoxa4,7,10triazanonacosanoicAcid) (76)

To a micravave vial (0.20.5 mL) purged with argowereadded TBTA 9.5mg,
18 mmol, 1.2 eq, TACP (6.7mg, 18 nmol, 1.2 eq),and CCK4PEGalkyne73(80.4mg,

90 mmol, 6 eq). This mixture waslissolved in 150rL of argorpurgedDMF, and75
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(29.0nL of a 0.518 M solution in DMFL5 mmol, 1.0 egand sodium ascorbatd.9 mg,
19.8mmol, 1.1 eq per TACRV)ere added The vial walls were washed down with L
of argonpurgedDMF, the vial sealed, and irradiateda microwavereactorto maintain
atemperature 0100 °Cfor 4 h. Volatiles were removenh vacuoandthe residue
dissolved in HO (50 mL). The aqueousoluion wasextractedwith a solution of
dithizone in chloroform@.5mM, 33 30 mL) and chloroform (2 30 mL). The resulting
agueous solution was lyophilized, giviB§ mg ofresidue Preparativeeversed phase
HPLC (mobile phasgradient of 10% at 0 minh 70% at 13 miri 60% at 20 min,
acetonitile/water containing 0.1% TFAR = 19.8min) gave76 as a white soli@fter
lyophilization. Yield 7.9 mgZ.5nmol, 1799; HRMS ESFHCR) nvz calcd. for

Ci62H234N27039 [M+3H]3* 1060.5714, found 1060.572%alytical HPLC & = 25.12 min.
7.6.6 Synthesis of short chain CCK4 trimers

7.5.6.1(35,3'S,3"9)-3,3,3"-(((25,2'S,2" 9)-2,2',2"-(((2S,2'S,2" 9)-2,2',2"-((6,6',6"-
(((Benzenel,3,5triyltris(oxy))tris(methylene))tris(1 H-1,2,3triazole-4,1-
diy)tris(hexanoyl))tris(azanediyl))tris(3-(1H-indol-3-
yhpropanoyl))tris(azanediyl))tris(hexanoyl))tris(azanediyl))tris(4-(((S)-1-amino-1-

oxo-3-phenylpropan-2-yl)amino)-4-oxobutanoicAcid) (77)

To a micravave vial 0.52 mL) purged with argomwereaddedCCK4-azide67
(80.6mg,112.2nmol, 6 eq),TBTA (11.9mg, 22.4mmol, 1.2 eq), and ACP 8.4 mg,
22.4mmol, 1.2 eq. This mixture waglissolved in 500 of argorrpurgedDMF, and52
(150nL of a 0.122 M solution in DMFL8.3mmol, 1.0 eqland sodium ascorbaté.9

mg, 24.7mmol, 1.1 eq per TACR)ere added The vial walls were washed down with
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400 of argonrpurgedDMF, the vial sealed, and irradiatada microwavereactorto
maintain aemperature 0100 °Cfor 4 h. Volatiles were removeih vacuoandthe
residue disolved in HO/ACN (100 mL). The agueousolutionwasextractedwith a
solution of dithizone in chlorofornd(5mM, 33 40 mL) and chloroform (2 40 mL),
then lyophilized Preparativeeversed phase HPL@obile phasgradient of 10% at 0
min155% at 15 min 80% at 25 minacetonitile/water containing 0.1% TFAR = 16.6
min) gave77 as a white soli@fter lyophilization. Yield 5.2 mg2(2 mmol, 12%); HRMS
(ESHCR) m/z caled. for GogH1ssN27024 [M+2H]?* 1197.0864, found 1197.0872;

analytical HPLC & = 22.42 min.

7.6.6.2(35,3'S,3"9)-3,3',3"-(((25,2'S,2"9)-2,2',2"-(((2S,2'S,2" 9)-2, 2", 2"-((2,2',2"'-
((nitrilotris(methylene))tris(1 H-1,2,3triazole-4,1-
diy)tris(acetyl))tris(azanediyl))tris(3-(1H-indol-3-
yl)propanoyl))tris(azanediyl))tris(hexanoyl))tris(azanediyl))tris(4-(((S)-1-amino-1-

o0xo-3-phenylpropan-2-yl)amino)-4-oxobutanoic acid)(78)

To a micravave vial 0.52 mL) purged with argomwereaddedCCK4-azide68
(79.4mg, 120nmol, 6 eq). To this wasequentially added arggpurgedDMF (5001L),
TACP 29 mg, 78 mmol, 3.9 eq, 2,6lutidine (470, 40 mmol, 2 eqg, and50 (571 L of
a 0.035 M solution in DMF20 nmol, 1.0 eq) The vial walls were washed down with
400 of argonpurgedDMF, the vial sealed, arstirred at rt for 4 dayd/olatiles were
removedn vacuoandthe residue dissolved inoB/ACN (250mL). The aqueous
solutionwasextractedwith a solution of dithizone in chloroforrd. 6mM, 33 50 mL)

and chloroform (2 50 mL), then lyophilizedPreparativeeversed phase HPL@obile
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phasegradient of 10% at 0 min55% at 15 min 80% at 25 minacetonitile/water
containing 0.1% TFAtr = 151 min) gave78 as awhite solidafter lyophilization. Yield
5.2mg (2.5mmol, 12%) HRMS ESFCR) mvz calcd. for GosH12aN28021 [M+2H]?*

1058.48989, found 1058.491 7#alytical HPLC & = 21.18 min.

7.7 Biological Assays for Chapterd

7.7.1 Preparation of solutions

Stock solutions of the CCKebnstructs/6-78, control compound§6, 54a and
573 andthe EuDTPA-PEGOCCK4 probel5were made up in DMSO at a nominal
concentration of 2.0 mM based on measured weights of solake®pt for the control
compounds, exact concentratiomsredetermired by comparison to@lrp standard
solution (050 mM) using analytical HPLCSelective growth medfar cell growth was
prepared by supplementilju | beccodés Modi fied Eagle Mediu
bovine serum, 1% penicillistreptomycin, 0.1% zeocin, and 0.8% geneti@asic
bufferwas prepared by dissolving 5.97 g HEPES and 2 g BSA in 1 L of DMEM.pH
of this solution wasdjusted to 7.4 using 2 N NaCaridthe solutiorsterilized by
filtration through a 0.22m filter (Corning®, 431117, 500 mL bottkop filter, sterile)
undervacuum. Binding bufferwas prepared by supplementing DMEM (1 L) with
HEPES (5.97 g), BSA (2 g), 1,4thenanthroline (1 mL of a 1 M solution in EtOH),
leupeptin (1 mL of a 500 mg/L aqueous solution), and bacitracin (1 mL of a 200 g/L
aqueous solution)The pHof this solution wasdjusted to 7.4 using 2 N NaGCitdthe
solutionsterilized by filtration through a 0.28n filter (Corning 431117, 500 mL bottle

top filter, sterile) under vacuum.



173

7.7.2Cell culture

Dual (MC4R/CCK2R) expressingEK293cells®® were maintained in selective
growth media.For the binding assays, cells were plated into 6 well pl&esrer Bio
One,657160,Cell Culture Multiwell Plates, Polystyrene, 6 wéllat 240,000 cells per
well in a total volume 08 mL (2 mL of the selectaygrowth media added initially to
each well, followed by 1 mL of cell suspensio®n the third day after plating,
additionalselective growth medigl mL)was carefully added to each of the weltsas
not to disturb the cellsThe cells were left to g until ~90% confluency was achieved

(usuallyby day5) before conducting assays.

7.7.3. Saturation binding assays

Six solutions containingoth the EtkDTPA-PEGOCCK4 probel5and Ac
CCK4 66 were nade in 1.2 mL of binding buffen separate micrgentrifuge tubes (one
per each well).All six tubes contained nM concentratios of AcCCK4 66, while the
concentratiorof the probel5was varied across the six tub@sl( 10, 25, 50, 100, 250
nM). These six solutions were used 8s@ss nonspecific binding\ secondset of six
solutions (1.2 mL eachontained thgrobel5 at the sameancentrations withouhe
blocking ligand AeCCK4. These solutions were used to assess total binding.

To commence an assay, eetintaining éwell plates § 2) were removed from
the incubatoand the selective growth med@moved by careful aspiratiohe twelve
prepared solutiondetailed abovevere carefullytransferred I mL per wel) by pipette
downthewell walls (to minimize disturbance die cells, which can result in cédiss
during media exchanges].he plates were thanaintainedn a CQ incubator at 37 °C

forl h
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Solutions werdhen removed by careful aspiratiand 6001L of basic buffer
were added to each wellhe cells were scraped froeach well individually using €ell
Scrapel(18 cm,GeneMatg¢and transferred in suspensiorsparate 1.7 mL micfo
centrifuge tubes. The welésnd scraper were rinsed with 60D of basic buffer and the
rinses combined witthe correspondinguspensionsOne scraper was used across the
wells measuring total binding, and another was used across the wells measuring non
specific binding

Thetubes containing theell suspensions were centrifuged (3000 rpm for 3 min)
in a micrecentrifuge. After removing the supernatant, the cells wersuspended in
basic buffer { mL) and incubatedor 5 min in a 37C water bath during eadif three
wash cycls. After the finalwash 600nL of DELFIA Enhancement Solution (Perkin
Elmer 1244104) was added to each cell pellet, the tulmésed using a vortex mixer, and
incubated for 1 ln a water batimaintained at 37C.

Following the incubationgells and cell fragments wepelleted(5000 rpm for 5
min) and4 3 100nL aliquotsof eachsupernatanivere transferretb a 96 well plate
(PerkinElmer, 6005060, tigge culture treated B&W Isopla®6) for fluorescence

measuremenising a VICTORX4 2030 Multilabel Reader.

7.7.4 Competitive binding asays

Immediately beforanassay, twelve dotions (13501L each) of compounds to
be tested wermade upn binding bufferin microcentrifuge tubes abncentratioa
ranging from10° to 10'2M. Each of the tubes alsmntained the EDTPA-PEGG
CCK4 probel5at a concentration df5 nM. Cell-containing 6well plates ¥ 2) were

removed from the incubatand the selective growth medi&moved by careful
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aspiration The twelve prepared solutiofr®m abovewere carefullytransferred I mL
per wel) by pipette dowrthewell walls. The plates were thenaintainedn a CQ
incubator at 37 °C for 1.h

After 1 h, ®lutions wereaemoved by careful aspirati@md 600nL of basic
buffer were added to each wellhe cells were scraped fromach well using &ell
Scrapel(18 cm,GeneMatgand transferred in suspensionseparate 1.7 mL micfo
centrifuge tubes. The welésnd scraper were rinsed with 60D of basic buffer and the
rinses combined with theorresponding suspensions

The cell suspensions were centrifuged (3000 rpm for 3 mim)micrecentrifuge.
After removing the supernatant, the cells wersuspended in basic buffer (nL) and
incubatedor 5 min in a 37C water bath during eadf threewash cycls. After the
final wash 600nL of DELFIA Enhancement Solution (Perkin Elmer 12424)was
added to each cell pellet, the tulpeisxed using a vortex mixer, and incubatec water
bathmaintained at 37 °@r 1 h

Following the incubationgells and cell fragments wepelleted(5000 rpmfor 5
min) and4 3 100nL aliquotsof eachsupernatanivere transferretb a 96 well plate
(PerkinElmer, 6005060, tigge culture treated B&W Isopla®6) for fluorescence

measuremenising a VICTORX4 2030 Multilabel Reader.

7.8 Synthesis of Compounds irChapter 5

7.8.1 Solanesyl bromide(79)!?°

In a round bottomed flask under an Ar atmosphere, solanesol (44.0 g, 69.7 mmol, 1.0 eq)

was dissolved in anhydrous THF (130 mL). The flask was coolelDttC in an icesalt
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bath, and phosphorus tribromide (3 mL, 31.8 mmol, 0.46 eq) in anhydrous THF (10 mL)
was added dropwise in to the stirred solution. Reaction was maintaiidi & °C for

2 hours, and then the reaction quenched by the addition of methanol (450 mL) where
solanesyl bromide precipitates. The resultant cold suspension was filtered to/6latain

a pale yellow solid. Yield = 41.20 g (59.4 mmol, 85%);NMR (500 MHz, Chloroform

d) O 5 3585, (1d1dBdz, 1H), 5.175.06 (m, 8H), 4.02 (d] = 8.4 Hz, 2H),

2.09 (dpJ=13.4, 6.7, 6.1 Hz, 18H), 1.99 (db= 9.5, 6.1 Hz, 14H), 1.73 (d,= 1.4 Hz,

3H), 1.69 (tJ = 1.3 Hz, 3H), 1.61 (d] = 1.3 Hz, 21H), 1.26 (s, 3H}*C NMR (125
MHz,CDCk) U 143. 74, 135. 80, 135. 13.37, 1485,. 09,
124.42, 124.41, 124.40, 124.37, 124.30, 123.51, 120.68, 39.91, 39.89, 39.86, 39.70,

29.87, 29.82, 26.94, 26.88, 26.84, 26.80, 26.28, 25.86, 17.85, 16.24, 16.20, 16.17, 16.15.
7.8.2 Solanesy! phthalimide(80)

In a round bottomed flask undan Ar atmosphere, solanesyl bromi$#x3.15 g, 4.54

mmol) was dissolved in anhydrous THF (40 mL). To this was added potassium
phthalimide (2.57 g, 13.6 mmol, 3 eq) in three portions over 5 min, and the resultant
suspension stirred at rt. After 36 h, tleaction mixture was partitioned between water
(100 mL) and EtOAc (75 mL). The aqueous layer was extracted with further EtOAc (2 x
50 mL). The combined organic layers were washed with brine (1 x 100 mL), dried with
anhydrous sodium sulfate, filtered, anchcentrated in vacuo. The resultant crude solid
was purified by flash column chromatography (mobile phase 3% EtOAc/Hex) tBgeld
as a yellowbrown solid. Yield = 2.87 g (3.8 mmol, 84%MH NMR (500 MHz,CDCl) U
7.83 (ddJ=5.4, 3.1 Hz, 2H), 7.69 (dd,= 5.5, 3.1 Hz, 2H), 5.27 (dd1,=8.4,7.1,1.4

Hz, 1H), 5.17 5.08 (m, 8H), 4.28 (d] = 7.1 Hz, 2H), 2.12 1.91 (m,32H), 1.84 (d,J =
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1.3 Hz, 3H), 1.68 (d) = 1.5 Hz, 3H), 1.60 (s, 21H), 1.57 Jt= 1.6 Hz, 6H)*C NMR
(125 MHz, CDC4$) 0 116(880,235.53, 135.05, 135.03, 135.01, 133.89, 132.47,
131.36, 124.54, 124.42, 124.40, 124.39, 124.31, 123.77, 123.26, 118.10, 39.90, 39.88,

39.84, 39.66, 35.96, 26.93, 26.88, 26.83, 26.42, 25.86, 17.84, 16.55, 16.19, 16.17.
7.8.3 Solanesyl aming82)

To a suspension &0 (0.55 g, 0.72 mmol, 1 eq) in absolute ethanol (5 mL) was
added hydrazine hydrate (1 mL, 31.9 mmol, 44 eq), and the resultant mixture stirred at 45
°C. After 30 min the suspension was filtered while hot, and the filtrate evaporated to
dryness. Chloroform (10 mL) was added to the residue and stirred at rt for another 30
min, and the resultant suspension filtered under vacuum. The precipitate was washed with
further chloroform (2 2 mL). The combined filtrates were concentrated in vacuo t
yield crude solanesyl amir@2 in quantitative yield (0.46 g, 0.72 mmol) which was used
in the next step without further purificatiotd NMR (500 MHz, CDCGY) U 5J=23 (t q,
6.8, 1.3 Hz, 1H), 5.18 5.05 (m, 8H), 3.25 (d] = 6.8 Hz, 2H), 2.12 1.87 (m 32H),
1.65 (d,J = 1.4 Hz, 3H), 1.61 (d] = 1.2 Hz, 3H), 1.57 (d] = 1.6 Hz, 21H), 1.56 (s, 3H),

0.84 (ddJ= 6.6, 2.0 Hz, 2H).
7.8.4 Ethyl N-solanesylisonipecotaté83)

In a round bottomed flask under an Ar atmosph&9€23.80 g, 34.3 mmol, 1.0 eq) was
dissolved in anhydrous ether (100 mL). To this solution was added sequentially
triethylamine (7.3 mL, 51.6 mmol, 1.5 eq) and ethyl isonipecotate (8.2 mL, 51.6 mmol,
1.5 eq). The resultant crearoyange solution was left &tir overnight at rt. After

reaction completion, the contents were partitioned between water (150 mL) and EtOAc
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(150 mL). The aqueous layer was extracted with further five portions of EtOCA2{B

mL). The combined organic layers were washed with @08 mL3 2), dried with
anhydrous sodium sulfate, filtered, and evaporated under vacuum. The resultant orange
oily crude material was subjected to flash column chromatography using 5%
EtOAc/Hexanes as the mobile phase to y&3ds pale yellow solid. Yid = 22.55 g

(29.3 mmol, 85%). mp 381°C;H NMR (500 MHz,CDCl) U 5J=%.6, 1.8 Hz |,
1H), 5.11 (tddd,) = 8.8, 7.0, 3.4, 1.4 Hz, 8H), 4.12 (4= 7.1 Hz, 2H), 2.95 (d] = 7.0

Hz, 2H), 2.88 (dJ = 11.4 Hz, 2H), 2.27 (t] = 11.0, 4.1 Hz, 1H)2.15i 1.93 (m, 34H),

1.92i 1.84 (m, 2H), 1.83 1.70 (m, 2H), 1.68 (q] = 1.3 Hz, 3H), 1.63 (d] = 1.2 Hz,

3H), 1.60 (tJ = 1.4 Hz, 24H), 1.24 (1= 7.1 Hz, 3H)3C NMR (125 MHz, CDCJ) U
175.27,138.77, 135.34, 135.11, 135.05, 135.03, 13531036, 124.54, 124.42, 124.40,
124.39, 124.32, 124.08, 121.10, 77.41, 77.16, 76.91, 60.38, 56.46, 53.10, 39.96, 39.90,
39.88, 28.49, 26.93, 26.88, 26.87, 26.84, 26.59, 25.85, 17.84, 16.62, 16.21, 16.19, 16.16,

14.38.

7.8.5 Bhyl 1-(2,6,10,14,18,22,26,30)onahydroxy-3,7,11,15,19,23,27,31,35

nonamethylhexatriacontyl)piperidine-4-carboxylate (84)

To a round bottomed flask under an Ar atmosphere was added @ BH
solution in THF, 56 mL, 56 mmol), and the flask cooled in arsalebath (0 te10 °C).
To this solution was addedethyl2-butene (2 M solution in THF, 56 mL, 112 mmol).
After 2.5 h of stirring at 0 tel0 °C, a solution 083 (1.59 g, 2.06 mmol, 1 eq) in
anhydrous THF (15 mL) was added over 30 min to the reaction flask. The reaction was

stirred at O°C for 3 hours and then left in a refrigerator &C4 After 72 h, the flask was



179

taken out from the refrigerator and placed in anweger bath. To this was added
trimethylamine Noxide (19.5 g, 175 mmol, 3.1 eq per borane) in small aliqudtsr A
addition was complete the flask was stirred for another 30 min till bubble formation

ceased. Then the flask was attached with a condenser and the contents refluxed for 24 h

After 24 h, volatiles were removed in vacuo and the contents partitioneddretw
water (~100 mL) and ether in a continuous ligligaiid extractor. After adding sodium
chloride to saturate the aqueous layer, the aqueous layer was continuously extracted for
72 h with ether. From this extract, volatiles was removed under vacuurhearebtiltant
residue purified by flash column chromatography using a gradient elution of 3% MeOH
in CHCkL (200 mL), 10% MeOH in CHGI(800 mL), and 15% MeOH in CHE&{till
product elution). The product containing fractions were combined and solvent removed
under vacuum to yiel@4 asa white solid. Yield = 0.80 g (0.86 mmol, 42%H1 NMR
(500 MHz, DMSGd 6 ) U 4.23.(n2, BH), 4.08 (q] = 7.1 Hz, 2H), 4.01 3.93 (m,
1H), 3.78 (s, 1H), 3.5 3.44 (m, 1H), 3.27 3.12 (m, 5H), 3.09 (dg) = 8.5, 4.4 Hz,

1H), 2.88 (s, 1H), 2.05 1.85 (m, 3H), 1.65 1.07 (m, 42H), 1.05 0.71 (m, 41H).
7.8.62,6,10,15,19,2hexamethyltetracosane3,7,11,14,18,2hexaol (86)-2
Using Borane/DIPEA

To a round bottomed flask under an Ar atmosphere was added @ BH
solution in THF, 21 mL, 21 mmol, 1.5 eq per double bond), and the flask cooled in an
ice-salt bath (0 te10°C). To this solution was added DIPEA (@3, 0.21 mmol, 0.01
mol% to borane) and 20 mL of anhydrous THF. After 5 min of stirring, a solation

squalene (1.19 mL, 2.39 mmol, 1 eq) in anhydrous THF (15 mL) was added over 10 min
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in to the reaction flask. The reaction was stirred & @or 3 hours and then at rt. After
72 h, the flask was cooled again t&@ and 3 N NaOH (9 mL) was added mal|
portions. To this solution was added 30% hydrogen peroxide (9 mL) in a dropwise

manner and the reaction mixture stirred overnight at rt.

The contents of the reaction flask were poured in to a continuous-liquid
extractor. After adding sodium drlde to saturate the aqueous layer, the aqueous layer
was continuously extracted for 72 h with ether. From this extract, volatiles was removed
under vacuum and the resultant residue purified by flash column chromatography using a
gradient elution of DCMZ00 mL), 6% MeOH in DCM (300 mL), and 8% MeOH in
DCM (till product elution). The product containing fractions were combined and solvent

removed under vacuum to yiebé asa white solid. Yield = 0.76 g (1.5 mmol, 63%)

Using Disiamylborane/DIPEA

To a roundbottomed flask under an Ar atmosphere was added:qdBM
solution in THF, 29 mL, 29 mmol), and the flask cooled in arsalebath (0 ta10 °C).
To this solution was added DIPEA (BL, 0.29 mmol, 0.01 mol% to borane) and 2
methyl2-butene (2 M solutin in THF, 29 mL, 58 mmol). After 2.5 h of stirring at 0-to
10°C, a solution of squalene (1.19 mL, 2.39 mmol, 1 eq) in anhydrous THF (15 mL) was
added over 10 min in to the reaction flask. The reaction was stirretCafiod 3 hours
and then at rt. Afte72 h, the flask was cooled again t6@ and 3 N NaOH (12 mL) was
added in small portions. To this solution was added 30% hydrogen peroxide (12 mL) in a

dropwise manner and the reaction mixture stirred overnight at rt.
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The contents of the reaction flaslere poured in to a continuous ligtlidquid

extractor. After adding sodium chloride to saturate the aqueous layer, the aqueous layer

was continuously extracted for 72 h with ether. From this extract, volatiles was removed

under vacuum and the resultaesidue purified by flash column chromatography using a

gradient elution of DCM (200 mL), 6% MeOH in DCM (300 mL), and 8% MeOH in

DCM (till product elution). The product containing fractions were combined and solvent

removed under vacuum to yie8® asa white solid. Yield = 0.86 g (1.7 mmol, 7194
NMR (500 MHz,CDCl;) U i 3.22€r, 6H), 1.84 1.32 (m, 26H), 1.21 1.06 (m,

4H), 0.98i 0.81 (m, 26H).

79 Data Analysis

7.9.1Software
NMR datawere analyzed using MestReNs@ftware(MestreLab Research S.
L., version 7.1.1) softwareBiological data analysis was performed using GraphPad

Prism software (version 5.04).

7.9.2 Moleculardynamicsstudies

To model the miecular orientations of the MSHijands of compoundé6, 56c,
58c, and60 at or neamphysiologicconditions andemperaturg, molecular dynamics
simulatiors werecarried out using MOE2013.08 (Chemical Computing Group, Inc.,
Montreal) and programs thereifthe AMBER 99 force field was usedefore starting
the dynamics simulain, each molecule was firbtilt and energyninimized, solvated in
a water shell (between 4800 and 5900 waters per molecule), thenineized to relax

unfavorable contactdn each case, the system wisnheated from 300 to 310 K over
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100 ps. Following equilibration for 100 ps, the production stage continued for 2 ns, with
trajectories recorded every 0.5 ps starting with the heating stdgelowest energy
conformation of each molecule observed during its MD run is depicted in Figure 3.13 of

the dssertation.

7.9.3Data analysis for thebinding assays
7.9.3.1 Saturation binding
The total and nonspecific binding curves were generated from the binding assay data
usingnonlinear regression analysis and fittedhtefi O rsiée TotalandNonspecific
Bindi ngo equati on.
Specific = Bmax*X / (X + Kg) (Equation S1)
Nonspecific= NS*X + Background (Equation S2)

For Total Binding:Y = specific+ nonspecific
For Nonspecific bindingY = nonspecific

Where;

Bmaxis the maximum specifibinding in the samanits as Y.

Ka is the equilibrium binding constant, in the same units as X. It is the radioligand
concentration needed to achieve a-nadiximum binding at equilibrium.

NS is the slope of nonspecific binding in Y units divided by X units.

Background is theamount of nonspecific binding with no added radioligand. This
represents counter backgroundthié counter automatically subtracts off the
background signal, Backgrouedn be constraindd a constant value of zero.

> D>

The specific binding curves wegeneated usingionlinear regression analysis and fitted

tot he A O/pecifisBindimgwi t h  Hi | |  SEqoghian &3, ferqpol@t i o n
or t he -BfeafeBingingb eequati on (Eqgqd®tion S4,
Y = Bmax*X*h/(Kg*h + X"h) (EquationS3)
Y = Bma*X/(Kq + X) (Equation S4)

Where; h = Hill slope.

f

o

r



183

7.9.3.2 Competitive binding

Competitive binding data were analyzed using nonlinear regression analysis and fitted to

thefiOne site- Fit K0 equation.

log EGso=log (10MogKi*(1 + [RL]/[Hot Kd])) (Equation S)

Y = Bottom + (TopBottom)/ (1+10~(X- Log ECs0)) (Equation $)

Where;

il
T
T

T

Top and Bottom are plateaus in the units of Y axis.

Ki is themolarequilibrium dissociation constaat the unlabeled ligand.

[RL] is the concentration of labeled ligand in nivr 8 [RL] = 20 nM, and forl5
[RL] =15 nM

[Hot Kq] is the equilibrium dissociation constant of the labeled ligand inFavl.
8 [Hot K¢] = 21 nM, and forl5[Hot Kq] = 17 nM.
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APPENDIX A: 'H AND *C NMR SPECTRA



185

'H-NMR Spectrum ob2

Pt
159
~00€ |

(WD  ‘HE
‘ZHv'2=01) €52 '(HOH9 ‘ZH ' 2 =C'P) SOV
s‘(Ho4w' ~9 n  (FoAD ‘ZHN 00S) HIAN H;

\
N,




186

1BC-NMR Spectrum ob2

06 00T OTT 07T OET OvI 0ST 09T OZF 08T 06T 007 01

1199

L8'SL™
6€'8L

8 H(O-B &I

19'56

"(CHO)TT 99

‘(H-DO ).8°S. ‘(H-D 10)6£°8L (0-0=D I¥)T19°S6

n  (82ad ‘ZHINGZT) NN Ogp

~

\
N\

8h'65T



187

'H-NMR Spectrum 063

00 §0 01

N
<

08 GG omm mHo 0L G¢ on mmw omm mHm o.e m.e o.mﬂ m.mﬂ o.wH

1 L 1 1 L 1

Feeor

—

(HOHZ ‘w) GE'T 19G°T ‘((HD
paddepsnoHy ‘W) 29°T “(HOHZ ‘ZH G2 =) €2 ‘(¢HD
N HZ ‘ZH 6'9 =) €£°€ ‘CHDO-OHZ ‘W) 02°€ 196°€ ‘(HD
‘HIYZHE®=(F n  (FPtOUBYBN'ZHIN 00S) HIAN H;




188

09 0/ 08 06 00T OFF Oct OET Oyl 0ST 091 OZF 08T 06T 00 OT¢c 0Oc¢

BBC-NMR Spectrum 063

/

1¢9¢
1A
19'6¢
79°9€

NN A

12°92 ‘G2 ‘T9'62 '29°9€ 22°2S ‘Sv'9S
T ‘86 "G.LT n (yptoueydIN'ZHIN G2T) HIAN Ogp

~

NIZJ.TM/Z¥F>>\mZ

N
/

LTS
&b’
1T°e9 ™
60°G/1T
86°G/T



189

IH-NMR Spectrum ob4a

00 0T 0z o 0E 0 0§ 09 0L 08 06 00T O 0T
RSR9}.V ﬂ }6 Mohc,_ }/_ P.V }9 RMUWI .fuz, }.V
ﬂ r
HOL N=N N=N o OH
Nxzﬁ”/u;\/\zﬁ oﬂﬁ\z/\/\/L_/H\_\/:\zNI
(HO'zH £°2 = 'd) £2°T'(H9 ‘ZH G'2 ° Q ©
=) 26T '(H9 'zZH €2 =) 28T ‘(H9 ‘W) 0T'¢ 122'C !
‘(H9 ‘zH g's =way) ¥5°€ ‘(HE ‘ZH ¥'S ‘'T'8 =CIP) 02’V
'(HO'ZH T'2=0) SE'V "(HE 'ZH S'S=(1) €8'F "(HI 'S) HoN o N
G ‘(He ‘s) ¥€'9 ‘(He 's) €0°L ‘(He 's) Gz'L ‘(HE ‘ZH T'8 = Nxzﬁ\/zgz,z

‘“$) €2 8 n (OP-OSINA ‘ZHINO0S) HINN H



190

08 06 00T OTT Oct OET OvT OST 09T 0/1 08T 061 00C 0T

N
s

8b'vC
6v°ST
6t'6C
06'tE
8T'6h
98'pG ™\
T\
08197

BBC-NMR Spectrum ob4a

s%?é%%%%;%%%

'8V vZ ‘61°'SZ ‘6¥7'62 ‘06 VE ‘82 6V
‘981G ‘22°'T9 ‘08'T9 ‘vS'¥6 ‘Ov'v2T ‘2v'ZrT ‘88'6ST
2'662TLTT N (OP-OSNA ‘ZHN ZT) dANN Dgp

HO

OH
e N=N N=N 0
N, A I N Tﬁ/\z/\/\/\__/ NeH
TN N
H o (6] H 0

o Y

0
HO
Y0 Nmz
z T
HN \=</\/\Zt2
N
TN
o}
H AN
O — — — —
N [N N (8] NN
w” NN N o =N
< 3 3 g 8y



191

ST |
b0p |
Feoy [ o

vEry [~

'H-NMR Spectrum ob64b

(HY ‘w) 2T°T 12eT ‘'(HY

‘W) ¥%'T 09T ‘(HY ‘W) €2°T 68T ‘(HY ZHT'L=C")
GT'C ‘(HY ‘W) 97'£09°E ‘(HZ ‘ZH ¥'S '6'L =C'P) 02’V
‘Hr ‘zZHT'2=0) SV ‘(HZ ‘ZH 22 =CP) LV ‘'(HZ

‘ZH 'S =W ¥8'v ‘(HY 'S) 60°G ‘(HT ‘ZH6'T =C'P) L2°9
‘(HT 's) 8¢9 ‘(HZ 's) 0’2 ‘(HZ 's) 2’2 '(HZ ‘ZH T'8 =
‘“$) €2 8 n (Op-OSIAA ‘ZHNO00S) JAN H;

HO

OH
Yoo N=N N=N o
°HN . \:/\/\/\2/} }\2/2 N°H
TN N
0 H o} (0] H o

O

o]

|



192

0/ 08 06 OOT OIT OzF OET OvWE OSE 09T 0/ 08T 061 00¢

Il L Il L Il L Il L Il

a

8v've -

8t'sz
6t'6
06'+€
876%™
18057\
555

1BC-NMR Spectrum ob64b

"8Y'2 ‘8¥°GZ ‘6162 ‘06'VE ‘8267 ‘L8 VS ‘S5'GG'92° T9
‘08'T9 ‘TZ'8L ‘6T'6L ‘69'Y6 ‘9L 76 ‘OV' V2T ‘LE2VT ‘66°8ST
‘GZ "ZLT N (OP-OSNA ‘ZHN ZT) HAN Dg;

~

IO

“HN \z/\/\/\/yj ﬂf\/\/\/\F\fﬂ

pes

o]

|

A PN PN NN
o o ~N N © © — — — —
a2 > O N [N) N o1 a N~
o oo o = N > N ®© © =N
[o) e} = O O N w O o O N

=) S © » © >



193

09 04 0'8 06 oot oI o

€97 |
7767 [
Js€ |

67|

5o

'H-NMR Spectrum ob4c

L8°0 }
9T +
I\LI:I »
STT L
< ECT |
00T |

—a
A
.

"(HZ ‘W)6T'T 22T '(HZ ‘ZH G2 =(d) €5'T ‘(HZ ‘ZH

v, ='d) 28T ‘(HZ 'ZH L2 '€ L =) ST'Z '(HY ‘W) 0G°E 1.G°E
‘HT ‘zZH¥'S ‘z8=0p) T2V ‘(HZ ‘ZH T L =0) GE'¥ ‘(HE ‘ZH G°¢
=) 2V ‘(HT 'ZH 9'5 =W 28 ‘(HZ 'S) 80'S ‘(HT ‘ZH T Z=C")
€29 '(HZ'ZH T'Z=m T€'9 ‘(HT 's) €0°Z ‘(HT ‘w) 2z'2 192°2 ‘(HT
(HRT8=%) 22 "8 n (OPOSINA ‘ZHIN 009) HIANN H;

=

— N Z/\/\/\:/ ¢

J \ﬁ\ N N°H
0] H o)

o



194

BC-NMR Spectrum ob4c

07 0 06 O 05 09 0/ 08 06 00F OFF 0ZF OEL ObF OST 09T O/ 08 061 007
"8v'¥2 ‘8¥'GZ ‘8¥°'62 ‘68'VE ‘8267 ‘€8 VS ‘85'GS ‘0E°T9
‘08'T9 'S2'8L ‘2T'6L ‘26’6 ‘86'Y6 ‘LEVZT ‘TS 2VT ‘G6°8ST
‘€2 "2LT N  (Op-OSNA ‘ZHN KZT) HIAN D¢
N=N o OH
= >\Z</>\:/ ¢
= " N°H
O @] H 0
ﬁO
ORAN B A T AT AN H ATEEN



195

'H-NMR Spectrum ob7a

00 s0 01 &

0c §c 0¢

e

58 06 &6 001

Il L Il

Eoooef

¥6'S |
Jy

‘(H9 ‘zH g2 =) 29T

s
3

"(H9 ‘w) 82°T 16€°T
‘HO ‘zH T2 =rd) €6'T ‘(H9

‘ZH VYL =0) 62 ‘(HZT ‘W) €2°€ I8°€ ‘(H6 ‘W) 6LV

HOL

o N
S
N N

IO/u o ﬂ\hz

NIZ/:\WZ\:/\/\/\Z!%_‘

S)l TO 8 n (poueypsN ‘ZHINOOS) JAN Hy

OH
_ (0]
ZIZ é N°H
/%\Z N
H o



196

06 00T oO1T Oct 0T OvT OST 09T OZT 08T 06T 00T

7
s

£6'9¢
9I'IS/
TTE9

68°0¢
L9

16'GC
16799

1BC-NMR Spectrum ob7a

'L6°G¢
',6'9C '68°0€ ‘L¥'9€ 'OT'TG 'TG'9S 'TT'€9 '¥S'SCT '6T'SYT
‘68 "G LT N (rReueydIN ‘ZHIN G2T) HIAN Og;

HOL

© N OH
ZUZQI/ ZHZ o ZNI
o

HO
N z
HN L A A NN
N
i
N
~ x S5
& a (SN
wul = = o0
N =) o



197

'H-NMR Spectrum o67b

6€
N

98'¢
e8¢

J €8

T80

Tl

vS'€

¥ E6€

j Fus L
R .
<

"(HY ‘w)

12T 6T '(HY ZHG 2 =) 99T ‘(HY ‘ZH 2’2 = 'd)
26T HF'zZH V' L=0)62C ' (HT ‘ZH V' Z=C1) €22 '(HZ
‘W) eg'€ 9 ‘'(HY ‘w) 22'€38°¢ ‘'(HY 's) ¥8°¢ ‘(H9

S) 66 "L n (proueysin ‘ZHN00S) JIAN H;

O OI
H|/ ZH_/_ ZNT_
N AN Ay
H o
IO/u o ZN

NIZ/ﬂWZgZ/Z

0 H



198

08 06 00T OT1r Oct O€r Oyl OST 09T OZT 08F 061 00C OT¢ Oce

Il L Il

/
7

¥6'SC
¥6'9¢
68'0¢
Sp'9€
85"ty
8y
bITS
8595
60°€9 ™

1BC-NMR Spectrum o67b

AU AR i

'¥6'GZ ‘¥6°92 ‘68°0€ ‘Gi'9€ ‘85°¢y ‘2L 8V
‘VT°TS ‘87°9S ‘60°€9 ‘v9'G. ‘02°8. ‘SE'GCT ‘2E'SPT
8 "G.T n  (pioueys\ ‘ZHIN ZT) HAN Dg;

~

o OH
H|/ ZH_/_ ZNT_
Z/\/\Z/\/\/%H
o]

HOL o 7N

z : N
N

/ﬂ/I

0
/A AN
NN — = —
U1l oo N A NN
o & a (NS
=S @ S 3%



199

8§ 09 &9 0/ SL 08 S8 06 S§6 001

61
Y61
et L0
A

6T'%
YT

01

5 002

ALt

)
ii o1 ;:;-'

'H-NMR Spectrum ob7¢

37001

‘(HZzH 99 '26=M)SET ‘(HZ ‘ZH S L =r'd) 29T
‘Hg‘zHZ'2=td) €6'T ‘(HZ ‘ZH "2 =) 62°C ‘(HZ
‘ZH¥'2=01697C ‘(HB) s€'€ '(HY ZHv'Z=C'P)
Gy'e ‘(HZ ‘w) £2°¢€18°€ ‘(HZ 's) ¥8°¢€ ‘(HE ‘w) g8€'¥ |
T6 "L N (poueysiy ‘ZHINOOS) HINN H;

— A

N
IO/. o %Z
z ” J
IZ/:\/ \:/\/\/\ZIZ
Z

o H



200

08 06 00r OTT Oct OET OvE 0ST 09T OZT 08T 061 00 OIc 0ze

Il L Il

/
7

€6'SC
¥6'9¢
06°0€
vb'ot
8ty
LY'8P
v1I'1S
w9s
80°€9 ™

BC-NMR Spectrum ob7c

L Ty ——

"€6°GC '¥6°9¢ ‘'06°0€ ‘v¥'9E ‘8v'cy ‘Ly'8Y
‘YT'TG '¢¥'9S '80°€9 '8T°SL '00'6L 'CE'SCT '68'¥iT
78 "G LT N (poueysiN ‘ZHIN ZT) AN Og;

— N\

N
-0 Nﬂz

HO__

m"IZ/_._\M/Z\:/\</\ZfZ

_I_

0
I H AN
~N N — = —
(SN e] N S NN
—_ o U1 ES [ e
@ O w [0} o o

N O RIS



201

'H-NMR Spectrum 069

00

§0 01 &

Il

1 0c &

Il

[4

€ G¢

Il

0y S¥ 0§ &

Il

S 09 §9 0/ S§L 08 S8 06 S§6 001 S0 071 STT 0

Il L Il L Il

} 9€'¢

—

0
i~
&

L

g} 009 *

—

OO  ‘Heg
‘ZH €2 =0 vT°2 ‘(N CHO-?HO-NHZT ‘S) 62°¢ ‘(0 D-¢HD
NHO )ZH#F=TE 1N (EIOD ‘ZHIN 00S) HAN Hy



06 om: oﬁ owﬁ o.,mﬂ o_,L o,ﬂ owﬁ oﬁ om,z om,z owm o«m owm

202

8%
LL'ES
€'TL
¥e'08

B3C-NMR Spectrum 069

("12-¢HD
-N)28'9% ‘(N2 HO-¢HD-N)LL'ES ‘(H-D JO-)E9'TL
vEp 008 N (Ad ‘ZHW S2T) JIANN D¢

24

_[\



203

(wdd) 14
¢ 0% Sv 0§ S5 09 §9 0/ §L 08 S8 06 §6 007 §0T 0T §'T1 0T

IH-NMR Spectrum 069

‘(HZ ‘W) 2#'T €G°'T ‘(HZ ‘W) 96T K9'T ‘(HT ‘zH
9Z2=188T'(HZ ‘ZH LZ'0L=CP) 2T°C ‘(HT ‘ZH
6G=0)88Z '(HZ 'ZHt¥'9=0) 6£°€ ‘(HYT ‘W) 8¢ |
09°€ ‘(HZ 'h0o9'e ! N (4D2AD'ZHIN 00S) HIAN Hy

IO/\/O\/\OM

O/\/
\\\/\/\ 0




204

(wdd) 14
O0r 0z 0 Oy 05 09 0/ 08 06 00T OIT Q¢TI OET OvI 0ST 09T O/T 08T 06T 00C OIZ

B3C-NMR Spectrum 069

"21'8T ‘,L0°SZ ‘G5°82
‘9G°T9 ‘v¥'89 ‘100 ‘22°0L ‘6%°0L ‘0S°0L ‘€G'0.
‘e "8 n (OAD ‘ZHN SZT) YAN D¢;

~

IO/\/O\/\Ou

= NN OO N N NN N N N oo
o U1 HOOoOOoOOoooOoON D
= O Ul uphDONDUOUTA DN
NN O A DB, OO WNOW



205

IH-NMR Spectrum of70

00 §0 0T &T 0C ST 0t S€

(wdd) 14
0y S 0§ S5 09 §9 0/ &L 08 S8 06 §6 00F §0T O'TT §'T1 0°C1

LT'6
0T'¢
0 |
€80 [
00'¢

1€0T +

1
Dl g
o =
=

9'T

HV
—
e}

=

a

'(H6 's) 8€'T ‘(He
‘w) ov'T §5°T ‘(HZ ‘W) 9G°T #9'T ‘(HT ‘ZH9Z=C
D28T'(HZ'zH 2 2'0L=0)2TC ' (HZ‘ZH¥9=C")
5€°€ ‘(He ‘w) 2v'€ 15°€ ‘(HOT ‘w) TG°€ BS'E ‘(HY ‘w)
8s€)l €6 "¢ n  (FOAD ‘ZHN 00S) HINN H;

O
%O\:/\O/\/O\/\OM
\/\/\O/\/O



206

(wdd) 14
Ob 05 09 0/ 08 06 00T OFT OCT OET ObI OST 09T O/ 08T 06T 00 O 02T

1BC-NMR Spectrum of70

VAT,
'92'8T ‘T2'SC ‘21'82'69°82
'89 ‘80°69 ‘ST'0L ‘T9°0L ‘90 ‘S9°0L ‘92°0L ‘LL°0L
| ‘69 69T n (OAD ‘ZHN SZT) AN Dgr
0]
%O\:/\O/\/O\/\O
O _~~ u
\</\ le)
(N, o e s o o




207

IH-NMR Spectrum of71

00 S§0 0T &7

€T [
10°C

r
=y

6T

(udd) 14
0c §¢ 0t &t 0%y S¥ 0S5 &§ 09 59 0/ &/ 08 S8 06 56 00T §01 O°'TF S'TT 0°CI
228E5 2
R e L
hl T

17 180 F

"(HZ ‘'w) 9p'T WS'T ‘(HZ

‘W) /G'T §9'T ‘(HT ‘'ZH 92 =061) 88T ‘(HZ ‘ZH L'Z
‘TL=t) 212 '(HZ'ZH 7’9 =0) T¥'E ‘(HZ ‘W) 6¥'E
25°¢ ‘(HZT ‘W) ¥S'€ %9°€ ‘(HZ ‘W) ¥9°€ 102°€ ‘'(HZ
S) 90 0T n (POAD ‘ZHW 00S) HAN H;

o)
IOLW\O/\/O\/\ou

O/\/
\\\/\/\ O




208

~0s 09 0. 08 06

(wdd) 14
00T OTT Q¢TI OET OvI 0ST 09T O/ 08T 06T 00C 0T

13C-NMR Spectrum o1

AR A AL RN ) i

_

91°81
80'GT
7987

|

85°89
19'89
96'69
LE0L
&L
6v°0L
L5°0L
69°0£
1L
8T¥8

'9T'8T '80°G¢ '¢5'8¢
‘8¥'89 'T9'89 ‘S6'@€ 0L ‘€¥'0L ‘6°0L 'LG50L '69°0L
‘v6 "¢.T n  (E>AD ‘ZHA S2ZT) YAN D¢

~

0
_._O\__/\o/\/O\/\ou

O/\/
\/\/\ 0

v6'CLl



209

'H-NMR Spectrum of72

00 S50 0T

ST 0 5¢

(wdd) 14
0¢ S€ O0F Sb 0§ §§ 09 &9 0/ &L 08 §8 06 S§6 001 S0T 0T §'1T 01

—_
(=)
ol

SAN:

. 890
00'C

i

AN

6€'8

T
-\

v8'T

%86'0

</ 18T

"(HZ ‘w) €7'T €5°'T ‘(HZ ‘w) ¥S'T

29T ‘(HT 'ZH92=M 98T ‘(HZ ZH9Z 'T'L=C"'PY)
60 ‘(HZ 'ZHG9=0) 6£°€ ‘(HZ ‘W) /¥’ 125°€ ‘(H8
‘W) 265°€d9°€ ‘(HZ ‘ZH Z'€ ‘T'S =(IP) ¥9°E ‘(HZ ‘S)
62 0T n (puoyololyd ‘ZHIN 00S) HIAN Hy




210

(wdd) 14
0/ 08 06 00T OTT 0OZT OET Oyl OST 09T OZF 08T 061 00C OT¢

1 L 1 L 1

(T |

"00°'8T ‘26'v2 ‘V£'82 ‘S£°89 ‘G1"'89'98°69
‘92°0. ‘62°0. ‘TS0 ‘8€°0. ‘95°0/L ‘€6°0L
"€/, T n  (BOAD ‘ZHN SZT) YIAN Dgr

|

00°8T
[ 374A
vE'8T ™
€e'89
Sp'89
9869
9C°0L
6¢°0L

13C-NMR Spectrum of72

1€°0L
8¢°0L
99°0L
€6°0Z
TT'v8
[ARYA!



211

—

(wdd) 14
¢ 0y Sv 0§ S5 O

Il

s9 0L &L 08 S8 06 §6

Forur
¥ 009}
s79lo

'H-NMR Spectrum o4

Foooeg[e

‘(HzZT

‘W) e'T §S'T ‘(H9 ‘W) €2°T 1T8'T
‘(HO ‘w) 68'T €6°'T ‘(H9 ‘ZH 89 =
) 2v'€ ‘(H9 ‘ZH ¥'9 =) 16°€ ‘(HE
's) g9 (FOAD ‘ZHIN 00S) N Hy

1g°%(°HD)O 0%o%H)Ig

1g%(°HD)O



212

(wdd) 14
(04 08 06 00T OIT OcT OET OvI OST 09T 0T 081 061 00C 01C

Il L Il

\
7

€0'8¢
91'6¢

08¢
6°CE

[44°T4

1BC-NMR Spectrum of74

'9T°'62 '08'C€ 'Z6°SE '28°L9 'T6'EH
NT 10 (EOAD ‘ZHN SZT) YIAN Dgr

18°%(°HO)O 0%A0%H)Mg

1g°%(°HO)O

849
16°€6
¥6'09T



213

'H-NMR Spectrum of75

(wdd) 14
Sy

o o1 &T 0¢ &S¢0t S¢ v

0'S

Eogogf
Eoogle

N oTeT| e

J
)
_J

2

(HZT ‘W) 6T €S°T ‘(H9 ‘W) 8G°'T |

D'T ‘(H9 ‘W) 22T ‘(H9 ‘ZH69=01) 22°E€ ‘(H9 ‘ZH ¥'9

=f) 16°¢ ‘(HE 's) s@9 (FOAD ‘ZHN 00S) HINN Hy

EN°(°HD)O O%AD%H)EN

EN®(CHO)O




214

(wdd) 14
Ob 05 09 0. 08 06 00T OIT 0Oct OeT Oyl OSL 09T OZT 08L 061

I . I . 1 . I . L . L ,

A
7

§5°9¢
98'8¢
ST'6¢C

STAT4

1BC-NMR Spectrum of’5

'G/'SZ
‘G597 'G8°'82ST°62 ‘ZV 1S
€6 ‘'TI6 09T n
(A ‘ZHN SZT) JIAN Dgr

EN°(*HO)O O%AD%H)EN

EN%(CHO)O

w'1s
9'(9
¥8'€6
16°091



215

'H-NMR Spectrum of79

(wdd) 14
00 S0 07 07 ST 0¢ §€ 0% % 0§ S5 09 §9 0L §L 08 S8 06 §6 007 §0T 071 §'71 0T
SF8REE 2 S
~ il (A
I LI "

"(HE 's) 92'T ‘(H1Z

‘ZHET=(P) T9T ‘(HE ‘ZHET=0) 69T ‘(HE ZH VT =
P)€LT '(HYT ZHT'9 ‘'S'6 =AP) 66'T '(H8T ZHT'9 'L'9 ‘V'ET
=@mp) 602 ‘(HZ ‘ZH '8 =1P) 20°'¥ ‘(H8 ‘w) 90°'G 1LT°S ‘(HT
‘ZHEDP'D'SE S N (BIDAD'ZHIN 00S) HINN Hy




216

(wdd) 14
06 00T OIT OZF OET Oyl 0ST 09T O/T 08T 06T 00C OT¢ 02C

|
7

16'6€

LT9T
0291
vC91
98'S¢
87°9¢
08'9¢
¥8'9¢
88'9¢
¥6°9¢
0£°6€
98'6¢
68'6€

13C-NMR Spectrum o#79

'GT'9T "LT°9T ‘'0C°9T '¥Z'9T 'S8°LT
3'G¢ '82°9¢ '08'9¢ '¥8'9¢ '88'9¢ '¥6°9¢ '¢8'6¢ 'L8'6Z '0L'6€E
IB'6€ '‘68'6€ 'T6'6E '89°0CT 'TS'ECT ‘'0E¥CT LEVCT 'OV vCT
TY'veT e v2T 'SSYZE'TET 'TO'SET 'V0'SET '90°GET
SeT ‘v, evT n  (OAD ‘ZHA S2T) HAN Og

~

I —l
WWWWW\//‘//‘JJJIJIJIJ
el el el el el el el ol il sl el =l il
NN NNNODNWLWLWWWWWDN
SWaABARh =100 W
DADUTWW A DD DDUIWOOOO N
O ONOFR,NUINHE OO UTO B



217

(wdd) 14
oHo mmo oHH mHH oHN mHN omm mHm omv ﬁv omm mHm omo mmo omm mmm on mmw on mmm o.e m.e o.mH m.ﬂ o.wH
388 N 83 &8
e o b

3
—_— =
—

‘(H9 ZH 9T =0 /ST ‘(HTZ 'S) 09'T ‘(HE ‘ZH S'T
=fP) 89'T ‘(HE ‘ZH €T =C'P) ¥8'T ‘(HZE'W) T6°T 12T°C
‘(HZ zZH T2 =1p) 82’ ‘(H8 ‘W) 80'S LT'G ‘(HT ‘ZH ¥'T
‘T°L'v'8="PP) L2'G ‘(HZ ‘ZH T°'€ ‘S'G =CPP) 69°L ‘(HZ

“PHPTE ‘veseCr L n o (Fodd ‘ZHIN 00S) HIAN Hy

IH-NMR Spectrum o080




218

BBC-NMR Spectrum 080

(wdd) 1)
0 OF 0z 0¢ Oy 05 09 0/ 08 06 00T OIT 0ZF OET ObI OST 09T OZT 081 061 00C 01 022

",T1°9T ‘6T°9T ‘GS'9T ‘¥8'LT

8'GZ ‘2P'92 ‘€892 ‘88'92 ‘£6'9¢C ‘96'GE

‘00'6€3°6€ ‘'88°6€ ‘06°6E ‘0T'STT

€T ‘LL°€2T 'TE V2T ‘6€12T ‘O’ ¥2T

v'v2T ‘vSveT ‘9S'TET ‘L 2ET ‘68°EET

'D'GET ‘€0'GET ‘'SO'SET ‘€S'GET ‘08°0VT

DT N (A ‘ZHIN SZT) AN Dgr

Sihgnkes torps SEERERREEBLHGHGS 8




219

'H-NMR Spectrum oB82

ZHN

(wdd) 13

oHo mmo oHH mmﬂ oHN mkm 0¢ 9¢ oH¢ mmv oﬂm mmm ow mmo oN mmm on mmw on mmm o.e m.e o.mﬂ m.ﬁ o.wH
S pRpoE = 1=
L e i S

‘(HZ‘zZHOZ'99="r
Dp) ¥8°0 ‘(HE ‘S) 9G°T ‘(HTZ ‘ZH 9'T =C'P) LG'T ‘(HE ‘ZH
ZT=M) 19T '(HE ‘ZH ¥'T =) S9'T ‘(HeE ‘W) /8T
ZT'Z‘(HZ 'zZH8'9=1Ip) Gz’ ‘(H8 ‘W) S0'S IET'S ‘(HT
‘ZHe'T'89=rh) cas (FOAD ‘ZHW 00S) HAN Hy




220

'H-NMR Spectrum 083

00 &0 071 ST

~—i

(wdd) 14

1

omv mH¢ omm mHm omo mw omm 5L omw mﬂw omm mﬂm o.e m.e o.mH m.mﬂ o.wH

1979
58T
95E | 1n

80°¢
09°€¢

€6’

90°¢t

p60 [

61|

00'¢

—_
o
(o))

)

418

)

=¥ 051 o

——

HE‘ZH T L =0 ¥2'T ‘(HVe

‘ZH¥'T=0) 09T ‘(HE ZHZ'T=CP) €9°T ‘(HE ‘ZH

€T =(b) 89T ‘(HZ ‘W) 02T €8°T ‘(HZ ‘W) ¥8'T 126°T
‘(HPE ‘w) €6'T9T°2 ‘(HT ZH TV '0'TT =C'N) 22°C ‘(HZ
‘ZH¥'IT =(P) 88°C ‘(HZ 'ZH 0L =tP) S6'Z ‘(HZ ‘ZH T'2
4D 2Tv ‘(H8 ‘ZH ¥'T 'v'E€ ‘0L ‘88 =CPPPY) TT'S ‘(HT
‘ZHET'9G=CN) 9xs (POoAD ‘ZHIN 00S) HIANN Hy




221

13C-NMR Spectrum o83

'8€YT '9T°9T '6T°9T 'TZ°9T '¢9'9T

1LT 'S8°GC '65°9¢ '¥8'9¢ '28'9C '88°9¢ ‘€6'9¢
18 '88'6€ '06'6€ '96'6€ ‘0T'ES ‘995 '8£°09

T16°9L 'OT'LL "T¥'LL 'OT'TCT '80°¥CT CE VT
‘6EVCT 'OV V2TV YT ‘vS¥eT '9E°TET
'00'GET '€0°SET 'SO'GET 'TT'SET ‘VE'GET
LL8ET 'Lz AT (BDAD ‘ZHN S2T) AN Ogr




