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Abstract

Proteins are ssential parts of living organisms aptbteinprotein interactions (PPIs)
interactions mediatemany essential regulatory pathways As such, PPls have been
implicated in a number of diseased states, however, it is currently uholeao effectively
targd themdue to the relatively poorly defineslirfaceat the protein interface. When PPIs
are medi at ed by -heixhkey iftdractiorisisuglly ooctir ora moradiicent
residuesappearingo n t he s a me -hefixaresalting ih closehimtectibhs The
abundance of thisecondary structurii proteins and itselative rigidity provide an ideal
basis for the design of synthetic mimigsthis thesis, an account of the design strategies
developed to address this problem is provided, andrsetsdrk described herein in context.
Previously, the Wilson group develope&Daalkylated oligobenzamide (3HABA) scaffolds
as poé nt i-telix mithetics and suitably functionalised trimers were identified as
micromolar inhibitors of the p5SBDM2 interaction. To understand more how to develop
potent inhibitors of this interaction, a larger library was necessary. This was achieved by
generating a library of 3HABA building blocks encompassing a range of natural and
unnatural functionalities. Parallel to building the monomer library, development of a general
solid phase methodology for deactivated anilines was essential. The coursevéakéen
provide a solution for this challenging technical problem, and to identify the scope of the
SPS methodologyJsing tte developednethodology libraries of compounds targeting the
p53hDM2 and Mct1/NOXA B interactions were synthesised and theirphisical
properties evaluated resulting in directions for future library development. To extend the
approach to helix mediated PPIs involving more than one face, bifacial scaffolds designed at
target the ER/coactivator complex are also described. Thissvatiskusses how molecular
modelling, initial biophysical testing and docking studies led to second generation ligands

with betterin silico properties.
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Chapter One

Protein-Protein Interactions and

Strategies for their Inhibition

Secion 1.4.1 of this chapter contributed to a review article published in Nature Cherhistry.






Chapter 1: ProteirProtein Interactions and Strategies for their Inhibition

1.1 Relevance of ProteiaProtein Interactions

Proteins are essential parts of living organisms and participate in every process within
the cell They are responsible for a plethora of functions including catalysis, transportation,
signalling and théransmssionof information from DNA to RNA. Furthermoyeroteins
are centralto the immune systemgcting as vehicles for the immune response but also
facilitating viral entry into cellsDue to the extensive involvement of proteins in cellular
processs, continuous effort has been made to predict their functions from amino acid
sequence and where possible theiertiary structure. Many of these biological functions
involve proteinprotein interactiongPPIs)so identification charaatrisation and inibition

of PPk iscrucial for drug discover§*

protein 1 protein 2

substrate ‘ ‘ inhibitor m inhibitor

Figure 1.1 (a) Binding in an enzymasubstrate complex containirfgw strong interactions
(b) Binding in proteinrprotein complex containing many small, additive interactions.

Designing small molecule inhibiteito fit enzyme active sites has beatatively
successfut The catalytic areais found within a welldefined cavity or cleft within the
enzymeandcontans multiple recognition site@ig. 1.1a) allowing inhibitors to be designed
with appropriatdunctionality(e.g.hydrog e n b endsn,t eracti ons, el ectr
salt bridges)Native substratesnay also present effective templates for inhibitdesign
making it possible to synthesise small gauands with many interactionBPIs on the other
hand wereocnce consi der ed vénohbdenaufgcgsaofirugedevelegomeht h a
until recently The extensiverelatively featureless surface of pratei 00-11004) with
distantand varied interactions creates a daunting task for inhithiteelopmentFig. 1.1b)°;
designing inhibitors to complementthe poorly defined hydrophobic, charged or polar
domains in order to show competitive inhibitiendifficult. There has beenonsiderable
interest inPPIs and a major goal ie gain a better understanding and quematiion of the

key features controlling thedateractions. This will hopefully ld togreatersuccess in the
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prediction of protein associatiormsd assistwith the elucidation otellular pathways and
drug cesign’

1.1.1 Structural and Thermodynamic Features of ProteinProtein Interaction

Many studies have beemade to formulate a systenallowing for reliable
predictions abouPPk to be made. fiese have been hampered by many different factors
including protein flexibility, the presence of even partial disorder, the existence of
ensembles with distinct conformations separatedrigrgybariers, and the cooperativity in
proteinprotein associatiahWells andco-workers exploited a technique (alanine scanning)
which involvedthe interfacial residues being mutated to alanine systematically to determine
the change in binding free energilanine scanning presenteslidence that there are
regiors on a protein surface that distinguishfrom the rest of the protein surface; the
functional epitope .4A obspokis defined aa msidee widokeo t spot 6
substitution by alanine |l eads to a <ignificant
kcal/mol) to its protein partnérHot spots are usually found withinmely packed areas in
which clustersof amino acidsare in contact with each other forming a netwaf
interactons. These cahoberdgbonsbedndservpl ain why th
dominant contribution to the stability of the compfé*Figure 1.2 demonstrates how close
key binding residues can be in a hot spot and shows how a small molecule is able to interact

with the protein over thegegions.

Figure 1.2 Ligand bound to hot region on the interleukin receptot2.IlHot spot residues for
bindingto IL-2 are showrn green (PDB ID: 1PW6)°
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1.1.2 U-Helix Mediated Protein-Protein Interactions

Over 30% of protein secondary structure is helical makinthét most abundant
secondary strctural unit in proteinsThe helix containsimportant shapeand sequenee
selective recognition motifsSThe importane is highlighted by the number of proteins that
bindtheir partnet h r o u ¢halix anait isChnticipated that this interaction may be general.
With 3.6 residuesand a 0.54 nm rise per turn aaderagedihedral anglesi and @®0° o f
and-45° (Fig. 1.3a), sidechains are placed above one anotherye8et turns Thus helices

Val574
Leu578
lle581
lle585

Figure 1.3 (a) Backbone dihedral angles &polypeptide chairfb) View down the centre of a
helix highlighting the threefaces (left) with a @rtoon representatiofmiddle) and an
alternative view of the helix (righty Ucabons represented bgPKs, with each colour
corresponding tone of the three helical faces) 53hDM2 i regulates cellular stress (PDB
ID: 1YCR). d) Bcl-x.-Bak regulates apoptosis (PDB IIBXL). () ER/coreceptori
regulates growth aniinction of different tissues (PDB ID2QZO). ) gp41 hexameric coiled
coil leads to Viral fusion (PDB ID1AIK).

can be considered to have three distinct fgess 1.3b).

Il n a nu mielxrmedatéd PBlsthe binding interactionsoccur through
non-adjacent residuedisplayedo n t h e s a me-helixanormalydhk i, it Fiet, U
i+7/i+8 (and i+11) residues are involved in binding resulting in close interactidihe
p53hDM2™ and Bct2 family'?> of PPIs have such a binding motif, with primarily
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hydrophobic residues making keyeractionswithin a hydrophobichelix bindingcleft (Fig

1.3cd). The interaction betweenstrogen receptor and its coactivator proteins however,
involves two faces of the helix and a charge clamp on the receptor surface helps to further
stabilise the cmplex (Fig. 1.36."% Other interactions may involve three faces of the helix or
binding in a much shallower groavEhe gp41 hexameric coiled coil assembly demonstrates
even greater diversity of PPIs through the packinghoée much longer,40 residue
N-terminal helces with a trimeric coiled coil core consisting Gfterminal helicesFig.

1.3).** The Arora groupused computational alanine scannimgtagenesi d the Protein

Data Bank to identify and assess helical interfaceBRts They identified a list of target

PPIs amenable to disruption by helix mimetics and grouped them according to the number of
helical faces involved in bindingThe most common motifvas identified toinvolve
hydrophobic residues displayed on a single face of the helix at, the 4 andi + 7

positions:®
1.2 PPI Targetsand their biological importance

Mutationi n a c e Islthé funddBndalcause ofcancer, although many
mutationsmay occurin cells which are harmlesklutations of DNA can be inherited or can
be caused by external factors such as sunlight, viruses and certain lifestykes dpwic
smoking, drinking and diet)ln healthy cells, a defence mechanism called apoptosis is
initiated which is a highly conserved, specific and selective means of controlling tissue mass
and shape. It prevents mutations from spreading owtralling cdl death within
multicellular orgarsms'® Some ances, however are caused by mutations in the DNA of
genes suchsoncogenes or tumour suppressdisesegenescontrolwhen a cell is required
to grow andmportantly, wherto stop growing. The process of apoptosis does not take place
in cells in which these mutations occur and so the cancer cell survives. The cells then begin
to grow uncontrollably and prosees such as mitosis take platiewing the mutation to

spread. The mailt of such mutations can lead to tumatirs

1.2.1 Protein 53 / Human Double Minute Two Interaction

Tumour protein 53TP53 orp53) plays a central role in cell cycle regulation and as
suchis a major tumour suppressor in hams *® It has ben found that over 50% of human
tumours contain a mutated or abseyene that codes for p33In healthy cells, the
production and degradation of the p53 proteimeigulated by the binding dfDM2 (Fig.
1.4), which in turn is induced by p53 in a negative feedback.|&gulation is controlled
by hDM2 via multiple mechanismsit physically blocks the interaction between p53 and

DNA thereby inhibiting its transcriptional activitit induces nuclear export of p58nd on

bindngact s as a fAtago st hronghliteE3iumqyitinpigase aadivityg r adat i on
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Over expression diDM2 in cancer cells is shown to inactivate p53 by preventing it from
exerting itsapoptoticactivity and allowingor cell proliferation In about 30% of soft tissue
and human osteogenic sarcaenBDM?2 is over expressed due to gamaplification. This
indicates thahDM2 hasan important role in the development of these tumours and so this
PPlhas become a major target for cancer chemothéfapy

Helical Epitope

of p53 Phe19 (i)

Trp23 (i+4)

hDM2
Leu26 (i+7)

/

Figure 1.4hDM2 and thehelical binding epitope op53 showing the key interacting residues
(PDB ID: 1YCR).

The hypothesis is that byhibiting binding interactions in the p3#M2 complex
p53 proteinwill be freed and this will allow it to exert itsapoptoticproperties Crystal
structures of the comgk have revealedtaydrophobic binding pocket diDM2 in which an
Uhelical region of p53 makes hydrophobic interactions. These contacts are made through
Phel9, Trp23 and Leu26, corresponding to thé+4 andi+7 residues of the helix
respectively(Fig. 1.4). Attaching these or similar functionalised residues tgid scaffold

occupying the same orientation should result in an effen®2 inhibitor.™* %

1.2.2 Nuclear Hormone Receptors

Steroid hormones occur naturally in the body and are essential in controlling the
growth and activity of normal cells in many different tissuHse estrogen receptors (ER)
and androgn receptor (AR)are ligandactivatal transcription factors that belong to the
nuclear hormone receptor superfamalyd are responsible for mediating the physiological
effects of the steroid hormotigands.Estrogens and testosterones bindhereceptos with
a high specificityand affinity and the resulting ligand/receptdimer is able to exert its
effects at both wclear and cell membrane sité&anscriptional control bythe nuclear
receptorgequires interaction with coregulator complexes, eithacteators for stimulation
or corepressors for inhibition of target gene expresdizieraction with the coregulator
occurs after the ligand is boundoncomitant with structural changes whiolkcur on

binding of the ligandexposing the surface requiréat coregulator binding. Along with the

7
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desired egulation of normal celldyjormoneshave alsdeenfound to control the growth of
several forms of cancer tumours. Drugs or treatments that block the effects of hormones, or

lower the levels can therefore bsed to treat some types of carnfcér.
1.2.2.1 Estrogen Receptors

Estrogen receptors can Iselit up into two main groupsstogen receptor alpha
( ERU)estragenire e pt or B%EtRA (ab RIbod&dtbyseparate genashich
are found on different chromosomes accordingly. Both genes can be split into six structural
domans (termed domains 4) and within thesewell defined functional domainare
containedWi t hi n ERU and ER bhedormaisnvary: 66g% hornotogyvine e n
the DNA binding domain (C), 53% homology between E/F domaingdaidandhinge O)
domains a not well conservedit is within the E and Fdomainsthat the coregulatory
domairs are found, such ake ligand binding domain (LBDand the ligandiependent
activation function 2 (AR2) surfaceThe LBD contains sequence specific features essential
for interaction withER coactivators andorepressors. Complexation between ERs and
other cellular factors is required to modulate-ERdiated transcriptional activity and so
selectivity between the two ERsin be achieved due to theck of homologywithin the
nucleotidesequencé! Thisthesish owever , will focus on the ERU.

12211 Estrogen Receptor U

ERU regulates the growth and function of tis
system such as breast, uterus and ovaries. It has also been identified as playing an important
role in many pathologicabrocesses with 70% of breast tumours developing due to the
stimulatory effect ofest r ogens. I n gene transcription, ER
coactivators enabling transcriptional activation to occur. The p160 protein family is a group
of ERU c o a congists aftheee membens; SRCTif-2/GRIP1 and SRG/AIBL.
Knockout st udi e s-positiveo bwemsl cancérathe pi6d gerie RsUamplified
indicating that these coact i*TEhese cosctivatarse | mport al
interact wiatsmall anpeiphiE@RENEal peptide sequences containing a
common recognition motif; LXXLL (L = leucine, X = any amino acid) also known as the
nuclear receptor box (NR boxFig. 1.5%. The amino acidst positionX vary, helping to
facilitate specific NR box recognition for argaular nuclear receptor. The NR box binds to
a hydrophobi c Ardsarfade orotime LBDhcentrofiel Dy the specificities of
the activating ligand17-b-oestradiol(E2)** Studies using Xay crystallography showed
that the leucine sidehains in positions andi+4 ae projected into a hydrophobic groove
whilst the sidechain at the+ 3 position projects into a hydrophobic pockeig. 1.5.” The

crystal structure also suggests that the peptide backbone interacts with the charged residues



Chapter 1: ProteirProtein Interactions and Strategies for their Inhibition

that flank the binding grooven the ER further stabilising the compléixhas been proposed
t hat t hese f eat ui+activatoranyeracidnd lwevargetdd oy LEKRLU
motif-like inhibitors, preventing transactivation from occurrffig.

LBD of the ERa

Leu690 (i+4)

Charge clamp:
negatively charged
residue

Leu693 (i+3)

Helical Epitope Leu694 (i)

of coactivator Charge clamp:

Positively charged
| residue

Figue15The LBD on ERU and the bindi napactivadr.i c al
The leucire residues in the LXXLL recognition motif ashownin grey(PDB 1D:2QZ0)

1.3 Approachesfor | n hi b i t-Helx Medated Pibtein-Protein

Interactions

The needo modulate PPIgs increasing, and the challenges this presents been
discussed in addition tthe critical features on the protein which che exploited to
overcome these challengeshe rest of this chapter will highlight major advances in
developing gneric approaches f&P| modulationSeveral strategies for Piahibition have

been developed artiese can be grouped into three major categories. Type | (constrained

pept i deeeptidashamd Type Il (proteomimetics) mimetics use the native helix motif
as a basis for inhibitor design amidese strategiewill be discussed in depth. Type I
mimetics on the other hand are typically small molecule inhihitédentified using
conventional drug discovery methodsich & high throughput screening (NutiBa:

Fig. 1.69% and fragmenbased designABT-737 and ultimatelyABT-263 Fig. 1.60)%".
Despite these important breakthroughdenitifying small molecule inhibitors of PPIs has
proven challenging and since they are designed to selectively target one specifieyPI,
have less relevance within the contextdesigning inhibitors andeveloping a general rule
for PPI inhibition is much less likely; these types othibitors will thereforenot be

discussed.

epi
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Figure 1.6 Chemical structures ofaf Nutlin-3a identifiedvia HTS and ) ABT-737 and
ABT-263 idenifedvia afragment based approach.

1.4 Type | Mimetics

Peptides are often considered therapeutically undesirable due to poor transport
properties and their sensitivity to proteolytic cegation”® However, peptides have the
advantage of providing a highly conserved and complex set of functions that baroworh
pletely mimicked by a small molecule, and which potentially results in diminished
interference with normal biological proces$&Ehe development of therapeutics composed
of the helical domain central to the PPI of interest has therefore attracted due attention. Type
I mimetics are short fragments of peptide which strive to replicate the local topography of
t h eheliddl structural motif. Once removed from the stabilising environmeatpobtein,
synthetic peptides become far less organised in solutionptindo only random
conformatioss andthe ability to bind to the partner protein is consequergharded®
Several approaches are ftggiexplored to improve helicityhilst also addressing problems
of proteolytic stability and other pharmdiaetic factors. These approaches can be grouped
into two general categories: constraimpeagtides and helical foldamers.

Cys-Cys Glu-Lys Hydrocarbon stapled
disulfide bridge a-helix lactam bridge a-helix a-helix

o-helix HBS a-helix

Figure 1.7 Schematics illustrating different approaches for covalent helix stabilisation (helix
faces are coloured red, blue andean, with white faces indicating that the covalent
stabilisation interferes with molecular recognition of that face).

10
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1.4.1 Constrained Peptides

This class of peptide can also be categorised within helix stabilisation methods.

These are methods which restribe peptide backbonassisting with prerganisation of

the amino acid residues and initiating hdébxmation. Early strategies for helix stabilisation
include helix nucleating templates and meteddiated bridges, howevercovalent
cyclisation affords e most successful bioactie®nformations for inhibiting the desired
targettt On a s i n gl ehelik stracture,dié restdires at tiiei+4, i+7 andi+11
positions A number of methods employ pairs of residuas thesepositions covalently
linking sidechains, whilst ather gsclisation strategies usenain chaimmain chain
connections such as the hydrogen bond surrogate (HBS) n{&ligod.7).

1.4.1.1 Disulfide Bridges

One of the firs examples of helix stabilisatiomia disulfides was reported by
Wemmeret al who synthesised hybrid peptides containing a disulfide linkage which formed
the same basi8D structure asApamin. The hybrid peptide was effective in inducing a
biological response which necessitates a helical conformatimilowing this, Schultz and
coworkers studied th effect of sterecisomers of cysteine positioned atithad i+7
positions. Whem-Cys andL-Cys were incorporated at th@ndi+7 positions respectively,
intramolecular disulfide formation was achieved with little perturbation on helical
conformation.L,L analogues showed a marginal increase in helicity from the unconstrained
peptideandpbanal ogues r es e mbdhea confammatiooShater stidiess or b
from the Mierke and Spatola groups concurred that ohe configuration of oxidised
cysteinesat thei andi+3 positionswasalso the best combination for targeting their desired
receptos3*** Schultz also demonstrated the structure temperature dependence of a peptide
containing a singl e dihsliges,the ehds ohthe ipaptferelaxedin | i k e
to a randorrcoil conformation on eating whilst the residues within the bridge preserved

partial helicity®

An alternative methe for constraining peptides is to use side cisii® chain
lactam bridges. Spatola and-ewrkers compared the efficiency of disulfide and lactam
constraints in stabilising peptides containing the conseRRdox LXXLL pentapeptide
with the aim of desiging potent and selective inhibitors of steroid receptactivator
interactions’® A disulfide bridged nonapeptide inhibited tEeR/Coactivator interaction
with an inhibition constant an order of magnitude higher than the lactam bridged analogue
(Ki = 25 nM vs 220 nM) confirming molecular modelling prediction$t was also
considerably more potent than a comparable linear peptitle 13 residues and

approximatelyl 5 t i mes mor e sel ec@D spexctrafofothe pgpRle t h an

11
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indicated minimal helical character in an aqueous environment, havavetray crystal

structure(PDB ID: 1PCQG confirmed that the disulfide linked p#ge does bind in the
expected conformation implying recepioduced conformaticd changes of the

constrained coactivator peptide on bindihg.

Following this, Spatola and ewmorkers carried out an extensive SAR study on
disulfide bridged Selective Estrogen Receptor Modulators (SERMS) to determine what
factorsaffect the binding affinity and selectivity. The stupyobed the effects afthangng
configuration, disulfide ring size and peptide chdiexibility via homocysteine and
penicillamine incorporation(Fig. 18). They also manipulated the LXXLL NR box to
contain a range of unnatural leucine surrogates. Several important concepts came out of the
SAR study allowing them to design potent and selective inhipft@®ngside replacement
of the disulfide with a thioether link tproduceap ot e nt i nhi bcodctvator of t he
interaction with an inhibition constant of 6.9 nNlhe cystathionine linked peptide also
demonstrated over 9 fokelectivityf or ERU % han ERD.

L o
HoN" "CO2H H,N™ ~CO.H
homocysteine penicillamine

Figure 1.8 Chemical Structure of unnatural amino acids; homocystaimd penicillamine.
1.4.1.2 Lactam Bridges

The aforementioned lactam link is another approach for constraining peptides and is
probably the most investigated. Early designs of lactam bridges produced biologically active
cyclic peptides and since then much works Hacused on sidehainside chain lactam
bridges incorporated into longer peptides. The earliest demonstration following this rationale
was reported by Rosenblat al® A parathoid hormone related protein (PTHrP) analogue
was stabilisedria alactam link betweehys andAspin thei andi+4 positionsresgectively.

The constrained peptide waslB times more potent than the parent linear peptide and
incorporation of the correspondimgamino acids at either position considerably reduced
potency. The authors speculated that configuration dependence magt retieic
requirements imposed by the receptor or by steric hindrance imposed on Lys and Asp by
neighbouring residuesSubsequently, Geistlinger and Guy applied a similar approach for

stabilisation ofestrogerbinding coactivator peptid&s

12
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McDowell and ceworkers explored the use of constrained peptides to inhibit HIV
type 1 fusion event®. HIV infection requires membrane fusion mediatedtmsC-terminal
heptadregion (CHR) of the gp41 peptidebinding in an antiparallel fashion in a groove on
theN-terminalheptadregion(NHR) of gp41.Comparison of the relative activities ofiaear
peptide with various constrained peptidksnonstrate a correlation between helicity and
inhibitory potency whilst activity of the peptide containing a restraint on the binding face
was reduced entirelAll truncated peptidesiowever, were fouhto be less potent than the
full length analogue® The study was taken further by Kim andworkers; hey aimed to
stabilise a 14 residué-termiral peptidetargetingthe hydrophobic pocket of HK gp41l
by incorporating unnatural helix favouring amino acatsl chemical crostinks.** They
found that cros$inking two Glu residues at thd and i+ 7 positions wi t h
diaminoakane group resulted in the most potent inhibitog(#¢C3 5 ¢ M1 . R AnM) .
X-ray crystal structure of the crebsked peptide bound to the HI¥ gp41l hydrophobic
pocketdemonstrated that binds with virtually the same helical conformation as thtéve
C-terminalpeptide(Fig. 19a,b).**

r

Fig. 19 (a) Crystal structure showinghe binding of a crosdéinked peptide bound to the
hydrophobic pocket on HAL gp4l (PDB ID: 1GZL) (b) Crystal structure showing the
binding of theC-terminal peptide in the hydrophobic pockétV-1 gp41(PDB ID: 1AIK).

_

Fairlie and ceworkers reported ra approachfor stabilisation of s h o ehelicalU
peptideswhich relies upon dys1Y Asp5 linkage They useda pentapeptide module to
create cyclic peptides vtdifferent arrangements of linker$his provided versatility in
designing helixmimics to expose different sid#ains appropriate for different helix faces
(Fig. 1.10). Biological activities of the watesoluble helices, derived from prot@s with
diverse functions andifferent receptorswere shown to beuperior to linear analogues and
even surpass the native ligafidWith this approach thgroup successfully mimicked the
helical epitopes of (i) a quorum sensing @mone which abolished growth of the bacteria
S. pneumoniat sub micromolar concentrations, (ii) the F fusion protein of Respiratory

Syncytial Virus showing picomolar inhibition of viral fusion, (iii) the RM¥nding viral

13
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protein HIV-1 Rev showing nanoatar affinity for the RNA segment Rev Responsive
Element and (iv) the humarhormone nociceptinand induced intracellular ERK

phosphorylation at picomolar concentrations (the most potent agonist identified to date).

Ac-KxxxD-NH,

v &
AL O

Ac-KxxxDxxKxxxD-NH,

Figure 1.10 Cyclic pentapepde modules having different distributions of interacting side
chains (greyCPKk6 x 6 ami no aci ds) ablue=KYDinkiggdg bri dges (red

1.4.1.3 Hydrocarbon Stapling

Whi | st di sul fide and | act am -helices,dhpses are suc
natumlly occurring functionalities are accordingly somewhat susceptible to degradation in
cells. Grubbs and Blackwell first introduced a srative carborcarbon bond constrainia
a ringclosing metathesis (RCM) reaction witb-allyl serine residues in an feft for
enhanced biostabilii? Verdine and ceworkers elaborated on this approach and
i ncor por at e disubstituted tamino aatids With blefin tethers int€-derminal
peptide sequence of RNAse Auultiple configurations, linker lengths and positions were
explored to identify ideal cobinations to maximise helix conte#tThis new hydrocarbon
stapled backbone approach provided a platfasmaf number of significant studies in this
field over the last decade. By incorporating analogous olefin bearing tethers into a 23 residue
Bid BH3 peptide at the i+4 positions, Korsmeyer and-gmrkers generated peptides with
a noticeable improvement m e p t -halicity, fotease resistance aindvitro andin vivo
biological activity?® In vivo studies found a stabilised peptide penetrated a wide panel of
leukaemia cells and selectively triggered the apoptotic pathway @iesranging from
16-10. 2 e€M). Tumour suppression and often tumour
bearing established human leukaemia xenografts when treated with the stabilised peptide

and this approach has ultimately beemmercialised®

Apoptosis $ widely agreed to be mediated by the competitive interactions between
pro- and antiapoptotic members of thecB2 family, however how the preapoptoticBax

and Bak proteinstrigger apoptsis remains a matter of debdfeThe Walensky group
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develogda series of ligands based on thied BH3 domain( r e f e r rdeeda ttho daosmafi n ¢
because of its ability to promote apoptosis). These ligands were stabilised by the
hydrocarbon crosknker and recapitulatet h ehelital character of native death domains,

directly binding to Bix and initiating Bax mediated mitochondrialpmptosis *’ In addition,

the Walensky group described an inhibitor of the grotein; in this instance, the most

potent stapled peptide was not one derived from a known BH3 effector protein with a high
affinity for Mcl-1 but rather a stapled péfe derived from Mecll itself .*®

Further targets that havbe@ addressed using this apach included p58DM2
and ER/coactivator interaction§ *° Crystal structures oftapled peptides bound to these
targets have been describfdy. 1.11), and in the case of ER, highlight that caution must be
exercised in interpreting structiiggoperty relionships for these ligandthe hydrocarbon
linker itself can bind in the clebf the target protein. Transcription factors have proven to
be among the most difficult targets for therapeutic intervention owing much larger
interface andhe absence ok hydrophobic pocket. Bradner and-workers successfully
developed a diredcting agonist of the oncogenic transcription factor NOTCH1 by
evaluating a series of stapled peptidesedon the coactivator peptide MAMLE. An
extensivein vitro analysis of a 1%esidue peptide stapled at theandi + 4 positions
conclusively demonstratecbinding to a NOTCH1-transcription factor complexdirectly
antagonising recruitment of MAMLIhis stapled peptide was showmnsuppres NOTCHL1

signallingwhilst a bioluminescent murine model exhibited a direct link between inhibition

of the NOTCH pathway and adéukaemic activityin vivo>*

Figure 1.11 Crystal structures of stapled peptides bound ap HDM2, mimicking the

p53hDM?2 interaction (PDB ID: 3B3V) andb) ERU, mi micking the interac
and itbdéds coactivators (PDB | D: 2YJA) . Stapl es
shown in grey.
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Finally, Walensky and cavorkers recently demonstrated that hydrocarbon deuble
stapling structurally forfies longer bioactive peptidesconferring protease resistance
vitro andin vivo and that cal absorption of such peptides is achievalbleese peptides also
displayedenhanced antiviral activity against neutralisatiesistant HI\f1 virus through
inhibition of gp41 assembly whezompared to singlgtapledor unmodified peptide¥. The
hydrocarbon stapling approach can thus be considered as one of the main success stories in
the development of designed inhibitors of PPIs tlamsAileron Therapeutics was founded
in 2005, andacquired exclsive rights from numerous institutions such as Harvamaha
Farber Cancer Institute, Materia aNYY'U to develop and commerciadisa drug discovery
pipeline based on stapled peptid&he canpanyhave recently completed the fiester
stapled peptide clinical trial for treating endocrine disordams due to start clinical trials in
2014 with Roche using an optimised p53 pathway reactivatdr have recently secured

$30 M in newfinancing to advace the pipeline of clinical candidates.
1.4.1.4 Hydrogen Bonding Surrogate

The HBS motif presents a cdeat linkage in lieu of a native mairhain hydrogen
bond.>* ** The method established by Arora anawmarkers employs ringlosing metathesis
on okfin-bearing residues at theand i + 4 positions.This method is attractive as
recognition features on the helix surface are not encumbered by the constraining element;
the crosdink is positioned on the insidef the helix, whereas sidehain tethers lbock at
least one face of the putative heltn additionto this incorporation of the crucial residues
(for lactam bridges, disulfidestc) may remove important sidehain functionalities® A
highly helical HBSpeptide of the BK B H 3-helix was shown to bind to B&i with aKjq
value of 69 nM and was &®Id more resistant to trypsimediated proteolysis than the
linear analogug® whilst aHBS-helix derived from theC-peptide from gp41 was shown to
bind to theN-terminal hydrophobic pocket and inhibit gpdfediated cell fusion (1§ = 43
e M) by inhibit i n-gelixfbundletintfurttemwork, faHBS-tekx ofspb3x
(Kqg =160 nM for p53DM2 interaction)was shown to targehe complex withsimilar
selectivity to that of Ntlin-3 when screened against other proteins which are known to bind
helical peptides (includingDMX and Bct2 family proteins)?® In vitro studies of a HBS
helix of theC-terminal transactivation domain of HIF (@xhibited a K4 value of 420 nMor
binding to p300 CH1 domain amtbwnregulated VEGF transcriptiofl.Finally, the Arora
groupused this approach to target thaslSOS interaction. Based on the guanine nucleotide
exchange factor SOS, they reported d-peb r me a b | e -haiy that ihterferésowithU
the RagSOS interaction and downegulates Bssignalling in response to receptor tyrosine
kinase activatio® The Arora group has more recently explored the use of a thioether

linkage (teHBSFig. 1.12)) as an alternative to the alldnpcarbon tether and demonstrated
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this modification is appropriate by comparison with a conventional HBS helix for inhibition
of p53MDM2 (K4= 224 nM for teHBS and 232 nM for HBS).

HBS a-helix teHBS a-helix
Figure 1.12 Schematics illustrating the dé&fent HBS and teHBS approaches.

1415 Phot ocon-Haliaes | ed U

The above strategies have developed some potent peptide based inhibRés, of
however,the activity of these constrained peptiddeannot be controlled. Allemand ce
workers have developed a system in which prebaicing activity can be controlled by an
external stimulus in a reversible manner. The approach utilises an azobenzetiakaoss
which is introducedia cysteine residues at tha+4,i+7 ori+11 positions. The crodmker
undergoescis/trans isomerisation on irradiation which switchesetipeptides between
random coill i k e -halinatlconfbrmation& This strategy has previously been used to
control b-helicesi ton GNA didt had) since been pursued for photocontrollable
peptides for PPI inhibitiof?

Using this azobenzene system, Alleman and-wodkers synthesised
photocontrollable helices based on the BH3 domain peptidesilofud Bd to targetthe
antiapoptotic Balx,.** Crosslinks were located at thei + 7 andi, i + 11 positions ira Bak
peptideandi, i + 4 positiorsin a Bid peptide Significant helix stabilisation was observed in
peptides when the cro$isk was in thecis configuration withi, i + 4 andi, i + 7 Cys
linkages(Fig. 1.13a), whilst linkers ai, i + 11 positions found th&ans configuration to be
helix-stabilising(Fig. 1.13b). Peptides in their heliztabilised configurations displayed high
affinities for Bckx, with dissociation constants of 58 (Bid), 49 nM(BaK*") and 21 nM
(BakK™), and in some casesosslinked peptides showe2D0-fold selectivity for binding to
Bcl-x_ over helixbindinghDM2. Helix destabilised forms ofdk(Kq= 825 nM) and Bl (Kq4
= 1275 nM) peptidesvere found to sid more weakly tdBcl-x,. The data demonstrates a
unique ability to control activity of constrained peptides and holds potential for studying and

modulating cellular function by selectively interfering with PPIs.
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Figure 1.13 Photocontrol of peptide conformational preferemgth azobenzene crodimker
(green) (a) Helical conformation stabilised in thoés configuration withi, i + 4 andi, i + 7 Cys
linkages (b) Helical conformation stabilised in thieans configuration withi, i + 11 Cys
linkages.(c) Chemical structure of the photocontrollable crlbaker ¢ransconfiguration).

A rangeof alternative crostinkers are now being developed that confer enhanced
properties and/or ease of syrglse Two recent examples exploit biphergihdmetaxylene
derived crosdinks.®® ® The former furnished optirsed inhibitors of the Mell protein
whereas the latter provided novel inhibitors of calpain through mimicry pfatginogenic
enzyme inhibitor Studyingthe literaturethere are contradicting theories as to what factors
will increase the inhibitory activity of short constrained peptides other than the linker itself.
This includes which amino acids to crésgk and their relative positions, where in the
sequence should they be and the length and flexibility of the linkers. Some groups aim to
maximise helical content of short peptides for a smaller entropic penalty on binding whilst
others assert that this may distthe helical conformation into an inactive form. A less
defined conformation is thus considered adequate and a linker is necessary merely to reduce
the number of degrees of freedom of the peptide in the unbound Asaseich there is
currentlynot a tuly generic technology for mmicking short protein heliceswith constrained

peptides.
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1.4.2 Helical Foldamers

Thealternative approach for Type | mimetics are foldamers, whose conformation is
designed to mimic that of the canonitahelix. In this generic sticture, itis known that
intramolecular hydrogen bonding can confer stability or instabildgmplementary
hydrogenbondng donors(amide NH) andhydrogen bonacceptordamide C=0O)located
on non-consecutive residues along the peptiéig.(1.14) confe conformational specificity
and addstability to the secondary structurén a series of modelling experiments, the
Gel Il man group studi ed- atnhdamioa lacids itot cponferoduch un n a't
stabilisation in modified peptidé5From this, hey postulated that absent neanesighbour
backbone hydrogen bondingobserved i n -peptide derivatives would induce
conformational specificity Thi s -peptides tisi pfomisiry camdidates for helical

foldamers.

Figure 1.14 (a) Schematic of a polyamide backbone displaying favourable (black) and
unfavourable (green) hydrogéoonding. b) Intramolecular hydrogen bonding network within
t h enelix)

b-peptides are generated fromsample backbonealterationto U-amino acids:
addition of a methylene unit. Initially, it was thought that the extra carbon would introduce
additionalflexibility, reducing its tendency to adopt well defined folded states in solution.
Subsequenstructural studiesllustratedthat conformational constraints and substitutjions
f ur ni -paptales with an increased tendency to folcer U-peptides® Furthermore
Seebachet al showed that thisé s i mipatklboéemodification could impartenhanced
resistance to proteolysis and more favourable pharmacokineticspeptides’® As
previously mentioned, long range backbone hydrogen bonding is inherentced bilbility
a n dpepbides are named after the number of backbone atoms per hydrogen bond-ring; 14
helix and 12helix being the best characterised/hen designingmi x e b-peptides
systemsone has to consider number of feat ufe’st’ett)nd const
configurational ((R), (S)) variety of the building blockise position ofis i n gamieo abid
in the peptide sequenemdthes p ac i n g -dmino aeidséhis substitution patterhas
been shown to affethe peptide folding prefenceg h e | i-sheetshairpibsetc)and has
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been extensively reviewéll More recently, such systems have been employed in the
mimicry of biological relevant peptidesnd his section willfocus of the success atlical

foldamers in this respect.
1.4.2.1 b-peptides

The question ofbiological relevance of these hybrid peptideas first addressed by
Seebachet al, who demonstrated thamall sevemine residueamphiphatic b-peptides
could mimic alipoproteins by mildly inhibitingsmalkintestinal cholesterol absorption
(compared to no activityiwt 4peptides)* They also proved more resistantpioteolysis™
demonstratingie s e -ggdé mersat i o dpbtentidlfa desighimgbidiogically active
b-peptidesdespite having several inherent differentes.

The Schepartgroup subsequentlyd e s i g i dedapeptidavhich had significant
14-helical stability in aqueous solution due to side cls#ile chain salt bridges on one
helical face and internal macrodipole stabilisation. Targeting théPp&& interaction, key
residues from the activaion domain of p53 (p53AD: Phel9, Trp23, Le&x6) were
strategically positionegvithin the peptiddo align on a single facepon folding The most
potentinhibitor targetedhe interaction withan affinity closeto that ofthe native peptide
(IC50=80.0+3 2 fedr ‘pdptle BICso=2. 47 & M .8 ParafleBSARA D)
studiesfound introduction of a @hlorotryptopharanalogie in place of th@rp side chain
improvedpotency by 10 fold*® The Schepartgroup also applied this approachindibit
gp41 mediated cettell fusion vith ab®-decapeptide. Althougless potent thaa prescribed
HIV fusion inhibitor(ICso0=5 . 3 & My;=0.§1 nM)@ h &pefdiidesareone third of the
size metabolically stabl@and available for combinatoriaptimisation showing potential for

inhibitors d other systems that employ common fusion mechanisms with extended Relices.
1.422 MixedU/ b peptides

I n addi-peipotni deos ,b wh i c h -amirocatids,sanother cayonicabnt ai n b
foldamer class is one whigontainsU- a n damimo acidginitially in a 1:1 alterationyand
as such are té&fmegept bdp s jvdiyhhecebsed displaymg e n s
4 distinct helices, each having a unique spatial arrangement of side @hiing given

sequence separatbon anal ogous to si de c h-hdlices®®

arrangement
Preliminary studies from the Gellman growmere made to identifyjoldamericligands for

the BH3recognition cleft of Bek, . Assessinghe affinity of over 200U /- & n dpephides

with different helical conformatiatowardsBcl-x,, 0 n | y-pepiide® thought to adopt a

14/15helical secondary structure displayed significant bindingSequencaffinity

relationship profiling ultimately led to the identification of a potent chimeric inhilfkor=
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2.2 nM). These were made up of it e r mi rpeptide ségnient ofdk, fused to aC-

ter mi-mapt il e s e gpeptides) only (60% @& the Yk peptide could be
successfully mimicked by 6 ¢ o nlt/4 bnru adaffold®® The success of a chimeric
approach suggested that mimicry of large binding epitopes may be accomplished by
replacement of short segments of the epitope with distindafetric scaffolds, decreasing

t he pr o p-aminb aci residuds, with the ultimate goal of metabolic stability without
compromising affinity.Subsequent studies produced a crystal structure of the most potent
peptide mimicking the Bn-BH3 peptidebound to Bckx, (Fig. 1.15). This provided much
insight into results from previous binding studies, highlightihg importance of subtle

changes in side chain positioniffg.

Figure 1.15 (a) X-ray crystal structure of prapoptotic Bm bound to Bclx, (PDBID: 3FDL)
(b) X-ray crystal structure of a chimeridrB mimetic bound to Bek, : comparison witha
shows the foldamer to bind in the same hydrophobic cleft (PDB ID: 3F@M)op view of
the U / fbldamer highlighting the interactind* ( g r e e n Yresiduesd(dark Hfiue) and the
sol vent -reskiye®(igkttdluep

Traditionally, a structurdased aproach was the method of choiaedich involved
changing the native helix by incorporating constraints \arébus side chains to maximise
helicity, whilst projecting the key sidehains in the correct orientatioBuilding onprevious
studies the Gellmangroup adapted hei r approach by aspm@ldoyidregia
which involved repl aci nrge ssiucdbuseest swiotfh rtehgeu | caarl
residues. Each replacement introduces an extra methylene unit at regolarences,
keeping the fundamental seznce of the native helix the same. This was applied to the
d e si g n-peptiles of /Bma (another preapoptotic member of the B&l family),
i ncorporating an UQ®@lbng lne fpeptisles qnd estarting at rvarying a t
positions along the peptiffé peptides with this repeat pattern have been previously shown
to adopt a helistike conformation by crystal structur®sFrom evaluation of seven peptides,
a potent inhibitor oBcl-x, was identified (K= 1 nM) which was also found to bind to Mcl
1(K; = 150 nM)8s Co-crystal structures of these sequenbaded designed inhibitoshiow
t hat -residues alfgn on a single face of the helix producing a slight curvature to the

peptide. The study revealed haubtle changes in key geometrical features (helix radii,
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helix bowing etc)can greatlyaffect the binding affinity’ Subsequent studies were made to

evaluate different sequences, ThemcUUObnpatUtUbrmn
produced four lownanomolar inhibitors of the B& antrapoptotic proteins based on the

Bim-BH3 pro-apoptotic peptide,indudng cytochrome c release in wildype mouse

emlryonic fibroblast (MEF) extracté.

Figure 1.16 (a) Top view of the native gp41 six helix bundlb) Top and €) lateral views of
the six helix KHRfddled a ner rnse dHR geptillEsbiesidees die
represented in grearhighlightingthe single face positioning of the residues.

The basics of thesequencdasedapproachwere applied to designU /-geptide
mimics of the long HIV membrane proteigp41%° This involved a twestepp r o c &ss: b
residueinsertioni n t o -sequerce df the CHBomainof gp41 formngUUb UUUDL repeat s
and then systemat i’aesitiubsyithchahigc algl preddees s edaibned ¢
to rigidify the backbone Ast h e -peptidé has to be considerably longer ttihose
previousy desgned, the second step was necgsdar overcome the erdpic penalty
associated with prerganising longer oligomerCr y st al | ogr aphi eCHRlat a showed
peptides forma nearidentical six helix bundle with th&lHR domainas the native CHR
sequenceHig. 1.16a,b), and ell fusion and virusnfectivity assays indicate tHé /-deptides
effectively block HIV celffusion (K; = 9 nM, ~380fold improvement on the analogous
a c y c | -peptide)JHurthermore antiviral activitywas demonstrated to lm®mparable to
t hat of  tpeptidewth +348¥ fld edhancedresistance to proteolysis.As
demonstrated iffigure 1.16c, t-hesibdues i n an kefothdaldngabased pept
single face bthe helix. Gellmaret al exploited this feature to impart stability the gp41
U /-deptide mimis. I n s -eanatoguesgécifi/base residue pairs in appropriate positions
soas not to remove key functionalitgtabilisation was achieveda side chain ion pairing at

thei andi + 3 and/oii andi + 4 positions, replacing cyclic constraifis.
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1.5 Typelll Mimetics

Although a number of amino acids are involved in constructing the highly ordered,
helical motif, it is only certain residueshich areresponsible for the interaction with its
target protein. Proteomimeticsstrive to replicate theéopography of the native helix by
mimicking the spatial projectioof key binding residuegsather than recapitulatirthe entire
helical motif In doing s¢ molecular weighis reducel and biostaliity is erhancedwhilst
retairing the importantbinding features of theUthelix: or the helix pharmacophoré.
Currently, there are numeropsoteomimeticglesigned with a sufficiently rigid scaffold to
help project side chains, anatog s t o t h ehslig, withfthe tcdmrect spatial
orientationThis is important for two reasons (i) mimicking the 3D orientatiornoé thelix
sidechains provides correct binding conformatioesidues havéhe correct orientation and
distances reqred for efficient bindind and (ii) less entropy is paid on binding due to the
rigidity of the scaffold allowing for higher affinitindingto the proteinldeally, however,
the scaffold must have some flexibility to be able to bind to the target protein and adopt the
bestconformationfor binding

1.5.1 Proof-of-Concept and Early Design Strategies

The template selected for one of the first attemhptehglix mimetics was a
1,1,6trisubstituted indan&. It is a relatively rigid template allowing thepatialorientation
of the substituents to be predicted. Molecular modelling of the indane template showed a
good overlay exists between thednd 6 positiont o t h e CbMhbnhdsaohthd, i+1
r esi du e s-helo.f Thet shcend Bubstituent on thepdsition of the indanealso
corresponds to thiel reside. Willems and ceworkers reported that derivatives with large
hydrophobic side chains (Pfhe and Trg?he at the 1 and 6 positions) showed micromolar
affinities similar to theparentdipeptides in binding to the tachyln receptors NK1, NK2
and NK3% Further work found that 1,1-8isubstituted indanes showed similar affinities to
tachykinin receptors and @hneuropeptide target§.Due to the small size of iades(Fig.
1.17a), they are limited to mimicking two successive amino acids. As a result, they did not
prove effect ithwed iat merdh ialtiettheyBgtbibtsated thabsmalv e r
molecules were able to project functionality in suitable spatial orientdiorisnding to a

target protein anthanylargerscaffoldshavesincebeen designed.

Devel opment o fhelit ohiginated dronpahbimerryl molBcule. Similar
to several other molecules such as allenes, alkylidenes cycloalkanes and spiranes, these
structures comtin a helical twist. Howevewhen these compounds are superimposed onto a
polyal anine helix, only the biphenyhtlcabkel et o

conformation- for example the disposition of the amino acid side chain and twist #rigle.
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addition to this, the biphenyl unit is contained within %1of all reference drug molecules
indicating that tfs structure has favourable bioactive properties. This is attributed to the

flexibility, size and shape of the unit allowing it to bind to a wide variety of protein pockets.
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Figure 1.17 (a) The indane scaffold: proaiff-concept for peptide mimeticd)(The terphenyl
scaffold: terphenyl derivative inhibitors of the CaM/smMLCka and Bak/Bckx, 1b
interactiors.

Hamilton and ceworkers were the first to report the usettod terphenylbackbone
as -halix nimetic® The trisf un ct i o n a kerphemyiscafbold (Fig. 1.2716) dvas
an attractive template for the initial design duehte simplicity of the structuret ivas also
anentirely nonpeptidic scaffoldvhich could besynthesised in an iterativestsion. The aryl
core assumes a staggered conformatiagbling functional sidehains to be projectedith
similar distances and angular el ati onshi ps t o -helicéso Ehe | ocated
tris-ortho-substituted terphenyl was found to mimic thet4, andi+7 residues by adopting
a staggered confor mat i o n-helixrlébanes sfeompdumdgyg t wo t ur n

incorporating various futionalised sidehains, were subsequently synthesised.

Initial tests using terphenyl derivatives showed them to be antagonists for the
interaction betweelaM a n d -laelical domain o SMMLCK. Derivativela competes
with smMLCK with anICsoof 9 nM.* In subsequent stuel, CD was used to determine the
ability of terphenyl derivativd b to target the HIV1 transmembrane envelope glycoprotein,
gp41, and disrupt the assembly of a fustompetent hexameric core. A diransfer cell
fusion assay confirmedhibition of the HV -1 mediated fusioexhibitingan 1G,0f 15.70 +
1.30 pM* Furtherstudies involving fluorescee polarisation assays have shown terpteny
derivatives to be capable of inhibiting th63hDM2°" and Bcl-x_-Bak® PPIs.Bcl-x, -Bak
selectivity over p53iDM2 was achieved by a subtle exchange of a meitimdphthyl for
methyl2-naphthyl side chaindemonstrating the ality to selectively modulate different
complexes® Terphenyls were alsshown to beactivein intact cells (HEK293)inducing
apoptosis by the intended mechanism by disrupBhi3-mediated interactianwith Bcl-

99
XL.-
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1.5.2 Second Generation Design Strategies

Difficulties in the synthesis and solubility of terphenyl due to the hydrophobic
template inspired Hamilton and -@mrkers to develop a new scaffold based on a
trispyridylamide foldamer (Fig. 1.18a).'® The polyamide backbone adopts a planar
conformation withall alkoxy sidechains projected on the same face of the mole®ylg
andtilted at45°to maximise interactions of the lone pair on the oxygen atdgimthe amide
NH group. The observed geometmgsults from a bifurcated hydrogdronding network
betwea the amideprotonand the pyridyl nitogen and ether oxygeklectrostatic clashes
between the amide carbonyl and the pyridine nitrogethénanti conformationfurther
favours theobservedsyn geometry Overlaying the scaffoldwith ap ol y a |l -hefixi n e
reveals a close resemblance betwsge chains andhe i, i+4 andi+7 residuesand a
modular synthesifacilitated the generatiorf a small library of compoundsFluorescence
anisotropyassays demonstratetérivative 2 to inhibit the Bcl-x.-Bak complex K; = 1.6
LUM). 100

Figure 1.18 (a) Thetrispyridylamide scaffold: trispyridylamide derivative inhibitor of the Bcl
X.-Bak complex2. (b) The benzoylurea scaffoldc)(Benzoylurea3 and terpheny# isosteric
inhibitors of the BcixL-Bak interaction

To date, most reports on synthetic ibitors of PPIs have focused on mimicking
small structural domains, most commonly up to two or three turns of the helix. Longer
Uhelices, however, are frequently found in higbettered structures such as helix bundles,
coiled coils and transmembrane dawns of proteinsand play a critical structural and
functional role. The Hamilton group designed a benzoylurea scdfadd 1.18b) to mimic
extended r etelix¥'rTbe cenfral amomatidring on the terphenyl scaffold is
replaced with an acytea motif: a foldameric, aromatic ring isostere. A modular synthesis
provides easy incorporation of natural and unnatural amino acidchigi@s, installing
desired recognition properties with reasonable synthetic effort. This strategy achieved

significanty elongated helix mimetics with four to five benzoylurea subunits spanning
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lengths of up to 37.1 A, corresponding to helices of approximately seven turns (30 amino

acids). To test the validity of -helixemediatedh PRIsy| ur ea sca
derivative 3 was synthesised, d@rostere of thamost potenterphenyl inhibitord® of the

Bcl-xL-Bak interaction(Fig. 1.18c). The benzoylure& exhibitedcomparable inhibition to

thatof terphenyl4 (K; = 2.4nM andK; = 114 rM respectively) demonstrating the potential

for this sheledmodid® as an U

Further work reported by the Hamilton group focusechovelterephthalamidend
4,4dicarboxamidescaffolds (Fig. 1.19a,b).** *° This was in searcfor compounds with
more versatilesynthess and better physical properties than those possessed by terphenyl
compoundsin the terephthalamide desigma carboxamide groups have been inserted in
place of flanking phenyl ringsnothe terphenyl helix This restricts rotation through
intramolecular hydrogen bonds between the amide NHs and the alkoxy oxygen atom,
thereby influecing the position of the amino acid side chain. The dicarboxamide scaffold
combines théydrophobic core of the oligophenyl scaffold with the accessible carboxamide
groups of the terephthalamiddshibitory activities ofderivatives of both scaffoldaere
tested against the Bg|/Bak interaction(Ki = 0. 7 Ba ¢ M. 8). Fartfler studies
demonstrated thatgatment of human HEK 293 cells witbrephthalamidelerivative 5b
resultedin disruption of the same interaction in whole cells with an,l®f 35 pM.**
Despited,4-dicarboxamidesl i s pl ay i n g 4 kelresiddesingpopved poerttyover
terephthalamidesvas not always seerThis raisesthe fundamentalquestionof wha is

actuallyrequired to effectively target PPIs

5a X = OiPr O™ 'N
R'=R?=Pr, R®= Me RS
6 R'=Me, R2=R*=Pr,
5b X =Me, R'=Pr, R® = 1-Naphthy!
R2 = jBu, R® = Me

Figure 1.19 (a) The terephthalamide scaffold: terephthalamide derivative inhibitors &dhe
x./Bak interaction5a and 5b. (b) The 4,4dicarboxamide scaffold4,4-dicarboxamide
derivative inhibitors ofthe Bcl-x /Bak interactiors.
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153 Amp hi p hHelix Mimetits

Rebek and ceworkers devel oped atalix hminpetics lbased orlJ a
pyridazine scaffold(Fig 120a)." | nspi red by Hamiltonds succe
scaffold, they set oub developa structurally similar compound, featuringre hydrophilic
components with a synthetically easier roditke scaffold consists of a seriesafazole
pyridazinepiperazine ringsthatpresent both a hydrophobic surface for recognition onto the
protein surface whdchh ifsveti eldgen .hThedr ogen
hydrophilic backbone ensures that during coc
remains directed towards the solveand it was anticipatedo exhibit increasedwater
solubility through protonation of the basic piperazine ring at physiological pH. The binding
affinity of the scaffold and similar derivatives for Bglwas determined by a fluorescence
anisotropy assay. Results suggest that the presence of the catiorsoiamngroup may
cause unfavourable interactions on binding to the receptor. A wide range of compounds
based on the pyridazine scaffold were analybBewvever they do not approach the affinity

demonstrated by the terphenyl compoutfds.

With a similar objective, th&-6-5-imidazold phenyl thiazole scaffoldFig 1.20b)
was designed by Hamilton and -a@orkers in which the terminal positions of the original
terphenyl are replaced with more hydndje five-membered heterocyclé® The interaction
between Dbs and Cdc42 regulates the resistance of cancer cells to cytotoxic therapies.
Derivative7 was designed to mimic the key binding region on Dbs, and a fluorssessay
demonstrated it tdisruptthe interactiorwith ICsp0 f 6 7. 0 ¢ M.

Q
@)
S
=z
I
5
o
/xzZ
o
EEO
o
II

Figure 120 Amphiphilic helix mimetics: ) the pyridazine scaffold andbj a 56-5-
imidazold phenyi thiazole scaffold? based on key binding region on Dbs.

1.5.4 Backbones with Chirality

Konig and ceworkers reported on the synthesis of an inhdgserchiral 1,4
dipiperazino benzenscaffold (Fig. 1.21a).°’ This scaffold is another development on the

terphenyl scaffold in which the relative orientation of the key sidain functionalities
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remain the same as those in terphdpgk helix mimeticssubstitutingthe two outer phenyl
rings for piperazine rings (alsamproving their water solubility. X-ray crystallography
revealedl,4-dipiperazinoto displayside chains ira similar geometrical aangementi, i+3

and i+7 residues)to an idealisedJhelical structure The subject of chiralitywas also
addressed yothe Araa group They developed echiral oligooxopiperizinescaffold (Fig
1.21b) after postulaing that scaffolds containg chiral backbones may be more effective in
discriminating between chiral protein pockets. Molecular modelling of the scaffold revealed
it to have an inherent helical stture, confirmed by CD studies, and predicted gl
chains to mimic residues at thei+4 andi+7 positionsl.o8 The chiral nature of these
compounds will allow investigation into stereochemical aspects of protéfrelix mimetic
recognition However, o reports on inhibition of PPIs have been described for any of these

scaffolds

a [ﬁj’w i M,Lm R/

N , i3 [NIO

@R e
i+4 R ,
N R

N .R3 *7 ]’

(Y .

- (0]

R i+7 R ﬁ

Figure 1.21 Inherently chiral scaffolds: (a) the 1,4-dipiperazino benzenescaffold
(b) the oligooxopiperizine scaffold

1.5.5 Multi -facial Inhibitors

The design of manynimetics describethus far, have focused on displayikgy
functionality on a single facédowever, approximately 40% of all multiprotein complexes
that occur through a helix, have key residues displayed on two or more**f&ash
interactions are found in the ER/coregulator compleaseful analysis of coactivator
protein by Katzenellenbogeet al revealedthat the three leucine residues in the LXXLL
motif are on the edge of an equilateral triangled so one design criteria for Efhibitors
was to have a central core withppropriatesubstituentsattached® Several scaffodds
(triazene pyrimidine, trithiane and cyclohexane) targetting thteraction were synthesised
based on molecular modelling and docking studfesseries of fluorescare anisotropy
competition assay®und @mpounds from the pyrimidin@g-ig. 1.22a) series to be thmost
successfulpyrimidine 8a showed the highest affinity with g & f 2 9% Sinflar design
criterion can be applied to ABbregulator complexe&\R coactivatorsalsobind through the
consensus XXLL sequence in addition to sequees containing multiple phenylalanine or
tryptophan residue@VXXLF, FXXLF etc.).'® Further studies from thKatzenellenbogen
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groupreflect the size differences in ER and ARding pockets Selectivepyrimidine-core
inhibitors were achieved byvarying the size / length of hydrophob&ide chains
ER/coactivatorinhibition ICs,= 7.9 ¢ M8b; no binding8c, AR/coactivator inhibitionCso =
no binding8b; 1 . &''e M

B B B B9

i+4

Figure 122 (a) The pyrimidine scaffold: pyrimine derivative inhibitors ofsteroid
hormone/coactivator interaction8&c). (b) The pyridylpyridom scaffold: pyridylpyridone
derivative inhibitor of the ERbactivatorinteraction9.

Designing an inhibitor of the LXXLL motif requires a molecule which mimics the
distances and angular projections ofithe 3 andi+4 residues on the hel{ke. consective
residuel Both the Willem& and Hamilton group’* have demonstrated that placing a
secondortho substituent on a bineterarly scaffoldcan achievehis. With this is mind, the
Hamilton groupd e s i g n-ketix mametic 1dr inhibition of the ERoregulator complex
the pyridylpyridone scaffoldFig. 1.22b).**® Theindanebasedscaffold was chosen as it has
improved water solubility antioavailability as well as a synthesis which allowed for easy
introduction of substituents into thep®ridyl and 1,5pyridone positionsAn X-ray crystal
structure of goyridylpyridonederivative showed that it adopts a conformation that should
effectively mimic the requiredesidues(i, i+3 andi+4) of the GRIP1 coactivator peptide
whilst in the solid state. Further investigatigia fluorescenceanisotropyfound that these
molecules inhibit the interactiowith low micromolar inhibition constant®yridylpyridone
9 exhibited the best bindingkj=4 . 2 ) whibh is comparable to that of tlkentrol SRG1
NRII peptide'*®

1.5.6 Oligobenzamide Based Inhibitors

Library generation of designed helix mimetics would allow for thorough
investigation ind the binding region on argiven PPI. Oligobenzamides are attracting due
attention as proteomimetic scaffolds due to a synthetic accessibidityamide bond
formation, an ability to incorporate a variety of functionalities mimickmgiural and

unnaturalmoieties and a predictable conformation. After initial molecular modelling studies
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on a 30-alkylated oligoamide scaffolfFig. 123) to mimic residues on an idealised helix (

i+4 andi+7 positions);** *°

the Wilson group demonstrated derivatives of the scaffold act

as inhibitors of the p5SBDM2 interaction:10(ICsp= 1. 0 € M) was comparabl e in
the natve peptide (I = 1 . 2'° Boik) and cavorkers constructed karge library

(>8000) of helix mimetics containing tridisand monobenzami de scaffol ds:
benzoic acid building blocks being replaced with natural amino acids. Variations of the

mimetics contained aniline, nitro or boc groups atNHerminus and acid or methyl ester

groups at theC-terminus. Compounds in this study failed to exhibit notable affinity for the

p53hDM2,'*" however later studies wittmonobenzamide derivativéFig. 1.23¢) report

the inhibition of gp41l assembly with micromolar affinity;0.61 . 3 & M) and effecti
activity in a celicell assay (I§= 58 ¢&.# Yhe Wilson group later modified the original

scaffold, producing a-B-alkylated oligoamide scaffold. Stronger intramolecular hydrogen

bonding resulted in a backbone with reduced curvatiggvatives of this seriehowever,

exhibited comparable affity to the regiosomeric-8-alkylated analogue's?

a NH, b e R/, NH,
OR
HN (0]
OR
(6) NH
OR
HN-0
07 NH H
OR
O~ ~OH
10 R'=Bn
R2= CH,-2-nap
R3=jPr

Figure 1.23 The 30-alkylated oligobenzamide scaffoldr)(chemical structuref the scaffold

(b) low energy conformation of the scaffold containing suitable side chains to target the
p53hDM2 interaction, €) p53 helix displaying the key binding residued) overlay of
scaffold with p53 demonsiting a good geometrical matclke) derivative monomer sciald
targetinggp41 a&sembly

After a structurebased computational design to identify g&B12 inhibitors, he
Guy group reported oasimilar scaffold in which side chains are attached directly onto the
ring and lacking terminal aniline / acithoities Fig. 1.24a). A library of 173 compounds
was synthesise@including dimer intermediat@gFig. 1.24b) using solution phase parallel
chemstry and a series of fluorescemuaarisation assays identified severallmicromolar
inhibitors: most potent inhibital1 achievingaK;o f 1 .2°Aditvary of hybrid dimers of
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this scaffoldwith a pyridyl huilding block (Fig 1.24c) was constructucteldy Craik and ce
workersto target the dimerisatiomteractiono f Ka p o s i-adssciatked hrerpeasviras
protease. A fluoregenic activity assay screening >180 compounds idelafiedicromolar
inhibitors: 12 displaying the most potent inhibition with ans$@f 3.1 pM. The Wilson

group also applied aN-alkylated oligobenzamidscaffold(Fig. 124d)i n t he mdi mi cr vy
helicesbased on observatiomsadefrom theRebek groupRebeket aldemonstrated that the
intrinsic preference for theis geometry can be inverted in sa§sembled capsules through
non-covalent interactions in the#ans conformation and so it was hypothesised that the
N-alkylated scaffold may adopt a similar extended con&tion?* The initial report by
Wilson and ceworkersrepresentedhe first solidp h a s e s y nhelix eninétiss amdf U
showed them to inhibit the p38)M2 interaction with low micromolar affinitflCsy= 2.8 -

4.1 uM).** Subsequent studies adapted the synthesia foicrowave assisted solid phase

procedureincorporating a rangef natural and unnatural functionaliié side chain&?

N R NH,

X
E?/\ 9/\ g -
NH NH
N>R 07 NH
O e
o)
OH R
11 R = 0-CN-Ph, 12 R" = cyclohexyl, o 0.,
R? = p-F-Ph R2 =Ph j R
o)
J) 07 0OH

R2 c:H2 -2-naphthy
R3=Pr

Figure 1.24 Oligobenzamide based scaffoldsaa-d) scaffolds alkylated directly onto the
benzene ring, d) N-alkylated oligobenzamide scaffoldg)(3-O-aklated oligobenzamide
derivative containing a wed edge.

A novel bisbenzamide scaffold was designed by Ahn ang@votkers to address the
amphi philic nat-helices. Thd scaffcddrplpcesnsiald chaing mirbicking the
and i+7 residues on one face, and side chains mimicking+#Beandi+5 residues v a
second face: producing either amphiphlic or geptial bifacial mimic!** The Wilson group
elaborated on this approadi improve the solubility of the -®-alkylated scaffold:
synthesising3,6-O-dialkylated building blocks displayinglteydrophobic side chain from the
3- position and a hydrophilic glycol chain from the gbsition (Fig. 124€)."*> 13 showed
comparable efficiencyin a fluorescence anisotropy assagprgeting the p58DM2
interaction,to the original noffunctionalised analogu#0, with an 1G, = 7.54 pM but with

gredly improved solubility. The solubilising group was therefore shown to have little impact

31



Chapter 1: ProteirProtein Interactions and Strategies for their Inhibition

on bindng affinity, indicating improvements in helix mimetic properties could be achieved

with this type of orthogonal functionalisatiof.
1.6 Project Aims

Several strategies have evolved over the lagtSl@eas in the field of PPI mediation.
Although someo f t he most potent i nhi bit otheseaseo f ar have
specifically tailored for a given PRhd are therefore considered to lack versatiftgveral
gener al f e-hdix however, provide antemplate for inhibitor design from which
generic approachasight be devised tdargeta wide range of PPIs. Constrained peptides,
foldamers and proteomimetics are classed as designed inhiaitdralthough a true generic
approach is still sought, each strategy displays many unique features and offers valuable

knowledge into the important features of the prefwistein interface.

Previously in the Wilson group, ti80O-alkylatedoligobenzamile scaffold has been
synthesised using a solution phase synthesis employing monwitieis variety ofO-alkyl
substituents namely a variety of hydrophobic side chains to tartjed p53hDM2
interaction'™* fluorescenceanisotropy assays have shown some of theseatd as
micromolarinhibitors**® The work describetiereinwill build on this work reporting on the
developnent of a methodologwhich will allow for an efficient solidphase synthesief
libraries of compounddased on the aforementionedaffold. A variety of natural and
unnatural amino acid side chains will be incorporatedudin Fmoc protected monomer
building blocksto screen in fluorescee competition assays againsiultiple PPItargets
Further work will discuss the development of potential ER/coactivator inhibitiars
molecular modelling and docking studies, structucalbracterisation and biophysical

experiments on a bisbenzamide scaffold contaimndified 30-alkylated building block
1.7 Oligoamide Naming Protocol

The following chapters contain several scaffolds based o@®-alkylated benzamide
structure. In orderat differentiate between them with ease, including intermediate building
blocks, a generic naming protocol has been devised. The following list describes the naming

patterns adopted throughout and scaffaldhscan be found ifrigure 1.25:

1 The 30-alkylatedoligobenzamide scaffoldc an be t houg3nABMas having
scaffold derived fron3-hydroxyaminobenzoicacid

1 The isomeric X0-alkylated oligobenzamide scaffdidcan be thought of as having a
®HABA s caf f ol d2-hgdexyaminaehzofcacid m
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T Thegynt hesis of the scaf f o3 HAsBAc aldmaildibmed 6i | | u s

blocks or can be more specifically referred to as:
o0 @BHNBA bui | dic)fay3-Hydroaynitkobenzpicacid
0 @BAHBS b ui | didpfag mdihyl8-aminehydfoxybenzoate
0 Analogous naming is applied to 2HABA based building blocks

1 Dimer e can be thoughbPHABNS daafifngl da3éeri ved
dihydroxyaminobenzoicacid

T Dimerfi s a hybrid 3dABMt aaDHABADg blacteld dui | di ng

1 The synthesis of the scaffod s can be i | DHAStAr atlasdiegiads u s i

blocks or can be more specifically referred to as:
o @OHNBAS bui | dignfay 3-dihlydoorykiteobefzoicacid
o @OAHB6 b ui | d if)dogmebthytdaminalihyfiroxybenzoate

0 Hybrid oligomers candexpressed such &3HABA:3HABA(e)

¢ NO, d NH,
OR OR OR
OR
07 NH 07 NH 07 OH o >o”
OR
3HNBA 3AHB
OR
07 >NH

07 NH
3HABA OR 2HABA
OR
07 >0H 07 0oH
e NH, f NH, 9 NO, h NH,

OR DHABA OR
DHNBA DAHB
RO
o 07 OH

Figure 1.25 Structures of scaffolds and building blocks referred to in the naming protagol: (
3HABA based scaffold,b) 2HABA basedscaffold (c) 3HNBA building block (3HABA
based), ¢) 3AHB building block (3HABA based), § DHABA based scaffold, f{ hybrid
DHABA:3HABA dimer scaffold, ¢) DHNBA building block (DHABA based),h) DAHB
building block (DHABA based)n.b. some acronyms are not highlighted in this thesis but
should be applied in future work
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1.7.1 Numbering System

To simplify the numbering and NMR assignment of our trimers, a sequential
nomenclaturenumbering system has been devjsetiere each of the monomer building
blocks is considered separatdfyig. 1.2%). Assignment of the compounds is adldws;
naming proceeds froM to C terminus where eacBHABA residue is assigned a number
with respect to its position on the chain and each individual residue numisgnedthe
standard system. Siaddain assignment follows a peptide nomenclature pattentich the
carbon attached to the alkoxy oxygen i s assigne
parts cont i nlothe oade tofraroralic, sideechains, the aromatic carbons are
numbered CArl, CAr2, etd.he numbering of the protonshssed orthe carbon numbering
system The monomer number is added as a prefix to the individual carbon / proton number
for differentiation. Examples of oligomers are given below however monomer intermediates
follow the same assignment. Protons infmeoc $ructure aradifferentiatedby the prefix E
protons from the Chigrouparenu mber ed FHU, the neighbouring CH

aromatic protons are FHo FHb.

1-a~CO,H 2-HAr4
a COH 2-HAr3 b
) 1-Ho 2-HAr2
I-NH, O

1-H2 5 N” 3-HB

| | 3-Ha
2-H2

z NH OJ\z

1-H6 Hp

CO,H
4-COH

Figure 1.26 Oligomer numbering systema) Shows proton numbering of oligomers, b) shows
carbon numbering of oligomers, c¢) shows proton numbering of monomer buildigb

1 Naming of compounds in the experimental, usan@ig. 1.25) as an examplewill
be found as followsNH,-[O-CH,-CO,H-(3-HABA)] -[O-Bn-(3-HABA)] -[O-iPr-
(3-HABA)] -Gly-CO_H

0 Each square bracketepresentsa single building block and provides
informationon the type of building blockBHABA) and its corresponding

side chain
0 A nitro derivative will have &NO,- prefix

0 A ester derivative will have €€CO,Me suffix

34



Chapter 2

Solid Phase Methodology for Synthesis of
O-Alkylated Aromatic Oligoamide Inhildors of

U-helix Mediated ProteiaProtein Interactions

This chapter is adapted from the research article published in Chem.#and.

contributed to work in a research article published in Org. Biomol. Chem.






Chapter 2: Solid Phasklethodology

2.1 Introduction

A major effort in modern bi@rganic chemistry focuses on the design, synthesis and
structural characterisationf foldamers® nonnatual oligomers that adopt wellefined
secondary, tertiary and quaternary structtf&s° One ultimate objective of such studies is
to recapitulatethe function& behaviour of biomacromoleculé$. Particular emphasis has
been placed on inhibitdfs® 8 8 132133 of 5 _helix mediatet proteinprotein interactions*

i an endeavour which in its own higrepresents a major challerigg®*® The development

of synthetic methodology that allows access to stoathedium sized libraries dbldamers
incorporating diverse side chains represents the cornerstone upon which such studies are
pursued. In this regard, it is noteworthy that the most robust methodology exists for
peptoids*’ b-peptide$*®*and more recently oligouredS;templates that have seen the most
significant use in a biological contekt*° The Wilson group* 10 119 122123 gng others”

124 141143 have recently reported on the use of aromatic oligoartiftes potentiak-helix
mimetics™** *°> Rather than topographical mimicry of taehelix (as is the case fdr,”

a/b® % % and other foldamet¥), these compounds mimic anrhelix by presenting key

side chains from a relike template in a spatial orientation that matches that o&thelix
(Figure 2.1).1%°

Figure 2.1(a) Id e a | ihslie (taketdfrom PDB ID: 1YCR) with, i + 4 andi + 7 side chains

highlighted. (b) Chemical structure of BABA helix mimetic (c) Minimised structure of a

helix mimetic with R = R* = R® = iPr. (d) Id e a | i-heli@ dupetimposed onto minimised
aromatic oligoamide.

The 30-alkylated oligoamide(3HABA) scaffold Eig. 2.1b,c) was evaluated for
a -helix mimicry by comparison with the p53 transactivation domain (PDB ID: 1YCR) in
which three side chairis Phel9, Trp23 and Leu26are shown to play aely role at the
p53hDM2 interface'™® Of the structures within 1.5 kJ mblof the lowest energy

conformation, all were observed to position side chains orfame indicating the desired

conformation should be accessible. The RMSD was calculated on the agreement between the
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a carbon of the peptide and the alkoxy oxygen of the scaffold. The scaffold aligns well in
parallel to the dipole moment of the peptidel @aman antiparallel orientation which further
validates the hypothesis of a rod likehelix mimetic. RMSD values averaged at 0.4951 and

0.4953 for the paralleHg. 2.1d and antiparallel orientations respectively.

Although solution methods for asseljbof very largé*” and long aromatic
oligoamide$™ have been described, a significant advance in this area woultk ready
availability of solid phase methods tolerant to a diverse array of side chains; this would
facilitate |ibrary generation and ease of

on N-alklyated aromatic oligopamidé&’: *#

only a limited number of reports have been
described on the synthesis of benzanifitfes® and related aromatic oligoamid&s'®? that

meet the criteria outlined above. During development of the methodology, the Ahn group
published an alternative strategy to synthesis®-a8kylated trisbenzamides® This
followed anNY C chain elongation to address the reduced reactivity of the aniline and each
cycle followed a sequence of four iterative reactions. This method is not compatible with
other methods for solid phase peptide synth&PS) therefore addition of amino als or
incorporation of oligobenzamides into peptides may be problematic. In addition to this, the
linear nature of the synthesis (a total of 9 reactions once resin bound) affords relatively poor
yielding trimers: averaging at approximately 30 % yield. thesse reasons, continuing with
development of the methodology was deemed synthetically vital; this chapter describes the
development of such a method that can be used for synthesi®-ailkylated aromatic
oligobenzamides using standard Fmoc solid phasgegies and iterative coupling and
deprotection steps. Using microwave irradiation, trimers can be assembled on-a solid
support in 2.54 hr in sufficient purity for screening purposea significant improvement on

any previously published method. The thaglology is tolerant to a large and diverse
collection of monomers and amenable to synthesis of longer oligomers. The approach and
observations in developing it should have wide applicabilitytfiersynthesis of aromatic

oligoamide foldamers in general.
2.2 Results and Discussion

In developing the approach it was desirable to avoid use of novel protecting group
chemistries and so fundamental features were sought that are compatible with standard
Fmoc solid phase strategies such as the use of Fmoc as-peseranent protecting group
and permanent acid labile protecting groups on the side chains. On this basis, a four step
synthesis of a broad array of monomia-r was developedjcheme 2.1 exploiting either
alkylation of the intermediate phenol at the dsication point using alkyl halides or

alcohols undeMitsunobuconditions. As is shown, a full array of peptide based side chains
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covering the entirety of functionality found in native peptide side chains is accessible (with
the exception ofCys, Argand His) whilst several nomatural side chains and chiral side
chains can also be incorporated. An Fmoc protected monomer mimiGkngvas also
synthesised; the standard monomer design positions the phenolic oxygen as the atom
mimicking thea-position of the amino acid within the helix and therefore this represents a
poor mimic ofGly and would require protection during synthesis. Commercially available 3

methyt4-aminobenzoic acid9was thus protected with Fmoc to furnish @Gy mimic 14s.

R-OH -
NO, DIAD NO, g NH
OH  PPh or FEtOAc ? or NaOH or LiOH ? o FmocCl NHF"(')O':
THF 75-100% _MeOH:THF THF/CHCIa
—_— —_—
. PA(C), H; “70100% 70.95%
MeOH

O~ "OMe K,CO4 O~ "OMe 85-100% o) OMe

DMF 16

50 - 90%

\*WW%QWQ\A@V\@L

a

bocr, 1

\{\/OMOM Fd WNHT“ H2  Emoccl  NHFmoc
n ° o) 0 @Aj/ THF/CHClI3 Q?/
H o) 96%
N_ _O®Bu
"{\/ N a{\/\/\HJ\

O'Bu 07 0OH
q o r 14s

Scheme 2.1Synthesis oFmocprotected monomers for SPPS

There are several noteworthy points as follows: (i) for benzylic side chains it was
necessary to use tin (Il) chloride for nitro group reduction as opposed to palladium on
charcoal, so as to avoiteavage of the side chaiff,(ii) for the hydrolysis step, care may be
required to avoid cleavage of the sidaidh requiring use of lithium hydroxide and mild
conditions (e.g. room temperature). Cleavage of the side chain by elimination of the phenol
can occur under forcing conditioris a feature which prevented us from obtaining a
monomer mimicking histidine. Adtbnally, for side chains possessing an electron
withdrawing groupg to the phenolglimination is promoted during monomer synthesis,
hydrolysis and coupling (see belovBid. 2.29. Finally, for thetert-butyl ester side chain,
deprotection of theéert-butyl group using sodium hydroxide was observed presunvadby
ketene intermediateHig. 2.2b).
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a b
NO, NO, NH, 0y A 3
o o OH \HL J< o
) 0 NaOH OH
{_ o
00" 00" 0o © 00"

Figure 2.2 Examples of(a) Elimination in a sidechain containing an electron withdrawing
groupgto the pheno(b) deprotection of tesbutyl group.

SOCl,or

Wang Resin Ghosez's reagent OR NHFmoc
XH anhy. NMP { [ orR ] NH, CLEAVAGE
O/ OR N\[(@[ TFA
e T L S
o
NHFmoc n o
OR NHFmoc FMOC L Jn
OR |  COUPLING DEPROTECTION _ i} N amino aciD
SOCior DMF/Piperidine OR v coupLING
Ghosez's reagent N
O~ "OH anhy. NMP OR  CLEAVAGE
07 "oH X 0 TFA

L OR H NHz ~ o) XH = OH or an amino acid
N L Jn Y = an amino acid
OR
o’ °
o
n

Scheme 2.Z5o0lid phase synthesis protocol

A general outline oftte solidphase synthesis method is illustrate@aheme 2.2In
terms of developing this methodology, the amide bond forming reaction is challenging as the
substrate is a deactivated aniline. Acid labile Wang resin was selected for these studies and
resinl oading was achieved wusing thiognstagndardchl ori de ¢
coupling reagents such as HCTU and EDCI do suffice, either directly to the resiGlyr to
loaded resin. A series of screening experiments for anilide formation was temptad

using the isopropyl monom@da, chloroform as solvent and microwave assistance (using a

CEME peptide synthesiser) to identify suitable
forming acid chlorides proved successful (i.e. thinoyl chloride,
dichlorotriphenylphophorane andBos ez 6s reagent ). This was not en

that prior studies!* ''® 22 in the absence of microwave, indicated that strongly activated
acids (e.g. acid chlorides) would be necessary to mediate formation of the amide bond. Due
to the acidic nature of these reagents ardaitid sensitive nature of the resin and possible
protecting groups, several strategies to make activated monomers such as activation with a

pentafluorophenol or am-hydroxysuccinimide group on the carboxylic acid were also
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investigated,however both faled to induce coupling. Another method inspired by work
from the Danishefsky group involved converting the acid to a thid&st&cheme. 2.8
Addition of an isocyanate shoulébrm a very strong bimolecular acylating agent
(formimidate carboylate mixed anhydride (FCMA)intermediate) facilitating anilide
formation. Treatment of monomeida + 14e with L a w e s seagend isulted in highly
unstable thioacids and were poor yielding for subsequent amide hydrolysis

+ NuH o
JJ\

_R2 bimolecular _,
o o N acylation R
J + 0=C=N-RZ — J|__l —

SH R'” ™87 H

1,3S-N

FCMA L~ > O
acyl R1JLN H
migration R2

R

=un

Scheme 2.3cheme showing retion of a thioacid with an isocyate.

Using the successful acylating agents, optimisation of the method then proceeded
by attempting oligomer synthesis and broadening the monomer set. Unfortunately, the
majority of monomers in the set were found to lm®rfy soluble in chloroform and so
testing was carried out in DMF. Usimgsituf or mat i on of the acid chl
reagent and microwave irradiation no anilide formation was observed. Similarly, pre
activation or isolation of the acid chloridellbwed by microwave assistance was unable to
effect the anilide formation. An explanation for these results was obtained froM3.C
analysis of the reaction mixture which revealed capping of the immobilised aniline by both
DMF and Ghosez0 sa stabéeaamidimet This cappigg reaetion which is
observed even where the acid chloride is used direntlicates that the solvent reversibly
reacts with the acid chloride to generate Wilemeier intermediate which can then cap the
aniline. This behawiur is not observed for synthesisNfalkylated aromatic oligoamid&s
i one explanation is that capping of aalklyated aniline results in an unstable
intermediate which cannot lose a proton to form the amidfige 2.3. With these results in
hand, a solvent screen was performed to identify polar aprotic solvents which would not lead

to such sideeactions.

NHFmoc NHFmoc ® R
OR OR )\’\H /I§N )\
NMe2 NMeZ NHz Or
&
o] NH Y NH

Unstable N-alkylated
analogue

Figure 2.3Mechanism for capping of anilinesiring SPSsia Vilsmeer intermediates.

41



Chapter 2: Solid Phasklethodology

Table 2.1Table of synthesised oligomers', R andR? (lower-case letters) are compoufd
analogues and ‘R(uppercase letters) are amino acids: Trim2® is made up from
14ai 14ai 14ai Gly. ' synthesised using in situ activation of monomer with thionyl chloride

b synthesised using in situ activation of
; 1 2 3 4 Final Yield (%)
Trimer R R R R Purity (%) Precipitate HPLC
20 a a a G 95 73 -
21 e e e G 95 92 -
22 e h a G 90 71 -
23 a h e G 920 82 -
24 e g a G 95 78 -
25 g | a G 99 99 -
26 e i a G 99 86 -
27 a d a G 99 73 35
28 a n a G 99 - 19
29 a s a G 99 64 32
30 a f a G 99 79 21
31 a k a G - - -
32 a I a G - - -
33 a m a G 99 69 22
34" a o] a G 99 - 22
35 a p a G 20 69 32
36' a q a G 99 - 28
37 a r a G 99 - 17
38 a a a - - - -
Oligomer Sequence F.lnal M
Purity (%) Precipitate HPLC

39 abd(l) 99 - 35
40 Gaaa(G) - - -
41 acbb(G) 95 91 -
42 a c ca(G) 95 93 -
43 aaaaaal(G) 95 87 -

o

d

0

g{\gNHTr‘t ’\(\/

P q

Q0 \AQ Q.

Om

Y Yy
a0 Ya,
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OMOM
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H
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\n/ W OtBu
(e]
14s

Figure 2.4 Chemical structure of side chains incorporated into trimers using the SPS
procedure

The solvent screen identifiedMP as a suitable solvent with which to perform

solidphase coupling to give the aratit benzamides. After further screening and

monomer

optimisation, it was established that direct use of the acid chlorides obtained from thionyl

chloride or preactivation usingGh o s ez 6 s reagent
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synthesiser couldiffect coupling in high yield. It is important to note that the highest
coupling conversion obtained using dichlorotriphenylphosphorane was 20% and a
significant impurity of mass 557 was obtained in both DMF and NMP and so work using
this reagent was discontinued. The wd acid chlorides was preferable for the majority of
alkyl/ aryl Fmoc protected monomet4 as these could be precipitated and stored for at least
one month with no decomposition. For the more highly functionalised monomers which
tended not to precipitatupon reaction with thionyl chloride, it was preferable to usénthe

situ method (these highly functionalised monomers also tended to be less stable as acid
chlorides). For direct addition of acid chlorides, a single cycle of coupling at 50°C for 30
minutes in the absence of base was sufficient to achieve high conversion, hofeever
longer oligomers, double couplings were used. For Fmoc removal, no special optimisations
were required and 20% piperidine in NMP was sufficient. Care was required witloltizd g
deprotection reaction which was performedlofé from the synthesiser; certain side chains
(see below) were found to be susceptible to cleavamelimination with the indole side

chain a notable example, thus this stage of the procedure recprieésd monitoring.

With these observations and optimisations established, the versatility of the method
was demonstrated by synthesising a sufficient number of trige83 (Table 1) so as to
demonstrate that each monomer in the set could couple amlipled to. In addition, it was
also illustrated that it is possible to cémidirectly to theresin38 and amino acids other than
Gly could be appended to th&terminus39 (through use of different amino acid loaded
Wang resins) and to thHé-terminus40. The only problematic monomer wadk with the
resulting oligomer undergoing cleavage of the benzylic phenol under thdastan
deprotection conditions required to cleave the phen@itbutyl protecting group. In
addition, whilst reasonable coupling wadbserved with monomed4l, isolation and
characterisation of the resulting trimer was not possible. Finally, the versatility and power
of the method was also illustrated though synthesis of longer oligofiet8 (up to a
hexamer). This foldamer was olstad in 10 hr using double couplings and the NMR
spectrum is shown ifrigure 25 for the product obtained direct from the resin. This
spectrum is typical of the spectral data that is obtained direct from resin cleavage and
indicates that the oligomers apbtained in sufficient purity for preliminary screening. In a
number of cases, this was not the case, howeleaner material can be obtained by

preparative HPLC.
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S

Figure 25 ™H NMR spectrum (500 MHz, DMS@g, 60°C) of hexame#3.

2.2.1 Conformational Studies

2.2.1.1 Molecular Modelling

As previously discussed i@hapter 1 some PPIs involve much longer helices: for
example the gp41l hexameric coiled coil interaction. To illustrate the potential for longer
oligomers to act as mimics of extended helices, molecular lfimedevas performed on the
hexamer43 as is illustrated irFigure 2.6. To do this a conformational search was carried
out onhexamer3 and the structure was minimised by employing aMdhte Carlosearch
in the software Macromodel® using the MMFFs (Méfblecular Force Fields) method.
Water was chosen as implicit solvent and free rotation around the amide bonds was allowed
in order to increase the accuracy of the conformational search. The results revealed the
lowest energy conformation was the extendidcture with all six side chains lying on the
same face; a conformation displaying an alternative arrangement afhsiohes however,
has a relative potential energy of +3.2 kJ Tndemonstrating a variety of rotamers are
accessible. Using a crystafhstture of gp41 (PDB ID: 1AIK), a series of superpositions
was taken from the hexamer using different combinations of side chains (eg side ¢hains R
R?+ RPor R, R* + R’) and the extended helix using different combinations of residues (e.g.
i,i+3and +7ori,i+4and + 8) and at varying positions on the helix (e.g. towarddthe
or C terminus). From the relatively small set sampled in comparison to the available
combinations, RMSD values ranging from 0.42188A was achieved when superimpagin
3 atom pairs consisting of the oxygen of the alkoxy group ane tabon of the amino

acids.
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The superposition of the lowest energy conformation of the hexamer using the
alkoxy oxygen from rings 2, 3, and 4 with residues iat 3 andi + 7 positims respectively
(residues Thr569, Leu566 and GIn562) is showrkrigure 2.6a. This demonstrates side
chains fromrings 1, 2, 3, 4 and 5 are orientated in a very similar fashion to residuds-at the
4,i, i+ 3,i + 7 andi + 10 positions. Molecular mollieg studies infer having different
arrangements of side chains is thermodynamically viable. With this in mind, tG©OAr
bond on ring 5 hasden rotated and the overlays Rigure 2.6b-d show side chain 6 is
found to occupy the same space as residutiein+ 14,i + 15, andi + 16 positions. This

demonstrates that such oligomers could find use in the inhibition of more exteiidiot

mediated PPIs.
: \ \ \
i-4 w

i+15

/ vﬁ' / (‘r

:
1

Figure 2.6 Figure showing superposition of hexand& with gp4lextended helix (PDB ID:
1AIK). (@) Low energy conformation of hexamdb-d) Demonstrating how rotation of side
chain from ring 6 allows mimicry of residues at the14,i + 15, and + 16 positions.

2.2.1.2 X-Ray Crystal Studies

Finally several crystal structures of a representative trimdér (descibed

previously}* 1

were obtainedlr. P. Prabhakarasynthesised and obtained the crystdls

44, Prof. M. Hardie and C. Kilner acquirednd solved therystal structur® comprising
isopropyl monomers and with @-terminal methyl ester anN-terminal nitro group Kig
2.7a-c). These correlate with previously published analysis of the conformational preference

of these oligomerg®* *>* 1*°

i.e. thatthey adopt a rotlke conformation with free rotation
around the AICO axes and rotation around the-MiH axes restricted through S(5)
intramolecular hydrogebonding.Thesecrystal structures are extremely significdor the

project as theylemonstratehat sde chainscan adopt bothsynand anti orientations with
respect to one another, whilst variations along the backbone permit the side chains to project

in subtly different orientations. As most key binding resisl occur on the same face of the
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helix, this ability for the oligomers to rotate and project functionality in the correct

orientation is a vital feature of these compounds to maximise interactions for inhibition.

NO,
O\(
O~ "NH

e
e

o~ "0

44

Figure 2.7 Solid-state structures ofritner 44 (left) Structurel (middle) Structurell and
(right) strucurelll .

2.3 Conclusion

A robust method for synthesis of aromatic oligoamides containing a diverse array of
natural and nomatural amino acids sidehains using a microwave ageid automated
peptide synthesiser has been developed. A four step monomer synthesis allows generation of
Fmoc protected building blocks for SPS with trimers accessible d 25in sufficient
purity for screeningafter precipitation (alkyl or aromaticdg chains) or after HPLC (side
chains with acid labile protecting group3hese foldamers represent excellent templates to
act as mimetics of tha-helix and hence as inhibitors of protgirotein interactions. The
method represents a powerful tool with which to obtain PPI inhibitors by sequence based

design and for library generation to screen against unknown targets.
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3.1 Addressing the Hypothesis

As demonstrated irChapter 1 the modulation of PPIs represents a current and
challenging are for drug discovery: the use of designed molecules (Type | and Type llI
mimetics) to target helix mediated PPIs was discussed. Small molecule modulators
identified via traditional drug discovery routes (HTS and fragment based approach) were
omitted sincemany PPIs share similar topographical featdtes)da generic approach to
target such complexes is an ultimate goal. The conclusion of this would be a common
scaffold that contains intrinsic diversification points such that minor changes result in

selective inhibitors for a number of PPI targets.

Discussd in Chapter 2was the 30-alkylated oligobenzamide scaffold (3HABA)
developed in the Wilson group. The supposition behind the scaffold was that if a rigid rod is
formed and suitable functionality is presented with a comparable spatial orientation to side
c hai ns -haif'" selectiv® inhibitors of helix mediated PPIs could be genetdted.
Adapting the original solution phase synthe§lbapter 2reports the rapid generation af
small library of oligobenzamides using a modular solid phase synthesis developed on a
microwave assisted peptide synthesiser. The library focused on identifying the scope of the
methodology in terms of functionality and chain length, whilst also degjgpotential
inhibitors of the p53IDM2 interaction.

NHFmoc SOCl, or

O/XH OR Ghosez's reagent OR |, NHFmoc
+ anhy. NMP N
OR
) X o) -
Wang Resin O™ "OH LOADING > ('
o NH
14 n OR H 2
NHFmoc N
FMOC OR
OR COUPLING DEPROTECTION|—» x
SOCl,or o o)
2 NMP/Piperidine
Ghosez's reagent o
anhy. NMP n

07 OH
L OR NHz o CLEAVAGE
N
oR TFA
Q" °
o
n

R= g\
iPr Ve YV er E‘{b iLeu \(\@ Bn

\(\@\ s‘(\/OH Y\[]/OH
(0]
2Nap Cl pCI-Bn ;
CF3

mCF3-Bn Ser Asp

Scheme 3.1SPS protocol for synthesis ofGGal kyl at ed ol i gobenzamides.
6any amino aci do.
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Using the SPS method describedGhapter 2 a small library of 16 oligomerd=(g.
3.1) wassuccessfully synthesised: designed with potentially good and bad inhibitors of the
p53hDM2 interaction to further test the validity of the approach. This built on previous
work targeting this interaction and initiated new studies to assess the poténtid o
3HABA scaffold to disrupt the Mel/NOXA B interaction. Accordingly, the majority
contained aromatic and aliphatic functionality; however, other functionality was included in
several trimers. The iterative procedure is outline8dheme3.1and trimers were obtained
with >90% purity after precipitation (by UV chromatogrgpand NMR spectra). After
HPLC purification of trimers obtained using thesitu method (Method C) irChapter 2
insufficient material was recovered to characeterihe oligomersand also carry out
screening studies, therefon® binding data was obtained for théger set of oligomers
containing a wider range of functionalifyhe following work will discuss how fluorescence
anisotropy data is collected and processed in ordeetermineinhibition constants, and
will examine the initialscreeningesults from each interaction and the development of the

library in response to these results.

NH,
OR! Set A
20 R'=iPr,R?=Pr,R® = iPr
22 R'=Bn, R? = 2Nap, R® = iPr
O NH

23 R'=iPr, R? = 2Nap, R® = Bn
24 R'=Bn, R? = pCI-Bn, R® = iPr
25 R' = pCl-Bn, R? = mCF5-Bn, R® = iPr

07 NH 27 R'=jPr,R? = jLeu, R® = iPr NH;
OR® 28 R'=Pr,R? = Ser,R%= iPr or
45 R' = pCl-Bn, R? = 2Nap, R® = iPr
0P NH 46 R'=Bn, R?> = mCF3-Bn, R® = iPr 07 NH
o 47 R'=Bn, R?=Bu,R®=iBu OR?
Set B 07 NH
W 41 R'=jPr, R? = cPr, R3 = jBu, R* = iBu OR?
42 R'=jPr,R?=cPr,R® = cPr R* = iPr
O NH
07 "NH OR*
O SetC g?/
48 R' = Asp, R? = iBu, R® = jleu R* = Val
P NH 49 R' = Asp, R? = 2Nap, R® = jBu, R*= val © cho
OR3 50 R'=Bn, R?=2Nap, R® = iPr, R* = Asp )
51 R'=Bn, R? = 2Nap, R® = iPr, R* = Lys
N R* = amino acid

OH

Figure 3.1 3HABA based oligomer library for screening against the plBBI2 and
Mcl-1/NOXA B interaction Set 1(20-25, 27) and 2(41, 42) from Chapter 2andSet 1 45-47)
and3 (48-51) are newly synthesised.
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3.1.1 SAR of oligomerstargeting p53hDM2

p53 birds with its negative regulatoria key hydrophobicresidues on the p53
activation domain, into a hydrophobic cleft on t#ii@M2 LBD. More specifically the Phel9,
Trp23 and Leu26 residues at thé+4 andi+7 positions(Fig. 3.29 .**In a previous study
from the groug;° trimer 10 (Fig 3.2b) containingsimilar substituents to the key residues on
the p53 helix, was identified as the most potent 3HABA proteomimétia fluorescence
anisotropy competition assay targeting pbRBYI2. Using the same side chains, an
equivalent trimeR22 (with a C-terminal Gly) was synthesised to use as a reference to carry
out an SAR study for targeting the pbBM2 interaction In this context, oligomers were

screened to determine the following:

22,23 Obtain a dtect comparison with previousliestedoligomers ¢ studythe
effect of Gy and to determine if positioof the aniline / acid effects the
binding mode

24, 25,45, 46 To detemine how halogenated aromatic groups effect binding

20, 27, 47 To determine how substituting aromatic groups for alkyl groups effects
binding
41, 42 To determine if larger oligomers are tolerated by the protein

28, 48, 49 To determine how hydrophilic fictionality effects binding

50, 51 To determine if additiorof functionalised amino aciddfacts solubility /

Phe19 ~ b E}?o\/@ ¢ (};o\/@

O NH O NH
Leu26 / 90\( ?o\l/
/ OH O NH
] o
10 22 K(f
H

Figure 3.2 (a) p53hDM2i regulates cellular stress (PDB IDYCRY): p53 binds with Phel9,
Trp23 and Leu26 hydrophobic residués) Most potent 3HABA inhibitor10 identified from
previous studies containing hydrophobic residuéds: Bn, R = 2Nap and R=iPr. ) New
C-terminal Gly analogu@?2 as reference for SAR study.

binding

3.1.2 SAR of oligomers targetingMcl-1/NOXA B

Mcl-1 is one of the many #rapoptotic members of the B2lfamily and binds to

NOXA B (BH3-only proapoptotic member). The involvement of this interaction in
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oncogenesis is still under investigation; however, it has been identified as an important
therapeutic target in studies oiving ABT-737 (Fig. 1.6b).*° The helicalbinding motif is

shown inFigure 3.3a and involves key intactions from the Glu74, Leu78, 1le81 and Val85
residuesOligomer48 (Fig. 3.3b) was synthesised as an intended inhibitoof-1/NOXA

B, containing similar substituents to the key residues on NOXA'B: Rsp, R =iBu, R =

iLeu and R = Val. An additimal 5 proteomimeticswere selectedor a preliminary SAR
study, targeting Mell/NOXA B, on the following rationale:

48, 49 Oligomerscontaining similar functionaliNOXA B: potential good mimics

47 Has similar functionality to the BID peptide which @lbinds to Mci1:
potential good mimic

24 Contains large aromatic groups which may be too large for the binding cleft:
potential poor mimic

27,41 Oligomers lacking a Glu mimic but containing other similar functionality to

b NH, (o]
O\/U\OH
Glu74
0P NH
0\)\
lle81 SNH

NOXA B: potential good mimics

a helical epitope of
NOXA B

Mcl-1

48

Figure 3.3 (a) Binding of NOXA B to its partner proteiMcl-1. Key binding residues on
NOXA B positioned at the, i+4, i+7 andi+11 residuesGlu74, Leu78, lle81 and Val85
respectively(PDB ID: 2JM§. (b) Designed potential inhibitor of MA/NOXA B interaction
containing appropriately functionalised side cha#®&R' = Asp, R = iBu, R = iLeuand R =
Val.

3.2 Fluorescence Anisotropy Assays

3.2.1 Fluorescence Anisotropy

Anisotropy can be defined as a property that has directional dependedda, this
context,the directional dependence of the fluorescence property of a fluorophore will be
exploited. Whera fluorophore is irradiated photon of a specific energy is absorbed and
the fluorophore gets excited to a higher energy state. After the fluorescenoejieiower

energy photon is released (with heat), returning the fluorophore back to its original energy
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state. This excitation and relaxation involves redistribution of electrons and requires
excitation by a photon having a specific polarisation witpeesto the axis of the molecule.

In a mixure of randomly oriented molecules, only molecules oriented within a particular
range of angles to the applied polarisatéoe excited. These molecules will, accordingly,

emit with a specific polarisation relatirig the orientation of the molecule. The size of a
fluorophore determines the rate at which the molecule rotates: smaller entities rotate faster
than larger entities. Therefore, if the fluorophore can freely rotate, changing the orientation
of the moleculéefore relaxation and hence emission of a photon, the degree of polarisation
of the emitted light will be reduced and the anisotropy will be low. Conversely, if the
fluorophore is large and does not rotate before emission, the degree of polarisatien of

emitted light will be much higher and, hence, the anisotropy will be high.

PM Tubes

Polarised ? Iikl

- ==t UMMM Polarised Emission
Xenon Flash Lamp Q E.rirglsszgr;
ilter (P-

Filter (S-)
Polarised Excitation Wi

Filter I
Dual Emission
Beam Splitter

Fibre Optic Dichroic Mirror

Figure 34 Schematic showing the mechanics of the plate reamlesollect fluorescence
readings.

3.2.2 Collecting and Processing Fluorescence Data

To collect fluorescence data fonyagiven interaction, data was collected using an
EnVision plate readeiigure 34 gives a schematic of this process: Broadband light is
passed through a polarised excitation filter, resulting in plane polarised light with an
appropriate wavelength band the fluorophore. As the excitation light hits the dichroic
mirror, it is reflected onto the sample and absorbed by correctly orientated fluorophores. The
same mirror forms part of the emission channel by allowing lower energy emission
wavelengthdo passthrough whilst blocking the excitation light, reducing saturation at the
detector. The emission light then hits the dual emission beam splitter, directing half through
a parallel (9§ polarising emission filter and directing half through a perpendicigr (

polarising emission filter (Sand R with respect to the polarised excitation filter). The few
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photons which pass through the instrument are passed through a photomultiplier (PM) tube
which amplifies the light signal into a voltage, which is read h®y ¢omputer. Readings

from S and R channels can be taken simultaneously, minimising artifacts such as
photobleaching and sample movement, therefore G (instrument and assay dependent factor)
is normalised to 1The data is then used to calculate #verae anisotropyor fraction of

ligand bound, plotted against [protein] or [proteomimeéinyl fitted to a logistic model to
extractKy, ICsqor EGovalues(See Appendix I).

3.2.3 ldealistic Binding Measurements

The fundamentals of the assay rely on the chamgetation time of the fluorophore
to provide binding constants such agh (or ICsesto be explained laterfrigure 3.5a gives
a graphicalrepresentation of the assay and is explained further in se@i@i¥s1 and

3.23.2

protein

a
+ ’ ’ ' § ) § ’
tracer
proteomimetic
b 0.15+ € 0154
0.104 0.10 4
2 z
g 0.05 4 g 0.054
2 2
2 2
< <
0.00 4 0.00
-0.05 T T T T T T n -0.05 4
1E-10 1E-9 1E-8 1E-7 1E-6 1E-5 1E4 1E3 1E-10 1E9 1E-8 1E-7 1E-6 1E5 1E-4 1E-3
[Protein] [Proteomimetic]

Figure 35 (a) A graphical representation of the fluoresaenanisotropy assay. Left
equilibrium (protein titration) allows for calculation of they kand right equilibrium
(competition assay) allows for calculation of the ¢r ICs). (b) Example of a sigmoidal
curve obtained aftea protein titration. d Example of a sigmoidal curve obtained after a

competition assay.
3.2.3.1 Protein Titration: Dissociation Constant

On the left of the first equilibriumFig. 3.59, there is a peptide tracer (the
fluorophore) and the much larger protei®when the tracer is in an unbound state, the
molecule has a fast rotation due to its small size: this will therefore exhibit low anisotropy.

However, when the tracer binds to the protein (right of the first equilibrium), a larger
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complex is formed displayg much slower rotation: this will therefore exhibit high
anisotropy. This first equilibrium provides the rate of dissociatigf ¢Kthe complex and is
determined by carrying out a serial dilution of the protein, whilst keeping the concentration
of thetracer constant. If tested over the correct range, a sigmoidal curve shaliddoeed

(Fig. 35b) displaying low anisotropy at low protein concentrations and high anisotropy at

high protein concentrations.
3.2.3.2 The Competition Assay: Inhibition Constant

On the left of the second equilibriu(fig. 3.59, there is a large fluorophore complex
exhibiting high anisotropy. On addition of a ligand, the tracer may be displaced becoming
free to rotate: resulting in a decrease in anisotropy. This second equilibrivitigsrthe K
(ICs0) of a potential inhibitor ligand, and is determined by carrying out a serial dilution of the
ligand, whilst keeping the concentration of protein and tracer constant. If tested over the
correct range, a sigmoidal curve should be obseffvigd 35¢) displaying low anisotropy at

higher ligand concentrations and high anisotropy at lower ligand concentrations.

tracer protein proteomimetic

IR B R B
[

Anisotropy

v

»
»

[hDM2] [proteomimetic]
Figure 3.6 The multiple equilibria involved in the p38M2 competition assay preventing K
determination Aggregation of the tracarontributes to the anisotropy during protein titration
(ry) and interaction of the tracer with the proteomimetic contributes to the anisotropy during
the competition assay.j.

3.2.3.3 Assay Equilibria

Previous studies from the group revealed a complex set dibeiqthat prevent the
calculation of the inhibitiorronstant K;.*® They proposed that instead of a simple two step

competition Fig. 35a), it is more likely that the fluorophore self aggregates and also
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interacts with competitor ligands The anticipated equilibria can be explained through
analysis of assay data aace shown irFigure 3.6

The minimum anisotropy,min, Should correspond to a solution where the tracer is
completely free to tumble, hencestiould be equivalent to the theoretical valgeRy,, was
determined during the protein titration and was abfufoundto be greater than: caused
by aggregation of the tracan,. On displacement of the tracer molecule by ¢bmpetitor
the tracercan interact with the competitor as [competitertracer]. The tracecompetitor
complex ;) maybe much smi&er than the tracer:tracer complex and would therefore have
a smaller contribution to the anisotropy<r;. This can be seen from the deesponse
curveswhich havelower anisotropy valueshan the observed,, at the beginning of the
protein titration: hence why calculation of the §g§or EG) is necessary.

3.3 Biophysical Data for p53hDM2 Assays

The use of fluorescer anisotropy to determine binding constants has been well
established within the Wilson group with respect to the 3812 interaction(Fig.3.39"°
119122125 and as such, this was the first interaction the library was tested against. Although
extensively employed, it was important to repeat certain standard experiments to ensure the
assay was reproducible in my hands. Followingvjmus studies, a fluorescein tag was used
as the fluorophore on the p53 activation domé&ilu-653,53; purchased: Peptide Science
Research Ltd.tracer molecule and a Hiag construct ohDM2 was used for the protein

(His-hDM2,+.156 L33E molecular clonig and expressior. K. Long).

Ky=129.67+2.9

Fraction Bound

1 1I0 1 60 10I00 10600
[hDM2] nM

Figure 3.7 Protein titration curve of the pF8)M2 interaction (K;=129.67 n\).

3.3.1 hDMZ2 Protein Titration

The K; of the interaction wadeterminechaving a hDM2] of 10 uM - 0.15 nMand
a constant [p53*] 064.5nM. The plaé was allowed to incubate for 1 hour and results from
this experiment can be foundkigure 3.7: a Kyvalueof 129.67 + 2.9 nMsee Appendix II)
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was obtained which is comparable to data previously obtained in the greep7eK38 +
4.2"'°and 164.4= 10.8 nM).

3.3.2 Competition Assays

3.3.2.1 p53DisplacementAssay

The first cornrol experiment required was the competition assay involving
displacement of labelled p53 (p53*) by unlabelled p53. In addition to understanding if the
assay waseproduciblein my hands, three parallel assays were made with varying DMSO
concentrations (0%5% and 10% in the first well) to determine whether DMSO had a
significant effect on the results. High DMSO concentrations were likely to be necessary due
to solubility of the 3HABA oligomer#n the aqueous buffeil he [p53]rangedfrom 50 puM
i 34 nMandthe [p53*] was constant at 54.5 nM across the plate. The plates were allowed to
incubate for 1 hour each and results from this set of experiments are shbignria 3.5
consistent |G values were obtained across the three DMSO concentrations and were
comparable with values obtained previously inthe group 24915 e¢M N9s 1.2 &M

0.06+ " 0%DMSO

* 5%DMSO
4 10% DMSO

0.04 4
0.02 4

0.00

Anisotropy

-0.02 4

o
0.01 0.1 1 10

[PS3] (uM)

Figure 3.8 p53 displacement curves at 0%, 5% and 10% DMSO concentratiggs: B04 +
0.15 &€M,162.¢1M ahdo.1.49 N 0.07 &M respectively.

3.3.2.2 Nutlin Competition Assay

Nutlin-3a (Fig. 1.69 is known to bind tohDM2 and isone of the mdspotent
inhibitors of the p53IDM2 interaction identified to dat8. A second positive control test
using this inhibitor inthe competition assay was accordingly carried out to ensure
comparable results. The [NutiBg in the first well was at 10 pM in 28 DMSO and the
[p53*] was constant at 54.5 nM across the platde plates were allowed to incubate and
time course studiesaking readings at 30 min intervals ®hours were madelCsyvalues

were consistent within thisicubationperiod and the doegsponse curve for NuthBais
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shown inFigure 3.9. In my hands, NutlirBa demonstrated andgralue of 24.0G: 01.0 nM

which is comparable to the literature value (90 AM).
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Figure 3.9 Nutlin-3a doseesponse curve against the g&E3¥2 interaction: 1G = 24.00+
01.0 nM.
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Figure 3.10 (a) Oligomers22, 23, 10 and52 mimicking the Phel9, Trp23 and Leu26 residues
of p53. p) Doseresponse curvesr oligomers22 and23: IC5o= 21.43 + 1.224M and 23.65t
4.51uM respectively.

3.3.3 3HABA Library Screening

In previous studies, the 3HABA oligomers were synthesised in a solptiase
iterative process and oligomers were comprised solely of 3HABA based building blocks. In
the SPS procedure, synthesis on a Gly loalfedg resin achieved the best loading and so
oligomers have &-terminal Gly residue. To determine the effect this had on bind#g,
and 23 were synthesised as analogues of potent inhibitors from previous stidiesad
52)."° Binding curves fo22 and23 are shown irFigure 3.10 and exhibit comparable g
values of 21.43 £ 1.22 and 23.65 + 4.51 respecti\siygesing the position of the aniline /
acid moieties on the scaffold may not influence the orimmtathe inhibitor binds with.

However, the shape or steepness of the curves are quite different and this feature is
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expressed as the Hill coefficient whickescribes the cooperativity afligand binding to a

larger protein In this instance it gives amdication if other nosspecific interactions are

occurring between the proteomimetic and tratterebyhaving an effect on bindingThe

Hill coefficients for22 and23 are 1.27 + 0.28 and@®) +0.46 respectivelysuggestinghat

22 binds noncooperatiye and oligomer 23 has more negativeooperative bindingvia
interference of the tracer:protein complex by formation of a proteomimetic:tracer complex.

The previous binding studies determiri@and52 to display IGov al ues of 6. 35 N
and4.15+@ 0 ¢ M r e §%ndiaating theeglygine may have a negative effect on the
potency of the 3HABA scaffold which may be attributed to the poorer solubflitiye Gly

analogues.

U A

NH
O\[/ OY UT/ O\r Gj/
. 07 TNH O07~NH O NH O07™NH
X b ‘ b °
H H X H X
22 24 45 46 25
b 4
0.08 0.08 = 35
0.06 .,
0.06
0.04 i
g z . e
£ 0.02 £ 0.041 1 . . +
8 . 8 L m L
2 2 {,
<< 0.00- < 0.02-
-0.02 T
0.00
0.04 . T ‘ " : T
0.1 1 10 100 1000 0.1 1 10 100
[Proteomimetic] (uM) [Proteomimetic] (uM)

Figure 3.11 (a) Reference oligome22 andtrimers24, 45, 46 and25 varying aromatic groups

at the R and R positions.(b) Comparison of dseresponse curvesetweer22 and oligomers

24, 45, 46 and25: ICso= 16.51 0 . 7 12518193 + 230 uM45;8 0. 71 N 46(C)91 & M
Competition assay data for oligon®5: Data points unable to fit to a logistic model.

Oligomers?24, 45, 46 and 25 were gnthesised to see how halogenated aromatic
groups as Phel9 and Trp23 substguteay influence binding. Dosesponse curves from
competition assays from this set are showrFigure 3.11b-c. Using trimer22 as the
reference molecule {R= Bn, R = 2Nap, R = iPr), the following results and conclusions
were made. ACI-Bn side chaineplaced Rin trimer 24 and the Rin trimer 45, In both of
these trimers, a slight improvement in binding is observeg€C 16 . 51 84 1Q, 71 & M
= 14.93 + 2.3015) suggesting that insertion ofp&l-Bn group could be beneficial. &CF;-

Bn side chain replaced’R trimer 46 and a dramaticallfigherICsg is observed (80.71 +
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6. 91 ¢£andR*were Rplaced witpCl-Bn andmCFs-Bn respectively in trime25 and
a reproducible doeeponse curves shown inFigure 3.12c(see Appendix Il for additional
data) The data obtained is not reasonable to fit pryided no evidenct®r binding of this
compound In light of theseresults,it may bereasonedhat themCF;-Bn group may not be

favourable for binding.
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Figure 3.12 (a) Reference oligome22 andtrimers47, 20and 27 with aromatics substituted
for alkyl groups at the Rand/or R positions.(b) Comparison of the dogesponse curve @2
against those for oligome#¥, 20and27:1Cs,= 5. 19 N7, D4.61+70.9% R0, 6.56
N 0.20 &M
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Figure 3.13 (a) Reference oligome22 and tetramerdl and42. (b) Comparison of the dose
response curve @2 against those faetramerstl and42: IC5o=25.27 + 4.81 uwM41, 63.93 +
4.94 uM42

Trimers 47, 20and 27 (Fig. 3.12a) were modified to assess how inserting alkyl
groups at the Rand R positions might affect binding. Dosesponse curves from
competitions assays forighset are showin Figure 3.12b. With respect t@2, trimer47 has
aniBu group replacing the bulky naphthyl group at tRe&sition. Surprisingly, removal of
one aromatic group dramatically improves thgi@lue (5.19 + 0.17 uM7). Trimer20 has
botharomatic side chains replaced wiBr groups and again, an increase in binding affinity
was observed and found to be reproducible,@Cl4.61 + 0.97 uM and 10.03 £ 1.19 pM).
A second trimer with all alkyl side chaing7) obtained a surprising low k(6.56 + 0.20
p1M). Although it is not clear why improved binding is observedggestios for this could
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include increased self aggregation of dimers containing aromatic side chains from
hydrophobic int-erattck&nsesg) suebulbsing in few

binding, or simply the 2Nap side chain could be a poor Trp mimic.

Tetramerstl and42 (Fig. 3.13a), containing only alkyl side chains, were also tested
against this interaction. Dosesponse curves for these oligomers are fourkigare 3.13b
and 1Gg valueswere determingto be 25.27 + 4.81 uM an@3.93 + 4.94uM respectively.
Although a great deal of information can not be obtained from these results, seemingly
minor changes (RB u ¥Pr and R iB u YiPr) have resulted in éhange in potency. This
highlights the need for large libraries of inhibitors containing side chains with many simple

variations in order to fully and effectively probe thi#gM2 bindingsite.
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Figure 3.14 (a) Oligomers48, 28and49 containing functionalised side chains. Dassponse
curves for b) acid functionalised oligome®8 and 49 exhibiting 1G, values of 14.99 + 0.89
UM and 32.68 + 0.01 uM respectively) @lcohol functionalise@8 exhibiting anlCsgvalue of
> 250 uM.

Oligomers48 and 28 (Fig. 3.14a), contairing a Asp and Ser analogue respectively,
were screened against this target to deduce what effect the corresponding functionality may
have on binding. Dosgesponse curves from competition assaystfi@se oligomers are
found in Figure 3.14b,c. It was pleasing to see that the acid functionalised oligat8er
demonstrated an increased potency compared with tdth@Cso= 14.99 + 0.89 puM). This
corresponds to results obtained from the Hamilton gradnm observed increased binding

for a terphenyl scaffold when flanked with carboxylic acid grotipgurther studies have
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shown that favourable electrostatic interactions can also be made with a nearby His

residue’>® This positive result led to the synthesis of trimér(Fig. 3.14a), containing an

iBuY2Nap substituti

on.

Despite a

hypot hesi s

hydrophobic contast a decrease in potency was observeghd32.68 = 0.01 pMY¥urther

suggesting 2Nap could be a poor Trp mincorporation of an alcohol moiet2§) led to a

dramatic decrease in potency {{G >250 uM) suggesting unfavourable interactions or

simply poor affinity with the binding site.

From data obtained in the previous screening studies, it was evidemdiaing

certain hydrogen bonding moieties could help increase their potency. Unclea4Srama

49, however,is at what position the funamality is most likely to make electrostatic

contacts. Oligomers$b0 and 51 (Fig. 315a) were subsequently synthesised using an

appropriately loaded wang resin as a simple method to incorporate acid and base moieties

onto the trimers, and to compare resditectly with trimer22. Doseresponse curves from

competition assays for these oligomers are fourféignre 3.15b. Trimer 50 containing a
C-terminal Asp exhibited improved inhibition with ansf&alue of 9.54 + 0.54 uMThis

could indicate possible Y¥aurable interactions fromincorporating acid functionality

however, the change in the shape of the curve sugdgeste could be some form of

cooperative bindingoccurring. Timer 51 with a C-terminal Lys exhibited much poorer
inhibition (the bottom platau was fixed at0.02 to determine the kg at > 250 uM).

Capping with anN-terminal Asp would be the appropriate next step to better understand

what position the functionality is best positioned, however, tteghodobgy to couple

functionalised aminacids onto trimers is not yet developed.
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Figure 3.15 (a) C-terminally functionalised analogues @R, Asp 50 and Lys 51, (b)
Comparison in the dosesponse curves ofigomers22, 50and51: ICsq = 21.43 £ 1.22 pM,

9.54 + 0.54 and > 250 pM respectiyel
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3.4 Biophysical Data for Mcl-1/NOXA B assays

A fluorescence anisotropy (FA) assay for this interaction has recently been developed
in the group. This has provided optimised conditions and allowed the repetition of the
protein titration and peptide displacents assays tgeneratereproducible results in my
hands. A fluorescein tag was used as the fluorophore on the NOXRIBGNoOxa Bs-s7
synthesis: Dr. P. Prabhakaranjracer molecule andicl-117,.327 (molecular cloning and

expression: Dr. A. Bartlettwas usedfor the protein.

3.4.1 Mcl-1 Titration

Determining the Kof this interaction was carried out having\c|-1] range fronb
MM i 0.15 nMand a constant [NOXA B*] of 50 nM. The plate was allowed to incubate for
1.5 hours and results from this experimem ¢ found inFigure 3.16. A K4 value of
148.19 + 55.97 nMsee Appendix llwas obtained which is comparable to data previously
obtained in the group (& 32.46 + 1.14 nM).

400000

300000+

Intensity
Fraction Bound

200000+

01 $ 10 100 1000 10000 01 1 10 100 1000 10000
[Mcl1] (nM) [Mcl1] (nM)

Figure 3.16 (a) Average intensity fitted =t2@0).8 | ogi stic
Protein titration curve of the Md/NOXA B interaction (K = 148.19 £55.97 nM)

3.4.2 NOXA B Displacement Assay

As a positive control, it is imperative to perform the unlabelled peptide displacement
assay to ensure binding data is reproducible,cantparable with previouslgbtained data.
In this studyassag werecarried out with 0% and 10% DMSO to understand if DMSO has
an effect on binding. The [NOXA Bijanged froml5 puM i 34 nM and [NOXA B*] was
constant at 50 nM across the platde plates wre allowed to incubate and time course
studies, taking readings at 45 minute intenalsr 3 hours, were madéCs, values were
consistent within this incubation periodogeresponse curves from théet of experiments

are shown inFigure 3.17: comparale ICs, values were obtained across the two DMSO
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concentrations and were comparable with previously obtained resul§s=(l0D7.42 + 104
nM 0% and 533.14 + 57 nM0% vs 704 + 35 nMLO %)

0.04 4

s 0% DMSO
0.03 e 10% DMSO

0.024

0.014

Anisotropy

0.00+

-0.01

1(I)0 10IDO 10600
[NOXA BJ (M)

Figure 3.17 NOXA B displacement curves at 0% and 10% DMSO comaéons; Gy =
707.42 £104.11 nM and 533.14 + 57.10 nM respectively.

3.4.3 3HABA Screening Library

As this assay is in its infancy, there are no previous studies using 3HABA oligomers
against this interaction and, hence, nothing to make comparisons agassiall selection
of oligomers Fig. 3.18) seen previously screened against pb842 were chosen to assess
the potential of the 3HABA scaffold in inhibiting this new interactiés.the fluorescence
intensity changes during the protein titration (see Appe ), ECs, values have been
calculated by plotting fraction of ligand bound against [proteomimtazd Appendix IL)

A @?L ?’o ?* ?u\
S

47 24 27 0% ~NH

Figure 3.18 Mcl-1/NOXA B 3HABA screening library.

Oligomer 48 was designed to mimic the key binding residues of NOXA B.
Synthesisean a Val loadedVang resin, it also contains potential lle, Leu and Glu mimics
(iLeu, iBu and Asp monomers 14) respectively). Oligomer4d9 has a very similar
composition however, with a large aromatic group at thfepBsition which may give an

indicationto how large the binding pocket is. Unfortunately, as can be seen from the binding
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curves for48 and49 (Fig. 3.19a,b), the data is fairly scattered at low [proteomimetic] with
large error bars in place§his scatteng may be due to aggregation of traceoleculesor
proteins and or precipitation of the protein by the proteomimetitiis is represeative of
competition assaysom oligomersd7, 24 and41 and datas not reasonable to fit
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Figure 3.19 Doseresponse cungfor (a) 48: Fitting not possiblgb) 49: Fitting not possible.

The most promising dogesponse curve was obtained from trin28r shown in
Figure 3.20a. This oligomer containenly three alkyl side chairend demonstratean EG,
value of 4.66 pM, although there is stitbrae fluctuation in this binding datdhe dose
response curves from the MEINOXA B assay is directly compared with that from the
p53hDM2 assay, shown iRigure 3.20h For both interaction®7 exhibits relatively good
binding indicating poor selectivitfor these interactions with this oligomer. As no other
binding data was obtained for the MINOXA B interaction, the question of the selectivity
of the scaffold has not yet been addressed.

60 - 604
. T ® Mcl-1/NOXA B
504 = p53/hDM2
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Figure 3.20 (a) Doseresponse curve fa27; ECso= 4.66 + 0.89 M. (b) Comparison of the
doseresponse curves &7 against the Mell/NOXA B and p53DM2 interactions(ECso =
6.56 + 0.20 pM)

Although having deduced &Cs,value for the Mcll/NOXA B screen, the dats a
wholeis not particularly good. The poor bimgj data is not unique to the 3HABA scaffold

as other screening from within the group using this assay has produced similar quality data.
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Although the full library was not screened against this interaction, it is clear that the assay is

not particularly rolast and further screening was stopped.
3.5 Conclusion

In summary, a small library of 16 compounds was assembled to screen against the
p53hDM2 interaction and 6 compounds against the-MBIOXA B interaction. These were
synthesised using microwave assiste8PS methodology reported @hapter 2 Although
the methodology is robust with respect to alkyl and aromatic side chains, coupling of
functionalised side chains is less efficient and requires purification by HPLC. The yield from
this is low and preventectiening of the full library of compounds. Protein titration and
peptidedisplacement assays were carried out for both PPIs before screening of the libraries
commenced. Nice binding curves were obtained and several low pM inhilenes
identified when ereening against the pBBM2 interaction (most potent inhibitor 47,

IC50= 5.19 uM). Datafrom the Mct1/NOXA B screen however,was too poor to extract

reliable binding constantsith trimer 27 producing the only data reasonable to EC{, =
4.66 uM).

Although library screening of the p53/hDM2 interaction was more succehbsiul
the McFL/NOXA B screen, a much larger library would be necessary to make any real
conclusions about what produces potent or poor inhibitors. However, some trendsng bindi
affinities were identified and this will lead the way for a second library generation for the
p53hDM2 interaction. For example, incorporation@El-Bn and Asp mimetics at varying
positions. Both these residues apparently improved the potency ofotieermpimetic and a
positiortactivity relationship study of such side chains could provide important results. The
introduction of natural amino acids as flanking residues on more oligomers could help
improve solubility in addition to making key binding irdetions. Furthermore, screening a
wider range of functionalities with varying chain lengths and including chiral side chains
will all add to understanding the restrictions imposed by the protein binding cleft. Future
work would, hence, involve building anore diverse library and improve the SPS

methodology for the incorporation of functionalised monomers and amino acids.
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Design, Synthesis and Testing

of a Novel Bifacial Inhibitor

A synthetic procedure developedSection 4.2.tontributed to work reported in a research
article published in EurJO&®






Chapter 4: Degin, Synthesis and Testing oNmvel Bifacial Inhibitor
4.1 Introduction

In the development of most conventionathelix mimetics described to date, a
frequent feature or constraint was the need to design inhibitors which mimic side chains
occurring on one face of the helix (i.e. at ther3 (+4), i+7 ([+8) positions and so on). A
recent computational study cadi®ut by the Arora group revealed that 62% of known
multiprotein complexes feature a helix at the interface further highlighting the importance of
Uhelices in PPIS? In this 480 strong set, 60% interaga residues on a single face whilst a
third contain key binding residues on two faces and approxima@sty require all three
faces for interaction with the target protein. Using carefully designed stabilised helices or
helical foldamers provides a solid foundation for multifacial inhibitoksit due
consideration should be given to designing multifacial proteomimetic inhibifsss.
discussed irChapter 1 there are #imited number of scaffoldg/hich have been designed
address this challeng® **>**® On develoment ofwork carried out irChapters 2and3, it
becameapparent that potential bifacial mimics could lmeessed through modification of
the original 3HABA scaffoldA suitable test system on which to develop the new scaffold

was needednd the work described in this chapter centres on that goal.

An important group of interactions are the nuclear receptatsttagir coregulating
peptides. This chapter has a focus on the estrogen receptor (ER), a transcription factor which
regulates the growth and function of tissues found in the female reproductive Hsteas.
also been associated with a variety of diseases including cancer, cardiovascular disease,
obesity and osteoporosidighlighting the importance of this target for therapeutic
intervention:>® Approximately 70% of breast tumours develop due to the stimulatory effect
of estrogens and so amf$trogen therapies, such as tamoxifen, were devel8p&tiese
drugs work in a competitive manner with the estrogen ligand, inducing agonistic as well as
antagonistic effects depending on the tis§bén breast tissueamoxifen binds to the ER
preventing the binding of estrogen. This has an antagonistic effect by inducing a change in
the shape of the ER, shielding the coactivator binding region and in turn recruiting
corepressor proteins; gene transcription and henaetlyie halted® Initially these have a
significant effect on the reduction of breasincer;however in more than 80% of treated
women, tamoxifen resistance develdfis-®* In the endometriuntamoxifenacts as a partial
agonist therebyncreasing the risk of endometrial cancer in some wolfteam alternative
therapy to antestrogen drugs is thus needed, which may be found in the ER/epaictiv
PPL.
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Asp

i+3

Figure 4.1(a) Helical epitope of NCOA2 showing key leucine residues at,the 3 andi + 4

positions. Also displays Asp and Lys residues that interact with the charge clamp (PDB ID:

2QZO0). ) Close up view of how key hydrophobic and ded residues on the NCOA2

interact with the ERU LcBTDp sie viefvafdcNEOAR Bhbvdng | D : 2Qz0) .
key binding residues lying on two faces (PDB ID: 2QZQ@i). Top side view of p53 helix

showing key binding residues lying on one face (PDB IDCRY.

Coactivators (pl60 protein family)- interact
2) surface on the LBDvia small amphipdti c-helital peptide sequences containing a
common hydrophobic recognition motif; LXXLL (L = leucine, X = any amino acid) also
known as the nuclear receptor box (NR bdxp(4.19 . The AX0 residues in
are not conserved and may provide a means to design selective inhib#ars.ck/stal
structures also show evidence of the peptide interacting with a charge clathp BR
surface which could be utilised to further stabilise the compfex @.10).2% Unlike key
residues in the pSBDM2 or Bclkx /Bak complexes which are found on a single face of the
helix, these key leucine residues are found on two face®msrdtrated in the nuclear
receptor coactivator 2 (NCOA2) peptidEid. 4.1cd). It has been proposed that these
featur es ma y-coactivhtar imteractior to BeRtargeted by LXXLL mdiife
inhibitors. Expanding on that, designing bifacial protaoeaiics to project appropriate

functionality in similar orientations to residues at ithe 3 andi+4 positions is desired.
4.2 Design

Design of the coactivator mimetics builds on previously established work from the
group.Chapters Zand3 expand on this wd developing a methodology and screening of a
3HABA based scaffold reproducing thandi + 4 (andi + 7) residues. The Ahn group had
also previously reported the synthesis of a novel amphiphilic variant of this scaffold in
which they used an Elbs pelfsie oxidation on a related-f&/droxy-4-nitrobenzoic acid
(2HNBA) starting materialg3) to generate para-dihydroxylated compounds@).*®” It was
reasoned that using a combination of the origin@-&lkylated 66 or 17) and new 3,8D-
dialkylated 65 or 57) building blocks, residues at thei+3 andi+4 positions could be

mimicked; similar to those found irhea NR box. To illustrate this, we assembled the
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3HABA and DHABA building blockgo form new dimer scaffold§8 and59; appropriate
functionalisation producedimers 60 and 61. These structures differ with respect to the
position of the DHABA subunit; i60 the lower, acid termini contains the DHABA building
block (3HABA:DHABA) whilst in 61 the upper, amine termini contains the DHABA
building block (DHABA:3HABA).

NH,

a NO, b NO, NO, NH,
OR OR OR' OR!
OH RO R20
07 OH 07 OH 07 OH le] N’He,’ 07 NH
T 2
53 55 56 OR

OR®
R%0
NO, NH, NH,
OH OR OR 07 0H 07 0H
HO RO 58 59
o0 0oH 0”7 ~OMe 07 ~OMe
54 57 17 60 R'=R2=R%=/Bu 61R'=R2=R3=Bu

Figure 4.2 (a) 2HNBA starting materiab3 and new DHABA building block54. (b) New

DHABA basedbuilding blocks55 (DHNBA) and57 (DAHB) can be combined withriginal

3HABA based building block§6 (3HNBA) and 17 (3AHB) blocksto generateew scaffolds

58 and 59; building blocks can be suitabl y60functi one
and6l.

Molecular modelling was carried out usiMpestro as an interface for a number of
applications developed by Schréding®nitially a conformational search of dimes8 and
61 was run in which the structures were minimised by employiMpate Carlosearch in
Macromodel® using the MMFFs (Merk Molecular Force Fields) method. Resultsisof t
experiment showed that 80, the 30-alkoxy groups arsynwhereas ir6l, the 30-alkoxy
groups areanti driven by a bifurcated #onding systemHig. 4.3. Consequently two
adjacent side chains are displayed on the same face in both dimers aednatirey pattern
of side chains was only seen i'for60Angehred @ner ¢
+9.92 kJ mot for 61 Syn This bias towards a particular conformation is caused by restricted
rotation around the ANH bond due to &(5)-intramolecular hydrogen bond; rotation is
therefore more likely to occur through the-80 bond. This would also suggest that the
presence of the bifurcatditte hydrogen bonding system would also restrict rotation around
the ArCO bond in6l1. This is corroborteed in the molecular modelling with th&yn
conformer of61 having a greater relative potential energy tharatiteconformer of60. The
molecular modelling also infers that tBg)-intramolecular hydrogen bond-{#H-2-0O3) in
this system is more stablean theS6)-intramolecular hydrogen bond-{#H-1-O6) which

could be attributable to steric clashes between the two isobutyl chains.
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NH,

NHzo\)\ O\)\ NHZO\)\ NHZOJ\

< °N” "0 fe) >
/gj xoﬁg P gjox
07 OH HO™ ~0 HO"S0 07 0H
60 Syn 60 Anti 61 Anti 61 Syn
+3.79 kJ mol’! +9.92 kJ mol™*

Figure 4.3 Low energy conformations @0 (Syr) and 61 (Ant) and possible high energy
conformations 060 (Anti) and61 (Syn. S(5) and S(6) hydrogen bonds are highlighte@lin
Anti.

The peptide moiety has several dodbtsmded resonance forms which endow
peptides with permanent electric dipoh®ments. These can line up in secondary structures
s uch alselix,tproducing particularly large net dipoles which induce strong electric
fields and can have an influence on its structure and furéfiom addition to the dipole
moment, NCOAZ2 contains charged residues which interact with the charge clamp on the ER
surface. These residues match up with the dipole moment in that a lysiren aspartic
acid residue is found at ti andC-terminus respectively. Dime89 and61 thus have the
potential to match the dipole moment of the coactivator peptide whilst also presenting
appropriate functionality towards the charge clamp. To deterrhiow accurately the
inhibitor designs mimic projection of hydrophobic functionality in the native coactivator
peptides, the RMSD values were calculated with respect to the NCOA2 peptide (PDB ID:
2QZ0). To calculate the RMSD, three atom pairs were supese@tp consisting of the
alkoxy oxygen and tha carbon of the leucine residues at thiet 3 andi + 4 positions. The
orientation of the dimer in relation to the coactivator was also altéfigaire 4.4 shows the
superposition of the lowest energy conformatiof@;lies slightly across the helix én
against the dipole moment of the peptide éfhdies with a similar orientation but in line
with the dipole moment of the peptide. The RMSD values for the lowest 1.5 Kenerigy
conformations 060 and 61 range from 1.62..70 and 0.94..07 A respectiely indicating
that 61 is predicted to be detter mimic of NCOA2. Several important features, such as
being of reasonable likeness to the native coactivator peptide and containing functionality
which may interact with the charge clamp, provided a goadtirs§ point for ligand
generation and efforts were directed to developing a synthesis. In addition to these features,
a robustO-alkylation already established within the group would allow incorporation of a

wide variety of sidechains to enhance probinf the binding surface.

72



Chapter 4: Dedin, Synthesis and Testing oNavel Bifacial Inhibitor

a N termini of peptide b N termini of peptide

~

dipole
dipole

C termini of peptide C termini of peptide

Figure 4.4 (a) Superposition of NCOA2 peptide and the low energy conformaticd0gb)
Superposition of NCOA2 peptide and the low energy conformatié@i;dPDB ID: 2QZ0)

4.2.1 Synthesis

The synthesis of these compagnwas achieved using two building blocks, the
3HABA based building blocksScheme 4.1 and the DHABA based building blocks
(Scheme 4.2 The monoalkylated synthesis used methods previously developed in the
group™. Simple alkylation using-bromo2-methylpropane (or an appropriate alkyl halide)
generates the alkylated product in good yield. The product from this reaction was then either
reduced usg tin (Il) chloride (to get 3AIB intermediates) or hydrolysed using sodium
hydroxide chloride (to get 3HNBA intermediates). These three simple reactions generate the

two building blocks needed for the two separate scaffolds.

NO,

OR
NaOH
e MeOH:THF
NO, -Br NO,
OH  KaCOs OR { 07 OH
—_—
71%
o”>o” o~ NH;
15

SnCl, OR
16b EtOAc

76%

070"

17b
Scheme 4.1Synthesis of monoalkylated 3HABA based building dir 3HNBA 56 and
3AHB 18).

The synthesis of the dialkylated building blocks commenced with a dihydroxylation
reaction following a procedure described by the Ahn gffugtarting from 2HNBAS3.
Reproducing this reactiomsing a cheaper alternative starting mateBatydroxy-4-
nitrobenzoic acidé2 however, results in much easier isolation of the progbd}. If a
homoalkylated product is desired, the acid needs protecting in an esterification reaction and

is then alkylated with the corresponding alkyl halide. An important point to note in terms of
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targeting alternative PPIs, if a bifacial mimetic is requirem display different
functionalities, this can be achieveth ketal formation between the carboxylate and 2
hydroxy group 3) This differentiates between the two hydroxyl groups and further
alkylation and deprotection steps can deliver appropriate héigidated DHABA based
building blocks'** 1%

NO,
OR
NaOH
R.Br MeOH:THF RO
NO;  K;S,08 NO, H,SO, 2 K,CO4 0, 9%
HO NaOH OH MeOH owE OoR — 7 O OH
—_— 5
37% HO quant. 72%
07> oH o INHz
62 54 SnCIz OR
acetone EtODAC
(CF4CO)0 | %% RO
TFA; oo~
57
g 1 VN
HO/@ O/@/ ----- g
07 >0H \/1\0 o
53 65

Scheme 4.5ynthesis of DHABA based building blocks.

The Mioskowski”group previously reported aminolysis of esters using the catalyst
TBD (1,5, %triazabicyclo[4.4.0]de&-ene) one example reported contained amiline.
Successful aminolysis 86 (Scheme 4.Bwould mean thathe final hydrolysis step forming
56 and55 is notnecessaryAlthough the amine was not protected, it was hypothesised that
the nitro ester would be more reactive towards aminolysis and skeaetionof 18 should
not be seen. Several attempts at this reaction including increasing the temperature and
catalyst loading were tried however analysis byM& showed that conversion to the dimer
occurred with less than 5% efficiency under all condi&ioDue to the very poor reactivity

this route was discontinued.

anhy. THF
Y O~ "NH
) 10 mol % TBD, 50°C (0]
) 10 mol % TBD, 70°C
17e

30 mol % TBD, 70°C

>5% O~ "O

Scheme 4. Attempted aninolysis conditions
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Akin to work carried out irChapter 2 identifying if stable acyl chlorides &5b and
56b could be isolated was importar stable acyl cloride of 55b wasisolatedand this
carried througlcoupling,reduction and hydrolysis reactions to form dir6&r however the
acyl chloride from56b was too unstable to isolatt situ acyl chloride formation with
thionyl chloride (and building block&6b and 57b) in a microwave reactor was then
attempted. Varying temperature, length of reaction and equivalents of thionyl chloride failed
to result in significant conversion &y. Ghosezds reagent was subs
use as the acylating agemeading to successful formation of intermedi&e Further

reduction and hydrolysis reactions resdin the desired amino acid dim@d (Scheme 4.4).

NO,

NH,
NO2 : O\/I\ O\)\ o\)\
O\/I\ i Ghosez's reagent
CHCly SnCl,
— EtOAc NaOH
i NH, 07 NH " O°°MH - 0N
O "OH OMI\ O\)\ orPae O\)\ MeOH:THF O\)\
56b Hy, MeOH 42% over
\(\O Y\O YO 3 steps YO
O” "OH

0”0”7 07 oMe 07 0OMe
57b 67 68 60

NH, NH,

NH,
NO- \)\ i SOCl, o\)\ O\)\ O\)\
O.
CHCl3 SnCly o o
\r\ el \r\ Moo \r\
> HN™ ~0O HN™ ~O
(o)

-, o
\ho _ NH,
i OJ\ HN"So —
0™ "OH )V or Pd/C )Vo MeOH:THF )\/o
55b Hz, MeOH 45% over
3 steps
o”>o”
69

MeO™ O MeO™ ~O HO™ ~O
70 61

17b

Scheme 4.45ynthesis of dimer§0and61.

In addition to these dimers, the library was expandeddorporate a variety of
compounds which should have varied inhibitory potenka.(4.5. For example71 which
reproduces thg i +4 andi+ 7 side chains was included as it was anticipated that it may be
too large to fit in the binding pocket and shibtihus be a poor inhibitor. Boffi2 and 73
contain insufficient side chains to mimic the LXXLL motif and should exhibit poor
inhibition. 72 howevermay be a poorer inhibitor that8 due to a masked acid group which
would prevent electrostatic contacts witte charge clamf® 74 may show good or even
better inhibition than the original dimers as it may better probe the shape complementarity of
the binding cleft due to the larger benzyl side chainand 72 were synthesised following
an analogous $ation phase synthesis to those showSameme 4.4 Compound/3 and
74 were synthesised using modified syrsbe with Fmoc protected building blocks as

shown inScheme 4.5
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N
EP/Z O\)\ EP/
O~ "NH
O
YO
07 OH

NH

0o 07 OH 07 0H
72 73 74
Figure 45A series of compounds
interaction
NHFmoc
OR
NHFmoc NH,
OR OR' X
CHCl, NaOH
* - NH —_—
X Y mw @ 50°C or'  MeOH:THF
o> al o o” 30 min 60-70%
60-70% Y
070"
75 X=H,R=jPr 77 Y=H,R'=Bn 79 X=H,R=iPr,
76 X=H,R=Bn 78 Y =0iBu, R = OiBu Y=H,R =Bn
80 X=H,R=Bn,
Y = OiBu, R'= OiBu

73

74

x
< O
O: >\:\<
z
I
o
bl

designed

NH,
OR

<X <X

t o i

O/Bu

Scheme 4.5ynthetic outline of dimeformationusing Fmoc protected building black

4.2.2 Conformational Analyses

The new dimers were submitted to thorough analyses by NMR spectroscopy in

order to determine their conformational preferences in solution; allowing for comparison

with previous molecular modelling studies. After assigning alltqgropeaks using a

combination of 1D and 2D spectroscopic techniques, NOESY spectroscopy was used to

determine the conformation through interactions between protons through space. The amide
proton is key in helping to determine the conformation, and teagitr of the NOE may

help in understanding how populated the conformations are relative to each other.

Dimer 60 was shown to rotate around the-@O, indicated by strong NOEs

between protong and c with amide protord; the interaction betweed andb, howvever,

seems to be marginally strongd¥ig. 4.6). This is in contradiction to the low energy

conformational search as it suggests that both conformations are possible, butithe

conformation is potentially more favourable when free in solution. Ratatiound the Ar

NH (S5) bond is more restricted. There is an appareak wéeraction between protores
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andd at 30 mM concentration which disappears in more dilute solytimgever, the cross
peaks are also much weaker in the more dilute solutiongestigg this may not be
particularly significant interactiorMinimal or absent rotation around the-NH bond is
consistent with molecular modelling studies. DirBéwas shown to have restricted rotation
around both the ACO (S6) and AINH (S5) bondsKig. 4.7). NOEs between protorsand

d with amide protorc are not seen at any concentration, suggestingnéirconformation,

which is in agreement with molecular modelling studies.

f cDCly
30 mM b a
NH,
a o\)\ . E65
a b
7.0
b 0% NH

7.5

8.5
—_ €Q)
T e
9.0 8.5 8.0 7.5 7.0 6.5
20 mM l
i\
. E65
- -
" 7.0
) £
- - g
-~ 75 &
- =
N -
80 @
- 3
- 85 §
o O o ©
N —————————
9.0 8.5 8.0 7.5 7.0 6.5
10 mM
1 1 I
6.5
- - -
. 7.0
ﬁ‘ : o 4 -
75
8.0
— - 8.5
1 .- - -
T e e e
9.0 8.5 8.0 7.5 7.0 6.5

Chemical Shift (ppm)
Figure 46 NOESY (500 MHz, CDG) spectra of dime60 at 30 mM, 20 mM ad 10 mM
concentrations. The 30 mM spectra shows the structuréHapgoton assignments and black
circles highlighting any relevent NOEs.
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cDCly
30 mM
a—
b f
=
b
—_
105 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5
20 mM
B
o
o
=
=
(7}
w©
Q
£
[}
=
(@]
105 100 95 9.0 8.5 8.0 7.5 7.0 6.5
10 mM

| IIJ A

105 100 95 9.0 8.5 8.0 7.5 7.0 6.5
Chemical Shift (ppm)

Figure 4.7 NOESY (500 MHz, CDG)) spectra of dime61 at 30 mM,20 mM and 10 mM
concentrationsThe 30 mM spectrahows the structure artél proton assignments and black
circles highlighting any relevent NOEs.
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Figure 4.8 (a) Single Xray crystal structure d@1. (b) Cyclic tetramempacking diagram 061
(stick) showing: aniline (NH) and carboxylic acid hydrogending (CO) and carboxylic acid
(OH) and amide moieties (CO) hydrogen bondiggQyclic tetramermpacking diagram 061
(CPK) illustrating hydrophobic packing.

Initially, NOESY spectra were obtained in DMSO which is more appropriate to the
aqueous conditionsexperienced during biological testing. Several peaks were
indistinguishable in this solvent and so a thorough conformational analysis was not possible,
however, comparable results were obtained where pogSibiesectior.8). In addition to
solution phae conformational analyses, anra§ crystal structure o061 was obtained.
Corroborating molecular modelling and NMR studiddgure 4.8a shows theanti
orientation, with respect to the@G-alkoxy groups, and confirms a bifurcated like hydrogen
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bonding syeem!® The crystal packing of the dimer wadso studied and found to be
substantially different from crystal packing seen from othétABA based oligomer$’
Typically packing is seen through side chaide chain hydrophobic interémms, however,
dimer61 packs with hydrogen bonding interactions between the aniline (NH) and carboxylic
acid moieties (CO) and carboxylic acid (OH) and amide moieties (CO) on adjacent
molecules. Within the chain packing structure, this forms cyclic netra with the
hydrophobic side chains aggregating in the centre of the ring. This hydrophobic packing
most likely contributes, in addition to the hydrogen bonding, to the observed packing
structure Fig. 4 8b-c).

4.2.2.1 H/D exchange

Unlike previous work fromthe group which has seen isolat&b) and S6)
hydrogen bonding systems (as see®@h dimer61 has a bifurcate®5) / S6) hydrogen
bonding system. Interested in quantifying what extent this new hydrogen bonding motif
might affect the conformatioty/D exchange studies were performed. ERperiment was
performed on dimer60and61 and data from a-®-alklated dime81 is included for direct

comparison of an isolate®{6) systemFig. 49)."*

& G
g g o

OH
60

Figure 4.9 Structures of dimers containirgfs), S(6) andS5)/S6) hydrogen bonding.

The relative rates of a hydrogen/deuterium exchange tH &MR study are
affected by a number of parameters. Whilst an acidic proton is anticipated to exclmege
rapidly, sterically hindered and strongly hydrogen bonded atoms are expected to have a
slower rate of exchand& A 10% CDOD/CDC}, system was employed to ensure pseudo
first order kineticsKig. 4.10) and the kinetipparameters for the compounds are given in
Table 1
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The halflife for the H/D exchange studies revealed that the amide pristo81
S(6) exchanges an order of magnitudere slowly than the amide proton&® S(5) and the
amide proton 061 §5)/9(6) exchanges an order of magnitudere slowly thar81 S6) and
two orders of magnitle more slowly tha®0 S(5). Comparable with previous studies, these
results suggests a more stable hydrogen bond for theesinbered systemelative to the

fiveemembered analogue, and this stability is dramatically enhanced in the bifurcated system.

Figure 4.10(a) H/D exchange kinetics for dime6®, 61 and81. (b) Expansion of results ia,
better demonstrating the difference betw&) andS(6) hydrogen bonding systems.
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