Multifunctional Scaffolds for Selective ProteinProtein
Inhibition

Silvia Rodriguez Marin

Submitted in accordance with the requirements for the degree of
Doctor of Philosophy

University of Leeds

School of Chemistry

October2016






Intellectual Property and Publication Statements

The candidate confirms that the work submitted is his/her own, except where work which has
formed part of jointlyauthored publications has been included. The contribution of the
candidate and the other authors to this work has been explicitly indicdbad bbe candidate
confirms that appropriate credit has been given within the thesis where reference has been made

to the work of others.

The work described irChapter 2 constituted the basis fahe research articleDesign,
Synthesis and Conformatioh@nalyses of Bifacial Benzamide Based Foldamdes
RodriguezMarin, N. S. Murphy, H. J. Shepherd, A. J. Wis&®5C Advanceg015 5, 104187
104192 The contributions of the authors are as follo®RM (candidate) was the lead author
on this piece of wrk anddraftedthe original manuscript. AJW edited the manuscript into its
present formN. S. Murphy started the synthesis of the first generation of inhibitors, performed
the preliminary molecular modeling and docking for them and also obtainedepbeed

crystal structureH. J. Shepherdolvedthe reported crystal structure.

This copy has been supplied on the understanding that it is copyright material and that no

guotation from the thesis may be published without proper acknowledgement.

O 2016 The University of Leeds and Silvia Rodrigidarin



Acknowledgments

First of all 1 would like to thank my supervisor Prof. Andy J. Wilson for his constant support
and guidance thorough all these years and for never stop chalenging mkeépvilvith me all

the Christmas meals, annual BBQ and Wilson group days out memories. Most importantly, for
giving me the opportunity four years ago of starting this adventure, which has completely
changed my life. Thanks to the European Reseantim€l (ERC) for funding my PhD antb

the people whdavesupportedhe project: Simon Barret fdvis assistance with NMRDr Chris
Empson for the support with the plateader and robot; and specidiartin Huscroftfor his
continuous help with the HPLC. | wouddso like to thank other members of staffio helped

me during this journey: Dr Stewart Warriner, for his endless positive energy and precious
technical support; DSriShr i dar an, for simply being ASrio, fo
working hardandfor driving me to the airporon Eid day; and Diulie Fisher for giving me the

most comforting words when | jusinded at the University of Leeds.

My deepest gratitude goes to the past and current members \Midbe group It has been a
real pleasurdo be part of this little family. | could not have imagined a better lot to share the
joys and miseries of the PhDo the inttial members of the team, who made me feel at home
since the moment | arrived in this country:rif& | wish we had more time tether; Tashafor
always being genuine; my European métderia, for being a huge support and helping me to
get used to the English waave,for being the most manly man in the l&mna,my lab mum

and salsa introduceKelly, thanks for cleaning thatedk for me and for everything since;
George | wil always have another question for yoand Hannah, for making me not the
shortest in the group. To the new bunddnny my hamstebuddy and protein provider; Irene,
do not need to say: | am very happyyare here!; Sarah, for always being wiling to help;
Ludwig, for bringing the German touch to the lalayapalfor the countless shared laughs and
songs sang out of tun&aquel my Catalonian aly;Phil, for always keeping positiveSam,
¢quée? (Spanisimpression)Claire, it is a shame you did not join befok¢eathey for her never
ending good moogl Kat, for beingthe best acquisition that the group could have hadmyo

| o v estudentefKris and Katefor their great enthusiasm arfdr making me readie all the
things | do know instead than the orlestil need to learnTo dhers like Steverwho showed

me you can share an awful lot of good moments exmamyou do notunderstand a wordach
otheris sayng. Finally, hank you to all the peopkatpass througithe departmenandthat |

do not give a mention to, nhD would not have been the same without you

Furthermore,l would like to thank you Darfrom thedayyou let me in the LEMS roomyou
have been my main suppatiank you for putting upvith me and being there at all times (even



in the mornings)You are one of thedst things | have got from this PhBvery knock in that
office glass brightenethy day, and still does.

| would like to give a special recognition to those people whossigrafor science and for
teaching left a deep mark on me and who led me to do this PhD in Organic Chemistry: David
Ballesteros, Marisa Salgado, Dr Francesc Rabanal and Dr Karim Cassimjee.

Als meus amics de casa: Marta, Maria, Vididrdidespué de un &rgo camino lo logramos!
simepre interconectados a distancm,la Eli, my sister from another mother. Saber que us tinc
all”™ tot i la distancia mdébha ajudat a segui l

Finalment, a tota la meva familiaeyés el meu gran orgull i recolzament. En especial als meus
avis, als que hi sén i als que ja no hi sén, perqué sempre esteu amb mudlfiartes per
continuar. Pero sobretot, aquesta tesis esta dedicada als meus pares, pel seu suport infinit al llarg
de tota la meva vida. No hauria pogut arribar aqui si no fos per vosaltres papa i mama, mai us
podré agrair tot el que heu fet i seguiu fent per mi. Moltes gracies, us estimo!



Abstract

Proteinprotein interactions (PPIs) play an important role in nuoeeroiological processes.

Consequently, modulating PPIs is fundamental for understanding and manipulating mechanisms

that govern many diseases. Among t he-helixi de range
is the most common secondary structure iungatind thus represents a good generic template

for inhibitor design. Some of the most relevant approaches in this field ar@rtsteomimetic

approachwhich recapitulatethe key binding residues an U-helix on a norpeptidic scaffolgl

and the constrained peptides, which aonreproduce the helical structuby stabilising a

helical peptide Both approaches have generagetent inhibitors of a great diversity bkhelix

mediated PPIs. However, developing a better understanding of the key features that govern the
modulation of protein recognition is necessary to further advance the field and fully exploit each

class offoldamer.

In that context, wedevelogd functionalsed aromatic oligoamide backbones to mimic residues
locatedon multiple faces of ara-helix to target the ER/cactivator PPI The novel scaffolds

are based onbis-benzamide and N-(4-aminophenyl)terephthalamidic acidackbones
functionalised withisobutyl groupsto reproduce the key side chains of theace t i vhelik or U
Conformational studies in combination with molecular modeling and docking analysis provide
evidence that the newligomerscan adopt conformations thatimic the residues ati+3 and

i+4 positions of the native eactivatorU-helix.

In addition, the rules that govern molecular recognition of protein surfagese further
investigated through theptimisation of theoligobenzamidehybrid scaffoldusing astructure
activity relationship (SAR) study. A library of compound analogues has been synthesised
incorporating five variable sites. The modifications famlison size, polarity and
stereochemistryo obtain more potent and selective proteomimetic inhibitors op33éDM2
andMcl-1/NOXA B PPk.

Finally, usingexisting methodoldgs a 3-O-alkylated proteomimeticscaffold and hydrocarbon
stapling peptide stratgghave been used wesign inhibitors of the Asfl/H3 interaction. The
application of both approaches allowte@ different inhibitor designs to be directly compared
when targeting the same PPI
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Chapter 1. Inhibition of protein -protein interactions

1.1.Inhibition of protein-protein interactions

Proteinprotein interactions (PPIs) are probably the most complex and diverse biological
macromoleculesand have the highest regulatory impact among the class of macromolecular
interactions. They mediate a large number of important regulatory pathways and control
essential cellular processes involved in signalling, growth and sutvivlihus, there is much
interest in targeting the interfaces between interacting proteins for therapeutic pdrposes.
However, they display greater structural and chemical diversity than the classical targets, such
as protein kinases and proteases. Therefore, the use oirsieslllesto modulatePPls is
important forthe aforenentioned key therapeutic benefits, as well @gydin further insight
complex biological signaling pathways.

1.2.Structural features of PPIs

Proteinprotein interactions are generally not considered attractive targessnédr molecule

drug design. As a result of the unique characteristics of each of these interfaces, it is difficult to
establish general guidelines for effective and selecinbition of PPIs using small
molecules. The contact surfaces involved in PPIs are large (~B500 &) compared with

those involved in proteismaltmolecule interactions (~3am000 A).” In addition, PPIs present

flat or moderately convex surfaces with fewer wvdeffined concavebinding sites, such as
grooves and pockets, than classiearymes Figure 1.1b a).* The interacting regions present
both hydrophobic and charged recognition elements with a poorly defined spatial relationship.
Furthermore, PPIs magontain discontinuous epitopes formed by peptidic strands from

different regionsof the protein sequenc€igure 1.1b).>*

However, most contact surfaces are dynamic. They display adaptabiity and flexibiliy,
involving motions of side chains and small perturbatioh loops. The reorganization of the
surface residues occasionally creates available figmdéhg cavities that are not seen in
structures of either the frgwotein or the proteiprotein compleX. These transient pockets and
temporary stictures represent promisitaygetsfor small molecule PPI inhibitioh



(a) (b)
protein A “ protein B

substrate ‘ “ ‘ inhibitor ’ “ m inhibitor

Figure 1.1 (a) Recognition and inhibition of enzymes) @ecognition and inhibition of PP,

1.2.1.Binding features of PPIs

Numemous studies have focused proteiri proteincomplex formation However, the principles
governingPPIs are stil not fully understootl The most important factor that has obstructed
their elucidation is the role of plasticity in profigmotein inerfaces, including protein
flexibility, presence of disordered regions, protein promiscuity and cooperativity in"®Pls.

Nevertheless, there are todbkat allow the study of proteinprotein associationin 1995
Clackson and Wells used tlaanine scanning mutagenesis technique to explore the energetic
contributions of individual sidehains in protein binding. Nis studyshowed that a PPI usually
involves a few key residues that contribute the majority of the binding affinity to the interaction.
These residues at°end&eusdgdensely padckdddantclusers where they
form a network of interactionéFigure 1.2)."* Bogan andThorn made a further contribution in
1998 and found thatertain amino acid residues, particularly tryptophan (21%) and tyrosine
(12%), appear more frequently in hot spots. These residues can perform araniatiactions

and hydrogen bonds through the indole nitrogen on the tryptophan and the phenolic hydroxyl on
the tyrosine.Furthermore, their large hydrophobic surfaces presumably protect these hydrogen
bonding interactions from water molecul@gginine (13%) residues are also important, as they
can form a similar range of favourable interactions in addition to ion pairs. Importantly, an
energetically less important ring of residues, known as -&ng)often surrounds the hot spots

and seems to occlude bdkivent acces$s 2



Hot spot residues

Hot region

Trp 104

Trp 169

Glu 127

Ile 165

Figure 1.2 Binding site forhuman growth hormone (hGH)n the human growth hormone
receptor (hGHbp) . The A hatabine scanoingdmutagenessiced U e s
shown in green (PDB ID: 3HR).** "

1.3. nhi bi t i onhelix ommediatedd proteinprotein

interactions

T h e-held is the most commoresondary structure in nature; over 30% of protein structure is
helical . -hElbes représent @ good@eneric tereplar inhibitor design giverthe

high likelhood of PPIs involving this structural matif:* Ne v e r t hhelk mediated PPls
stil exhibit considerable diversityThey can vary in the number of proteins involved in the
interaction, as well as ithe nurber of helical faces found #te interface.

A t y p-helixdels 3.4Jamino acid residues per turn, is defined by backbone dihedral angles
cl os e -6t0d) @=% and kas a rise of 1.5 A/residue or 5.4 Afigure 1.3)."* The

helix can be considered to have thregtiit faces; side chains placed at a distance-4f 3
residues in the peptide sequence are located above one another and, therefore, are projected
from the same facéFigure 1.3c). This structural characteristic plays a major role in its
molecular function; the residues located on the central polypeptide backbomeUdfiedix

structure are projected along individual faces of the scaffold, which allows selectiveeaifid s

molecular recognition.



(a) (b)

(©)
E i+ 4 I i
O AR g@

3.4aa i+7

Figure 1.3 ( a YHel®with the residues &t i+4 andi+7 positions shown in red:; (b) peptide
bond showing the dihedral angles 0O and (, and
( ¢ YHebdwith the three distinct faces highlighted in red, green and blue (side and top views

are given).

1.3.1.Lead discovery inU-helix mediated PPIs

Different approachefiave been establshed with the final aim of developing molecules that
effectively and selectively inhibit-helix mediatedPPls. The most important strategies can be

classified according to the backbone thaythise to connect the binding functionalities:

- Type | mimetics: They mimic the topography of the original structlikaklix backbone at

the atomic level.

- Type Il mimetics: They mimic the function rather than the structure of the origihalix;
they are generally small ngreptidic molecules that bind toetttorresponding target protein.

- Type Ill mimetics: They mina the side chain projection of the key amino acid residues of

the original -helix; they use nopeptidic scaffolds.

1.3.1.1. Type | mimetics

Peptides are attractive candidates for stabilizing or disrupting PPIs. However, they present some
severe drawbacks fotherapeuticpurposes, such as i) limited secondary structure as isolated
sequence¥ i) poor cell permeabiity and transport propertiésii) low stabiity due to
proteolysis'® Type | mimeticsconsist of short peptidic oligomers that reproduce the local
topography of m Urhelical structural motif andocus on maximizing helicity whilst enhancing

the proteolytic stabilty andhe pharmacokinetigroperties. The different strategies developed

4
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within this approach can be classifiedtwo maingroups:helical foldamers and constrained
peptides.

Helical foldamers

Helical foldamersare structures that adopt wedfined conformatias remiriscent of protein
secondary structuré$.Their synthesigs based on the oligeerization ofbuilding blocksand
ther structure is stabiizedby intramolecular noncovalent interactionsbetween non
consecutive residues along the peptilee most extensively studied exampiee b-peptides
andU /-geptides’?

b-peptides

The use ob-peptides in substitution of their natuthtounterparts has been extensively studied
due to some ofheir attractivefeatures for therapeutic us&he addition of ar:methylene
group in theb-peptidesprovidesthemwith anincreased degree of freedom compared tdkhe
peptides.Consequentlyp-peptides were expected to be entropically disfavoured fiaptiag

well defined folded states in solutiorlowever this minor backbone modificatioresulted in
higher propensity to adopt helical conformations, which permits the presence of defined
structures within relatively short sequencedoreover, b-peptidespresented an increased
number of accessible helical secondary structufigsire 1.4b) when compared with the natural
Upeptides Figure 1.4a). In addition, this class of compounds is characterized by an enhanced
resistance to proteolysis and thus a more favorable pharmacodynamic’piifferent types

of b-amino acids have been descritigd:or b*-amino acidbearing asingle side chain either at

C2 or C3, and**buiding blockswith both carbon atomsubstituted.

(@) a-Helix
Jig V i g 0 v
N N N_
WY Q/“W /
310-Helix
(b)

EAHA)LHA)&HA)&HA)&NA)LHA)&”A)L”A)L”A

18-Helix 20-Helix
Figure 1.4 Intramolecular hydrogen bdng interactions occurring in different helical

secondary structuresd:  (-@m @ p tUi d-peptides( b) b



Severab-peptidic scaffolds have been uséalinhibit PPIs due to the above described desirable

thergoeutic properties. Seebach andvearkers were the first to regdothe synthesis and

complete characterisation offapeptide sequencé.Theyused circular dichroism (CD) and X

ray analysis to elucidate thimtramolecular hydrogen bonding netwotkh a t allows the
peptides to adopt the desired helical conformatidantinuing with tiis research, they also

reported shorthaina mp h i p gdptdesthat mimicked lipoproteins andhibited intestinal

cholesterol absorptiafi Despite exhibiting subtle structural differares the synthetic peptides

exploited their increased resistance against pancreatic proteases compared to the corresponding

proteins and natur&lpeptide basethhibitors of lipid absorption.

The biological relevance db-peptides was further explored ltye Schepartz groypvhich
reported a®-desgmeptidese that afféctively inhibitedthe human double inute
2/tumour protein 53 HDM2/p53) PPF° Their 14-helical conformation was stabiized by
intramolecular salt bridges arah electrostatic macrodipole interaction. Subseqnicture
activity relationship $AR) studies exploited the introduction of mpatural side chains to
increase the affinity of the*-decapeptides to tHeDM2 protein In particularthe substitution of

the key tryptophan residue of p53 by6echlorotryptophan analogueesulted in a 1Gold
increase in activityT h e®-peptides has also been used to successfuly target other PPIs of
interest, such as sueas glycoprotein 41/human immunodeficiency virus typegd@U/HIV)>*2°
and glucagonlike peptidel/glucagorike peptidel receptoGLP-1/GLP-1R)?° The poor cell
permeabilty ofthese typs of moleculesmadedeeper understanding of the correlabetween
affinity and cell uptakenecessary, in order to obtain derivatives with imprqooesrmacokinetic
properties’.”

U /-geptides

The synthesis of foldamers containitg and b-amino acids generated a wide range of
accessible heterogeneous combinations. Importantly, conformational control and predictable
folding patterns can bachievedby modifications ofthe peptideresidue arrangemefit®* The

main purposes ot h e -pdptidgswere to increae U-helix mimicry whilst retainingesistance

to proteolysis”” Consequently, this type of foldamer contains an epifopaed by theJ-amino

acids responsible for surface recognition, whereas btagnino acids increase the helical

secondary structure through intramolecular satt bridges or by introducing structural constraints.

The Gelman group has extensively studieduhe e  epéptidicd $caffoldsas ligands forthe
BH3-recognittion cleft of theéB-cell ymphoma 2ABcl-2) proteinfamily. Early efforts focused on

1,33

the structurebased design of puté /-fbldamerbackboneswhich proved ineffectiv: These

6



studiesle d t o t he cUhyeptide rfamdy, whidh iveis fotmed by alld /-rbsidue
alternation in theN-terminal segment and exclusivélresidues athe C-termini®* This class of
foldamers inhibited the Bcl extralar@ak (a homologous antagonist kilepeptide) (Bcl-

x./Bak) interactionwith 1Cs, values in thdow nM range and showed high proteolytic stability.
Subsequent studies following the chimeric approach identified weak inhibfotse Bct

x./BIM (a Bck2 interacting mediator of cell death peptide) PPThe first crystal structure of

the chimeric foldamers bound to B¢l provided fundamental insighttmmthe peptide binding

mode, highlightingg he i mport ance of t-Helforsidehchainenatahitiga n g e s
and the relevance of tllvent exposef-amino aciddor backbone helicity®

Building on these results, the Gelman group adapted temeric approach to anovel
sequencéased desigapproachi’ This approach involvereplacing subsets of regularly spaced

This strategy was applied to the designhgbrid peptidemimetics of Puma(another pre

apoptotic member of the B2l family) (Figure 1.5), which led to theidentification of potent

inhibitors of BcixL and induced myeloid leukemia cell differentiation protein @¥cland
demonstrated hat t he af finit ypegidasdveesdeperelenton the posgiono f  t
of trésidueshalong the sequeriée.

(b)

o-aa
recognition

o-aa
structural

[-aa
solvent exposed

Figure 1.5 (a) X-Ray structure of the complex between the-Bcprotein and théaJ U b U-U U b
peptide derivative of the natve PUMBH3 domain(PDB ID: 2YJ1), (b) top view illustrating
t he al i gnaenndambodcidst he U

The scope of theequencéasedstrategy has expandé@drecentyearswith introduction of new

b-residues, achievement of selectivity between target mole@nesenhancemef potency

and proteolytic stability® *° Moreover, his approach has been used to successfhilyit other

PPk of therapeutidnterest, such agppd1/HIV** and GLRLI/GLP-1R.** Howeverthe use ofJ /- b
7



peptides as drug candidatess still limited by ther poor cell membrane permeability
properties’

Constrained peptides

In principle, peptides retain excellent surfaceagnition propertiesvhilst presentingeduced
toxicity. However, in most cases they suffer from proteolytic instabiity and low cell
permeabilty. These limitations are related the unstructured conformation that short peptides
adopt in solution. This fact causentropic penalties when theeptides transition to more
restricted conformational states upon binding, whidtimately has an effect on the target

affinity. **

Therefore, mjor efforts have focusednathe introduction of conformational constraiimto
peptidesin order to stabilize bioactive conformations. This would presumably reduce the
entropic penalty upon binding and thasgendemore druglike properties whilst increasing
target affinity’> The structural stabiition of helical peptides by covalent linkages between
residues suitably positioned in space is one of st important approaches in thisea?®

Someof the most relevant methodologies foese purposes are described below.

Thiol-based crosslinks

One of the first methods used to stabiise the helical conformation of peptides was the
introduction of thiolbased crosslinkgFigure 1.6). Spatola and cworkers used a simple
disulfide bond between cysteine residues to constrain a nonapeptide inhibitoresftrivgeen
receptor ER)/co-activator PPI. Interestingly, the Xay gructure of the complex revealed the
helical conformation adopted by the constrained peptide when bound fwatedn surface,

which contrasteavith the minimal héicity shown in solutiorf’
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Figure 1.6 Generic structure of a peptide constrained with aCys disulfide bridge.

One of the main disadvantages of the disulfide elioks is their labilty under the reductive
conditions found in most eukaryotic cells. For thesason, chemically more stable thioether
moieties have been designed; most of them including the use of electrophiles that selectively
react with the thiol side chain. A variety of biselectrophiic molecules have been used to cross
ink two properly aliged cysteine residues of pepsdehus stabilizing their helical
conformation.In particular,aryl andbis-aryl methylene bromides were introduced Ly and
co-workers (Figure 1.7a).*® *° They were successfully utiised to crosslink cysteine containing
peptides poviding inhibitorsfor the p53/murine double minute @IPM2) and Mcil/NOXA B
(another preapoptotic member of the B&lfamily) (Figure 1.7) PPIs. Likewise,he Pentelute
group has reported a new classUbfelix-induced peptidesvhich utiisedperfluorinated aryl
linkers to mildly functiondate cysteine containing peptideBigure 1.7a)>° Recetly, Chou and
coworkers expanded the variety of tHmsed crosslinks with the introduction of a robust and
versatile thiclene coupling approachFigure 1.7a), whch has provided p53 constrained
derivatives that bind to theDM2 protein partner and retain activity in célls.

(2)
r 1 J O~ s 34%\:%';5
S S > stsl

,w" " F F o™
aryl bis-aryl fluorinated-aryl alkyl

(b) (c)

Figure 1.7 (a) Different crosslinking systems between cysteine residues resulting from the
reaction with: amaryl and abis-aryl methylene bromides, a fluorinated aryl and an alkykthiol
enelinkers, respectively from left to rightb) X-Ray structure of the complex between the-Mcl

1 protein and a cysteine bisaryl methylene bridged peptide derivative of the native-RIBXA
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domain (PDB ID: 4G35; (c¢) top view illustrat i nrgsiduedie
green and the solveakposed bisaryl methylene linkage between cysteine residues.

Photo-controlled helicesor azobenzene photeswitches

A slightly different approach introduced by Woolleand ceworkers was based on an
azobenzene molecule that crosslinked suitably positianesteine residuesf a peptide’”
Photeisomerization of the crosslinker can bged to switch peptides between thkelical and
random coilike conformations. Building on that work, the Allemann group developed a family
of photacontrollable peptiddasedswitchesbased on the BH3 region of Bak and BIM proteins
(Figure 1.8).°° Interestingly, the resultindpelix-stabilized peptidesbound to theBcl-x,_ target
proteinwith greater affinitieghan thehelix-de-stabilized forms Recently, this group have fused

a BID modified peptide to thd.OV2 domain of Avena Sativa photopin 1AsLOV2) protein

to create opticalicontrolled intracellular modulators of the Beglprotein®

Bl
O™ °NH n SO
SO3H N
s
hv /\g/
- :
N.
\N - o
IvorA S\)LN
H  soH
SO;H
Oy _NH
/\s

Figure 1.8 Peptide conformational change aatied by photeisomerisation of the azobenzene
crosslinker. The example illustrates helical conformation stabiised in diseconfiguration
with i, i+4 andi, i+7 Cys linkages.

Lactam bridge

The lactam linkage was another of the earliest approafdhenstraining peptidesg-igure 1.9).
This strategy was introduced by the Rosenblatt group, whahéofirst time stabilised the
helical secondary structure ofpeptide by forming a lactam bridge between angsand an
aspartic acid residuecated at andi+4 positions of the peptide sequerite.

10
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Figure 1.9 Generic structure of a peptidenstrained with a LySlu lactame bridge.

This work was followed up by Kim and aworkers, who stabilised a 44ésidueC-terminal

peptide of gp4l by crosslinking two glutamic acid residuesaatdi+ 7 posi ti ons wi
diaminoalkane groupHgure 1.10). The introduction of this constraimesulted in a potent
inhibitor of the HIV-1/gp41 PPP? Additionally, the extensive work of the & group in this

area focusedrodownsizing protein helical epitopes by stratelyiclacking them in highlya-

helical structures through the introduction of two adjacent lactam-imkss’ Following this
approach,they managed to successfully constrain a wide variety egitiges from viral,
bacterial, or human protein@ne of the most remarkable exampleshis nociceptin peptide,

which was constrained to produce a pM agonisthef nocicepti receptor (NOP), the most
potent known to dat&. Likewise, the constrained I&sidue analogue of thé-terminus GLP1

was recently idntified as a potent agonist of GLIR >°

(b)

Figure 1.10 (a) X-Ray structure of one of the domains frdme trimeric coilcoil complex

between the HIVL protein and a glutamic acid, ¥ d i a mbridgedaéptda deevative of

the native g4l (PDB ID: 1GZL); (b) top view illustrating the
residues in green and the solvent expobed ¥ di a minkage eétkeamaiitamic acid

residues.
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Hydrocarbon staple

Inspired by the initial work of Grubbs with crelisked O-allyl serine residue¥, Verdine and

cowor kers established the hydrocarbon é6stapling m
disubstituted amino acids with olefin tethersithe peptide sequence and crlbdsng them

via ring-closing metathesis (RCMFigure 1.11).°* Initial studies focused on the role ofidue

positioning, stereochemistry and linker length, in order to obtain higher binding affinities and

enhanced proteolytic stabilty. The use of this strategy by Korsmeyer amdrkersgenerated

ligands based othe BID BH3 sequence, whichepresentedre of the main breakthroughs in

the field®®1t generated peptides wit h-helcitysproeasef i cant en
resistance andn vitro and in vivo biological activity, showing tumour suppression and

regression in leukaemia xenografts.

o-Helix Hydrocarbon staple

Figure 1.11 Generic structure of a hydrocarbon stapled peptide.

The Walensky group has extensively expanded the use of hydrocarbon stapled peptides to study
in depth the interactions between members of the2Bakmily and identify potent inhibitors for

those PPIs (Figure 1.12).°*°® In addition, they also reported a hydrocarbon destapled

peptide, which achieved helical conformations in long peptides whilst maintaining resistance to
proteases botim vitro andin vivo and enhanced inhibitory activity against the HIVgp41
interaction®®

12



(b)

Figure 1.12(a) X-Ray structure of the complex beten the MelL protein and a stapled peptide
derivative of astabiizedU-helix of a Bci2 domain (SAHBsYPDB ID: 3MKS8); (b) side view
illTustrating t he a trasiguesn@& ngteen and the hselventbeaxposed n g
hydrocarbon linkage

Furthermorejt is important to highlight the crystal structures of the stapled peptides targeting
the p53hDM2°" (Figure 1.13a) and ERUco-activator (Figure 1.130).°® Both structures stwed

the hydrocarbon staple chain actively participating in the interaction with the binding cleft from
the corresponding protein partneiidiese discoveries highlighted the need for careful case by
case analysis of these kinds of molecules, in order diol avissinterpretation of the structure
potency relationships.

(a) (b)

peptide derivative of p58PDB ID: 3V3B); (b) X-Ray structure of the complex between the
E R Protein and a cactivator stapled peptide derivatigeDB ID: 2YJD).Both illustrating the
participation of the hydrocarbon staple inding to the protein surface.
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In that context, the Wilson group has ¢ e nt | y r -alkemylrmoresdibstituted abhino

acid which has been incorporated in the BID peptide sequi@nS@gnificantly, it was

demonstrated tancrease peptide helicity,enhanceproteolytic stabilty andprovide similar

inhibitory activity towards Bek /Bakwhi | st involving a simpler synthe
disubstituted amino acid. Furthermore, an extensive investigation on the mode of action of these
monasubstituted stapled peptides, in paracuBID and BIM derivatives, hagecently shown

evidence forinducedfit binding and enthalpgntropy compensatiofi. Those findings join the

concerns raed by Czabotar and-weorkers m the needor more indepth understanding the

effects of preorganisation in proteifigand binding processes aitd ultimate role in binding

potency’""?

Nevertheless, hydrocarbon stapled peptides might represent the mosssfucexample of
therapeuticPPI1 inhibitors, resulting in the creation of AILERON Tapeutics who have
brought this class of compounds into Phaslinical trials”®

Hydrogen bond surrogate

Inspired by the original hydrazone linker fraddabezas an8atterthwaif* "® the ydrogen bond
surrogate (HBS) methodology was established by Arora andvodkers (Figure 1.14).° It
substitutes the naturmtramolecular hydrgen bond between residues andi+4 posttions of a
peptide employing a nematural carbortarbon bond formed by ringjosing metathesis (RCM).
This approach has the advantage of not adding steric constraints to the natural helix; however,
its use is linted to the N-terminal position of a peptide. It has been extensively exploited to
inhibit PPIs of interest, such as Bek /Bak’® p53hDM2,° hypoxiainducible factor 1
alpha/E1A binding protein 300 (HHE [p300§° and more recentlin cellulo inhibition has been
reported for theRAS/son of sevenless (SOS) interacfidithe Arora group also developed a
reversible disulfide and thioethémked versions of the HBS peptide, which disrupted the
p53fMDM2 PP12% # Another remarkable HBS the covalent ethylene bridge from Alewood,
which can be positiard anywhere orthe peptide sequenéé
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Figure 1.14 Generic structures of the most relevant HBS covalent constraints developed to date.

1.3.1.2. Type Il mimetics

Type Il mimetics arebased on smallngpe pt i di ¢ mo | e-beixlmediated APt | n
by binding to the target recepttr.Distinctively, hey inhibit PPIs without necessarily
mimicking the original heliX. Several examples of poterithibitors identified using this
strategy have been reported, such as the-setatituted imidazoles (Nutiif§)and the ABT
737-based compound$,which represent somef dhe more relevant and ground brieak

examples in the utiisation of small molecules to effectively inhibit PPIs.
Nutlin-3

F. HoffmannLa Roche identifiedby a high throughput screen (HT®) series of tetra
substituted cismidazoline analogues known as NutffisThese compounds were usasi lead
structures for the development of gi3M2 inhibitors. Several rounds of chemical
optimization finally yielded Nutlin3, a potent and selective inhibitaf the p53hDM2
interaction withan 1G, of 90 nM. An X-ray crystal structure verified the mode of binding of
this family of compounds angrovided the first structural information of a rpeptidic smadl
molecule inhibitor bound to theDM2 protein The Nutlins display analogous interactions to
the natural p53 peptide, with the chlorophenyl moieties angdpeopylsubstituent occupying
the Trp, Leu and Phe pockets from tieM2 binding site respectively

15



Nutlin-3 was the firsttDM2 inhibitor to enter Phase | clinical trials and proved its activity
vitro and in tumour xenograftg vivo, providing the firstin vivo proof-of-concept 6 this
approach tocancer therapyFigure 1.15a). Additional efforts from F. Hoffmanba Roche
around this compound series has led to candidates such as BG7Hm RG7388 with
increased binding affinity Higure 1.15b), cellular potency, pharmacokinetic properties and

chemical stabilty, and whichre currentiyn Phase I/l clinical trials.

Nutlin 3a
90 nM

OH

RG7112 RG7388
18 nM 6 nM

Figure 1.15 Small molecule inhibitors of PPIs identified via HTP screening{(&®ay structure

of the Nutin 3atDM2 complex PDB ID: 4J3E), Nutin 3a chemical structure and
correspondingmDM2 binding affinity; ©) Chemical structures of RG7112 and RG7388 and
correspondingrDM2 binding affinities.

ABT-737

Abbott Laboratories discovergby an NMRbased high throughput fragment screegroup of
high-affinity small molecules that bind to some members of the2Bemily, such as Bet,
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and Bci2, through their helical binding sité.The most potent inhibitor was ABT37° which

bi nds t o-hextirdingBgkd\g ofBtlx, with a K; of 0.6 nM Figure1.16a). However,
ABT-737 uliimately &iled in clinical trials due to its poor bioavailabilty. Further structural
optimization resulted in derivative ABZ63 (Navitoclax) Eigure 1.16b)%" which displayed
improved oral bioavailabilityand similar affinity Ki < 1 nM) for the Bcl2 family proteins.
ABT-263 failed phase Il clinical trials for smalbll lung carcinoma treatment due to its
hematologic toxicity; however, it led to the selective-Bdandidate ABT199 (VenetoclaxjKi

< 0.01 nM) which has been approved for some forms of chronic lymphocytic leukaemia
(Figure 1.16b),” being one othe first success stories of PPI inhibition originate from fragment
based screenitig

. G, w»@”:

/N\

ABT-737

(b)

3, 1, o i = <§ N

E]

ABT-263 ABT-199

Figure 1.16 Small molecule inhibitors of PPIs identified via structbeesed screening (-
Ray structure of the ABT37/Bctx. complex (PDB ID: 2YXJ) and ABI737 chemical
structure®* (b) Chemical structures of AB263 and ABF199.

Despite the increasing number of reported small molecules as potéditorishof PPI, the
significant developments in computational design and docking algorithms and the assembly of
more focused screening libraries, the use of traditional drug discapprgaches to target PPI
is stil challenging. Furthermore, these appiwex usually focus on the development of
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inhibitors that specifically target a particular PRhich may not directly contribute to the
elucidation of the general guidelines for PPI inhibition. Thereforig,tyipe of inhibitors will

not further be discusde

1.3.1.3. Type Il mimetics (or proteomimetics)

The poteomimetic approach is basech monpeptidic scaffolds that mimic the spatial
orientation of the key r-betxcgfadefFigued.l?r Bhei dues on
method focuses on simplifying the pharmacophore to eshaged object which projects the

side chains in a si mi-tekrThedigande poterdiclyipeesenttnae t he or i g
accessible yjtheses and improved driige properties than the original peptides. Furthermore,

due to s modular synthesishis approach could be easily adapted to different PPIs by changing

the side chains according to the target of interest.

protein B

eD:-¢D

protein A proteomimetics

Figure 1.17 Schematic illustratinghe proteomimetic approach.

Early scaffolds

The first small mol ecules designed to -inhibit PPI
helix were the trisubstituted indanes reported by Horatedll which mimic the residues atl,

i andi+1 posttions(Figure 1.18a). However due to its small size arithited mimicry potential

of just two consecutive residueshey cannot be considered effectinhibitors for U-helix

mediated PRI*> ° Inspired by that work, the Hamiton group establshed the field of

proteomimetics by reporting theerphenyl as the first reallthelix mimetic scaffold

(Figure 1.180).”" In the trisfunctionals e d  3terghényl@éivativesthe aryl core adopts a

staggered conformatiowhich projects thevrtho-substituents ira spatial orientation thamimic

thei, i+3, andi+7 residus of anU-helix.
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Indane Terphenyl
Figure 1.18 (a) Indane scaffold: helix mimetics preof-concept; (b) Terphenyl scaffold: first

true proteomimetics.

Since its development, the terphenyl scaffold was an attractive template due to the simplicity of
the structureand he synthetic potential. Thuserphenyl derivatives incorporating a wide
variety of functionalized side chains were developed and used to successfuly target many PPIs
of interest, such as calmodulin/smooth muscle myosin light chain kinase (CaM/Sf)MLC
gp41/HIV-1.2 Bekx /Bak® and pS3#DM2.%° This family of mimetics has achieved inhibition

of PPIs with high potency, good selectivity and proven activity in téis*

(a) ‘ (b)

() COOH

(0]

COOH COOH

—Q

O O O 2
o (]

I

COOH

Figure 1.19 Terphenyl derivatives inhibitors of (a) CaM/smMLCK; (Bcl-x /Bak; (c)
p53hDM2.

Next generation ofscaffolds

Despitethe success of the terphenyl scaffold, some of its disadvantages include difficulties in
the synthesis and most importantly its highly hydrophobic chardét€onsiderable effort has
therefore been focused on the development of scaffolds with more versatie synthetic strategies
leading to molecules with enhanced diilkg properties. Some of the most remarkable scaffolds

developed byHamiton and ceworkersinclude theterephtalamid€® (Figure 1.20a) and4,4-
19



dicarboxamid&* (Figure 1.20b) templates, which benefit from accessible synthe$etd
rigidity due to intramolecular hydrogen bonding and present geater solubility due to the
their higher polarity. These scaffolds inhibit@&tl-x /Bak; however, with lowr affinity than

the original erpghenyl derivatives. Importantly, the mimicry of an additionalrfb hot spot in
the 4,4-dicarboxamidetemplate compared with therephtalamide did not result in an increase
of the binding affinity. Thus, highlighting the complexity of drug design for disruption of
protein surface recognition processes.

(a) HOz (d) NR,
HOQC R
/ N~ R
AN
: R; n
CO,iPr CO,Me
Terephtalamide 4,4' -charboxamlde Enaminone Benzoylurea

Figure 1.20 Secondgener ati on of Hamiltonés Ad-af f ol ds:

dicarboxamide (c) Enaminone; (d) Benzoylurea.

Further investigation on extendéthelix mimetics was accomplished with the introduction of

the enaminonecaffold Figure 1.20c), a development of the previously reported terphEnyh

this template the central aromatic ring is substituted for-membered isostere formed an
intramolecular hydrogen bond, which locks the molecule in the desired confornSatidarly,

the benzoylrea template Figure 1.20d) contains a central core formed by six membered
hydrogerbonded acylurea structur€$. These scaffolds gave access to longer oligomers with
improved watersolubilty properties®’ In addition, thebenzoylureainhibited the Belx /Bak
interaction with lower binding affinity than the terphenyl and thgl-dicarboxamide
scaffolds'® further stressing the importance of the balance between the number of hot spots
mimicked anl the molecular size of the inhibitor.

Continuing the search towards more soluble scaffolds, Rabdkceworkers developedew
amphimi | i-helix raimetics with a series afcaffold based owxazolepyridazinepiperazine

rings as backbone@Figure 1.21a).'°*'** The design included a hydrophobic face for protein
surface recognition and another fa@d in hydrogen bonding groupalsokhown as t he
e d g e 0 , wasvanticipated to be deted towardshe solvent thus increasimgater solubility.
However, the compounds obtained from this scaffold presented low inhibition tothar&st

x /Bak interaction. Similarly, the Hamilton group introduced the-6%-imidazolg phenyi
20
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thiazole scaffold(Figure 1.21b),"** *** in which the terminal monomers of therphenyl
backbone are replaced with more hydrophilic 4membered heterocycleshe resulting
compound also had limited success, inhibtindie Dbl 6s big sister/ cel
42 (Dbs/Cdc42) interaction with an JCvalue of 67.0 nM. In addition, Lim and cevorkers

reported a pyrrolopyrimidineased scaffold* (Figure1.21c ) cont ai ni nwhicha fwe
showed potent activity against pbBM2 and improved solubiity and cell permeability
properties. Importantly, this scaffold sccessed by a faei solidphase synthetic ube,
amenable to large librargeneration Recently, the Fletcher group has reported a similar

scaffold based on a purine derivative.

(@) (b) COOH (©
R
/ COOH
HN N
Y N \N 720\N
/ N

';ll = - O N
N_ _—~ Ro

NH,
R
R3 O o N

N/\\ SENY |
Ry

O,

LN =
Ac
oxazole-pyridazine- 5-6-5-Imidazole- Pyrrolopyrimidine
piperazine phenyl-thiazole

Figure 1.21 Amp h i phelix mimeticd scaffoldsta) Oxazolepyridazinepiperazine; (b) %-

5-Imidazole phenyithiazole; (c) Pyrrolopyrimidine.

The continuous effort®f Hamiton and ceworkers in the field yielded the trispyridylamide
scaffold (Figure 1.22a)."*®**" Importantly, the preferred conformation adopted by this template

is controlled by intramolecular 4donds between the amide NH proton, iheho alkoxy
functionalities and the pyridyl nitrogen. The resulting geometry is almost plangr@adts the

three side chainsnothe same face of the backbone and in a similar orientditre i, i+3/4

andi+ 7 r e s i d thelbs Mocebver,ahe matiulasynthetic route to thérispyridylamide
scaffold permitted the production of small libraries cbmpounds as inhibitors of thecl-
xL/Bak PPl and the islet amyloid polypeptide (IAPP) aggregdtbr’® Since then, other
groups have designed derived scaffolds where some of the pyridyl monomers were
substituted by benzene rings, thus increasing the flexibiity of the backbone and favouring
an fi i-fnidtucc ei nt eraction. The Fl et xddescaffoldsr oup

120

mimicking the BH3 sequencerigure 1.22b)," which resulted in nM inhibitors of the Bcl

x /Bak interaction and induced apoptosis on multiple cell ffEs.
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(d

Trispyridylamide Trispyridylamide mixed
Figure 1.22 (a) Trispyridylamide scaffold; (b) Trispyridylamide mixed scaffold.

Oligobenzamides

The Wison group introduced th8-O-alkylated oligobenzamide scaffolFigure 1.23a);?

which presented increased flexibility in the backbone and thus was anticipated to maximise
interactions with the target protein surfacd&his template has proven effective to generate low

e M i nhibitors hDiMg aBclkgBak, NMchIANOXA B3 and HIF1 U/ p300
interactions:*> *** The extensive studies performed in this class of analogues resulted in the
development o microwaveassisted solid phase synthetic route, which permitted the assembly

of larger librarés of compound¥”® In order to improve the drdie properties of these
derivatives, a fAwet edged approach was designed
(PEG) chain in one side ohé helix mimetic Figure 1.230).*® An analogous -D-alkylated

scaffold was also developeFigure 1.23c), which provided significant structural and

conformational insight io this class omimetics**" *?®
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Figure 1.23 O-alkylated oligobenzamide scaffolds: (a)O3alkylated; (b) 30-alkylated with
Awet ed@eakyated c) 2

In parallel, nito-acid derivatives of the-®-alkylated scaffold were reported by the Afirand
Boger®® groups. In particular, Boger and -amrkers assembled a large lbrary (>8000
members), which resulted in low affinity inhibitors of tp3hDM2 interaction and inibitors
with | ow agdhstgpdl/HIV-¢.F't y

Additionally, the N-alkylated oligobenzamide scaffoléFigure 1.24a) was reported in 2010 by
Wilson and ceworkers as the first helix mimetic family which could &ecessed by solid phase
met hodol ogy. | t inhigters ef tha pS8RDM2| andv McEL/MOXA B
interactions, which have been studied in depth ibiaphysical and celular conteX***
Recently, the Wilson group reported a hybrid oligobenzamide scaFigdré 1.24b), where

the central building block is replaced by an amino acid residue. This structural change provided
a significantincrease in backbone flexibilty, which is envisioned to aid inefiticecogniton.

This template also benefits froehighly accessiblanodular synthesisind has provided low

¢ Minhibitors ofthe p53hDM2 and Mct1l/NOXA B interactions, which have also provierbe
active incels. Importartly, selective molecular recognition detergghby the stereochemistry

of the helix mimetic has been achieved for first time using this scaffold. In addition, quantitative
structureactivity relationship QSAR) analyses have also been reported to aid the elucidation of

the noncovalent contributionsn molecular recognitiah®> *2°
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Figure 1.24 Other oligobenzamide scaffolds: (8)alkylated; (b) Hybrid.
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Bifacial scaffolds

The development of sdafds that can mimic residues locaten more than one face of &h

helix is an important step towards successfuly controling the modulation of biologically
relevant PPIs.In that context,the Hamitton group designed thayridylpyridone scaffold
(Figure 1.25a) to mimic key side chain residuesf  dnedical UXXLL (where L is leucine and

X any amino acid)ymotif from the ceactivator peptide of th&R, which resulted in inhibitors
with affinities within he low M range?’ Later work focused on modifying the benzoylurea
scaffold (Figure 1.250) to achieve bifacial mimicry of the residuesiat+4, i+8 andi+1, i+6
posit i onhelicalostrandd®mhn @nd ceworkers reported a bisenzamide scaffold to
creat e a+hegbhmipetics With dour Jide chains ati+2, i+5, andi+7 positions of a
helix (Figure 1.25c).**°

(a) (b) O\R (©) NHBoc
R /©/ 1 Og
N R1 2\0 1
| A 22 RZ\
P %

N _0 o
H \f :
S5 N _R oo
NS 3 $
7 N/\R2 ~~ 5
Ry O
3
NN -
P,
OH Rs\o o R4 0
CO,R
Pyridylpyridone Bifacial benzylurea Bis-benzamide

Figure 1.25 Bifacial scaffolds: (a) Pyridylpyridone; (b) Bifacial benzoylurea; ®is-

benzamide.
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Using a combination of computational design and experimental SAR data, Arora and co
workers described the oxopiperazine scafidlyure 1.26a), identifying subuM inhibitors of

the p53hDM2 and p30GZREB-binding protein (CPB)interactions:*® The Fletcher group
designed a 1;8iphenylacetylene scaffokFigure 1.26b) that mimic thei, i+7 andi+2, i+5 side
chains on oppo-bhetex, afcesi |dfheiamimcdl'* ampLim pat h
group further exploited this approach with the introductohtwof ace a mphHelixphi | i
mimetics based on the triazipgperazinetriazine scaffoldFigure 1.26c). This class of
compounds have the potential to generate combinatorial libraries araréagylead tonM

inhibitors of the Mcll/NOXA B and Bclx, /Bak interactions??
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Oxopiperazine 1,2-Diphenylacetylene Triazine-piperazinetriazine

Figure 1.26 Other bifacial scaffolds: (a)Oxopiperazing (b) 1,2Diphenylacetylene; (c)
Triazine-piperazinetriazine

25



1.4.Project Aims

As illustrated inChapter 1 the use of smaiholecules as?PI modulators is fundamental for

understanding the mechanisms that govern many disaasesll ago develop new therapeutic

approaches. Amongthei de range of t opogr a-qhdixkistee mosh a t PPl s ¢
common secondary structure in natared thus represents a good generic template for inhibitor

design: The aim of this projecivas focused omlevelopinga better understanding of the key

features that play aital role in modulating protein recognition in order to reproduice

functional role ofa-helices and achieve specificity and selectivity towards different PPIs.

The Wilson group has f-baixunsedated BPRis using eromatchi bi t i on
oligoamide proteomimeticsand most recently constrained peptjdis target different PPIs

involved in cancer.Building on this previous work, aovel bifacid bis-benzamide scaffold to

targetthe ER/ceactivatorPPI was to be designed and synthesised. Hence, expanding the scope

of the existing scaffolds and allowing thentt@a r get mul t i-eikeedétad®Rl.s of an U

In addition, the insights of molecular recognition of the recently reported oligobenzmide hybrid
scaffold were to be further explored using a SAR study in order to achieve more potent and
selective hybridcompounds against pb&M2 and Mci1/NOXA B.

Finally, a novel PPl (Asfl/H3) was to be investigatesing both stapled peptides and
proteomimetic€o determine advantages and disadvantages of each strategy when applied to the
same interactiarMoreover,as each class @ompound exhibit unique features, bethategies

could be used to provide a more detailed understanding about the-protein interface.
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Chapter 2. Design, Synthesis andConformational

Analyses of Bifacial Benzamide Based Foldamers

The work reported in this chapter formed the basis of the following publication:
S. RodrigueaMarin, N. S. Murphy, H. J. Shepherd, A.J. Wis®SC Adv.2015,5, 104187
104192:%

2.1.Introduction

Most published studiesn the development ai-helix mimeticsto date focus on the design of
oligobenzamides mimicking the klekegateaeidues
i+3/4, i+7/8 positions and so orHowever, there are also examples of these scaffolds mimicking
more than one facas described i€hapter 1*******° |In the context of foldamer synthesis and
structuret*® the construction of backbones functionalised with different-cliigens o multiple

faces of the scaffold represents an as yet unrealised approach to achieve control over secondary

conformation and higher order tertiary/quaternary organisation.

Similarly, there is an obvious need for PPI inhibiting helix mimetics that tange¢ than one

face of an interactioas shown by Arora and amorkers in their computational analysis of the
PPIs on the Protein Data Bank (PDBJhis study revealed that helices are present at the
interface of62% of known multiprotein coml e x e s, hi ghl i ghthelicegint he
PPIs Furthermore, within this helical interface sub$6go interacthroughresidues on a single

face of the helix, 30% contain hot spot residues on two faces and around 10% require all three
faces forinteraction with the target proteifhese results manifest the therapeutic relevance of
multifaceted helix mimetics to target biological systeeng the estrogen receptor (ER) is a
ligand-activated transcription factor that plays a key role in the development of certain cancers

andrecruits a bifacial helical ligand for eactivation/repressiot'” **®

2.2.Nuclear hormone receptor superfamily

Nuclear hormone receptorgontrol the development homeostasjs and metabolism of
organisms. Their mode of action is based on fimectional regulationof their ligands:
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hormones, such as steroids and thyroids, asageditinoids and vitamin Din response tthe

binding with their natural ligandsesultiing ligand/receptor dimershdergo structural changes
that promote interactions with DNA and otheolecules, sth as cofactors. These interactions
affect the transcriptional machinery, theralgy or downregulating the expression of specific

genes'l.49, 150

2.2.1. Estrogen receptor

Estrogen receptor (ER) & ligandactivated transcription faar that belong to the nuclear
horrmone receptor superfamily. Its natural ligand is the steroid hormoteestradiol (E2)°*

and thus it is involved in controling adolescence and reproductive processes whilst it
participates in health preservation, such as maintenance of bone density and cholesterol
levels'®* In addition, it has long been implicated in human diseases such as schizophrenia,
osteoporosis and cancers of the breast, colon and ovarian tissues. In particular, estrogenic
signaling processe are crucial in the development of breast cafifeThe basis of its
mechanism involves the binding of a hormone, which inttiates changes in the receptor
conformation and allows the ER to interact with speddiNA binding partners and other
cellular transcription elements, such asregulators [igure 2.1). These interactions result in

the activation or repression of tetggenes> This receptor was considered as the only ER until

6>

a second ER was reported by Kuigdmal.in 199 These two main groups are known adER

and ER and can be detected in a broad spectrum of tisStes.

co-activator

‘ co-activator NR complex
&/ o activation

. transcription
responsive

element

Figure 2.1 General mode of action of thestrogen Receptor

Ovenll structural features

ERUand ER are coded in different genes and are not splice variants. They are formed by six
structural domains (termed domainsFA (Figure 2.2). There is a high homology between
domain C (96%), and domains E/F (53%), whereas domains A, B and hinge D are not that well
conserved between ERind EP.
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w e :

oo EEEEEEN

AF-1 DNA Ligand AF-2

Figure 2.2 Diagram representing the domain construction of nuclear receptors. The A/B domain
contains AF1 site that binds to other transcription factors. The C domain contaitwdl®nc
fingers structure that binds to DNA. The E/F domain contains the ligand binding domain and
the AR2 site that interacts with peptidic -eativators:>*

In addition to their structural domains, ERs enclose defined functional domairié.texminal
transcriptional activation function (AE) domain (NTD) is located in regions A and B. A DNA
binding domain (DBD) is located in region C and consists of twoeemgmivalent zinc fingers;

one is responsible for recognizing the estregesponsiveelement (ERE) and the second
stabilizes norspecific interactions with DNA segments. Region D is a hinge region and F is a
variable domain. Region E functions as the ligand binding domain (LBD) and is the basis for
the second AF domain (AB). The majorityof co-activators bind the ER at AE This binding
interaction occursthroughs h or t a mphhlix peguades contalded in the dactor
structure They contain multiple copies of a signature LXXLL (L = leucine, X = any amino
acid) motif, also known @ nuclear receptor box (NR box). These helical common motifs are
recognized by a complementary grodve r me d -beficesfodhe surfdde of thER whilst

a fAcharge cl ampo, * am\Gul stabizps themls the ceactivator y s
helix, the leucine side chains in positibandi+4 are projected into a hydrophobic grove on the
receptor surface, whereas the leucine side chain at pasifiois located into an opposite
hydrophobicpocket. Sequences flanking the core motif LXXLL are &somd to be important

in receptor selectivityRigure 2.3),*48 1°- 152155
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(a)

Leu 101

Leu 104

LXXLL motif

(b)

Figure 2.3 Crystal structure of the ER(purple) bound to an LXXLL c@ctivator motif (red)
(PDB ID: 2QZ0). (a) The cactivator binding grove is shown and the key side chains on the
helix are highlighted>® (b) The electrostatic interactions between theactivator and the
ficharge clampo rskown(dwedd ow) thaicesddprning the binding
groove are highlighted; the bound estrogen analogue ligand is also shown (orange).

The pl160 protein family constitute one of the most relevant family of ERctiators and
consists of three members, SRCSRG2 and SRE3, all of them containing theommon
LXXLL motif (NR box) in the nuclear receptor interaction dom&ihs®’ Direct inhibition of

the receptor/c@ctivator proteirprotein interaction” ****? notably using helix mimeti¢&" *°*

193 is of potential therapeiatinterest as an alternative to the use of competitive inhibitors for the
ligand binding site®*

2.2.2.Androgen receptor

The androgen receptor (AR) is a ligatkebendent transcription factdhat belongs to the
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nuclear hormone receptor superfamily. Its natural ligands #stosterone and
dihydrotestosterone (DHT) and its main function is the regulation and maintenatheeatle

sexual phenotype. AR has a critical role in prostate cancer development andswoge&n

in the terminal stages of refractory forms of the disease. Ligand binding leads to conformational
changes in the AR and its translocation from the cytoplasm into the nucleus, where tib binds
androgen response elene@ind regulate transcriptbon. This mechanism is analogous to the

147,165

mode of action of the ERFigure2.1).

Overall structural features

AR contains the same structural and functional domasthe other members of the steroid
hormone reeptor family,such as ERHigure 2.2). In AR, ligand binding induces structural
modifications thatreveala groove in the AR domain. This region binds short amphipathic
helical peptides containing thédR box with the common recognition motifs LXXLL and
FXXFF (L = leucine, F = phenylalanine, X = any amino acildistinctive feature of the AR is
that the interaction can occwither with ceactivator proteia (containing the LXKL or
FXXFF motifs) or intramolecularly with the FXXLF or WXXLFmotifs located in theN-
terminal region of theprotein itself. The interaction between the hydrophobic leucine and
phenylalanine residues from teemmonhelical motif and the AR occur in the same manasr

in the ERand italso involves the so-calledfcharge clamp (residueslys’?® and GIi°") which
bracket the cleftAlternatively, AR can interact with thé&l-terminal motifsvia a glutaminerich
region rather thathe LXXLL NR box motif as in the estrogen recepfdrNevertheless, the

interaction of liganebound AR with its ceactivators is still not fully understoodrigure 2.4).
147,166

Phe 101

Phe 104

FXXFF motif

Figure 2.4 Crystal structureof the AR bound to an FXXFF eactivator motif (PDB ID:
1T73)1°° Key side chains on the binding surface of the helix are highlighted.
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2.3.Design and Synthesis of bifacial proteomimetic scaffolds

In this chapter we introduce two bifacial proteomimetic scaffoldshdiezamide andN-(4-
aminophenyl)terephthalamida(€igure 2.5). The novel foldamers were angieited as tools to

(a) enhance our understanding of aromatic oligoamide foldamer conformation and (b) ligands
that could mimic the key side chainsigit+3, i+4 posttions ofa-helices that participate in PPIs

mediated by such a side chain constellation.

The design of thesa-helix mimetics envisioad the use of the bibenzamide andN-(4-
aminophenyl)terephthalamidic acid molecules a#gneric backbones which canbe
functionalised at different positions usingO-alkylated monomers with the final goal of

mimicking the key side chains of the -e@tivator recognition motif LXXLL.

(a) NH, (b) NH,
NH, N, HO.__0O
A D ? HN.__O —> (; §
07 oH § NHz Ry
0~ “OH 07" SOoH
Bis-benzamide backbone N-(4-aminophenyl)terephthalamidic backbone

Figure 2.5 (a) Bis-benzamide scaffold with the correspondipgra-aminobenzoic acid
constituent  builing block (b) N-(4-aminophenyl)terephthalamidicscaffold with the
correspondingpara-phenylenediamine and terephthalatastituent building bldcs.

A first generation of bifacial proteomimetic inhibitotsased on the bikenzamidebackbone,

was synthesised using the work previously developed in the group orCitak@ated, 20-
alkylated and 2;®-dialkylated buiding blocksHigure 2.5a).1** *** **” This work continued the
synthesis started by a previous member of the group Dr Natasha S. Merpliypinaryin

silico studies performed on modified versions of thebenzamide scaffold lead to a second
generation of inhibitors. The novel scaffold was designed based orN-(&
aminophenyl)terephthalamidic acid backbone, where the central amide bond is inverted in
comparison with the bibenzamide scaffold.This modificaibn made necessary the
development of novel synthetic routes to gara-phenylenediamin@ndterephthalatéuilding

blocks together with new monomer coupling conditioRgure 2.5b).
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2.3.1.Synthesis ofthe first generation of a bifacial proteomimetic

scaffold

2.3.1.1. Bis-benzamide monomer building blocks synthesis

The synthesisfor the bisbenzamide monomer building blockssed methods previously
developed in the groufBcheme2.1).'?* Fisher esterification of the commercially avaiaBld

and 2.2 followed by dkylation usingisobutyl bromidegeneratedntermediate2.5 and 2.6 in
excellentyields. The alkylated produstwerethen either reducetb the amino derivative2.9
and2.10using tin (II) chloride or hydrolysei the acid produc.7 and2.8in basic conditions

The gnthetic route tothe dialkylated building blocks2.15 and 2.16 addel a prior
dihydroxylation reaction, which follows a procedure described by the Ahn group
(Scheme2.1b).***

(@ o

NaOH
MeOH/THF Y

NO, NO, NO,
X HxS0, X iBUBr, KyCO,, DMF X oo
1Bupr, ’
MeOH 238 95% 2.7 X' = OiBu, Y'=H
quant. 2.8 X'=H, Y' = O/Bu

Y Y %
0% oH oo o” Yo~ NH,
SnCl, X'
21X=0H, Y=H 96% 2.3 X =OH, Y =H 81%2.5X'= OjBu, Y'=H CIOAC
22X=H,Y=0H 98% 2.4 X =H, Y = OH 90% 2.6 X' = H, Y' = OiBu v
o” Yo~
95% 2.9 X'= O/Bu, Y' = H
quant. 2.10 X'=H, Y' = OiBu
(b) NO,
OiBu
NaOH iBuO
NO, NO, 0,  MeOH/THF
OH OH oiBu —
K2S208g, H,SOy, IBuBr KCOs, 97% 2.15
NaOH MeOH OMF
" HO —  HO T iBuO
NH
O OH (e} \ 2
SnCl, OiBu
2.1 37% 2.12 quant. 2.13 72% 2.14 EtOAC
iBuO
o” Yo~

90% 2.16

Scheme 2.1 Synthesisof 3-O, 2-O, 2,50 alkylated p-aminobenzoic acid monomefsr bis-

benzamidederived foldamers.
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2.3.1.2. Bis-benzamide dimers synthesis

The synthesis of thdis-benzamidedimers followedthe same synthetic strategy previously
developedri the groupScheme2.2). The nitreacid monomerg.7 and2.15were reactedvith
thionyl chloride o Gh o s e z dosfornr tiee acgrrespdndingcyl chloridebefore coupling
them with an appropriate aniligartner2.16, 2.9 or 2.10. Subsequent reduction of the nitro
compound=2.17,2.18 2.23and2.24to the corresponding amir19, 2.20, 2.250r 2.26 with
Pd catalysed hydrogenation followed by basic ester hydrolysis gave the final folda@g&rs
2.22,2.27and2.28

(a) 0,

OiBu OiBu
NO; 1. Ghosez's reagent Pd/C NaOH
) a
oiBu  CHCls rb MeOH _ MeOHTHF
z 2 NH
OiBu OiBu OiBu

(e} OH

27z=H B

2.15Z=0iBu

9 H Overall 36% 2.21Z=H
0 OiBu Overall 11% 2.22 Z = OjBu

NN
nn
NN
nn

197
.20 Z

QI
oy}
c

1.50Cl, or NH2
Ghosez's reagent OiBu OiBu
CHCl3
OiBu
- > jBUuO Pd/C iBuO NaOH
Hy, MeOH MeOH THF
iBuO - HN o
X
v
~

'=0iBu, Y'=H Overall 53% 2.27 X' = OjBu, Y' = H
'=H,Y' =0iBu Overall 35% 2.28 X'=H, Y' = OiBu

Scheme2.2 Synthesis othe bisbenzamiddoldamers.

The regioisomer of compourii21 could not be obtained due to unsuccessful coupling between
methyl 4aminc2,5-disobutoxybenzoat®.16 and 4aming2-isobutoxybenzoic aci@.8 under
multiple conditions. The tetrasubstitdtecaffold 2.22 was dso synthesised to explore the role
of a 4" side chain in helix mimicryFigure2.6).

34



227 221 2.28 222

Figure 2.6 Bis-benzamide foldamers comprisingC8 2-O, 2,50 alkylated p-aminobenzoi

acid monomers.

2.3.2.Synthesis of the secongeneration ofa bifacial proteomimetic

scaffold

A novel second (generation scaffold was designed based on N-§&-
aminophenyl)terephthalamidicacid backbone. The dmer is formed from jara-
phenylenediamine monomer linked to a terephthalate monomer through an amide bond and the
backbone can be functionalized at different positions using a vari€yatfylated monomers
(Figure 2.7).

O

OH O~_ _OH
NH, NH,
RO RO
OR OR OR OR
NH
HO” o HO” o NH, 2

disubtituted monosubstituted disubstituted monosubstituted
di-acid di-acid di-amine di-amine

Figure 2.7 Building blocksfor the N-(4- aminophenyl)tere phthalamidic scaffold.

2.3.2.1. Disubstituted di-acid and di-amine monomer synthesis

For the disubstituted -dicid monomer, auble alkylation of the commercially avaialdgethyl
2,5dihydroxyterephthalate.29 with isobutyl or benzyl bromidgave access to intermediates
2.30 and 2.31 containing isobutyl and phenyl siddains respectively. Subsequent base
catalysed hydrolysis of the estepsovided the final dacid building blocks2.32 and2.33 in
excellent yields $cheme2.3).
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EtO EtO
NHBoc
., RBr, K,CO, « DPPA, EtN, .
_ DMF OR THEMOOH _ Toluene OiBu ! tBuOH OiBu
HO iBuO iBuO
41% 79%

NHBoc

2.29 68% 2.30 R = jBu 86% 2.32 R =/Bu 2.34 2.
quant. 2.31 R =Bn 82% 2.33 R=Bn 3 35

Scheme 2.3 Synthesis of disubgdituted di-acid and di-amine monomers for N-(4-

aminophenyl)terephthalamidic derived foldamers.

The initial synthetic strategy to obtain tlsubstituteddi-amine building block consisted of
forming the isocyanate intermediate derived frer82, which could then be hydrolysed to the
desired amine or trapped with elols to afford the corresponding carbamat8s.'®’ Three

different rearrangemengactions weg investigatedScheme2.4):

Hofmam rearrangemenif® The acyl chloride intermediat.38, resulting from the reaction of
2.32 with thionyl chloride,was reacted without further purification with an aqueous ammonia
solution to afford the desired primary carbowde 2.39 in excellent yield. Subsequent
conversioninto the corresponding carbamat285 was attempted usiny-bromosuccinimide
(NBS) as a bromine source and-di&zabicyclo[5.4.0lunde@-ene (DBU) as a base, either
under reflux or microwave conditionslnfortunately, formation of the expected proddc85

was not observed.

Lossen rearrengemefit: Compound2.32 was reacted with 1£arbonyldimidazolgCDI) and
hydroxylammonium hydrochloride to afford the dedirBydroxamic acid2.37 in moderate
yield. The rearrangement into its correspondiaybamate2.35 was attempted using 1,1’
carbonyldimidazole (CDI) and tertbutanol under reflux. Unfortunately, formation of the
expected produ@.35was not observed.

Curtius rearrengement’ Monomer2.32 was reacted with diphenylphosphoryl aziiPPA)

under basic conditions to afford the desiredsatyanate?.34 in moderate yield Surprisingly,

the acyl azide intermediat2.36 was not isolated as expected, which suggests that it
decomposed at wo temperature (ca. 30C). Low temperatureCurtius rearragements are
unusual, howeversomeexamples are described in the literattife’’* The diisocyanate2.34

was treated withert-butanol in toluene affording theorrespondingcarbamate?.35 in good

yield. The corresponding unprotectedagiine building block ws found to be unstable upon
exposure to air and/or aqueous media, possibly due to polymerization and oxidation

processe$’®
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B 7 O
-
N3 N//C/
OiBu Curtius OiBu
DPPA, NEt; rearrengment tBuOH
. - .

Toluene iBuO Toluene iBuO Toluene

) N 79%

i o Ng ] 41% O//C// o

2.36 2.34
H 0}
Lossen
O, OH
HO™ N o rearrengment JJ\
OiBu NH,OHHCI, CDI OiBu tBuOH, CDI OiBu
AN
DMF M C?\l
e
iBuO iBuO iBuO
47% o reflux
H
(o} OH O H/ Y
2.32 2.37 235 o
o cl H,oN o Hofmann
rearrengment
sOCl, OBU  NH,OH OiBu  NBS, DBU
— —_— <
BuOH
CH,Cl, iBUO Et,0 iBUO tBu
0°Cc reflux or MW
(o} Cl 92% (o] NH,
2.38 2.39

Scheme 2.4 Synthetic routes investigated from mononZB82 to 2.35 Different types of
rearrengment reactions amghlighted

2.3.2.2. Monosubstituted diramine monomer synthesis

A noteworthy feature of the monosubstituteeaine monomer synthesis is the use of the
common starting materi@l.40 to construct two differentlasses ofbuilding blocks compounds
2.41 and 2.42 and compounds2.45 and 2.46, which are suitable for th@ssembly of
regioisomeric foldamergScheme2.5). Alkkylation of the commercialy availableompound
2.40 with isobutyl or benzylbromide provided monomers2.41 and 2.42 respectively.
SubsequenEmoc protection of the amino group followey the reduction of the nitro group to
the corresponding amine with tin (II) chloride gave access to the regiois@mérand2.46.

NO, NO, NH,
RBr, K,COg3, Fmoc-Cl, KHCO,, SnCl,, EtOAc
DMF THF
OH OR OR

NH, NHFmoc NHFmoc
2.40 70% 2.41R=iBu 74% 2.43 R = iBu 77% 2.45R = iBu

’ quant. 2.42 R =Bn 81% 2.44 R =Bn 36% 2.46 R =Bn

Scheme 25 Synthesis of monosubstituted di-amine monomers  for N-(4-

aminophenyl)terephthalamidic derived foldamers.
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2.3.2.3. Monosubstituted diracid monomer synthesis

For the synthesis oimonosubstituted alkoxy derivatives @fhydroxyterephthalic acid2.47
(Scheme2.6), double Fisher esterification followed by alkylation gave intermeda4® in high
yield. It was then necessary perform a sequence of protecting group manipulations; selective
hydrolysis of the mst electrordeficient ethyl ester in compoun@.49 yielded the
monosubstituted dicid building block2.50. Subsequentert-butyl esterification of the free
carboxylic acid lead to compouri51

Os_ _OH O~__OEt O~__OEt O~__OH 0~__0O
EtOH, iBuBr, K;COs, LiOH (1 equiv), 1. SOCl,, j<
p-TsOH DMF THF DCM
E—— —_— _— _—
OH OH OiBu OiBu 2-tBUOH, o)
86% 94% 50% CHCl,
07 SoH 07 okt 07 Okt 07 okt ., 07 o
59%
2.47 2.48 2.49 2.50 2.51

Scheme 2.6 Synthesis of monosubstituted dicid monomers for N-(4-
aminophenyl)terephthalamidic derived foldamers.

2.3.2.4. N-(4- aminophenyl)terephthalamidic dimer synthesis

To effect amide bond formation, the acyl chloride of thaail monomer2.32 and2.33 was
obtained using thionyl chloride before coupling to its ammmomer partner®.45, 2.46 and
2.41 (Scheme2.7c and ¢. By using an excess of theatiid2.32and2.33 it was possible to
bias the product distribution towards the monoamide. The firlucts2.56, 2.54 and2.55
were obtained by hydregtation of the nitro group or hydrolysis of the Fmoc group
respectively.

Due to the oxidation upon exposure to a&s mentioned aboyehe diamine derivative of

compound?2.35 was obtained througim situ Boc deprotection and direct reaction with thadac

chloride derivative 0f2.50, which wasobtained byin situact i vati on using Ghosezd
(Scheme2.7a). Alternatively the ethyl ester of compourti51 was selectively hydrolysed in

basic conditions and directly transformed to the acid chidogen situ activation using

Gh o s e z 6 shefareecaupglireg ndhe diamine derivative of compourl35 (Scheme2.7b).

Again, the monoamide product was biased by usingsthging diamine2.35 in excess The

final compounds2.52 and 2.53 were obtained afteappropriate deptection sequences

(Scheme2.7a and b) either basic or acid hydrolysis, respectively.
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Despite numerous efforts, we were unable to oltkerdimerderived from2.42and2.33 The

amide formation was performed succesgfuhowever, the following reduction step to
transform the nitro to the amino group was ineffective and cleavage of the side chains was
observed under forcing conditions, such as high temperatures and long reaction times. The
synthetic route for the tetrasstituted foldamer derived frord.32 and 2.35 was proven
successful following the above described methodology. Unfortunately, the dimer was unstable

upon air exposure and could not be isolated.

(a) NHBoc (b) NHBoc
NH, ) NH
OiBu /k/ QOiBu 2
o (e}
iBuO iBuO
1. HCI, 1,4-dioxane O '
NHBOC 5 Ghosez's reagent /W/ NHBoc 1. HCI, 1.4-dioxane o/\(
2.35 : CHCI o] NH 235 2. Ghosez's reagent, o NH
’ 3 o i ol CHCl3
Ox-C" 3 EtN, cHe ! o
4' Na30i-1 3 3. Et3N, CHCI;3
THF/MeOH o 4. TFA, THF
; iBu
OiBu 14% HO o HO o
o OR

(0] OEt
2.50 2.52 2.53

LiOH (1equiv), E":m R=Et
MeOH Re H

NO,
NH,
OiBu
1. SOCl,, DCM
NH2 2. O/W/
H

(c) NHFmoc (d)

OR NH,
OR
NH, 1. SOCl,, DCM
2.45R=jBu 2 CHCl3 2. CHCl,
246R=Bn — > Os__NH 2.41 — > 0. N
Ho. o 3 NeOHTHF HO_ __O  3.Hs,, PdiC, MeOH
OR o
OR 10% OBu  42%
RO o
RO BuO
07~ oH 07~ OoH
[e) OH (@] OH
=i 10% 2.54 R= jBu
2R 44% 2,55 R= Bn 2.32 2.56

Scheme2.7 Synthesis oN-(4-aminophenyl)terephthalamidic foldamers.
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2.4.Conformational analyses

2.4.1.2D NMR studies

Previous studies performed in the group era2d 30-alkylated trimers and model dimers on

the olgobenzamide scaffold revealed intramolecular psepdoor five-membered rings

hydrogen bonding betvesm the NH and adjace@-alkyl group (Figure 2.8).*"**® This resuled

in restricted rotation around one of the-80 or A-rNH bonds leaving the other free to rotate.

The conformation of such scaffolds can be further restricted by introduction of a second alkoxy

group leadingto@ bi f ur catedo hydrogen bonding interaction

two phenolic oxygens from adjacent monomers forming psebdoand fivemembered
126,174,175

rings.
| X
R _—
gH\N o H/ST o) o
S8(5) Z S(6)
R/O R/O R” | AN
¥
pseudo-5-membered pseudo-6-membered "bifurcated"
H bond ring H bond ring H bond ring

Figure 2.8 lllustration of the types of intramolecular hydrogbonding interactions on t
oligobenzamide scaffold.

In principle, the set of compounds discussed here can displayleaa simay of conformations
asthose described above. Therefore, structuracanébrmational analyses were performed on
each compound using NMR spectroscopy. In partictis’H NOESY analyses were used to
determine their preferred conformation in solution by identifying the interactions afintes

amide NH with the adjacent amatic protons

Compounds2.21 and 2.52 formed pseudo fivenembered hydrogen bonded rings, whilst
compounds2.28 2.54 and 2.55 formed pseudo sirembered hydrogen bonded rings, as
expected in eaclbase as the NH could onlyform a single type ointramolecular hydrogen
bond. A representative example is shownHigure 2.9 for compound2.21 The amide NH
displays nOe correlations with the adjacent aromatitops 1-H2 and 1H6 suggestingree
rotation around the ACO axis, whereas absence of cross peaks with the argrattn 2H3
indicatedthat rotation was constrained around theNkt axis. Thus, confirming thahe amide

proton was locked ian S(5) intamolecular Hbonded ring.
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2-H3
,  2-H6
2

F1 Chemical Shift (ppm)
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COOH .

2-NH/1-H2 Foo
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9.0 85 8.0 7.5 7.0 6.5 5.0 55 5.0 45 4.0 35 3.0
F2 Chemical Shift (ppm)

Figure 2.9 'H-'"H NOESY (500 MHz, CDG) spectra of dime2.21at 5 mM. Structures aritH
proton assignments are shown and relevant nOe signals are highlighted.

More interestingly, compound®.27, 2.22, 2.53 2.56 could potentially display either isolated

S(5) and S(6) or Abifurcatedo S ( 52)27 8as 6 ) hy
indicative of both pseudfive- and sixmembered hydrogelmonded rings beingopulated in

solution. The absence of nOe correlations between the amide and the adjacent protoasic

1-H6 and 2H3 suggested that rotation was constrained around both t€And ArNH axes

(Figure 2.10a). An X-ray crystal structure of compourgl27 previously obtained by Dr
Natasha.S. Murphysupport this result with NH to O distances of 2.007 and 2.223 A for the

S(6) and S(5) Fbonded rings respectivelFigure 2.100).**?
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Figure 2.10 (a) "H-'"H NOESY (500 MHz, CDG) spectra of dime2.27at 5 mM. Structures
and 'H proton assignments are shown and relevant nOe signals are highlighté@ragp)
structure of2.27, H-bording distances (Ajre shown in red
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Intriguingly, compounds2.22, 2.53 and 2.56 showed evidence of only pseusiz-membered
intramolecular hydrogen bonded ring formation in solution. A representative example is shown
in Figure 2.11 for compound2.56. The amide displays nOe correlations with the adjacent
aromatic protoril-H6 suggesting free rotation around the MH axis, whereas absence of cross
peaks with the aromatic prot@H6 and nOe signals with the side chain protdd B proposed

that rotation was constrained around theGX® axis. Thus, confirming that the amide proton

was locked into an S(6) intramolecularddnded ring.
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Figure 2.11 'H-'H NOESY (500 MHz, CDG) spectra of dime2.56at 5 mM. Structures and

'H proton assignments are shown and relevant nOe signals are highlighted.

Inttially, DMSO was chosen as an appropriate solvent model for comparison with the aqueous
media in biological systems. Unfortunately, the complete conformational analysis of the
compounds in DMSQproved problematical due to indistinguishable peaks andkwsgnals.
Nevertheless, the results that were oletdin DMSO were comparable to those obtained in
CDCk.

2.4.2.H/D Exchange studies

H/D exchange studies were performed to further characterise the hydrogen bonding interactions
involved in controling the conformation of our set of compounds. It is worth noting that the
relative rates of this exchangepend on different factors, such asablity of the NH proton,

which will be affected by its electronic environment; the steric accessibility of the NH group

and the strength afhe hydrogen bonding. The H atoms are anticipated to exchange more

42



rapdly the more acidic they arahe less stec hindrance they present atiee weaker hydrogen
bonds theyorm.'’® Nevertheless, the correlation of the rate of exchange with the strength of the

hydrogen bonding can be used to obtain additional information about these interactions.

The H/D exchange experiments were performed on comp@uds2.21and2.56, as moded

of the three different types of hydrogen bonding interactions. A 10¥00OBCDC} system was
used to ensure pseudo first order kinetidsdistinct nonexchanging signal was used as an
internal integration reference in order to minimize variabilty. Tde Iconstant was determined
from the slope of a neimear least squares fit to the graph followlguation 1 andhe half

life of the H/D exchange determined uskbguation 2.

Equation 1 A =A™ A : Integral of amide proton at time t
A,: Integral of amide proton at time zero (fixed at 1)

k : reaction rate coeficient

Equation 2 a —

The resulting graph is shown kfigure 2.12. The extractedky,p andt,, values for compounds

2.27, 2.21 and 2.56 are listed inTable 2.1, together with the values for two other previously
reported compound®.57 and 2.58 from our group for comparisofFigure 2.13).*?" *?® The

order of magnitude for the amide protottlange rate constants suggest the presence of a S(5),
S(6) and bifurcated S(5)/S(6)bbnding for compound2.21, 2.56and2.27respectively. These

values are consistent with previous studféand propose a (S)6 hydrogen bond with greater
stabilty than its (S)5 analogue, the stabilization is even highértne fAbi f urcatedod
system. Importantly, these results are in agreement with the proposed conformations from the
'H-'H NOESY analysesSee sectiof.4.]).
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Figure 2.12 H/D exchange kinetics of compoun@s27, 2.21 and2.56 at 10 mM in 10%
CD;0OD/CDC.

oO/ﬁ/

HO

Table 2.1 Kinetic constants and,{ based on H/D exchange in 10% {ID/CDC.

Keyp (MIN™) t,, (min) H bonding
2.56 0.00305 + 0.00005 228 + 3 S(6)

2.27 6.7857 x 1¢ + 0.0000093  1021.5 + 14 S(5)/S(6)
221 0.01485 + 0.00017 46.7 +0.5 S(3)
2.57(1-NH) 0.00176 + 0.00005 394 + 12 S(6)
2.57(2-NH) 0.00230 + 0.00005 301 +6 S(6)
2.58(1-NH) 0.0212 + 0.0004 32.7+0.6 S(5)
2.58(2-NH) 0.0225 + 0.0005 30.8 +0.7 S(5)

44



1-NH o

Figure 2.13 Reported reference compoungs7 and 2.58 intramolecular hydrogen bonding

interactions are shown’*?®

2.5.Molecular modelling

A conformational search was performedthe entire set oEompoundsThe structure was
minimised performing a fulMonte Carlo search with the MMFFs method and using the
software Macromod&l'’” Water was chosen as implicit solvent and free rotation around the
amide bonds was allowed in order to increase the accuracy of the conformationalAktueh.
conformations within 1.5 kJ/maf the lowest energgonformationwere selected for further
analysis. In he lowest energy conformatiaml the compounds adopt an extended structure,
where the amide bond ians. Importantly, the conformations for each compound are
consistent with those that are accessdiblsolution phase according to the NOESY cdaital

H/D exchangeexperimentsKigure2.14).
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2.52

Figure 2.14 Preferred conformation and intramolecular hydregending interactions of the
compounds2.21, 2.27, 2.28 and 2.52 to 2.56 sypported by molecular modeling, 2D NMR
studies and H/D exchange experiments. Distances and angles between side chains (green and

black respectively), Fbonds (dasheblackline) and free rotation axes (red arrow) are shown.

The nature of the structure rpaits the superimposition in both parallel and antiparhiied-C
orientation wihelidal pepted’pAecordinght mth aignmelits were analysed
usi ng a-actividdR $équenogP DB ID:2QZ0). The match was assessed on the basis of

t he RMSD 4{oabons enghe hellk and oxygen atoms on the foldamer together with an
evaluation on the quality of the backbone orientation with respect to the helical axis of the
peptide.

The overlay of the first generation of foldamers with the nativeactivator peptidés shown in

Figure 2.15. Compounds2.21,2.27and2.28present a goodverlay,wherethe three side chains
overlapreasonably wellvith the leucine residues at positiangt3 andi+4 of the ceactivator

helix andthe distances between the oxygens of the dmers matdhithet anc e bC#Ht ween t he
of these residues.
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Parallel aligment Antiparallel aligment

% G

RMSD = 1.036 RMSD = 1.322

PR

RMSD = 1.625 RMSD = 1.680

F

RMSD =2.046 RMSD =2.084

(b)

Figure 2.15 Overlay of thefirst generation of foldamenwith the native ceactivator peptide
Co-adivator residues are idark colours and helix mimetiesidues are in light colourBaralle
(right) and antiparallel (leftalignment with the peptide dipole momearte shown(RMSD
values are given for both alignments and the best alignment shownoi):g&) compoun
2.27; (b) compound.21; (c) compound2.28.

The overlay of thesecondgeneration of foldamers with the native-&ctivator peptidés shown

in Figure 2.16. Compound2.52 and2.54 present a goodverlay,wherethe three side chains
overlapreasonably wellvith the leucine residues at positiangt3 andi+4 of the ceactivator

helix and the ditances between the oxygens of the dimers matechithe t anc e bC#Ht we e n
of these residuesCompound2.53 and2.56, matched less well in terms afignmentwith the

helical backbone.
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Parallel aligment Antiparallel aligment

o7 o

RMSD = 0.6125 RMSD = 1.038
(b) E

RMSD = 1.314 RMSD = 1.027

RMSD = 1.678 RMSD = 1.622
(d)

RMSD = 2.046 RMSD =2.084

Figure 2.16 Overlay of thesecond generation of foldamewrth the native ceactivator peptid:
Co-activator residues are dark colours and helix mimetiesidues are in light colourBaralle
(right) and antiparallel (leftialignment with the peptide dipole momeatte shown(RMSLC
values are given for both algnments and the best alignment shown in ga)am9mpoun
2.52 (b) compound2.53 (c) compound?.56; (d) compound2.54.

The results of thenolecular modeling analyses for the full set of helix mimetic analogues are
summarised inTable 2.2. The best algnment with the native helical peptaied the
corresponding RMSDvalue are shown for each compouritlis worth noting thain some cases

the aligment (parallel or antiparallel) with the lowest RM&ilue was not chosen as the best

overlay asthe backbone of the compowd not matchthe helical axis ofthe peptide.
48



Table 2.2 Summary 6 Molecular Modelling Analyses

alignment RMSD
2.27 Antiparallel 1.322
2.21 Parallel 1.625
2.28 Antiparallel 2.084
2.52 Antiparallel 1.038
2.53 no good alignment 1.622
2.56 no good alignment 1.027
2.54 Parallel 2.046

*whereN and C termini of the benzamide and helix match, they are defined as being parallel

and where they oppose, they are defined as being antiparallel.

2.6.Docking studies

To ascertain the

extent

t o

w h i -achivatdr mtabitors, e t
the lowest energygonformatios within 1.5 kJ/mol of each compound were docked with the
crystal str uct ukQZO) osing the Rdftware FIHEB Thed d3ults from the
docking analyses reveal binding poses that display favourable interaction of all the foldamers

2.21,2.27,2.28and2.52t0 2.56 with the ceactivator binding groove. Shown figure 2.17as

a good pose foR.52 the three hydrophobic side chains of the foldamer occupy the hydrophobic

space normally occupied by the-aotivator peptides shownn Figure 2.17b.

(a) co-activator
binding grove

groove (b) Native c@ctivator hek in the ER ceactivator binding cleft.

(b)

co-activator
binding grove

ERa LBD
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Furthermore, the docking studies also shdecteostatic interactiongor both termini of the
foldamerwith the ER surface residuelsowever in mostcases only one of these involves the

precise fAcharge cl ampo raetvatodigandygFighre2l8) AR expl oi t e

representative example is showrFigure 2.18b, where he terminal carboxylic acid and aniline
groups ofdimer 2.52 are suitably positioned to form electrostatic interactions in the region of
t he dgiec halla pgtioular, these interactions occur between i)Nhirminusof the
foldamer and the GIff from the ERnat i ve fic hand i) ¢heCctdrmainugofothe
foldamer and the Ly§ from the ERnat i ve A c h arrthg éInf’%c whzhmip @ |
neighbouring residuérhis behaviour is reproduced for the othempounds.

A

Lys 362 - O

Figure 2.18 (a) Proposed hydrogen bonding interactionswieeen compound®.52 and ER

Acharge clampd residues (b) Hy dr oactvatordand ndi ng

ER Acharge clampo residues.

2.7.Biophysical assays

To perform a preliminary assessment of the ability of our set of helix mimetics to act as PPI
inhibitors, we carried out fluorescence polarization competition assays againstntiziear
receptor/cemact i vat or interactions ( ERU/ Srinc e x 2,
laboratory of Prof. Luc Brunsveld (Technische Universiteit EindhovelBjundsveld and co
workers® recently reported a family of moleles with potential to change their activity as
agonist and/or antagonist over small chemical modifications, thus generating opposite effects in
the receptor biological functions. Accordingly, our set of proteomimetic compounds were
screened in agonistic iflding at the ligand binding pocket) and antagonistic mode (binding at
the coactivator binding grove) as showrfigure 2.19. Unfortunately, our compounds were not
sufficiently potent to show a significant effect in these assays.
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Figure 2.19 Mode of action of the Nuclear Receptor (NR) agonist dependent coactivator

peptide recrutment assay.

2.8.Summary and future work

In summary, thedesign and synthesef two new bifacial proteomimetic scaffolds based on bis
benzamide andN-(4-aminophenylterephthalamidic backbones have been described. A
complete structural analysis in combination with silico studies revealed thadifferent
combinations of monomers leado a plethora of side chain spatial relationshipdich
effectively mimic the intended side h a i n s -hadixa Sigaificant donformational knowledge
has been gained and added to the already existing data roatiareligoamide foldamers.
Unfortunately, preliminary evaluation of the new scaffolds against nuclear recejatoticator
interactions was not able to show binding of our helix mimetics to the protein surface,
highlighting the complex relationship betare helix mimetic conformation and molecular
recognition. Taking into account the flexible nature of the coactivator binding grove in the ER
surface, we hypothesise that the rigidity of our scaffolds, introduced by the discussed
intramolecular Hoonding Gee section 2.4 might be unfavourable for the interaction and final

binding to the protein surface.

To study this hypothesiguture work will focus on the assessment of more flexible compounds
containing just two side chains and without intramolechlavonding constraintsin addition,

to increase the binding of our proteomimetics to the protein targets, polar groups (i.e. alkyl
amines or alkyl carboxylic acids) will be introducatthe N and/orC terminus of the scaffold

to enhance the electrostatic interactions W
the synthesis of libraries bearing different sad@in arrayswil be required in order to exploit

the potential of the scaffold target other PPIs containing essential residues in more than one
face -bdix. an U
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Chapter 3. Optimization of the hybrid oligoamide
proteomimetic scaffold

3.1.Introduction

The design and synthesis of proteomimetic scaffolds that t&fgét with high potencies and

are amenable to library assembly has advanced significantly in the last few'¥edfs.
However, the next main breakthrough in the field seéorbe pointing towards molecules with
enhanced pharmacokinetic properties and that permit greater control over target selectivity.
Commonly, structural constraints involving covalent or -nomalent interactions have been
introduced in the proteomimetscaffold backbone in order to reproduce the topography of the
Afhot spot o r es iacheleand thus favour bioacdve comrfdrmatioes. However,
many studies to date have underlined the complex relationships between molecular rigidity,
target phsticity and activity, which all participate in surface recognition procé€sSes.

In that context, the Wilson group recentgported the design and synthesis of a hybrid
oligobenzamidea-helix mimetic formed by a combination of previously reported aryl building
blocks and natural amino acitf. This scaffold is capable of reproducing the side chairis at
i+4 andi+7p o s i t i o 4haix andfshoasrhightfunctional group tolerance combined with a
simple synthetic route. In particular, the scaffold was based on modifications@fakglated
oligobenzamide previously reported by the grdeigure 3.1). In this case the structural rigidity
of the oligobenzamide backbdAewas broken through substitution of the central-anil with

ana-amino acid residue.

G H
N !
1 Ny )
Top unit
S S(5)
H o \
o N Ry
% o)
O\Rz \)J\ AN R

H,N X :
— T on T/ I\ 2 ot

H ) Irregular

~ h =,
_H R, e b N
o NT % "Ry
o,
R3
Bottom unit
07 NH
S(5)
07 >NH o

OH

Figure 3.1 Design of the hybrid oligobenzamide-helix mimetic by modification of # 30-

alkylated oligobenzamide scaffold.
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This modification generated a different intramolecular hydrogen bonding arrangement with
hydrogen bonds at the top and bottom of the sequence, which maintain the potential to adopt
well-defined conformations. Impemtly, the irregular nature of the backbone increased the
degree of flexibiity and gave access to a wider conformational space, thus perhaps faciltating
an inducefit type of interaction with the target protein. This fact was illustrated by early studies
where the energy of the different scaffold structtlBdsand3.2 was minimised in Macromodel

and the conformers within 1.5 kJ/mol were superimposed without further manipulation
(Figure 3.2). These simulations alslighlighted the increased conformational plasticity of the
new hybrid scaffold over the originat@-alkylated oligobenzamide scaffdif. Importantly,
previous work also discoverdhat switching the side chain of the bottom aryl unit from #@@ 3
position to the 2 position, as in compoungl.2, increases the binding affinity of the scaffold to

the target proteins, in most casés!*® Therefore, all the work of this chapter focusses on
hybrid compounds incorporating e modifications.

@

Figure 3.2 lllustrations of the accessible conformational space (shown as a shaded 3D object)
highlighting the orientation of the sidghaing® (shown in CPK format): (aptructure of the 3
O-alkylated timer model3.1 and corresponding side (top) and top (bottom) vidayS(ructure
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of the hybridtrimer model3.2 and corresponding side (top) and top (bottom) viewergy
minimisation byMacromodel and superimposition oktlonformers within 1.5 kJ/mol.

Furthermore, SAR® studies identified"M inhibitors of the p53iDM2 and Mct1/NOXA B
interactions, which are highly involved in cancer development. Nevertheless, the most
important feature displayed by the hybrid oligobenzam@ehelix mimetic was the
unprecedented stereodependent selectivity imported by the chiral nature of the scaffolds. |
particular, the substitution of the centralaimino acid by its Benantiomer switched the
selectivity of the scaffold fronrmDM2 only to bothhDM2 and Mcil proteins. This attribute
permitted the synthesis of chiral structures that can be tuned to ac&mewvioselective

recognition by the protein partner.

3.2.Interactions of interest

3.2.1.p53hDM2-hDMX

The p53 tumour suppressor stimulates the intrinsic apoptosis pathway, in response to severe
cellular stresses, such as DNA damage or hypoxia. Therefore¢titdtyais vital for the
maintenance of the genomic integrity of the cell. Inactivation of p53 occurs due to mutations in
over half of all cancer cases; whilst in most of the remaining cases it is mediated by genomic
amplification of thehDM2 oncoprotein Figure 3.3). In normal cells hDM2 downregulates

p53, which modulates its growsuppressing activity. Alternatively, when DNA is damaged,

p53 levels increase and activate the expressitibd2. The hDM2 protein can, in turn, bind

to the transactivation domain of p53 and inhibit fertlctivity of p53 as a transcription factor.

In tumours, gene amplification and other processes can leddDMP ampilfication and
consequently p53 inhibitiot: *7®
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Figure 3.3 Diagram of the apoptotic pathway regulatecob® in normal and tumor cells.

Overall structural features

The interacting region aMDM2 (hDM2 homolog protein from mouse) consists of a structural
domain located in itdN-terminal part. Alternatively, the p53 recognition motif involves a short,
inear sequence of 11 amino acids (residues 17 to 27), which comprises one of the conserved

regions of p53 and contains sequences responsible for transactivagior 8.4).""®

The mDM2 domain is divided in two structurally similar parts with low sequence similarity.
The two halves form a small globular structure with a hydrophobic core. When the two repeats
are joined across their hydrophobide, they form a cleft at their interface. The cleft is about 25

A long, 10 A wide near the surface but narrowing toward the bottom, and up to 10 A deep. It is
asymmetric and is composed of two helices forming the sides, two short helices making the
bottan and a pair of three t r a ndheetd capping each end. The p53 peptide forms an
amp hi péelixhadf @about)2.5 turns, which is followed by an extended region of three

r e si du e-Belix ha¥ la éwydrdphobic face formed by three hydrophobic key arvids a
(Phe®, Trp®®, Leu®), ati, i+4 andi+7 positions, that interact with the protein cleft through a

sequence of van der Waals contd(is.

The p53rDM2 interface has an area of 1498 &nd is mostly hydrophobic in nature. The
position of the p53 helix allows PHe Trp® and Led® residues to sit deep inside th®M2
cleft in a complementary fashion. The van der Waals contacts at the interface are augmented

only by two intermolecular hydrogen bonds. One occurs between thé lokbone amide of
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p53 and the GIA side chain ofrfDM2 at the entrance of the cleft; the second is between the
p53 Trg® indole group and theDM2 Leuw™ carbonyl, deep inside the cléff

Phe 19
Trp 23

Leu 26

Figure 3.4 Crystal structure of pS8DM2 PPl (PDB ID: 1YCR). Key side chains on the
binding surface of the helare highlighted.

3.2.2.Bcl-2 family

The members of the -Bell lymphoma 2 (BeR) family play a central role as regulators of
apoptotic cell death, in response to a wide variety of stiffigiu(e 3.5). These molecules can

be combined with themselves or other family members to formaimmers and heterdimers,

and produce several pepoptotic and/or aripoptotic entities. For exampBg¢l-2, Bckx, and
Mcl-1 inhibit programmed cell death, and Bak and BBzl homologous antagonist killers)
can promote apoptosis’ Consistently, members that inhibit apoptosis are over expressed in
many cancers and doibute to tumour initiation, progression and resistance to théfapy.

CELLULAR
STRESSES

CELLULAR
STRESSES

Anti-apoptotic
protein
overexpression

Dimerisation

, l" Apoptosis

Oligomerisation > o ®
- \Apoptosis

Cytochrome ¢
D Anti-apoptotic proteins BH3 only pro-apoptotic Pro-apoptotic proteins
(Bcl-x;, Mcl-1) proteins (NOXA B, BID) (Bak, Bax)

Figure 3.5 Diagram of the apoptotic pathway regulated by-Bdamiy members in the
mitochondria in normal and tumor cells.
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Overall structural features

All the Bclk2 family members are formed by up to four comeer Bct2 homology (BH)
domai ns, all délical wdyiments Table3d)l Ant-apoptbtic proteins exhibit
conservation of the sequence in all BH doma@snversely, preapoptotic proteins are divided

into multtkdomain members that are formed by the BH1, BH2 and BH3 domains, such as Bax
and Bak; and BH®nly members, such as Bid and Bad. There is a comegion in the BH3
U-helical domain, which binds tive hydrophobic groove formed by the structural connection of
BH1, BH2 and BH3 domains of afpoptotic multidomain members. This common helical
segment is necessary for the promotion of cell d&ath.

Table 3.1 Members of the Be2 family*®®*%*

Multid omain Multidomain BH3-only
Anti -apoptotic proteins Pro-apoptotic proteins  Pro-apoptotic proteins
Bcl-2 Bak BID
Bcl-x, Bax BIM
Mcl-1 NOXA B
Bclw PUMA
BAD

The structural insights of the recognition process between these protein famiies were first
reported by Fesik and ewmorkers with the structure afhe Bclx /Bak peptide complex

(Figure 3.6).'™ The structure of the Bopr ot ein consists odelcesvo ce
surrounded by five amphipathic helices. The Bak peptide binds in agmgtic cleft formed

by the BH1, BH2 and BH3 domains of Bgl,where theN-terminal residues interact with the

BH1 region, whereas th€-terminal end interacts mostly with the BH2 and BH3 domains. In

the Bak helix, the hydrophobic face is projected irie hydrophobic cleft, stabilizing the

complex, whilst the charged side chains are close to oppositely charged residues ofxthe Bcl
protein!’®
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Ile 85

Figure 3.6 Crystalstructure of Bek /Bak PPI (PDB ID: 1BXL). Key side chains on the
binding surface of the hel&re highlighted.

Another member of the B& family is Mcl1, which has a central and redundant role in the
maintenance of progenitor and stem céligre 3.7). Its overexpression has been related to the
development of a variety of resistant cancers, including muliple myeloma, acute myeloid
leukemia, melanoma and greprognosis breast canc¥rMcl-1 is neutralized by the BH8nly
proteins NDXA, Puma, Bim and BakX: ®® Certain residues within the Mél protein sequence

are determinant for its binding activity; the conserved amino acid$'i.éug®**, Gly**" and
Asp™® which are shared among many BH3 domains, and the discrete residtfe whith is
responsible for the selectivity (Fig. 19).

Glu 74

Leu 78

Ile 81

Val 85

Figure 3.7 Crystal structure of Mel/NOXA B PPI (PDB ID: 2JM6). Key side chains on the
binding surface of the helix are highlighted.
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3.3.Description of the scaffold

The results obtained using the hybrid oligobenzanaidbelix mimetic represented a good
starting point to further investigate the rules that govern molecular recognition and work into
establishing guidelines for the synthesis of functional proteomimetics. Therefore, in this chapter
an attempt to further studgnd optimize the hybrid oligobenzamide scaffold towards more

potent and selective inhibitors of PPIs is presented.

In particular, compound®.3 (Figure 3.8) was chosen as initial template for the optimization
process for the following reasons:
- It was one of the most potent analogues of the family againgtps& with an I1G, of
11.9nM.
- It was selective fohDM2 over Mct1 (ICso >100nM).
- Selectivity for Mctl cauld be tuned by changing the stereochemistry of the central aa:
L- (ICs0 >100miM) compound3.3, whilst D- (ICs, 27.1M) compound3.4.

- It was formed using some of the most accessible building blocks.

kfo kfo
33 OH 3.4 OH
p53/hDM, ICs, 11.9 £ 0.6 pM 9.2+ 0.4 pM
Mcl-1/NOXA B ICs, >100 uM 27.1+ 1.1 uM

Figure 3.8 Structures and inhibitory activity against gi3M2 and Mci1/NOXA B of hybrids
3.3(L-Phe) and®.4 (D-Phe).

Subsequently, five modification sites-igure 3.9) were selected to introduce a series of
chemical changes into the structure: th@ermirus, the top bottom aryl buiding blocks, the
central amino acid, and the terminal amino acid. Eacmanipulation was selected to change
the size, shape, flexibiity and/or solubilty of the compounds, which should lead to a better
understanding of the SAR of these molecules.
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Figure 3.9 Scaffold optimizéion process schematics. Modification sites of compd&iBdare
highlighted.

3.4. Synthesisof the hybrid a -helix mimetic scaffold

The synthesis of the hybricda-helix mimetic scaffold was based on an Fmoc (9
fluorenylmethyloxycarbonyl) solid phase peptidgnthesis (SPPS) strategy to enable library
generation and reduce the preparation fifne.

3.4.1.Monomer synthesis

The synthesis of the-@-alkylated and the -8-alkylatedFmocprotected monomers followed a
synthetic route previously described by t@up Schemed.1).**>**" It consisted of an initial
alkylation step, followed by reductiaf the nitro to the amino group. Subsequent hydrolysis of
the ester and final Fmearotection produced the monomers in good yields.

ROH, DIAD SnCl,

PPh3 THF EtOH NHFmoc
RBr, KZCO3 Ho, Pd/C NaOH Fmoc-Cl
__ DMF THF/MeOH THF/MeOH _THE
65%-quant. quant. 78%-quant. 31 91%
0 o~ o“ >o” o~ o o
2.3 3-OH 3.52-OR=a 3.10 2-OR=a 3.152-OR=a 3.212-OR=a
2.4 2-OH 3.6 2-OR=b 3.112-OR=b 3.16 2-O R=b 3.22 2-OR=b
3.72-OR=c 3.122-OR=c 3.17 2-OR=c 3.232-OR=c
3.83-OR=c 3.133-OR=c 3.18 3-OR=c 3.243-OR=c
2.53-OR=d 2.9 3-OR=d 3.19 3-O R=d 3.25 3-OR=d
3.9 3-OR=e 3.14 3-OR=e 3.20 3-OR=e 3.26 3-O R=e

X *JV&A(%A©

a
Scheme3.1 Synthetic route to-® and3-O Fmocprotected building blocks
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3.4.2.General synthetic scheme for oligomers

The hybrida-helix mimetics were synthesised using an adapted version of the microwave
assisted automated SPPSlieme3.2) originally developed by Dr V. Azzaritd? It consisted
of a series of deprotection and coupling steps, using f&raagvhere aa can be any amino acid)

preloaded Wang resins as dadupport and HATU as a coupling reagéor the protected

monomers.
NHFmoc ) o FmocHN_ R,
R i) 20% (v/v) piperidine i) 20% (v/v) piperidine
: in DMF in DMF
NHFmoc (0] NH
Rs
© ii) NHFmoc o) i)
R>
o NH
OH o R;
R; W (o] FmocHN
O/ R
% 07 “NH
(o} OH - o
HATU, DIPEA in DMF HATU, DIPEA in DMF R
MW 60 °C, 30 min MW 60 °C, 30 min

NH,
R
: O/R1 i) 20% (v/v) piperidine
NHFmoc o in DMF
© i) NHFmoc
HN IRZ

Pre-loaded Wang (O
resin R
(@) NH
o/
=N/

\>/N 0% oH
N\ R
N o HATU, DIPEA in DMF
N MW 60 °C, 30 min
/, &)
N PFe or 20% (v/v) piperid
\ iii) o (V/V) piperidine
0® R““Kfo in DMF
HATU iv) 1:1 (viv) TFA/IDCM

Scheme3.2 Solid phase synthetic route for the hylaichelix mimetics.

3.4.3.Side chain diversification

The methodology described abo@cheme 3.2was used tasynthesisea library of hybrid
compounds (3.27 to 3.48. The design behind the multtude of modifications that were
introduced is detailed in the following sections 3.4.3.1 to 3.4.3.5.

3.4.3.1. Modification of the top aryl unit

The benzyl substituent of compouBd3 mimicked the original phenylalanine residue from the
p53 a-helix. The modifications incorporated her€able 3.2, Figure 3.10) mainly focused on

studying the effect of:
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- para- substituted phenyl rings to improvataractions with the Phe hydrophobic
binding pocket, compounds.27to 3.29.

- Extended aromatic ring systems to improve interactions with the Phe hydrophobic
binding pocket, compound.30.

- Aliphatic side chains to investigate the effect of different hydrophobic groups,

compounds3.31t0 3.33

NH,
R

O/

OQ/‘ :
HNI\@
o
H

,
NH
; ‘o/k
07 N
kfo
OH

Table 3.2 Library of hybrida-helix mimetics with modifications othe top aryl unit illustrating

sidechain sequence.

Hybrid R, aa Rs resin
3.27 3-O-p-CI-Bn L-Phe 2-O-iPr Gly
3.28 3-0-p-CK-Bn L-Phe 2-O-iPr Gly
3.29 3-O-p-tBu-Bn L-Phe 2-O-iPr Gly
3.30 3-0-2-Nph L-Phe 2-O-iPr Gly
3.31 3-0O-sBu L-Phe 2-O-iPr Gly
3.32 3-0O-(MeS3-Pr) L-Phe 2-O-iPr Gly
3.33 3-O-Methylcyclopropane L-Phe 2-O-iPr Gly
A O~
~{ o o %@\é ~ O
3.27 3.28 3.29 3.30
S/
m>\/ mfﬁ <
3.31 3.32 3.33

Figure 3.10 Side chains incorporated in the top aryl unit of the hybrid proteomimetics3-The
O-alkylated nonomers used in the synthesis of the oligon3e2§ to 3.33were provided by Dr
N. S. Murphy.
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3.4.3.2. Modification of the central amino acid

The Phe aa in compouril3 mimicked the original Trp residue from the pa&3nelix. The
modifications incgporated hereTable 3.3, Figure 3.11) mainly focused on studying the effect

of:
- Extended aromatic ring systems to improve interactions with the deep Trp hydrophobic
binding pocket, compound®.34and3.35
- Different aa enantiome to exploit further the stereodependent selectivity of the
scaffold, compound8.34and3.35.

OH

Table 3.3 Library of hybrida-helix mimetics with modifications on the centema illustrating

side-chain sequence.

Hybrid R, aa Rs resin
3.34 3-O-Bn L-2-Nal 2-O-iPr Gly
3.35 3-O-Bn D-2-Nal 2-O-iPr Gly

Vo NS o
3.34 3.35

Figure 3.11 Aa side chains incorporatedtime central position of the hybrid proteomimetics.

Structural modifications were also explored by the introduction of the following building blocks
in the central position of the hybrid scaffoliaple 3.4, Figure 3.12):
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- U, -Didubstituted amino acif¢ 3.37 and 3.38 to study the estriction of
conformational freedom of side chains and the introduction of a complementary side
chain.

- b-Amino acids®® 3.39 and 3.40 to study the access to a new group of different
pharmacophores with distinct flexibility on the central backbone.

- N-methylated Phe to @y the effect of potential new bioactive conformations,
compound3.36.

Table 3.4 Hybrid a-helix mimetic with structural modifications on the central aa illustrating

sidechain sequence.

Hybrid R, aa R, resin

3.36 3-O-Bn N-Me-Phe 2-O-iPr Gly

: N o o
ﬂﬁ{;{@ FmocHN— FmocHN— K
/ OH OH FmocHN OH FmocHN/\>\OH
- 0 0 0o 0
3.36 3.37

3.38 3.39 3.40

o,o' disubstituted- aa B- aa
Figure 3.12 (a) N-Me aa incorporated in the central position of the hybrid proteomimetic; (b)
Different U , -tistibstitutedand b-amino acid residues which faied to be incorporated in the
central position of the hybrid oligomers.

The incorporation of the aa residu@s37 to 3.40, which were used as test substrates

(Figure 3.12), and the aryl building blocB.26 proved unsuccessful using the standard synthetic

methodology for the hybridsSEheme3.2). In order to increase their reactivity the acid chlorides

from the corresponding monomers were {foemed and the coupled to the growing chain

(Scheme 3.3). Unfortunately, this methodology only permitted incomplete coupling of the

monomers, even after repeated coupling cycles. The poor readtifiyse monomers might be

due to the steric hindrance of the, -tistibstituted amina ¢ i ds . Al t eaminoaddi vely, t he
residuesmay have adopted unreactive conformations where the free amine was inaccessible for

coupling, as indicated by subsequewtfiective acetylationstempts using acetic anhydride.
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NHFmoc

R,
R
N Cl FmocHN
FmocHN or W
o R, O
o,o'-disubstituted aa p-aa
SOCl,
reflux, DCM
SOCl,
reflux, DCM FmocHN R i) NHFmoc

IRZ' ’R
NH; ) Ry o, 0% >NH 2
R 07 NH

FmocHN

o~ o~
MW 50 °C, 30 min, NMP MW 50 C, 30 min, NMP (o)

NH 0~ "NH

(o]
(o} NH
R o) ii) 20% (v/v) piperidine R O i) 20% (v/v) piperidine 'Kfo
in DMF in DMF 4\
in R
iii) 1:1 (v/v) TFA/DCM OH

Scheme 3.3 Acid chloride based methodology for the incorporation of challenging buiding
blocks.

3.4.3.3. Modification of the bottom aryl unit

The iPr side chain in compourgl3 mimicked the original Leu residue from the pbdelix.

The modifications incorporated hergaple 3.5, Figure 3.13) mainly focused on studying the

effect of:

- Different aliphatic side chains to assess the effect of size and shape of the aliphatic
substituents in the Leurloling site, compound8.41t0 3.43

NH,
()
o
HNI\@
o NH
; ‘o/R1
o NH

e
OH

65



Table 3.5 Library of hybrid a-helix mimetics with modifications on the bottom aryl unit

llustrating sidechain sequence.

Hybrid R, aa R; resin
3.41 3-O-Bn L-Phe 2-O-iBu Gly
3.42 3-O-Bn L-Phe 2-0O-sBu Gly
3.43 3-O-Bn L-Phe 2-O-Me Gly

m/\< M}\/ ~
3.4 3.42 3.43

Figure 3.13 Side chains incorporated in the bottom aryl unit of the hybrid proteomimékies.
2-O-alkylated monomer used in the synthesis of the oligogndfd was provided by Dr V.

Azzarito.

3.4.3.4. Modification of the N-terminus

One of the main disadvantages of this tygfe proteomimetics is their limited solubility in
aqueous medik? In order to address this issue, solubilising groups could be attached onto the
scaffold; however, the site of modification had to be chosen carefuly as it could disrupt the
activity of the compound. Thé&l-terminusof the molecule was anticipated tdoa further
modification of the scaffold without altering the key binding side chains. Furthermore, the intra
molecular hydrogen bond between tNél and the alkoxy group of the top monomer would
position the N-inked side chain towards the solvent expodade of the compounds
(Figure 3.14).

R_ _H
N™ =,
solvent o)

exposed
face

interacting
face

7Y
Figure 3.14 Possible projection of thH-linked side chain towards the solvent exposed face of

the hybrid compounds.

Accordingly, a new modification strategy was developed based on a reductive amination
reaction on resingcheme3.4). The reaction provided the modified hybrid in good yieldsirAn
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situ oxidation of the alcohol to the corresponding aldehyde was performed when necessary. The
advantages of this reaction are: i) wetbn of preparation time and potential for library
generation resulting from the nature of a late stage derivatization; i) solid phase chemistry

permits the use of a large excess of reagents, which results in high modification yields.

The modificationsincorporated at thé-terminus(Table 3.6, Figure 3.15) are mainly focused
on the introduction of polar side chains to increase the water solubilty of the analogues.

d L@
i) Hybrid (on resin) ©)
Dess—Martin NaCNBH;

periodinane, DCM o DMF/MeOH, 1% AcH HN
g - A T
HO" R H™ R 07 > NH
ii) 1:1 (viv) TFA/IDCM
o/k
(e} NH
kfo

OH

Scheme3.4 Reductive amination on resin of the hybilididgerminus

R4
\
NH

OH
Table 3.6 Library of hybrid a-helix mimetics with modifications on the-terminusilustrating

side-chain sequence.

Hybrid R, aa R, R, resin
3.44 3-0-Bn L-Phe 2-O-iPr 4-N-3-NH,-Pr Gly
3.45 3-0-Bn L-Phe 2-O-iPr 4-N-2-MeNH-Et Gly
3.46 3-0-Bn L-Phe 2-O-iPr 4-N-3-Pyridyl Gly
3.47 3-O-Bn L-Phe 2-O-iPr 4-N-2-Furanyl Gly
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H
NH, N— — 0
wfﬁ et ~C\Ly oy
3.44 3.45 3.46 3.47

Figure 3.15 Side chains incorporated in theterminusof the hybrid protomimetics.

The N-terminal modification ofcompounds3.44 and 3.45 was performed witlBoc protected
buiding blocks (Scheme 3.4)the Boc protectedamino alcohot were oxidised to the
corresponding Boc protecteaimino aldehyds, before beingused in the reductive amination
reaction. The subsequentleavageand deprotectiostep in acidic conditions removed the Boc
group to yield the final compounds44and3.45.

3.4.3.5. Modification of the C-terminal amino acid

The aa at theC-terminal position of the hybrid compounds was also modified in order to
increase the solubilty of the proteomimetics in aqueous media. In particular, the standard
glycine residue was substituted by a lysine aa in comp8ufd introducing an extra polar
amino group into the scaffold &ble3.7).

Bseny
pae
QL

JJOH

HoN 3.48
Table 3.7 Hybrid a-helix mimetics with modifications on th€-terminal aaillustrating side

chain sequence.

Hybrid R, aa Rs resin

3.48 3-O-Bn L-Phe 2-O-iPr Lys
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3.5.Biophysical testing: Fluorescence Anisotropy Competition

Assays

The use of fluorescence anisotropy (FA)determine binding constants is well established
within the Wilson group?® *** 132 134135 Consequently, to test the potential of the new hybrid
analogues to selectively inhithe p53hDM2 and Mctl/NOXA B PPIs their activity was
tested in a FA competition assay targeting tHeBés, as shown figure 3.16.

E R FRE

tracer protein proteomimetics

Figure 3.16 Mode of action of théluorescence anisotropy competition assay

In the FA competition assay the protein in complex with the corresponding peptide tracer, a
binding peptide bearing a fluorophore group, is titrated with an increasing concentration of
proteomimetic compound. Initially, the peptide tracer is bound to tbeeip and tumbles

slowly in solution due to the big size of the pepitetein complex, which produces a high
anisotropy signal. This interaction can be disrupted by the binding of the proteomimetic
compounds to the protein, which displace the peptideetr from the protein surface to the
solution. This process results in a decrease of anisotropy due to the fast tumble of the peptide

now in solution.

It is worth noting thathis assayas used to determine the binding affinities of our benchmark
compound 3.3, which displayed an Ig, of 11.9 nM for p53hDM2 and >100nmM for Mcl-

1/NOXA B (shown inFigure 3.8).

3.5.1.Modification of the top aryl unit

The FA competition assay targeting the p3M2 and Mct1l/NOXA B PPI for thetop aryl
modified series of hybrids and the corresponding @&lues are shown fRigure 3.17.
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Figure 3.17 Top aryl modifications serie®oseresponse curves against the pBB12 (left)
and Mctl/NOXA B (right) PPI(40 mM phosphate buffer pH 7.50, 200 mM sodium chloride,
0.02 mg mL' BSA).

The results illustrate that thgara substitution of the benzene ring witGl and-CF; groups in
compounds3.27(11.0+ 0.5mM) and3.28(14.6+ 0.7 nM) respectively, and the replacement by
a naphtyl side chain in compou8d30 (8.0 = 0.3 M) did not have a significant effect on the
binding affinity for hDM2. However, a slight improvement on potency of two fold was
achieved with the introduction of #8u group in thepara-Bn position in compound.29,
resulting in the most potent hybrid obtained to date adalbkt2 with an IG, of 5.0 0.4 M.

Unforturately, all the changes resulted in compounds with binding affinities for1Mcl
throughout the lowrM range, thus eliminating the selectivity toward3M2 from the original

compound3.3. Furthermore, the substitution of the aromatic system by aliphaticcka@ias,
compounds3.31to 3.33 resulted in a decrease of binding affinity to >H®® for bothhDM2

and Mcltl proteins. This result highlights the importance of the aromatic ring in the top

position.
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3.5.2.Modification of the central amino acid

The FA compdition assay targeting the pBBIM2 and Mcl1l/NOXA B PPI for thecentral aa
modified series of hybrids and the corresponding @lues are shown iRigure 3.18.
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o} NH
°

(0] (]

3.34 OH 3.35 OH 3.36 K(ﬁ-!
11.0 £ 0.5 pM 11.9 £ 0.4 uM >100 pM
27.6 £ 2.0 uM 28.4 £2.0 uM >100 pM

Figure 3.18 Central aa modifications series: Dassponse curves against the pEB2 (left)
and Mct1l/NOXA B (right) PP1(40 mM phosphate buffer pH 7.50, 200 mM sodium chloride,

0.02 mg mL' BSA).

The results showed how the substitution of the central Phe ring from the original cordgdund
by a naphtyl system, compoun8s34 and3.35, did not produce more potent hybrids, and hence
did not improve contacts with the deep Trp binding pocket omiid2 surface as envisioned

when they were designed.

Furthermore, bothLand D enantiomers were obtained, compouBd34and3.35respectively.

However, surprisingly the enantiomer dependent selectivity towardsl Mtlown by the

original compounds3.3 and3.4 was not retained in this case.
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Additionally, the introduction of amM-methyl group on the central Phe aa in compaoBirgb
resulted in a decrease of binding affinity to > for bothhDM2 and Mci1 proteins.

3.5.3.Modification of the bottom aryl unit

The FA competition assay targeting the g3M2 and Mct1/NOXA B PPI for thebottom aryl
modified series of hybrids and tkerresponding 1€, values are shown iRigure 3.19.
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3.41 OH 3.42 OH 3.43 OH
13.4 0.7 pM 153£1.2 pM 68.4 + 6.0 pM
28.8+3.3 uM 23.6 + 0.9 pM >100 pM

Figure 3.19 Bottom aryl modifications series: Dosesponse curves against the pBBI2
(left) and Mci1l/NOXA B (right) PPI(40 mM phosphate buffer pH 7.50, 200 mM sodium
chloride, 0.02 mg mL BSA).

Interestingly, the results showed that reducing the size of the aliphatichsisleon the bottom

aryl unit in compound3.43 with just a methyl group on that posttion, allowed the selectivity

towards hDM2 over Mctl of the original compound.3 to be retained. However, this

modification also caused a loss of potency. Conversedy,iricrease in size of the aliphatic

chain on the same position in compouBd4l and3.42, which display anBu and sBu groups

respectively, resulted in complete loss of the afore mentioned selectivity. This result could
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contribute to the elucidation ofhé factors that drive the selectivity ihis family of
proteomiemtics.

3.5.4 . Modifications of the N-terminus and C-terminal amino acid

The FA competition assay targeting the gii3M2 and Mct1/NOXA B PPI for theC-terminal

aa modified hybrid3.48 showedICs, values >100 pM, indicating that the substitution of the
glycine by a lysine residue decreased the binding of the hybrid compound to both protein
targets. Unfortunately, due to time constraints the testing oNtterminal modified hybrids

was not performad

3.5.5.Investigation of additive effects

The ultimate goal of the SAR study was to identify factors that increase the potency and/or
selectivity of the hybrid and combine these modifications into a new generation of PPI
inhibitors. Therefore, it was nesgary to investigate if a combination of different substitutions

on an individual compound would result in additive effects in activity and/or selectivity.

In this context, it is important to highlight some SAR features observed in a selection of hybrid

compounds:

i) Previously, the hybrids hakubstituted at thg-Bn position of the central aa were
identified as inhibitors of the MdA/NOXA B PPI. In particular, thep-bromo
functionalised hybric8.49 was shown to be the best inhibitor with ag/6f 13.0+ 0.6

nmM (Figure 3.20).3°
NH,
Oﬁ/@\ O/\©
PAS

07 >NH Br
; ‘OJ\
07 >NH
kfo

349 OH

Mcl-1/NOXA B IC5y  13.0 £ 0.6 pM

Figure 3.20 Structure and inhibitory activity against MDINOXA B of p-bromo functionalised
hybrid 3.49.
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i) The stereochemistry of the central Phe aa in compo8rtland 3.4 dictates the
selectity towards the Mell protein (e Figure3.8).
i) The functionalization of the top aryl unit withpatBu group in compound.29increase

in 2-fold its binding affinity towardhDM2 (SeeFigure3.17).

Subsequently, compound®.50 and 3.51, which share a combination of substitutions were
obtained Figure 3.21). The FA competition assay targeting the gi3M2 and Mci1/NOXA B
PPI for thesdaybrids and the corresponding binding affinities are shovaigimre 3.21
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Figure 3.21 Combined modifications series: Desesponse curves against the pBB2 (left)
and Mct1/NOXA B (right) PP1(40 mM phosphate buffer pH 7.50, 200 mM sodium chloride,
0.02 mg mL' BSA).

Unfortunately, the resulting enantiomeric compouri29 and 3.50 did not retain any
selectivity between the p38)M2 and Mctl/NOXA B interactions, as shown by their similar
binding affinities to both proteins. Furthermore, the combination @fptbromo in the central
aa and thep-tert-butyl group on the top aryl unit in compourd51 did not result in the
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expected increase in potency towards any of the PPI of interest. Therefore, this set of
compounds does not appear to show an additive SAR.

3.6.Conclusions and future directions

A new set of hybrid compounds derived from the benchmark comp8uBichas been
successfully synthesised allowing a SAR study of its interaction M2 and Mctl. The
existing synthetic strategy for this scaffold hagrenodified when required and also a novel
methodology has been developed (i.e. reductive amination on resin) to customize the hybrid
proteomimetics adequately.

Unfortunately, among the set of hybrid analogues synthesised and tested here inhibtors that
display a significant increase on their binding affinity towahd®M2 or Mckl were not
identified. However, the most potent hybrid to date agaibd12, compound3.29with an IG

of 5.0+ 0.4 nM, was obtained through the introduction ofBa group in thepara-Bn position

of the top aryl unit ofthe originalcompound3.3. However the enantioselectivity from the
original compound3.3 was not reproduced by compoud29 or any of the other chiral
compounds investigated. Interestingly, the size of the atplsabstituent at the bottom unit
was found to be important for the selectivity between thehpB32 and Mcil/NOXA B
interactions. Finally, early studies on the SAR features within the hybrid compound library
revealed that these features did not have ddit\e effect when combined in the same
proteomimetic structure.

The next step will be tdest the hybrids with modifications at tieterminus and in thec-

terminal aa against the PPDf interestIn parallel, a quantitative analysis of the aqueous
solbilty of the compounds by HLPC wil also be performed to determine the variations
produced by theN-terminal and C-terminal aa modifications. Unfortunately, due to time
constraints these experiments could not be performed. Finally, the synthetic nogthodads

to be further explored to incorporate other monomers of interest, stichas al r eady de:

a n dJ-ddybstituted amino acids, which could lead to a plethora of novel bioactive molecules.
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Chapter 4. Design, synthesis and evaluation of
inhibitors for the Asfl/H3 PPI

4.1.Introduction

Advancements in the understanding of PPIs have led to them becoming more attractive
therapeutic target§’ There arealready available drugs ohe market aimed at treating a
multitude of diseases linked to PPIs and an increasing number in clinicaltt&ldherefore,

PPIs are one of the key targéts interventionin biological systems directly related to disease.
However, the ubiquitous nature of Bhakes challenging the complete understanding of their
complex organizations. In that context, continuing investigatiowards the modulation of

unexplored PPIs is tin the design of new targeted therapeufiés.

4.2.Interaction of interest. Asf1/H3

Chromatin- nucleosome histones

The fundamental structural unit of chromatin is the nucleosome, which is formed badel7
pairs of DNA wound 1.7 times around the outside of a histone octamel’&8teThe histone
octamer comprises two units of eaafhthe histone proteins H2A, H2B, H3 and H4, where two
H2A/H2B dimers are tethered to each side of one/KHMB tetramer®***® Nucleosome
assembly and disassembly is a vital prodbasallows rapid access &pecific DNA sequence
during transcription, replication, repair and recombinatidondreds of proteins refate the
folding and unfolding of chromatin allowing the DNA to be exposed and organised for each
specific function-*

Histone chaperones are proteimat regulate the associationbafsic histone proteins with the
DNA strand!®® *° Histones and DNA fail to selissemble into nucleosomes under
physiological conditions due to the strong tendency of histones to associaspenditally
with DNA and form aggregate$€' Therefore, theassistanceof chaperones permits the
nucleosome to form in an ordered and controlled manner.
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Asf1/H3 PPI

Histone chaperonantisiencing function 1 (Asfl) is a highly conserved histone chaperone
involved in both nucleosome assembly and disassefibR. In particular the interaction
between Asfl and the H3 and H4 histone protiEin®is Asft(H3/H4) complexesKigure4.1),

which can either supply histones to the nucleosome assembly proteins chromatin assembly
factor 1 (CAF1) and histone regulator AHIRA)** *°% 17 or can interact directly with the
DNA.'® '° The primary role ofAsfl is to shield H3/H4 dimers from unfavorable interactions

with the DNA whilst assisting the formation of positive histoD&A contacts, which leads to
disome[(H3/H4)}-DNA] assembly® Futhermore, Asfl binds the H3/H4 dimer enveloping the
C-terminus of histone H3 and physically blocking formation of the (H3/k&t)amer-*°
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Figure 4.1 Diagram illustratingAsfl (purple) function in nucleosome assembly by depositing
an H3/H4 histone dimer (red and yellow respectively) onto Dbiémplexed with the

nucleosome assembly protein CAF(greeny*

Overall structural features

The Asfl protein comprisea conserved\-terminal domain of 156 amino acids, which is
essential for its functiomn vivo, and adivergent unstructure@-terminal domain, which is
believed not to be necessary for the protein fun¢tivff” The structure of the Asfl comprises
anelongateths andwi ¢ h ¢ o4hedicesvinite Idops tbétweenaHe ditands.

The contacts between H3 and Asfl are extensive and result in a buried surface areaof 909 A
The histone H3 binding site isclated in the concave face of AqHigure 4.2) and involves b

strandsb3, b4, andb6-9.1°> *°%2°? |nterestingly, this region of the sequence is highly conserved

across species and has a distinctly negative charged nEtemn@aininteractiors ocaur through

77



the C-terminal helix of H3 (residues 12234),where the keyesidues Leti® and ll€*° form a
hydrophobic clamp with the hydrophobic region of Asfl. Addtionally, there is a network of
electrostatic interactions within the PPI interface, such as the the salt beilgeen Ardf®

from H3 and Asp' from Asf1.2%

Lys 122

Leu 126

[le 130

Figure 4.2 NMR structure ofAsfl/H3 PPI (PDB ID:211J). Key side chains on the binding
surface of the helix areighlighted.

Furthermore, the AsfH3/H4 structurealsoshows extensive contacts between Asfl and histone
H4.'°® This interfacehas two partshe globular core of Asfl interacts with tBeterminal tail of

H4 to form a strandwapped dimer and thé-terminal tail of Asflbinds to the histonéold
region of histone H4.

4.3.Inhibition of A sf1/H3 as a PPI of therapeuticinterest

The histone chaperone Asfl has emerged as a promising target for therapeutic intervention for
multiple cancers?®2°%2%42% The pinding of Asfl to H3/H4 dimers promotes the acetylation of

the Lys®® residuefrom histone H3% This acetylation process is directly relatedgenomic
stability, DNA replication and repawhereas decreased acetylation levels seem to sensitize the
cells to DNA damaging agent€onsequentlythe development of compounds able to modulate

this PPI could play a key role in the development of therapeatiteatcancer.

The NMR structure of theeonserved\-terminal Asfl histonéinding domain with thénistone

H3 C-terminal peptidevas used aa model for he complexbetween Asfl and the entire H3/H4
complex.In particular, we envisioned th@-terminalU-helix peptide of H3 as a template for the
design of molecules able to disrupt tA@1. In order to directly compare and contrast different
inhibitor designs when targeting the same PPI, two different approaches were utiised: the

proteomimetic strategy and the hydaobon staplingpeptidestrategy.
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4.3.1.Proteomimetic approach

The proteomimetic approach has been extensively used within the \§filsgn to modulate
PPls. Among the different scaffolds availableg t30-alkylated oligobenzamide scaffold

(Figure 4.3a) was chosen in this case as the proteomirappicoach for the following reasons:

- Proven ability to reproduce the side <ch

hellx 120, 123

- Effective -heliximedated PRENH® of U

- Accessible synthetic route amenable to library gener&tion.

Inttially, we assessed the potential of th®-alkylated scaffold to reproduce the key binding
residues of theC-terminal H3 peptide byninimising the energy of a model scaffold structure

in Macromodel. The lowest energy anformations within 1.5 kJ/mol of the model compound
adopted an extended structure where the amide bontimaseSubsequently, these structures

were superimposed onto the natiinelix of histone H3, as shown Figure 4.3b. The match

was assessed on t he b a scarlsonsorfthe hetixeand oxygeratomgp p i n
on the foldamer. As anticipated, the scaffold projects the side chaansimilar orientation to

the native peptide, as evidenced by their ovgllRIMSD = 0.70).

(@) _H (b)

OH

Figure 4.3 (a) structure of the3-O-alkylated oligobenzamide scaffold. (Bverlay of a model
proteomimetic scaffold (grey) and the native HEhelix (red) with key binding residues

highlighted (green)
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4.3.2.Synthesis

The synthesis of the-Q®-alkylated oligobenzamida-helix mimetic scaffoldvas based on an
Fmoc (9fluorenylmethyloxycarbonyl) solid phase peptide synthesis (SPPS) strategy previously
developed in the Wilson grodp: It comprises the synthesis of the monomeric unitsvield

by their assembly in a sequential manner.

4.3.2.1. Monomer synthesis

The synthesis of the-@-alkylated protected monomers followed a synthetic route previously
described by the grouB¢hemed.1).*>*° It consisted of an initial alkylation step, followed by
reduction of the nitro to the amino group. Subsequent hydrolysis of the ester and final Fmoc
protection produced thgesired3-O alkylatedFmoc protectednonomersn high yields.

Scheme4.1 Synthetic route to-® alkylatedFmocprotected building blocksMonomer4.4was
provided by Dr N. S. Murphy.

4.3.2.2. General synthetic scheme

The 30-alkylateda-helix mimetics weresynthesised through a microwaassisted automated

SPPS $cheme3.2) developed by Dr N. S. MurpHy? It consisted of a series of deprotection
and coupling steps, using Fmae (where aa can be any amino acid) preloaded Wang &sins
solid support; and the piflermed acid chlorides from the Fmamonomers as building blocks.
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