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of the spinocerebellar tracts artie progressive loss of neurons in the dorsal root ganglia. This
leads to awkward, unsteady movements and impaired sensory function, leaving sufferers
wheelchair bound. It is caused by the expansion of a trinucleotide repeat region within the first
intron of the FXNgene, leading to reduced production of the essential mitochondrial protein
frataxin. Theaveragdife expectancy of sufferers is 37 years old, and there is currently no available
treatment.

Reduced frataxin production is thought to be the resuladfost of epigenetic changes at thXN

locus that cause heterochromatinduced gene silencing. Recently, the histone lysine
methyltransferase SUV20 has been implicated in heterochromatin formation. Pharmacological
inhibition with SUV420 chemical prob A-196 leads to an increase in frataxin production,
however its substantial metabolic instability precludes its useviva This thesis describes
attempts to design and synthesise analogues-4B6with improved metabolic stability, enabling

their testing in animal disease models and continued preclinical development. It also examines
the development of a novel approach to disease treatment through the use of a
heterobifunctional molecule to induce frataxin stabilisation.

Chapter 1 evaluates the challesgy facing drug discoverers in the context of rare disease
GNBIdYSYyld yR LINRPOARSA |y 20SNIBASSG 2F CNASRNEBI
concepts and strategies for their modulation. Chapter 2 describes the design and synthesis of
analogues of A-196, culminating in the development of a compound with a Riakl
improvement in stability that will permit its evaluatiom viva Chapter 3 describes the
conceptualisation and efforts towards the development of a nphelterobifunctional small

molecule for induced frataxin stabilisation via deubiquitination
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pyridine is solvent exposed. The two chlorine substituents tightly occupy a hydrophobic region at the
backofthepocked t 5. Y p/ t WOXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
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g @St SYyaidK 2F tAIKG 20ASNIBSR dzLl2Y O0AYRAYBXXXXXXX
Supplementary Figure 3.2BLI plot mapping the taraction of peptidesl00-108 at 1 (50s) and 10

6 0 n n Avith USRY (immobilisedonanahtiA & 01 L{ HO O0A2aSyaz2NDXAXXXXXXXX)
Supplementary Figure 3.38LI plot mapping the interaction of peptidé80-108 at 1 (50s) and 10

0 0 n n a Wwith >aarefaence antiHis (HIS2) biosensor, indicating the binding observed in

Supplementary Figure 3.2 is the result of ®AJS OA FAO O0AYRAY3I (2 (KES asSyaz

LIST OISCHEMES

Scheme.1. Disconnections and synthetic routesAal96analogueX X X X X X X X X X X X X/ X X X X
Scheme 2.2 Synthesis ofert-butyl (3,3difluorocyclopentyl)carbamat®...............cccccvvvievennennn. 16

Scheme 2.3Synthesis ofyclopentan3,4-dz-1-aminium chloridelOX @ X X X X X X X X X X XX X X X X X
Scheme 2.4Synthetic route to derivatives via compouB@dX P PP PP P PP PP PP PP IBP PP DD P O
Scheme 2.5Synthetic route to the modified phthalazine corefe196X X X X X X X X X X X XH X X X X

Scheme 2.65ynthesis oaTIX X X X X X X X X X X X X X X X X X X X X X X X X X X XRX®BX X X X X X >

LIST OHABLES

Table 1.1.The optimal ranges for CNS penetrance of six properties identified as part of a CNS MPO
score (adapted fromWaget al)X X X X X X X X X X X X X X X X X X X X X X X X X X XBH X X X X X X
Table 2.1.The required target product profile (TPP) ofiarvivoSUV420 inhibitor comparedo the

profile of A-196.2Measurement of the rate of apical to basolateral (AB) transfer across a monolayer

of Cace2 cellsPAssessment of transport in both directions (apical to basolateral (AB) and basolateral

to apical (BA)) across a Cetoell monahyer to calculate an efflux ratio (BA/AB) and indicate whether

XiX



a compound undergoes active effliQral bioavailability?Hepatic blood flow rate?Minimum ratio

of compound concentration in the brain vs plasriMinimum desired unbound concentration inet

ONJF AY XX XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXBOX XXX XX X
Table 2.2.Analogues with modifications of the cyclopentane ring aimed at improving metabolic

stability alongside their potency against SLROH1 and H21Gy determined by scintillation qmximity

Faalé o{t!UOoXXXXXXXXXXXXXXXXXXXXXXXXXXXXXRXXXXXX X
Table 2.3 Analogues with modifications of the cyclopentane ring aimed at exploring the limitations of

the bindingLJ2 O1 ST XXX XX XX XXXXXXXXXXXXXXXXXXXXXXBXKXXXXXX
Table 2.4Mimicking the histone 4 peptide through alkylation of the amine nitrogef+296X X X 88

Table 2.5.Analogues with modifications of the pyridine substituent aimed at improving metabolic

stath f A YR LRUISYOBXXXXXXXXXXXXXXXXXXXXX®BXXXXXXX
Table 2.6Potency of compoun@OagainstSUMA N1 M ' YR | HXXXXXXXXXHXX XXX X X
Table 2.7 Combined modifications @&-196aimed at improving metabolic stability whilst maintaining

potenO &8 X X X X X X X X X X X X X X X X X X X X X XX XXX XXXXXXXXXXXXXXXXX
Table 2.8.Analogues of reported SUN inhibitor, 79, and their activity against SU\20H1 and

I HXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXHBEX XXX XX X
Table 2.9 Stability in mouse and humdrepatocytes oRA-196and compound89, 76 and77X X X108

Table 2.10In vivopharmacokinetic assessment 0. Arm 1.76 (1 mg/kg SC); arm Z6 (1 mg/kg SC)

+ ritonavir (12.5 mg/kg POYTime to reach peak plasma concentration following administration;
®PMaximum plasma concentratiofArea under the plasma concentratitime curve from time zero

G2 GKS GAYS 2F GKS flad YSHAdNIG6fS O2yOSMANI GA2Y
Table 2.11Individual calculated CNS MPO component parameter values, their scores, and total MPO

score for compoun@BX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X A X X X X X X
Table 3.1.Binding affinity of ICRDased peptide®5-99 against UBL:5 of USP72As determined by

biolayer interferometry (BLI): peptides were tested at 1 angiiiX X X X X X X X X X PP XX X X X X © @

XX



Table 3.2.Binding affinity of a second series of I&RBed peptidesl00-108 against UBL5 of

P TXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXAXTX XXX XXX
Supplementary Table 2.Full metabolic stability foA-196 in human and mouse liver microsomes.

A9 [ adlyRFNR SNNBNI 2F (KS YSEYXXXXXXXXXBEXXXXXX)>
Sumplementary Table 2.2Full metabolic stability data fék-196, 39, 76,and 77in human and mouse

hepatocytes¥ + I' O2SFFAOASY(H 2F GFNRAIFGA2YS GKSI13BI A2 2

LIST OIEQUATIONS

Equation 1 0o — XXXXXXXXXXXXXXXXX XM P

Equation 2 W W — W XX XXX XXX X X XK B X

Equation 3 Wy — XXXXXXXXXXXXXXXXXZ0

Equation 4 o0y 11¢ — XXXXXXXXXXXXXXXXXEXXXXXXd
Equation 5 Oy — XXXXXXXXXXXXXXXXXEXXXXXXd
Equation 6 00 i XX XXX XXX XXXXX X XKKXED D

¢

Equation 7 Q¢ | L=t I XXXXXXXXXXXXXXXXXEXXXXXXd

XXi



LIST OABBREVIATIONS

AB Apicalto basolateral

Ac Acetyl

AceTAG Acetylation tagging system

AD fT KSAYSNR&a RA&SIHAS

ADME Absorption, distribution, metabolism, and excretion

ADP Adenine dinucleotide phosphate

ANOVA Analysis of Variance

AO Aldehyde oxidase

ASO Antisenseoligonucleotide

AUGest Area under the plasma concentratigime curve from time zero to the time of the

last measurable concentration

AUTAC Autophagy targeting chimera

BA Basolateral to apical

BAG3 BCLzassociated athanogene 3
BBB Blood Brain Barrier

BCL2 B-cell lymphoma 2

BD Bromodomain

BET Bromodomain and Extra Terminal
BLI Biolayer interferometry

Boc tert-Butyloxycarbonyl

BRD4 Bromodomain containing protein 4
Gss,av,u Steady state unbound concentration
Gnax Maximum plasma concentration
CAMP Cyclic adenosine monophosphate

CB1/CB2 Cannabinoid receptor type 1 and 2

XXii



CBP
CFTR
CIv
CL
Cliatu
clogD
clogP
CNS
CREB
CRISPR
CYLD
CYP
CYpP2C
CYP2D
CYP3A4
cVv
DAS
DCM
DIC
DIPEA
DMSO
DNA
DNMT
DORA
DOTI1L

DPP

cAMP responsive element binding (CREB) protein
Cystic fibrosis transmembrane regulator
Continuous intravenous

Clearance

Intrinsicclearance independent of blood flow or drug binding
CalculatecpH-dependent distribution constant
Calculated octanelvater partition coefficient
Central nervous system

cAMP responsive element binding

Clustered regularly interspersed short palindromic repeats
Cylindromatosis

Cytochrome P450

Cytochrome P450 2C

Cytochrome P450 2D

Cytochrome P450 3A4

Coefficient of variation

Diethylaminosulfur trifluoride

Dichloromethane

N-b @iisopropylcarbodiimide
Diisopropylethylamine

Dimethylsulfoxide

Deoxyribonucleic acid

DNA methyltransferase

Dual orexin receptor antagonist

Disruptor d telomeric silencing like

Dipeptidyl peptidase

XXiii



dsRNA
DuB
DUBTAC
EGo
enDUB
EZH2
Fa

Fy
FARS
FDA
Fmoc
FRDA
fu

fup

fut
GeneTAC
GFR
Gl
GLP1
GMP
GMPS
GPCR
GWAS
H3K4
H3K9

H3K27

Double stranded RNA
Deubiquitinase

Deubiquitinase targeting chimera
Halfmaximal effective concentration
Engineered deubiquitinase
Enhancer of zeste homologue 2
Fraction absorbed

Fraction escaping gut wall extraction
CNASRNBAOKQA
Food and Drug Administration
Fluorenylmethyloxycarbonyl
CNASRNBAOKQa I {F
Fraction unbound

Fraction unbound iplasma
Fraction unbound in tissues

Gene targeting chimera
Glomerular filtration rate
Gastrointestinal

GlucagoHike peptide 1

Guanosine monophosphate
GMRsynthetase

G-protein coupled receptor
Genome wile association studies
Lysine 4 on histone 3

Lysine 9 on histone 3

Lysine 27 on histone 3

XXIV

LG EAL

EAL

whk G Ay3

{OFfS



H3K36
H3K79
H4K20
HAT
HBD
HDAC
HDACI
HDR
hERG
HEKZ293
HER2
HLM
HOBt
HSV1
HTS
1Gso
ICPO
iPSC
ISCU
ITC
JAMM
JMJD3
Ka

Km
KDM

Keapl

Lysine 36 on histone 3

Lysine 79 on histone 3

Lysine 20 on histone 4

Histone acetyltransferase

Hydrogen bond donor

Histone deacetylase

Histone deacetylase inhibitor
Homology directed repair

Human ethera-go-go related gene
Human embryonic kidney 293
Human epidermal growth factor 2
Human liver microsomes
Hydroxybenzotriazole

Herpes simplex virus typke

High throughput screen
Halfmaximal inhibitory concentration
Infected cell protein O

Induced pluripotent stem cell
Iron-sulfur cluster assembly
Isothermal titratian calorimetry

JAB1, MPN, MOV34 metalloenzymes
Jumonji domaircontaining protein D3
Rate of absorption

Rate of movement away from site of absorption
Lysine demethylase

Kelchlike ECHassociated protein 1

XXV



KMT
KMT1A/B
KMT1C
logD
logP
Luc
LYTAC
Mel
Me2
Me3
Met
MetAP-2
MDM2
MINDY
MLL
MLM
MPO
MRNA
MTS
MW
NAD
NDA
NFS .
NHEJ
Nrf2

ODA

Lysine methytansferase

Lysine methyltransferase 1A/B
Lysine methyltransferase 1C
pH-dependent distribution constant
Octanotwater partition coefficient
Luciferase

Lysosome targeting chimera
Monomethyl

Dimethyl

Trimethyl

Methionine

Methionine aminopeptidas@
Mouse double minute 2 homologue
Motif-interacting with ubiquitincontaining novel DUB family
Mixed lineage leukaemia

Mouse liver microsomes
Multiparameter optimisation
Messenger RNA

Mitochondrial targeting sequence
Molecular weight

Nicotinamide adenine dinucleotide
New Drug Application

Nuclear factof .

Non-homologous end joining
Nuclear factor (gythroid-derived 2)like 2

Orphan Drug Act

XXVi



OTUB1
ouT
OXR
OXR
p27
p53
PAH
PB1
pBac
PBMCs
PC3
PD
PEG
PEV
P-gp
PHD
Phe

PK

PO

POI
PPB
PPI
PhoRC
PHOTAC
PROTAC

PRC2

OTU Domaittontaining ubiquitin aldehydeinding protein 1
Ovarian tumour proteases

Orexin receptorl

Orexin receptos2

Tumour protein p27

Tumour protein p53

Phenylalaine hydroxylase
Polybromo Proteirl

Baculovirus transfer plasmid
Peripheral blood mononuclear cells
Prostate cancer cell line
Pharmacodynamic

Polyethylene glycol

Positioneffect variegation
Permeability glycoprotein

Plant homeodomain
Phenylalanine

Pharmacokinetic

Cral administration (Per Os)
Protein of interest

Plasma protein binding
Proteinprotein interaction
Phosphatase recruiting chimera
Photochemically targeting chimera
Proteolysis targeting chimera

Polycomb repressive complex 2

XXVil



PRMT
PRSET7
PSA
p-TEFb
PTM

Qn
RIBOTACS
RING
RNA
RNAI
RNF126
ROS

RT

SAM
SAR

SC

SCF

SE

SEM
Ser
SET
SGC
SiRNA
SLC

Smad7

Protein arginine methyltransferase
PR/SE-Homain containing protein 7
Polar surface area

Positive transcription elongatiofactor b
Posttranslational modification

Hepatic blood flow

Ribonuclease targeting chimeras
Really interesting new gene
Ribonucleic acid

RNA inhibition

RING finger protein 126

Reactive oxygen species

Room temperature
Sadenosylmethionine
Structureactivity relationship
Subcutaneous

SkpXCullinF box complex containing Hrtl
Standard error

Standard error of mean

Serine

Suppressor of variegation® Enhancer of zeste, and Trithorax
Structural Genomics Consortium
Small interfering RNA

Solute carrier

Mothers against decapentaplegic homologue 7

XXVili



SMYD2 SET (Suppressor of variegation, Enhancer of Zeste, Trithorax) and MYND ¢(Myeloid

Nervy-DEAF1) domainontaining protein 2

SVAr Nucleophilic aromatic substitution
SPA Scintillation proximity assay
SPPS Solidphase peptide synthesis

SUV420H1  Suppressor of variegatior2D homologue 1

SUV420H2  Suppressor of variegationr2D homologue?

SynTEF Synthetic transcription elongation factor
ti Halflife

TAT Transactivator of transcription

TET Teneleven translocation

TGH Transforming growth facter

THF Tetrahydrofuran

TPP Target product profile

tPSA Topological polar surfacarea

TRAF Tumour necrosis factor receptgaissociated factor
Trp Tryptophan

u20S Human bone osteosarcoma epithelial cells
UBL Ubiquitin-like domain

UCH Ubiquitin carboxyterminal hydrolase

UPS Ubiquitin-proteasome system

us United States

USP Ubiquitin-specific peptidase

USP7 Ubiquitin-specific peptidase 7

Vo Physiological volume of plasma

Vss Volume of distribution at steady state

XXiX



Vss,u Volume of distribution at steady state corrected for fraction unbound in plasma
Vi Physiological volumef tissues

YFP Yellow fluorescent protein

XXX



1 INTRODUCTION

1.1 SELDOMISLENTNEVERHEARD, THEORPHANDRUGACT OH.983

Jack Klugman may be bettesmemberedas Dr R. Quingyhe crackmedicalexaminer that

graced television screeria Quincy, M. Ein the late 1970s and earl{80s! Perhaps lesser

known is the role he played in passing a piece of legislation thattlaasformed the

landscape of drug developmeand disease treatment sincesiinception? Duringthe W0s,

patient groups had been lobbyimgembers of the US Congrésstake notice of the plight of
peoplesuffering from rare diseases that had no available treatmEntsd dzOK | & | dzy ( A
disease’ These effortscompelled thethen Senator for Massachusetts, Edward Kennedy, to
introducea measure in his Drug Regulation Reformdbill978to establisha National Centre

for Clinical Pharmacology that would, amongst other thiagtempt to research and develop

ARNHzZZ&a 2F fAYAUGUBR O2YYSNDAFT @I f dzS¢ @

The billfailed twice,oncein 1978 and again in 1979, howey@omptedthe Food and Drug
Administration (FDA to set up an Interagency Task Foriteat commissioed a report

examininghe experience opeoplesufferingfrom theserare diseases“The report, entitled

I+

G{AIAYAFAOI Yy 5NHzZAa 2{PHefcrbytialisBuRtion/ whefeyspdfientd f
suffering fromuncommonbut seriousdiseases did not have access to treatment because
drugs developed for these disorders would be limited in their applicability and thus
represented a poor return on investment for @hmaceutical companiesThe report
recommendedhat the FDAoffer economic incentivessuch as grants arfthancial support
for clinical trialsto research institutions and pharmaceutical companies to encouthge

development of drugs for these disordéers



The recommendations were picked up by Elizabeth Holtzmember ofCongress for New

. 2 NJ "cdngmesssional district,taéhe request of researcherand patientsat Mount Sinai

Hospital who had been tryingp develop a treatment for a rare neurological disordér.

Holtzman introduced a bilh 19800 2 &l aadA &G Ay diugsthr dRéasedrid2 LIY Sy
O2yRAGAZ2Y & 2 P whick was supporke® Sy tefen chair of the House
Subcommittee orHealth and the Environment, Henry Waxm&espite this support, the bill

failed to pass the US House of Representatatats hearing Enter, Jack Klugman.

A write-up of thehearing published iThe Los Angeles Tinsight the attention of Maurice

Klugman, brother of Ja@dnd a producer o Quincy, M.E.who himself was suffering from a

rare form of cancef.Together K S 'y R WIF Ol 6NRGS |y Slddm2RS 2
{AfSYyGs>s bSOSINI{IRSIINKSE 3 GiRKNBG 2 F | @2dzy 3 LI G A ¢
A8YRNRBYS ¢gK2 O2dz Ry ldidis@deriin theyUSTheN@pisodeYboyight F 2 NJ
national attention to the issue and iswidely credited asnspiring a new, concerted effort to

address the problemThe bill was reintroduced in 198ind JackKlugman was invited to

testify in support of itbefore Congressyhere hespoke& y (1 KS Yy SSR F 2N a 2 NLIK
bill recommendedmeasures thatwould not onlylower the regulatory hurdles for the

approval ofexisting drugs for rareonditions butalso offer considerable incentivesr

companies that brought novel drugs to market, for example tax credits and exclusive
marketing rights} It passedhrough the house but met opposition in the Senakdere it was

stripped of the tax credits at the behest of Orrin Hatch, the senatottah. Inresponsehe

Klugman brothers wrote a secor@uincyepisode,d DA @S a S | tigadshd Quisdy | € =
confront a coldhearted senator who was preventing the passagaro®rphan Drug ActThe

pressure that mounted as a result caused Hatch to rel@m tax creditsvere reintroduced



and the Orphan Drug A¢ODA Figurel.l) wassigned into law by President Ronald Reagan

in January 1988.

PUBLIC LAW 97-414—JAN. 4, 1983 96 STAT. 2049

Public Law 97-414

97th Congress
An Act
To amend the Federal Food, Drug, and Cosmetic Act to facilitate the development of Jan. 4, 1983
drugs for rare diseases and conditions, and for other purposes. " [HR. 5238]
Be it enacted by the Senate and House of Repmentatwes of the
United States of America in Congress assembled, OIE'tphan Drug

SHORT TITLE; FINDINGS

Secrion 1. (a) This Act may be cited as the “Orphan Drug Act”. 21 USC 301 note.
(b) The Congress finds that— 21 USC 360aa

(1) there are many diseases and conditions, such as Hunting- ot
ton's disease, myoclonus, AIS (Lou Gehrig’s disease), Tourette
syndrome, and muscular dystrophy which affect such small
numbers of individuals residing m the United States that the
glseam and conditions are considered rare in the United

tates;

(2) adequate drufs for many of such diseases and conditions
have not been deve

(3) drugs for these dmeases and conditions are commonly
referred to as “orphan

(4) because so few mdnnduals are affected by any one rare
disease or eondlt.mn a pharmaceutical eontagang which develops
an orphan d ruf may reasonably expect rug to generate
relatively small sales in comparison to the cost of developing
the drug and consequently to incur a financial loss;

(5) there is reason to beheve that _some promising orphan

will not be developed unless are made in the

app icable Federal laws to reduce the costs of developing such
dnégs and to provide financial incentives to develop such drugs;

(6) it is in the public interest to provide such changes and
incentives for the development of orpgan drugs.

Figurel.1.The Orphan Drug Act of 1983

TheODAprovidessupport for the developmentfsoO f £ S R RINBANIK = yaRIBgF A Y SR
developed for a disease or condition that affefgaer than200,000 people, or a drug whose

sales will notoffset the costs of its development or marketing in the United Statdss.its

current form, it offersNew Drug Application (NDA) fee waivees; credits for clinical trials of
orphandrugs, grant funding for rare disease researahd market exclusivity for seven years
post-approval*! The act inspirecsimilar pieces of legislation across the globe, such as in
Europeand Japanafter policy makers observed the effect it had on thewth of the US
biotechnology industry.To date more than 500 drugs have been approved for irs¢the

treatment of rare diseasesy the FDA, compared fast ten in the decade preceding 1983



Perhaps most importantly, the legacy of td®Ais that of the empowermentof rare disease

patients andthe promiseof hope in the face aflisabling and potentially fatal conditiords?

1.2 RAREDISEASESHALLENGRSNDPROGRESS DRUGDEVELOPMENT

The ODAhas undoubtedly played significantrole in encouragingliverse research efforts

into the underlying causes of rare diseases and the discovery of treatments for'thém.

However, @spite the large increase arugapprovals precipitated by the ODA, the majority

of the approximately7000rare diseases still have no specifierapy.l®1’Even thoughthe

diseases themselvese of low prevalenceground 350 million people are affected by a rare

disease globally, theastmajority of whom have no recourse to treatmelfThedranslation

I LE Ffaz O2yidAydzSa (pRarmachgnonics ariéxtganérationR g1 y O S
sequencinghave accelerated the discovery of the underlying genetic causes of rare

diseases®°this knowledgés not beingtranslated into new therapies at the same rdfe.

Whyis theda G NJ y & f lindréaghg? Ratd diskaseare of course not insulated frorthe
traditional challenges of drug discoveryigh attrition ratesas drugs move through the
development pipelinemean thatonly 10% of drugs that reach phaséot any indication
eventually go on to be approved for u&Even before phase I, a 2015 stuahalysing the
failure rates ofdrugs from four large pharmaceutical companies found that just over 50% of
candidates advanced to the clinic following preclinical developreftis translation from
basic to clinical research is knowndize @ £ £ S & (RigurelRRlledokhése high failure

rates and the challenges faced by drug discovei&ts.
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Themain cause ofandidatefailure prior to entering the clinics overwhelminglyon-clinical
toxicology andonce a drug reaches phasthis is mirrored irhighfailure rates due to clinical
safety concerng! Pharmaceutical companies have attempted to address these issues in a
variety of waysincludinglinking physiochemicgroperties such as Idtand topological polar
surfacearea (PSAJo toxicologyin order to guide preliminary medicinal chemistry effotts

26 For example, analysix a set of clinical compoundsy researchers aPfizerfound that
those with a logP> 3 and a tPSA < 7 were more than twice as likely texhibit toxicity?4
findings that were supported following a similar study by scientists at EIFL\lnilst an
attractive prospect, such an absotuapproach to limiting toxicitys perhaps miguided?’
toxicity concerns must be viewed within the context of theerapy itself, for example
considering the riskenefit ratio in the disease settinthe therapeutic index of the drugnd

the severity of the effect! Similarly, theLINE FAf S 2F | & ZlIsfoddte R NIza
necessary efficacious dose prove to be toxic during human dose escalatiorg tmxitity
concern thought to be manageable proves not to be when in the crfiinally, it is
sometimes impossible to predidertain toxicity outcomesfor example,the cannabinoid
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receptor antagonistimonabantwas withdrawn from the clinic for the treatment of obesity
after it was associated with an increased riskdepression ad suicidal ideatior#? Despite
tremendousadvances, the ability to fully predict the safety profile of a drug candidate
remains achallenge® Thecontinueddevelopment ofpredictorsof required dosesthat can
then be investigated in the clinic, as wellpesdictive safety markersare of key importance,

however this area remains a significant challenge for drug discoverers.

Whilst safety issuesemain,the primaryreasoncompounds daot advancebeyond phase |l

is a lack otlinicalefficacy?t2831Thesey a i  yOSa 2F Fl Af dzNB € SR t FAI
LIAEEFNB 2F adz2NDAQGIEés SaaSydaAalt REFEGlIF ySSRSR
gualities to elicit the desim pharmacological effe@ndthus validate their target hypothesis

in vivo3? Thesewere evidence thatthe compoundachieved sufficient target exposure,
occupancy, anfunctional modulation key pharmacokinetic (PK) and pharmacodynamic (PD)
parameters that wouldndicate the likelihood of a compound progressing to phaséidhd

in hand with these pillars is the knowledge saftable biomarkers todemonstrateproper

target engagement?34 Without these,it would be difficult todiscern whether a lack of

efficacy was due to poor target selection or just inadequate pharmacological aétiVitat
beingsaid, poor target selectiois often a cause of failur® analysis by AstraZeneca found

that their confidence in theliseaseole ofadrugtargetdid not increase as the drug advanced
through the clinic®suggestinghe root cause of failures at this stagesimplyinsufficiently

robust target validatiorstrategies3' As well as this, whilst animal disease modelmnaina

major source of information at the early stage of drug development, tbiggn do not

adequately replicate the disease in humans andlianged by poor translatability in a clinical

setting 3637



Rare disease drug discoyemlso brings its owrunique challengesBefore the drug
development processan begin, identification of asutable drug targetposes a significant
OKIffSy3aS RdzS G2 (K S®ibedaritpof thése Hseases sakell as LI | §
misdiagnosis due tthe overlap of symptoms with otheyrleads to difficulty when attempting

to identify pathogenic variations in the same gene across individAals. result, there often
exists a lack of knowledge about thatural progression of the disease, meaniaidated
clinical endpoints are scarcé’This has implications for clinical trial design, compounded by
difficulties in identifyingand recruitingsuitably large patient cohortslong with practitioners
who possessadequate knowledge and expertigg?® That being said, advances in next
generation sequencing technolodpve enabled increased identification of important rare
disease gene¥3®andthe help ofpatient advocacy grouplsas been essential in recruiting
participants for multicentre trial4® In addition improvements in therapeutic modalities
beyond small molecules, such as enzyme replacémantisense oligonucleotide, and
biologialtherapiesi®4thaveexpanded the arsenal at our disposal for the treatmenthefse

rare diseasesDespite this, the vast majority of rare disease sufferers have no recourse to
treatment, and even an increase of 5800 new orphan drugs over the next decade would

still leavealmost 90% of sufferers without an approvetktapy®

1.3 THEPROMISE OBHEMICAPROBES INRUGDEVELOPMENT
This section is adapted from the following paper:

R. B. A. QuinlarR. E. BrennarChemogenomics for Drug Discovery: Clinical Molecules from

Open Access Chemical ProlRSC CherBid., 2021, 2, 759-795

As describedabove,a main causeof failure forcompounds entering the clinic is a lack of

efficacyderivingfrom poor target validatio strategies®3'This is despite rapid progress in
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next-generation sequencing and genome wide association st{@®$AS) that have enabled
the identification of key genes influencing disease progres¥idalvancesn countering this
disconnect could be achieved through thievelopment and subsequenise of readily
available pharmacological modulatds proteinsof interest whichwould enablefunctional
studies and evaluation of  LINZE pbtSritigl’ &3a therapeutic targétIn recent years,
chemical probes have emerged valuable tool#n this respect, enablingpecificand nor

destructive means dhvestigating the role of a protein in cellular and disease proce$ses.
Chemical probes aremall moleculeslefined by four main criterid*46

1. A minimalin vitro potency of 100 nM
2. Greater than 3€old selectivity over sequence related proteins.
3. Profiled against an industry standard of pharmacologically relevant proteins.

4. Ontarget cellular effects aess than JuM.

With respect to drug discoverchemical probeshave proven very usefulin preclinical
research impacting studies of target vialylj safety, and translatioA’*8The most common
applicationof probesis their use determining the tractability of a particular targ#tat is its
ability to modulate a phenotypes v | 6 f GoyNa-G2I¢  GR S Orde @¥arpeds thase of
probes indifferentiating between cannabinoid receptor typel (CR) and type 2 (CB2)
agonisn in order to investigatehe potential of CB2as a target for the treatment of chronic
pain#%5tit was hypothesised that selective C&fbnismcouldinduce the desired analgesia
whilst avoidng the neurologicaleffects associated with CB1 agonisBistinct ¢iemical
probesbased on imidazopyridine and decahydroquinoline scaff@dsmpoundsl, 2, 3,and
4, Figurel1.3) were developed that were highly selective for CB2 over QEihd 4), along

with structurally similar compounds that maintained residual CB1 ac(iiaynd 3).50:52



/\\ N
_° \>
O
1 2 3 4
CB21Cy, = 11 nM CB21Cy, = 58 nM CB2 ICsy = 6.3 M CB2ICsy = 81 M
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Figure 1.3. Imidazopyridine anddecahydroquinolinelINR 6 S  tha én#bRdi @rget validation

studiesof CB2 agonisrfor chronic pain.

Through the use of thesarobes,it was found that analgesic effects were only observed for
compounds that maintained residual CB1 agonist actiingicating CB2 agonism alone was
insufficient#”50-51This directly informedhe eventual decision to discontinue investigations

into the targeting of CB2 for chronic pain.

Another area in which probes have found use is the investigation ¢fet safety?’ the
leadingcause ofcompound failure in the clini#t Of particular useare probes selective for
individual members of a family of proteires was observed in thadevelopment odipeptidyl
peptidase V (DPR4) inhibitors for the treatment of diabete®.DPP4 inhibition had been
demonstrated to be a viable stratettyimprove the levels of circulating glucagtike peptide
1 (GLP1)which is essential for insulin secreti®tHowever,compoundghought to be DPR
specific inducedevere toxicities in animal safety studi#’lhe discovery ahe relatedDPR
8 and-9 proteins and theobservedactivity of the compounds against therted to the
development of selective chemical probes for these family memiererder to assess
whether the toxicity was a result of efarget effects.The same toxicities werinduced with

a selective, dual DR8/9 inhibitor however not with a selective DRPprobe(compoundss



and 6, respectivelyFigurel.4), providing a route forward for DP# selective compounds.

Thispaved the way fothe discovery ositagliptin for the treatment of type 2 diabete?.

Me Me F F
O F
NH, O NH, O
H,N N N/\|4N‘ N/\|4N\
F K/N\/<N F K/N\/<N
CF; CF;
5 6 Sitagliptin
DPP-4 I1C5,= >30,000 nM DPP-4 IC;q=27 nM DPP-4 IC;5=18 nM

DPP-8 IC;y= 38 nM DPP-8 IC5,= 69,000 nM DPP-8 IC;, = 48,000 nM
DPP-9 IC;;=55nM DPP-9 IC;,=>100,000 nM DPP-9 IC;,=>100,000 nM

Figurel.4. DPP8/9 and DPR selective probes, alongside the eventually approved ditagyliptin.>

Establishing a relationship between tR& and PD of a compouedables the validation of
target engagement biomarkers and essential for translating preclinical findings into
humans?’Probescan bedevelopedalongside lead optimisatioafforts, often with structures
distinct from the final clinical candidate but wifelectivity and toxicity profiles that enable
their evaluation in higher ordespecies as trandlablemodels.Scientists at Merck made use
of chemical probes in this way ithe development ofsuvorexantas a treatment for
insomnia®®When the dysfunction in the orexin system was found to be associitbdsleep
disorders?%58 grexin receptors 1 and 20XR and O2R, respectively) were identified as
potential targets for small molecules in the treatment of insomiiilae development of a dual
orexin receptor antagonisf@ORAL, Figurel.5) that had good physiochemical, PK, and brain
penetrant properties allowed forts evaluation infirst a rat and then a monkeynodel of
insomnia®>%° As a result, scientists were able walidate the target and also establish

relationship between PH¥DQ and measured sleep parameters as biomarkers. WBGBRAL
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is structurally distinct fronthe eventually approveduvorexant it was an essential part of its

development.
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DORA-1 Suvorexant
OX;R1C;5 =17 nM OX;R IC55 =50 nM
OX,R IC5, =4 nM OX,R IC5, =56 nM

Figurel.5. Dual orexin antagonist prod@ORAL andthe approved insomnia druguvorexant

Finally, whilst probes are not designed with drutike qualities (for exampleabsorption
distribution, metabolism, and excretion (ADME) propertigs)nind, they caract assmadl-
molecule starting poirgfor drugs, inspiring lead optimisation efforts arouraiscaffold*342
Indeed, this is an often cited advantage of probes, and one that is evident in the number of
clinical molecules thateative obvious structural features from probes for the same target.
Thisapplication of chemical probesas reviewed extensively in a 2021 publicaftdand
some examplsare highlighted in the following paragraph<Given the scope of this thesis,

the chosen examples focus on probes that tarfystinemethyltransferaseskMTs) a class of

epigenetic writer protein thatvill bedescribed in greater detail in a later sectit.2).

EPZ00477 and SGC09486%! (Figure1.6) are structurally related probesrgeting the KMT
disruptor of telomeric silencing-tike (DOT1L)which is responsible fahe methylationof

lysine 79 on histone 3 (H3K73Y3Di- (me2) andri- (me3) methylation of H3K79 ikought

11



to prevent the brmation of certain transcriptionally repressilgsine methylation mark&?
and is thus associated with euchromatin formation and transcriptional activatiérin a
subset of leukaemias that involve a chromosomal translocation of riieed lineage
leukaemia (MLL) gerfé&f” DOTIL is implicated in the transcription of a variety of-pro
leukaema@enic gene$&’°EPZ00477&nd SGC0946ave proved incredibly usefin further
elucidatingthe role of DOT1L in these cancetsighlighting its potential as a therapeutic
target.”1<’> Analogues ofSadenosylmethioningdSAM), they are potent inhibitors of DOT1L
but lack the necessaryphysiochemical properties that would permit theirirstal
development®t’*As a result, scientists at Epizyme developatbmetostat (Figurel1.6), a
DOTLL inhibitor directly derived frolBPZ00477&and SGC094@®ut with vastly improved
physiochemical propertie¥:’’Continuous intravenous (CIV) administratiorpafometostat
in a rat xenograft model of Midearranged leukaemia led to complete tunmoregression
after 14 days®which, coupled with favourablBK properties, led to its advancement to the
clinic for the treatment of adult and paediatrMLL-rearranged acute leukaemid&’°It is
currently under evaluationas part of a combination therapy intwo phase Ib/ll tried

(NCT03701295nd NC13724084.8°

Polycomb repressive complex 2 (PRC2) containing the catalytic subunit enhancer of zeste
homologue 2 (EZH2) mediates H3K27 aid trimethylation®®3 a transcriptionally
repressive mark implicated in a variety of cancd&GSK and Epizyme concurrently reported

the development of probes for this targe§SK12Gnd EPZ00568TFigurel.7), disclosing
structures that were bothbased on the same pyridone pharmacoph&t€? Both probes
induced a reduction in H3K27me3 levels, as well as cell death in both solid and haematologic

tumour cell lines>88The promise of PREZZH2 as a target for cancer treatment led to the
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Figure 1.6. EPZ004777and SGC0946 probes for the KMT DOTILL. Alongsidepilsometostat,

structurally derived from the probes and currently under evaluation in the clinic.

development ofa variety of clinical moleculesvhose structures derived from the pyridone
based probesthe most successful of which has proved tadmemetostat(Figurel.7).86.89.20
Approved in2020 for the treatment of follicular lymphoma amgbithelioid sarcoma?®*?it is
a direct derivative oEPZ00568With improved potency againgZHz2andimportantly vastly

superiorPK propertieg§%3

Chemical probes have thus proven to inwaluable tools in numerous targétised drug
discovery efforts, enabling studies of target validation, safety, and translation, as well as

providing smalimolecule starting points for drug development.
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GSK126 EPZ005687
EZH2 (WT) IC;(=9.9 nM EZH2 (WT) ICgq= 54 nM

Tazemetostat
EZH2 (WT) IC5p= 11 nM

Figurel.7. GSKH26and EPZ005687chemical probes for EZH&nd approved drufazemetostat

1.3.1 Chemogenomitibrary Screening for Novel Diseasegets

The aforementioned advances genomics and disease understanding have made target
based drug discovery aornerstone of the pharmaceutical industty Howeve, many
consider theattrition rate in drug discoveryo be a direct result of thiswith poor target
selection precipitating alecline in plarmaceutical R&D efficienéy?%°” Whilst chemical
probesare of use in this aren#,a targetis invalidatedhen the drug discovery process grinds

to a halt.An alternative to targebased discovery is to screen molecules against a biologically
relevantsystem in a target agnostic mannevith definedfunctional end points enabling hit
identification (Figure 1.8¥%°8This phenotypic drug discovery approdsithought to better
mitigate the risks associated with target validatiascompound selection is based on activity

14



in relevant disease model§hat being saich phenotypic screening approastill suffers from
drawbacks such asthe difficulty in generatingcompound structureactivity relationships
(SAR)insufficiently robust disease models or assays, #nredcomplexity ofeventualtarget

deconvolition.%

Target-Based Drug Discovery Phenotypic Drug Discovery
Target ID and Assay development -
validation cellular disease model )

! !

Assay Development and

screening Compound screening

!

Hit identification and lead Hit identification and lead
optimisation optimisation

! !

Validation in disease ) arget deconvolution
model —

Figurel.8. Target based drug discovery vs phenotypic drug discovery.

Over the past two decadedie use of chemogenomic libias agphenotypic screening tools
has emerged as an attractive means of circumventing some of these probiéfist

Chemogenomicss defined as the study of the genomic respomée biological system to
chemicalperturbation andhas come to describeterrogating the genomic response with

chemistry throughthe use oflibraries of compounds with definggharmacological activities
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in celtbased assays to accelerate drug discoV@HPPA chemogenomic library issuallya set

of compounds hat are potent and selective for a variety of targets across the human
proteome, however they can also be targeted to particular protein families and target
classes? For example, the Pfizer chemogenomic library cont@y@84 compounds across
1,043 biologicaltargets, whereasthe GSKPublished Kinase Inhibitor set includes 367
compounds across 24 kinases (althougheality the number of targets is far higher due to
the polypharmacology of these compound® Chemical probe collections are ideally suited
for chemogenomic library screeningheir requirements for both on target and cellular
potency, as well as selectivitymakestarget deconvolutiorfar more straightforwardProbe
collections often contain mulble, structurally distinct probes for the same target, along with
negative controls, increasing the confidence that any observed phenotyps due to off
target polypharmacology® The target can then be validated using complementary
techniques such aRNA inhibition(RNA) or CRISRRas9gene editingt®® The SAR around

probes and their targets is also well definedcelerating lead compound development.

One such collection is thepigenetic chemical probé&brary compiled by the Structural
Genomics Consortium (SGE%1% It currently comprises 55 probes acrogk different
epigenetic targetsalong with negative controls fahe majority. Epigenetic regulation of
gene expression is a dynamic process that contributes to the maintenammarofl cellular
phenotypes, but when dysregulated caause diseas®’ This regulation typically involves
covalent modifications to DNA or to the hiseproteinsaround which DNA is pack¢eigure
1.9), although epigenetics is broadly defined @sanges in gene expression that are not a
result of the underlying DNA sequendée probes contained in the collection targetariety

of proteinsinvolved inepigenetic regulation as a result dvalent histone radifications so

called writer, reader, and eraser proteitf$Writers are responsible foadding these post
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translational modifications (PTMs) and inclulysine methyltransferase@KMTs), arginine
methyltransferases (PRMTsgand histone acetyltransferases (HAT®eader proteins
recognise and bind tthe modifications in order to mediate their cellular effects and include
bromodomains (BDand plant homeodomains (PHDs$)nally, erasersatalyse the removal

of the histone PTM&nd include histone deacetylases (HDACs) and lysine demethylases

(KDMs).

e

Figurel.9. Histone modifications that affect gene expression

1.3.2 Epigenetic Compound Library Screening for Drug Discovery

Epigenetic modificatns haveemerged as key players marious disease pathologies
including cancet® inflammatory diseasé!®''! and endocriné? and neurological
disorders!!® As a result, therés increasing interest irscreeningepigenetic probdibraries
againstvarious disease models in an attempt to discover novel theusic targets'®’and this

approach has proved fruitful in a numberditease areas.

Researcherat the University of Oxfordtudying the fibrotic diseas® dzLJdze cdiiEagtuded
hypothesised that the environmental risk factors associated with the disease indicated some

epigenetic involvement!45 dzLJdze iis Mifargc®@eised by thilickening of connective tissue
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in the palmof the hand thateventually prevents the extension of one or more of the fingers
with surgical intervention the only available thera§yThe Oxford team screenedlibrary of
39 epigenetic probes to evaluate their effect on the expressiorprakfibrotic genes
identifying cAMPresponsive element binding (CREB) prot@iP) and the closely related
p300as key regulators of the disease phenotype in patient derivgdfibroblastst** Two
structurally distinct CBP/p300 bromodomain inhibitorsidduced simiér effects on gene
expression, and the target was further validated with the usenadll interferingRNA(SIRNA),
highlighting the complementarity of the technique&3ne of the chemical probes used in the
screen,CBP30 (Figure1.10),!1611’has alreadydirectly inspired the dscoveryof a CBP/p300
inhibitor (CCS147/Figurel.10) for the treatment ofhaematologic malignancies and solid
tumours!*®1%nd could nowalso inspire the translation of CBP/p300 inhibition intopical
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CBP-30 CCS1477
CBP K;=21 nM CBP K;= 1.3 nM
BRD4 K, = 850 nM BRD4 K, = 222 nM

Figure1.10.CBP3@ndCCS1477

Adopting a similar approach, a team from the University of Torawaluated a library of
epigenetic modulators against several patielgrived glioblastomaell linest?°Glioblastoma

is the most aggressive form of adult brain cancer arnidevitably fatal?* Treatment options

18



include surgical resection and radiation theydmweverall patients invariably relapse into
the diseaseand as such new treatment options are of vital importanEgaluation of 24
epigenetic probes founthree EZH2 probes, includigNC1999vhich is structurally similar
to the pyridonebasedGSKA and EPD05687(Figurel.7), potently inhibited the proliferation
of glioblastoma linesin vitro.!?® A combination of UNC1999and the corticosteroid
dexamethasonewas found towork synergistially, highlighting the potential of using EZH2
inhibitors as part of acombination therapyfor glioblastoma.Achieving targeted EZH2
inhibition in glioblastomas challenging due tthe inability of reported inhibitors to cross the
blood-brain barrier (BBBY?however the relevance of the targes demonstratedthrough
epigenetic library screening will hopefully inspire efforts to develop -pdfetrant

compoundst?°

Outside of norcommunicable diseases, epigenetic library screens have idésatified
potential therapeutic targets for bacterid# viral 12*and parasitic infection&°In the case of
the latter, 37 epigenetic probes wergcreened againghe Schistosoma mansoparasitethat
causes schistosomiagi® a tropical disease resliftg from contact with fresh water
contaminated with the parasite®® Inflammatory immune responses to the parasites and
their eggs can cause intestinalepatic,and urogenital diseasewhich if left untreated can
prove fatal.Evidence for the role afpigenetic processes irgulaingthe parasite lifecycle
led researchers across the UniversitieAberystwythand Cardiff to evaluate an epigenetic
compound library foranti-schistosomal activity.1?>127.128 Two probes for theprotein
methyltransferse SMYD2 L(LY507 and BAY¥598 Figure 1.11) and another for the
demethylase IMID&GKIL, Figurel.11l) demonstrated significant activity, highlightindey
role for protein methylation homeostasis irthe schistosomelife-cycle and identifying

potential therapeutic targets for ahelminticdevelgpment.
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Figurel.11.LLY507, BAY¥598, andGSKIL.

The use of kemogenomic libreesrepresents an attractive solution titve issue ofattrition

as a result of poor target validation strategi®$2Whilstthere are benefits to targebased
approaches, such as superior screening capaaiy the ability to rationalise discovery
programs,often the narrow target focus ignores the wider role dfettarget in complex
physiological processé$’ Chemical probg are ideally placed to bridge the gap between
these two approachesrationally RSa A I3y SR A-f 32 adiRAOF@th Yaigy y S NJ
importance placed on havingell-defined potency, selectivityand SARthey can rapidly
accelerate target deg6 @2 f dzii A 2y ¢ KSY Ayzad § B A DWithisktbeNBifeE &

of rare diseases, this is of critical importancecases whereelevart disease targets have

been difficult to identify.

As greater scrutiny is placed d&oth the quality ofchemical probesnd the availability of
multiple structurally distinct probes for the same tatge avoid offtarget pharmacology,
probe collections enable increased confidencthis target selectiorf® One limitation is the
availability of probes for a broad enough 8en of the proteome, aprobe development has
tended to focus on the druggable genorffddowever there has recently beean increased
focuson moving beyond this and dewaging probesto coverthe entire proteome With the
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advent ofcollaboratve projectssuch as the Target 2034itiative, great strides will hopefully
be made towards achieving this goal in the near futtfrfSuch a collection of compounds
could unitethe target-basedand phenotypic approachesnd usher in a new eraf drug

development.

This approach toare diseasalrug discovery forms the basis of the work described in this
thesis.Researchers in the Department of Physiology, Anatomy, and Genetics at the University

of Oxfordscreened the SGC epigetic probe collection against eell model of the rare
YSdZNERSISYSNI (A GS RFRD, dchtifydidndvelBger@tic iseask ( | E A
target and accompanying chemical probe that have formed the basis of an ongoing drug

discovery effort:3°

1.4 FRIEDREIGHATAXAC ABRIEFHISTORY

Nikolaus Fedreich (18251882)was a Professor of Medicine in Heidelberg who observed the
clinical featuresof a previously undescribed hereditary illnesstive children of three
different families’3! In a series offive papers spanninghe yearsfrom 18631877, he
described a disease that started around puberty and caused af@gek of voluntary
coordination of movement) dysarthria (slurred speech), sensory lossjscle weakness,
scoliosis, foot deformityand cardiac symptom$%136 The early history of FRDAsismewhat
muddled:Friedreichignoredseveralkey physiological symptoms that are now known to be
characteristic of the diseasascribing teir causeto other disease3®”'*¥The prevalence of
neurosyphilis and the associatéabes dorsaligdemyelination of theneural tracts) may go

some way to explain this dlse disorders shared many similaymptoms!37-13°
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The namedC NA S R WB & ghvBDchided in 1882the same year Friedreich diééf141
Severakimilar hereditarymotor and sensory neuropathies were beginning to be described
contemporaneouslysuch as CharcaWlarie-Tooth diseaseand the associated Rous$yévy
syndrome®®! Thisaddedsignificantlyto the ambiguity surrounding the diseadeading to
numerousprobable misdiagnoses!*?143The lack of a complete picture of the neurological
basis of the diseaseontributed to this although incredibly detailed, the anatomical studies
conducted by Friedreich at the time drove the impression that FRDA was a didfethse
spinal cord, with no erebellar involvement(Figure 1.12}%%13° However, a cerebellar
component was established in 198&%along withthe lesion of the dentate nucleusoth of

whicharenow known to be characteristic of the disea$&14’

Figure1.12. One of CNXA SRNBEA OKQa 2NRAIAY I § RANFRDA galehtBlae® (0 KS

shading indicateBaematoxylinstaining ofdegeneratedissues(adapted fromFriedreich, 1877

Even though a clearer physiological picture was beginnistptelyemerge debate still raged
overthe distinctions betweerrRDAand other forms of hereditary ataxi®! Despite clinical
evidence, he cerebellarcomponent was largely ignored until 195% but by that point
interest in the disease had begun to subside and few clinical studies were being contficted.

This confusion meant thatséablishing a biochemical basis for the diseasschallenginga
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consequence ofhe lack of a clearly defined patient cohohth 197, a group of Qébécois
cliniciansestablishedd ¢ KS v dzS6SO / 22 LISNY (A @SandsétdzR®d 2 F CI
delineate a distinct set of clinical criteria for a digga A & 2 F CNRiS &deBta OKQa |
provide such a group fostudy!#®149They describeda set ofseven symptoms thathey
RSSYSR da20ft A3 G2NE FT2NJ RAFIYy2aAa¢Y

1. Onset before the age of puberty ameéver after age 20.

2. Ataxia of gait.

3. Progression of ataxiithin last two years

4. Dysarthria

5. Proprioceptive sensory loss

6. Muscle weakness

7. Deep tendon areflexia.

Whilst subsequentstudies supported the majority of these assertid#s®%15the genetic
homogeneity of the studied pa&nt cohort from Qebec was criticised as it would mean the

clinical criteria might not be broadly applicable to patients everywHét@n the other hand,

the Cooperative argued thdahe availability of a genetically isolated cohort descended from

singk ancestor offered an unparalleledpportunity to study the genetic basis for the
disease“**Howeverthe Cooperative wer@nable toelucidatethe molecular underpinnings

of FRDAThey had hoped to find some defect in a metabolic pathtx@yever couldestablish

no singlespecific enzyme defiency that accounted for the diseas®.

LG KR 088y 2dad 20SNI mnn &Sk NB &APddge CNA SR
having no knowledgef the cerebellar involvement, his detailebservations of the effect of

the diseaseson the spinal cdumn and medulla oblongataemain both accurate and
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remarkable given the apparatus at his dispdsaAnother valuable contribution as his
descriptions of the effect on the heart, where he correctly identified the presence of a
hypertrophic cardiomyopathy, although attributed ito typhoid fever3? Whilst the
neurological features of the disease were studied in detaily cardiac inelvement was
largely written off aghe result ofsclerosis of the vagus nereausinggreater sympathetic
stimulation?®2L ¢ | & y 4Bihatombdaidifisassodiated with the disease was found to
be independent of any vagal degeneraticand thus deemed to be part of the disease

pathology.The study concluded

GThe myocarditis is of toxic origin, and view of theknown association between the
YSNI2dza | yR OF NRA O RAts prohRof Nibit thd sameCayahntdsR NS A O K

NBalLl2yaArofsS H22N 620K fSIA2yaé

The recognition that cardiac involvement was part of disease pathology began to take deeper
root,andsoot Y St SOUNRBOFNRAZ2IANI Y gl a& NBO2YYSYRSR

and otherforms of ataxiat53154

The toxins responsible remained elusivieilmerous new theorieemerged with coronary
artery disease the most populdt>1°¢In an attempt to unify the two theoriesit was
suggested thabccluded coronary arteries caused the myocardium to degenerateasing
antigensthat induced an autoimmuneresponse casing further degeneration:®” These
antigens acted as the lorg2 dz3 K i | F Hdvblergniinfetols Eases of FRDA patients

dying fromcardiacissuesvere observed with no coronary artery blockage?15&160

In 1950,Manning proposed that thessociationbetween a familial link and the abnormal
cardiacOK | y3Sa ¢ S N inkelitalzée®fR letha gedehich affects both the heart
and the central nervous systéff¥A 1962 study supported this assertion, further suggesting
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that the causeof FRDAwas agenetic abnormality in a metabolic pathwagffecting both
cardiacand neural tissues® More research was emerginghowing just how widespread
cardiac issues weri@ sufferers of the diseast! Approximately 50% of patients were dying
dueto heart failure, with 75% having some cardiac dysfunction over the course of their life.

The root cause of these issues was still unknown.

A novel finding emerged in 1976 thtdte heart muscle cells of a FRDA sufferer contained
granular deposits ofalcium and iror(Figure 1.13}°® The authors postulated that this was
the result ofmetabolic changes occurring during cellular degeneration, but also suggested
the possibility thatit may bear a more direct relationship to the disease patholdgyese
findings were supported by another report in 1980 that described iron depasithe
hypertrophic myocardium of FRDA sufferéfdJnbeknownst to them, these researchers had

stumbled acrosa big clue as to the underlying cause of FRDA.

- y g

e

Figurel.13.Iron deposits in the myocardium of an FRDA sufferer (adapted from Miehagl's®
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1.4.1 Frataxin

Even tloughthe Quebec cooperativevere ultimately unsuccessful in their attempt to find
the cause of FRD&%their work in defining diagnosticriteriawas toeventuallyprove crucial
to efforts that uncovered the genetibasis of the diseasé%!®’” A mutation was initially

tracked to chromosome Svith work in the following years narrowing down the spedificus.

In 1996, over 20 years after Friedreich first published his studies on the dis¢hse&ause
was discovereda region on chromosome 8oding for a 210amino acid longprotein
subsequently named frataxitt® The gene X25 contained a GAA trinucleotide repeat
sequencdn its first intron.This region was massively expanded in sufferers, isarggrom
around 20 repeat units in healthy individuais 700-800 units in FRDA patient® The
discovery ofX25 later called thé=XNor FRDAyene143168vas a landmark moment for disease

diagnosis and research.

The discovery of frataxipreceded the rapid growth of the FRDA fialdd diseasealefining
discoveries®In the twoand a half decades since, understanding of disease pathology and
molecular genetics hageatly advancedC N&A S R NB A @éikdowr tdiHeal dutosoral
recessive neurodegenerative disordeffecting the central and peripheral nervous
systems'®8 It is the most common inherited ataxi&® with an incidence debated to be

between 1:29,000 and 1:50,008nd a carrier incidemcof aroundl1:9017%172

FRDA is typically a disease of adolescence, with the average age of onset ardhth&5.
initial presentation igyait ataxia, however some present with scoliosis fiestdpatients are
confined to a wheelchaiwithin approximately ten yearsSymptoms progress to include
dysarthrig areflexia,proprioceptive deficits withloss of vibrational senseand extensor

plantar reflexes, amongst othetd:'’3Cardiac symptoms also emerge, with over half of
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patients displayinghypertrophic cardiomyopathy’417> Sufferers also show an increased
frequencyof diabetesand glucose intolerancE®FRDA is eventually lethal, with the average

age of deatharound 37 years oldue to the associatetleart problems3!

The neurological symptoms arise due sbrinkageof the dorsal root gangdi alongside
degeneration of peripheral sensory nerve fibres, the posterior columns of the spinal cord, and
the dentate nucleug(Figure 1.14}"1’®The underlying cause of these symptoms is the
reduced production of frataxin caad byexpansion othe GAA trinucletide repeat region in

the first intron of the FXNgene'®® The length of the expansion directly related to the

severityandinversely related to thege of onsebf the diseasé’®

e
v R e

R s
3 .‘:'.. ""\"

Figure 1.14. Evidence of the shrinkage of thaorsal root ganglion of FRDA sufferefs@ when

compared tohealthy controls D-F) (adapted from Koeppeat al)'3
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Frataxin is a evolutionarily conservedgmall protein that is localised to the mitochondtia
matrix.1’%182|t has been shown to ban essential allosteric modulator of ireulfur (FeS)
cluster formationt#%18inorganic cofactors essential farvariety ofcellularprocesses such
as electron transferradical generation and protein stabilisation!®® In eukaryotes, RS
cluster sythesisis localised to the mitochondrial matrix and requirascore complex of
proteins thatact to generate the components from cofactors and scaffold thesembly,

prior to their downstream delivery to various targets:186188

Frataxinbindsat the interface otwo proteins inthis core complexcausing a conformational
change that displaces an inhibitory?Zion (Figurel1.15)!8318%Upon bindingZré*sequestes

a catalytic cysteingpreventingthe sulfur transfer necessary for fSecluster formationA lack

of frataxinleads to a strong decreasa FeS cluster biosynthesi$® leading to the toxic
accumulation of ironwithin the mitochondriaas well as deficits in the electron transport chain
and increased sensitivity to oxidative strd8%°3This mitochondrial dysfunction is the basis

for the disease pathology.

1.4.2 FXNgeneSilencing

The molecular mechanism of gersélencing has not yet been definitively established,
however there are two prevailing theorié€ The first concerns the formation of abnormal,
higher order DNA structures composed of the GAA-TCC repeat regions. The tract of DNA
comprising the repeat gions contains only purines (R) on one strand, and pyrimidines (Y) on
the other!’"194These R-Y sequences can adopt a tstegnded structure, whereby an @

a Y strand folds back to interact with itself, forming an R-R-Y or Y-Y-R structure aigddleavi

unpaired segment of a Y or R strand, respecti(féiyurel.16)1941%
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Figurel.15. Frataxin(blue) at the interface afhe NFS1 cysteine desulfuragenk) andthe iron-sulfur
cluster assembly (ISCU) scaffold protgiellow) two proteins in the core complex essential feeS

cluster formation(PDB: 6NZU)

Twotriplexes can interact through exchange of an Ror Y sttRINY Ay 3 |y & A Yy (G SN
OAGNRA LI SE¢ (KIdiABL &avssiky ONASRSDeSShown to strongly

inhibit transcriptionin vitro, providing an explanation for the gene silencasggociated with

the repeat region>4° However,it has not yet been proven that this process occurs in the

nucleus, where DNA interacts witproteins andis packaged into other higherder

structures that mayreclude the formation ofheseR-R-Y or Y-Y-R structurés.

The second hypothes@oncernsa variety of epigenetic changdbat occur inthe vicinity of

the FXNocus1® Evidence suggests thtte epigenetic changes involved in FRB%ult in a
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The formation of an R-R-Y DNA triplex.
The exclusively purine-based R strand
(blue) folds back to interact with itself via
reverse Hoogsteen base pairing

Two triplexes can interact via the free Y
strand (red) to from an intramolecular
bitriplex, also known as "sticky DNA"

Figurel.16. Triplex formation irGAA-TCC repeat regions

phenomenon known as positiegffect variegation(PEV,)which has been demonstrated to
be associated with long GAA triplet repeat regid8'$2EV occurghen a gene is located near
a region of heterochromatina highly condenseébrm of chromatin that isnaccessible to
transcriptional machineryand is thus transcriptionally silent?® This proximity induces
silencingin the affected gené®” The chromatin changes themselves are thought to be
inducedby the formation of an RNfoop (Rloop) between the expanded intronic RNAd

chromosomal DNAwhich may also act to impede trangation itself199.200

Heterochromatinis characterised by a number of distinct covalent modifications to both DNA
and histones®DNAmethylation is one of the most common mammalian epigenetic changes
arising through the action of DNA methyltransfera$NMT) on cytosine basesontained
within cytosineguanine dinucleotide sequense socalled CpG island81292 DNA
methylationO2 y @S NI & Ondei@ciitdsifie®maiP angistassociated with a variety

of cellular processes, not least of whichnscriptional repressioA%®2%4This is thought to be

a result ofa reduced affinity ofranscription factorsor these methylated region¥®
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Compared to healthy individual§RDA patients have been found to have incrdaSeG
methylation at specific sites upstream of the repeat region?°62%” The extent of this
methylation has also been shown to lwerrelated to the length of the expansion and
inversely correlated witthe age of disease onsahd FXNexpression level¥8209Alongside
5mG I y 2 G KSNJ Y 2 Fhydioty@éthyldysing (ShX) existswhich was initially
thought to bean intermediate in DNA demethylation proces$&Conversion of 5mC to
5hmC is carried out bten-eleven translocation (TET) protejfidand as knowledge of this
modification has increaseitls rolein epigenetic signallingas begun to emerg&?in FRDA
patients, one of the affected CpG sites upstream of the repeat regpamprises mainly 5hmC
as opposed to 5mC, indicating thRNA hydroxymethylation magisoplay a role in disease

pathology??

Alongsde DNA methylation, a number of histone pasinslational modifications are
observedwhichalter the accessibility of the genetic loci to transcriptional machir&yhe
landscape of histonenodificationsaround theFXNlocusis dramaticallydifferent in FRDA
patients, with several changes associated with heterochromatin formation and

transcriptional silencing observeé

Histone acetylationnvolves the transfer of an acetyl group to aihe residue. Thiends to
be a mark for open transcriptionally activechromatin (euchromatin) as acetylation
neutralises the positive charge of the basic lysane weakers the interaction between the
histone and the negatively charged DNA phosphate backBHrté2Acetylation of histones is
regulated by two classes of enzymésATsand HDAC$16 HATscatalyse the transfer ofin
acetyl groupusing acetycoenzymeA as a cofactgf!’ whilst HDACgatalyse the reverse

process, removing acetyl groups frdysine residues!®In unaffected individuals, thglobal
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FXN chromatin architecture includes H3K9a¢ a mark for echromatin and active
transcription?*By comparison, FRDA sufferesibitsignificant hypoacetylatioof residues
on H3 and H4 atthe FXN locus, typically a markor heterochromatin and gene

si|encingz_16,218,219

Alongside changes in histotsineacetylation, histondysinemethylation levels also differ
significantly between healthy individuals and FRDA sufferef?22@222 Histone lysine
methylationis a tightly regulated process thdetermines celfate, genomic stability and,
depending on the degreeand site of methylation, can havevarying effects on
transcription?2%22> KMTsdisplay a high degree of specificity for both the site and degfee
methylation??® For example,KMT1C (also known a89a) induces H3K9 dimethylation
(H3K9me2) from a monomethylated state, wherd@dT1A/B inducesi3K9trimethylation
(H3K9me3) fronthe monomethyhted state??%-22’KDMsshow a similar degree of specificity

for the site and extent of methylatiof?3

Whilst histone acetylatiohasa more definedeffecton chromatin structure?'4the variability
of histone lysine methylatiostatespaintsa more compleyicture ofits role in the regulation
of chromatin environmentd?322> Given each lysine residue can exist in one folr
methylation states rfaked, mono-, di, and trimethylated), it is perhaps unsurprising that
genomewide studies have identified up to 51 diffent chromatin statesn human cellghat
can be defined by their pattern of lysine methylati&§.These differing states can have

marked effects ortranscriptionand chromatin signallingp®230

In the context of FRDA, changes in the histone lysine methylation landscape play a crucial role
in the transition from euchromatin to heterochromatimn healthy individuals alongside

H3K9ag¢chromatin at the=XNocus contains BK4me3 and H3K36me® the promoter, and
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H3K79me2 and H3K36me3 downstreabhese are marks f@a more open chromatin state,
and specifically for transcription initiation and elongat®fBy comparison, suffereshow a
marked decrease ithe levels ofH3K79me2 and H3K36me3 downstream of the promoter,
wherethe methylation landscape remains largely the sa¥é hiswould suggesthat there

is a defect in transcription elongation as opposed to initiatihich is further supported by
the presence of the transcriptionally repressive H3K9me3, H3K27me3, and H4K2@inks3
at the regions downstream of the promoter and upstream of the @pexpansior?6.23%234
Taken together, the evidence would suggest that the reductiofrataxin expression is a
result of a host ofrepeat expansionnduced epigenetic changg&igure 1.17)leading to

heterochromatin formation andnduced transcriptional silencingthrough position effect

variegation.
a) Healthy FXN Gene
Promoter Exon 1 Intron 1
H3K%ac H3K%ac H3K%ac
H3K4me3 H3K79me2 GAA Repeat H3K79me2
H3K36me3 H3K36me3 H3K36me3
b) Friedreich's Ataxia
Promoter Exon 1 Intron 1
e, H3K27me3 H3K27me3
I-Il-I%KI(zé)m 933 Expanded GAA Repeat I-Il-I%KKZ';) m(-:33
H3K27me3 me me
H4K20me3 DNA Methylation DNA Methylation

2 92 92 2 92 92 2 92 9

Figurel.17. Epigenetic changes associated with FRDA anéXigene.
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1.4.3 CurrentApproaches to th@reament of CNA SRNB A OKQ& ! G EAI
At present, there exists no approved treatment or cure FRDA3® Several drugs are

currently atvarious sages of development3® targeting three main areasincreasingFXN
expression,targeting impaired mitochondrial dysfunction, andcreasing frataxin levels

through replacementtherapy??®” Summarised belowFigure1.18) are the most advanced

potential therapiesand in the following sectiorsomeselect examples will be highliglite

- Antisense oligonucleotides

GeneTACs

Increasing FXN
Expression

HDACis

> EPI-743

> Omaveloxolone

Targeting
Mitochondrial
Function

TAT-Frataxin

Replacement
Therapy

Figurel.18. Pipeline of FRDA therapies (adapted from curefd.&fg

1.4.3.1 Increasing FXN Expression

Given thepathologi@l basis for the disease is thenscriptional silencingf the FXNgene,
increasingits expressiorto improve frataxin levelsvould seem theobviousapproach to
treatment. Heterozygous carriers of the disease prodapproximately50% of thelevels of
frataxinof unaffected individuals and yet remain asymptomasigggesting that only modest
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improvements are required fotherapeutic efficacy3’ At the chromatin level, HDAC
inhibitors (HDACIs) have been shown to revérxélgene silencingnduced partly by histone
hypoacetylation at the gene locd® Two different classes of HDAQmsluced sustained
frataxin upregulation in both patientderived cellsand mouse models of the disease, leading
to their progressiorto the clinic?**?41 The fist phase Istudy publisied evaluated the effect

of nicotinamide(vitamin B3), and found that it induced a dedependent increase in frataxin
expressionin peripheral blood mononuclear cells (PBM@gh a concurrent decrease in
heterochromatinassociated epigenetic mark& Despite this, frataxin levels in the ChiSl

heart were not measured, andue to the short length of the sty no improvements in
patiena Q Of AYA Ol f TSI (i dzNEsiher@dFe, He ddserdqliredadSindiice NB LJ2 N
these changes was incredibly highd led to nausea and vomiting in almast patierts,
limiting its utlity for chronic treatment.A secondHDAGiIRG2833was evaluated in FRDA
patients after having been shown to incred®® expression innduced pluripotent stem cell
(iPSGderived neuronal cells, along with patiederived PBMC%®? In patients, histone
acetylation andeXNmRNAexpressionvere inducedin a dosedependent mannerhowever

this was not matched by an appreciable increase in frataxin levels, attributed to the short
duration of dosing.Alongside this,RG2833was poorly CNS penetranformed toxic
metabolitesin vivg andinhibited the human ethe@a-go-gorelated gene (hERG) i@mhamel

to a degree that was highsk for inducing @c prolongation. As result, it progressed no

further in the clinic.

Whilst HDACis seem a promising avenue for the treatment of FR@Aljnical work to
establish therole of HDAGselectivity in increasingFXNexpression showed that it was
necessary to inhibithree different HDACs (HDAC1, 2, and 3) in ordeeterse thegene

silencingZ®*Alongside thistwo separate studieseported approximately twefold changes in
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gene expression in 655 and 822 genes, respectithf>Given the chronic nature of the
disease and the necessity for loteym dosing of any drug, su@hlack of specificity leading

to extensiveoff-target effectscould prove to be incredibly harmful oveangperiods of time.

A novel approacho increasing frataxin expression involves the use of heterobifunctional
molecules that recruit transcriptional machinety the repeatexpansion region of th&XN
gene?Snitially y  YSR aaeydKSGAO NI yaONRB Clhkyehfve St 2y 3|
since beerrebranded as Gendargeed Chimeras (GeneTAQs)fit the current vogue for
heterobifunctional molecule$*’ Polyamides that target theepeat region were tethered to
JQ1 a small moleculeBromodomain and Extra Terminal motif (BET) bromodomain
inhibitor.?*8 JQ1was chosen as it binds to BROvhich recognises acetylated histones and
engages positive transcription elongation factoiP-TEF, a multiprotein complex that is
essentialfor facilitating productive transcriptin elongation by RNA polymerase*AThe
GeneTAC induces the proximity tadinscription elongation machineryp the repeat region
(Figure 1.19, leading to robustFXNexpression in a variety gbatient-derived, disease

relevantcell typesat con@ntrations of 1uM.246

The technology is now in preclinical development for the treatment of FRDA, and also being
applied to otherrepeatS ELJ yaA 2y RA&A2NRSNB a4dzOK | & CNJ 3IA
disease. As the technology progresses, it remains to be seen if some of the issues traditionally
associated with heterobifunctional small molecules, such as poor permeability and ADME
properties, will also affect GeneTAE%2°1As well as this, whether any dfirget effects will

be observed due to the metabolismduced release of the-PEFb recruiting ligand, bel@Q1

or a different epigenetic probe. Many of these compounds artotoxic,*® and whilst
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genomewide BRD4 binding was not perturbed by the GeneTAC, it was by@&gvhich

could be problematic for chronic dosiAtf.

Small-molecule recruiter of

— transcription elongation
factors
: —p  Linker
; Polyamide targeting the

repeat region

GeneTAC
GeneTACs bind the repeat region
and recruit P-TEFb via BRD4.
Recruitment of transcription

elongation machinery resumes

? () transcription and induces gene
/ expression
iy A
: >

GAA-repeat region

RNA polymerase Il transcription
paused at repeat region

Figurel1.19. Functional premise of a Gen&T

Anotherapproachinvolves targeting the higher orderlBop structures that arise as a result
of expanded intronidRNA hybridisigto the genomic DNA2%2>4The use oflouble stranded
RNA (dsRNA) and antisense oligonucleot{@&Osgomplementary to th&GAA repeat reign
was shown to increase frataxin production in patielerived cells with nanomolar potencies.
These synthetic nucleic acids bind to #weanded intronic RNA and prevent its interaction
with the complementary region of chromosomal DNA, inhibitirp&p formation and re-
starting gene transcriptiofFigurel.20). The increase ifFXNexpression was also associated
with areversal of the epigenetic changes associated with the repeat expaff€ismch as an
increase in histone acetylatioand changes in histone methylation levels throughout the

gene?>?
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a) R-loop formation: Nascent RNA hybridizes to
the DNA template behind the elongating RNA
polymerase, impeding transcription

|——> FXN TSS®
Wd\ Repeat RNA

|
GAA-Repeat Region

RNA Polymerase Il

b)

I_’ FXNTSS /
AN 5

Antisense olignucleotides bind the repeat RNA
and stop it hybridising with DNA, preventing
transcriptional silencing and activating gene

expression

Figurel1.20. a) The mechanism of-Rop formationfollowingtranscription of the GA&epeat region.

b) Inhibition of Rloop formationby an ASO

Both the dsRNAs and AS@eed to be further evaluated in animal modeif the diseaseo
investigate efficacy and potential etirget effects however they are a promising approach
to increasing frataxin expressionhdr clinical applicatiomemains some way offparticularly
given the difficulties associated with administering these therapies to the?€K8wever
the recent success oBpnrazg the ASGbased therapy for spinal muscular atrop#ty,

provides some considerable encouragement for the approach.
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1.4.3.2 Targeting Impaired Mitochondrial Function

Thepathogenicdownstream effects ofeduced frataxin expression are the targetsafveral
therapeutic approacks which seek to alleviate rdchondrial defects and the resulting
increased sensitivity to oxidative stresige to impaired irorsulfur cluster formationSeveral
studieshaveevaluated the effecof antioxidants such as idebene, vitamin E, and coenzyme
Quo, finding thatthey may have anodest benefit in improvingoth cardiacand neurological
symptomshowever to no degree of significané®:?>®Researchers at Edison Pharmaceuticals
posited that a more readilybioavailable antioxidant mig display improved efficacy,
developing EP¥743 (Figure 1.21) a parabenzoquinonebased structural analogue of
idebenone and coenzyme16¥°"258EP4743 targets various oxidoreductasesssential for
redox control of metabolismand ha been shown to potentlyrotect patientderived cells

from oxidative stressas well asnduce neuronal recovery in an vitro frataxin knockout
model 2392601t was evaluatedver 24 monthsn a phase Il triatiza Ay 3 (G KS CNRA SRNEB A
Rating Scale (FARS), whiomprises a measure of ataxia activities of daily living subscale,
and a neurological subsca®. EP1743 was well tolerated and induced atatistically
significant improvementin patient outcomeover 24 months,with a mean decrease
(improvement) in FARS score of 1.8 pgicbmpared to a mean increase (worsening) in FARS
score of 4.8 points in untreated patient®®2¢0 |t has since beemranted orphan drug
designation by the FDA and is currently under evaluation in phase Il trials for the treatment

of FRDA (N@#577352), with results expected to be reportedudy 2023.

Thepromiseof small moleculantioxidantsfor the treatment of FRDA led to the investigation
of the role ofendogenousantioxidant and reactive oxygen species (R&8&yengingathways
in the diseaseA key regulator of these responsedNisclear factor (erythroidlerived 2)like

2 (Nrf2), a trangription factorthat inducesthe transcription of a number @ntioxidant genes
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and also plays a role imetabolism andmitochondrial functior?®2 Thetranslocation ofNrf2
from the cytosol to the nucleusas been showto be defective in FRDAading to increased
susceptibility to oxidative stres82 Omavexobne (Figure1.21)is a small molecal Nrf2
inducerthat acts to inhibit Nrf2 ubiquitination bi¢elchlike ECFHassociated protein 1 (Keapl)
increasing itdevels bypreventing proteasomal degradatic®? Initially developed for the
treatment of solid tumourg® omavexolore was shown toprotect patientderived
fibroblasts fom oxidative strescaused by RQshd increased lipid peroxidatici§?lt was also
protective against mitochondrial membrane depolarisation and cell death induced by
hydrogen peroxidewhich suggested it may be an effective therapy for FRR#ents treated

in aphase Itrial experienced a statistically significameanimprovement in FARS scoref

2.4 points compared to a placebafter 48 weeks of treatmerit®26’Despite this,several
patientsexperienced elevatetiver aminotransferase levels, leading to the discontinuation of
treatment. As a resultan openlabel extension study was carried otat evaluate the long
term safety and efficacgf omavexolone which showed that the patients who switched from
the placebo to the drug displayed a parallel trajectory of improvenfjastmeasured by FARS
score)to those who stayed on the dryugn indication of true diseasmodifying activity2®® A

secondpivotal study is due to start in late 2021

EPI-743 Omaveloxolone

Figurel.21. EP{743and Omavexolone
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1.4.3.3 Increasing Frataxin Levels Thro&gplacementherapy

Whilst approaches to ritiating transcription of thd=XNgene have shown promise, another
means of increasing frataxin levels is direct exogenous replacement of the protein
Researchers from the University of Indidnaedrecombinantprecursorfrataxin proteinto a
short cationic peptide called a trafactivator of transcription (TATWwhich enables efficient
delivery of a proteirto a variety of tissue€°Theprecursorprotein containsa mitochondrial
targeting sequence (MT®#)at, along with the TAT protein, is cleaved imatrix processing
peptidaseswhen the TATrataxin is delivered to the mitochondrideavingreplacement
frataxin in the mitochondriaimatrix. FRDA fibroblastsreated with TATrataxin showed
reduced susceptibility toxidative stressand FXNknockout mice showed improved lifespan
and cardiac function when treatedAs well as thisfrataxin-depleted neurons derived from
dorsal root gagliatreated with TA¥rataxin showed a decrease in apoptotic markers and
improved surviv?’® In addition, TA¥rataxin was shown to cross thBBB ina study
evaluating its effect irprotecting dopaminergic neurons from oxative stress in a mouse
modeloft I NJ A Y & 2 Y& a iesulfj iSwad @apressed to phase | trad€TH1601
(NCD4519567) where subcutaneous (SC) dosing has been shown to inciredagin levels
in skinandbuccal cellsas well aplateletsin a dosedependent mannef/2However, the FDA
hasrecentlyput a clinical hold on the trial after it was reportéeht higher doses o€T+1601
led to mortalitiesin nonrhuman primate toxicology studie$s This may be a result afn
unwanted immune reaction to higher doses of the FAalaxin, but begs the question if this
is a viable approach if lower doseannotachieve the requite increase in frataxin leveis

the necessaryissues
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1.5 A NEWAPPROACHTARGETINGUV420 ANDH4K20METHYLATIORD

RESTORBRATAXIEEXPRESSION

None of the above approaches are without their limitations. Despiterthemise and clinical
progression, there remain both efficacy and safety concerns associatdall of the
treatments. Giventhe disease affects multiple tissue types including the CNS, a small
moleculethat can enter the systemic circulati@as well asross the BBB seems hold the
most promisefor an effective therapyTargetingmitochondrialfunction has yielded some
positive resultshoweverthey seem only modestly efficacious atitere are concerns with
toxicity given the need for lonterm, chronic dosig. As well as this, these therapids not
target the primary pathology of the diseasmeaning the deficit in frataxin will remaiASO
and dsRNA therapihave demonstrated efficaay ameliorating this deficjthowever they
have not yet reached the clinic and would require invasive routes diimidtration, for
example intrathecally>> HDACIis fit the need famall molecules that restore the frataxin
deficit, however theirlack of specificityand broad effect on gene expression make them
unsutable as therapies. A more targeted approach to reversing the epigenetic changes
associated withlthe repeat expansiogould prove to be a viable means of increasing frataxin

expressionwvhilst avoiding global changes in gene expression.

As ameans of initiating drug discovemfforts, an epigenetic probe library screen could
therefore prove very usefulTo this endthe SGC epigenetic probe collectinas screened
againstan FRDA cell modelbntaininga repeat expanded=-X\-Luciferase(FXNLuc)fusion
construct, enablingrelative luciferase intensity to be used as a proxy for frataxin
expressiont3 This identifiedA-196 (Figure 1.22), a potent and selectiveprobe for the

homologousistone methyltransferaseSuppressor of variegation2D (SUV4L0)H1 and H2
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asaninducer ofFXNexpressior?’4 The twoSUV420 homologues are responsible for the-di

and trimethylation of H4K267° In patientderived fibroblasts knockdown of both
homologues induced ampproximate 1.5old increase in frataxiexpressionTreatment with
A-196induced adecrease in H4K20r2€3 anda concurrent increase in frataxin levels in both
patient fibroblasts and PBMQ¥ 1.5fold and 2fold, respectively*3° Global transcriptome
profiling found thatat the highest concentration (1AM), treatment with A-196 induceda
change in expression of 1098 genes, compared to 3478 genes in cells that were treated with
RG2833t 5 uM.2’¢ The absolutamagnitude of the change in expression was also loaer,

67% compared to 9498°At a concentrationof 1 uM, A-196wasobserved to have perturbed

193 gens whilst still inducing frataxin expressidmghlighting the specificity of this approach

compared to broad HDAC inhibition.

HN

cl Sy
N
Cl “

Figurel.22. a) A-196; B SUV420in complex withA-196 (yellow) andS-adenosylmethionine(green)

(PDB: 5CPR)
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1.5.1 The Role 06UV420 and H4K20 Methylation

The SUVL0 family of methyltransferasderm part of a wider group dKkMTghat all contain

a common evolutionarily conservedomain?’4 TheSuppressor of variegation® Enhancer

of zeste, andrithorax (SETJomain catalyses the transfer of a methyl gradopghe ¥-amino

group oflysine residues, usingadenosyl methionindSAM)as aco-factor (Figurel.23).277

Given lysine residues canigixin multiple methylation states, the SEbmain containing

proteins are responsible for the regulation of diverse cellular processebs biological

responses.’®
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Figure 1.23. Mechanism for the methylation
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Methylation of H4K2@lays a key role iprocesses that ensure genomic integrityr example

DNA damage repair, chromatin strucitug, and DNA replicatio®’>?7° H4K20me1lis
controlled by PRSET7 (also known as SEAI®] is essential for the proper regulation of cell
cycle progressioff® Genetic ablation oPRSETs lethal in both flies and micé/®>and in
mouse embryonic stem celtsausesdefects in celllar proliferationalong withsevereDNA
damage?’®?80H4K20mel and PET7 activity has been shown to be crucial for maintaining

a threshold of chromatin compactiasuring the transition between different phases of the

cell cycleZ®' The loss of chromatin compaction in the absence of H4K20mel causes aberrant
and excessive recruitment ¢itensingfactors,resulting inDNA damageral leadingto the

formation of single stranded DNA

The di and trimethylation of H4K20is mediated by SUV4L0H1 and SUVA0H2,
respectively?’> SUV420H1 is expressed throughout murine embryogenesis and adult
homeostasisand genetic ablation leads to impaired development and perinatal leth#fity.
By contrast, SUV20H2 is far less ubidfous during developmenand its knockout leads to
no apparentdefects Double knockout of both homologuesuseserinatal lethalityand a
genomewide accumulation of H4K20meltkadng to increasedsensitivity to DNA damage
and defective repaimhich reveak an important role for H4K20me2 in the DNA damage
response pathwaysp53 binding protein 1 (53BPXjirects norhomologous end joimg
(NHEJ) DNA repair and is recruited to site®NA damage by H4K20me# its absence,
53BP1 accumulation at these sites gn#ficantly delayedleading to increased sensitivity to
exogenous stressThe restricted expression of SU¥@H2 and thempad of its ablation
suggests that H4K20medBays little to no role in the mediation of cell cycle progression and
DNA repaif’ Despite this,H4K20me3 has been identified as a hallmarkconstitutive

heterochromatinenriched atcentromeresthusplaying an important role ithe maintenance
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of genomic integritythrough the silencing of transposable elemeft$284As well as this,
SUV420H2 has been shown to be a dominant suppressdE¥ indicating the potential of
H4K20me3 to inducbeterochromatinmediated gene silencing in euchromatic regioAs.
described previously, this theorised to be the cause of tleXNgene silencing observed in

FRDAS8.197

1.5.2 The Effect of Pharmacological InhibitiorsbfV420H1 and H2

In pursuingthe SUV420 homologues as therapeutic targets for FRWw, effects of their
genetic ablation are of particular concern with respect to chemical inhibi@oe advantage
of chemical probes oveRNAior CRISPRnockout is the potential for nondestructive
inhibition, which permits the evaluation adny extracatalytic protein activity, for example
scaffolding or as molecular chaperorfés may be the case that theéefects observed in the
double-null model arethe result of structural deficits caused bthe loss of SUV20, as
opposed tosolelyH4K20me2/me3As well as thidt is essential to make susny compound

is highly selective to avoid any unwanted-t#fget effects that may lead to toxicity.

A-196is ahighlypotent andselectiveinhibitor of SUV420H1(1Go= 25+ 5 nM)and H2(IGo=

114+ 21nM).2#It isinactive againsbther KMTsat 10uM, as well aagainsta panel oPRMTs
and DNMTdt also showno activity against a range of epigenetic and repigenetic targets,
includingchromatin binders, kinases, andpg®otein coupled receptors (GPCRt&yvas shown
to induce robust decreases in the levels of H4K20me2/me3 in human osteosa(ti28)
andprostate adenocarcinoma (P®) cell lines along with a concurrent increaséidkK20mel
but did not impair the association @UV420 with chromatin. In additiongespiteinducing
changes ithe H4K20methylationstateduring the cell cycle, was found to be nottoxic and

had no effect on cellular proliferatiorilreatment with A-196 markedly inhibited 53BP1
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recruitment to sitesof DNA damag and greatly impaired NHEJediated repair processes,
however importantly had no effect on homology dited repair (HDR)"4U20S cells treated
with A-196 were only mildly sensitive to DNA damaging agewitéch isin starkcontrastto
SUV420 doublenull cells suggestingSUV420 may have an extreatalytic role as a
scaffolding protein that further mediates the DNA damage respowéé no overt toxicity
observed, and the maintenance of crucial pathwd#lyat are lost as a result of knockout,
pharmacological inhibitiomf SJV420 would seem a viable route to reversing H4K20me3

induced gene silencing

1.6 THEIMPORTANCE BRARMACOKINETICERUGESIGIN, STRATEGIES FOR

OPTIMISATION

Successful library scre@mgand target validatiorefforts are by no means the end of the drug
discovery process; indeed, of equal importance isriadulation of the PK properties of a
compound Pharmacokinetics @efined as the timecourse of a drugvithin the body,which
involvesthe absorption, distribution, metabolism, and excretioha molecule,and can be

the difference between a lead compound amentual successful drugf®2ePoor PK
propertiesare a major cause of attrition in the drug discovery progessd pharmaceutal
companies have broadly recognised that these need to be addressed early in the discovery
processFor examplet TA T SN a & (0 K NBZ2 NIIA fAfLBANGS, hjdmliteiiaxitiid ASD |- 2f
absorption and permeability predictor that states that a compound is likely to be poorly
bioavailablevhenthe molecular weight (MW) is500,clogPis >5, number of Hbond donors

is >5, and the number of Hond acceptors is 20.28” The finding that PK can be related to
physiochemical propertieallows the medicinal chemist to approach drug design with these

parameters in mind and manipulate them in order to impréM@ME propertieg®Below is a
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discussion ofactors affecting the ADME properties of a compound and how they can be

improved throudn structural modification.

1.6.1 Absorption

For reasons of ease and patient compliance, oral delivery of a drofteis the preferred
route of administration.Good absorption of @& oral drug isbroadly dependent ontwo
processes: the dissolution die drug inthe Gl tract andts subsequent transfer across the
membrane(Figurel.24).285.286

Membrane

Dissolution
Transfer

Solid Drug Drug in Solution Absorbed Drug

Figurel.24. Simplified schematic of the drug absorption process

Dissolution of a compound depends on the surface area of the dissolvingaswlidhe
solubility of the solid at that surfac&® The former is larggl contingent on manufacturing
practices, for examplenicronizationor formulation with disintegrantshowever the latter is
mainly due to the structure of the drugnd thus can be nanipulatedto be improved
Solubility isgenerally inversely proportional tthe lipophilicity of a compound and can be
enhancedby the incorporation of an ionisable centifer example an amine functionalif®

The transfer of a substance across a membramukeiven byits concentration in solution, and

so even if the formulation can be improved low solubility will still cause problems for
absorption.This may not be an issuka compound is highly potent, asdan still achieve

effectiveconcentrations even with poor solubility.
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Once in solutioncompounds must then traverse the membrane of the gastrointestinal (GlI)
tract. Whik active transport processes do occuhese are usually limited to nutrient
molecules and thus nagtarticularlyrelevant for drugabsorption?¢There are two prinipal
routes for the passive transfer of drugdiffusion across the lipid membranes of cells
(transcellularabsorption) and dftision through the aqueous porest the tight junctions
between cells (paracellular absorptiohe latter paracellular route of absorption is less
common and of more importance for hydrophilic molecul€8ven absorption via aqueous
poresdepends on their diameteand relatively low surface arethe molecular size is of great
importance when considering the ability of polar molecules to be absorbed paracellularly.
Additionally thisroute is only availale in the small intestine as opposed to the whole length
of the GI tract, meaning the window for absorption is much smalleée amount of drug
absorbed k) depends on the rate of absorptioks] and the rate of movement of the drug

away from the site ofbsorption km) (equation 1)?8°

0o — Eq. 1

The paracellular pathway leads to low due to the small surface area of the aqueous
pores?® As well as thiskm is greater due to the smalt absorption window in the small
intestine. As a result, compounds that are absorbed paracellularly teistiow incomplete

absorption and lowr..

Transcellular absorption is the primary route of absorptionlipophilic moleculeshrough

the GI tract?®® Compounds absorbed via this pathway tend to have highdue to good
distribution into lipid membraneand a lowknas the compound can be absorbed throughout
the tract?®>The limits of chemical space within which medicinal chemists can work to achieve

good transcellular absorption ateroadlydefined by A LJA y & { A ¥ide suNtHEE’Gigh2 T
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logP (>5)mpacts solubility and is inherently linked to high molecular weight (>500), with
heavier compoundsending towards higher logPrhe hydrogen bond donor and acceptor
count (>5 and >10, respectively), is relatedP®A the upper limit of which representhe
point at which desolvation of the molecule to allow for membrane transfer becomes
energetically unfavourabl&>Molecular structures can be optimised with these properties in

mind in orderto improvetranscellularabsorption

1.6.1.1 Barriers taVlembraneTransfer

Within the gut epitheliumare expressed various proteins that actprevent the absorption

of and thus protect the body from toxins in the d#€f.Consequentlythey canalsolimit the

oral absorption ofdrug moleculesthrough the ation of metabolic enzymes andfflux
transporters?8® Glucoronyl and sulfotransferases, along with cytochrome P450 (CYP)
enzymescan metabolise substrates crossing the gut wall rapidly enoogéffect F,.285288
Strategies to attenuate this will bdiscussed in a later sectidf.6.3) The efflux transporter
P-glycoprotein (Rgp)acts to activelyransport compounds out of the gut epithelium baoko

the Gl tract and due toalarge overlap irtheir substrates is thought to work in synergy with
CYP enzymes to limit oral absorpti®#288Therecycing of substrates by Rgp back into the
gut leads torepeatedinteractions with CYP enzymas theysubsequently rdransfer back
into the epithelium. Tie conformational flexibility of Bjp means it can interact with a broad
range of substrate$®®it has beenproposed that thenumber and strength of hydrogen
bonding groups ifa moleculecan impactP-gp binding,and that introducing intramolecular
hydrogen bonds can act to mapkoblematic groups that may subsequently be required for
target engagement®® but the lack of clearly defined SAR means it is difficult to design

molecules without substrate characteriss 286
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GonsideringP-gp is a membrane transporter, any rate of efflux is intrinsically linked to the
rate of passive transfef®>A compound thais highly membrane peneable will have a low
rate of efflux, as the rate of passive transfer will &gual to or greater than the rate of
transport back into the tractThe lack of Bp recycling means the acti of metabolic
enzymes in the gut epithelium will also teduced, leading to a greater degree of absorption.
As a result, poorly permeable compus tend to be better substrates fordd and thus suffer
from a greater degree of metabolism, leading to poor absorptfSWith this is mind, the
strategies outlined above for improving membrane permeation als® of importance in
avoiding these barers to membrane transfer: modulation of lipophilicity, molecular size, and

PSA.

1.6.2 Distribution

Followingoral administration,and after absorption via the intestinal lumen and through the

portal vein and liver drugsthen reach the systemic circulation before being further
distributed into various tissues and organs via the vasculamisgribution can be thought of

as essentially anothe passive transfeprocess,and thus the same properties that affect
absorption also affect distributiof?! The bodycan be considereds beingmade upof a
YVdzYOSNJ 2F LIKI NXYI O21 Ay S A oHich peémis Bhé @addlliyigboi ¢ 02 Y
drug transport actively occurringcross membranebetweenorgans and tissues via blood
vessel$? Postadministration, if a drug is rapidly distributédroughaut the bodythen the

bodyis representedasa single, pharmacokinetically homogenous compartment. Tihgfes
compartment model assumes immediate distribution to tissues amd equilibrium

establisling constant concentration ratios between the plasma and tissues. mbas the
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rate of change in tissue concentration of a drug is directly related to the change in plasma

concentration which willshow a linear, monophasdaeclinea on a semilogarithmic sde.

If a drug is less rapidly distributed to certéissuesthen the body can be considered in terms
of a multicompartment modela central compartmentepresenting the plasma and highly
perfused organs and tissueand a peripheral compartment representing weakly perfused
organs and tissue®¥? It is assumed that a drug will be distributeauch faster to highly
perfused organs such as the liver, lungs, or kidneys compared to weakly perfused tissues such
asmuscleor bone.As a result, the plasma concentration of a drug will show a multiphasic
declineon a semilogarithmic scatlependent on the number of compartments in the model
for examplebiphasic decline in a twoompartment modef?In this instance, the initial phase
represents the distributiorof the druginto the tissues and the latter stage the elimination
from the body.The concentration of the drug in tissues increases during the distribution
phasebefore the distributionequilibrium is reached whe the ratios between plasmaand
tissueconcentrations become constardéndlevels of the drug in the tissue decrease at the

same rate as the plasn{&igurel.25).2%

1.6.2.1 Volume of Distribution

The volume of distribution at steadstate (Vs9 represents the apparent volume a drug is
distributed into based on its measured concentration in the plasma and the administered
dose??lt is a theoretical value that assumes that the drug is in equal concentrations in the
plasma and the sisue, and thus represents what volume of tissue is required to give the
concentration measured in the plasma based on the dds&he Vss values of drugs are
typically compared to the volumes of various physiological compartments, for example the

plasma total body water, and tissue&igurel.26). For a drug, the theoretical value gives
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Figure1.25. Change in drug concentration over tinreplasma and tissues considering both single
and multtcompartment modelling. In theinglecompartment model &), the drug is instantaneously
distributed to the tissues once in enters systemic circulation, and concentration ratios immediately
reach equilibrium between the plasma and the tissue. In the rzoithpartment modell§), the drug

is slowly distributed to the tissues and the initial decline in plasma concentration is matched by an
increase in tissue concentratio®nce the distribution equilibrium is reached, the concentrations

decline at the same rate.

some indication as to wher¢ is mainly distributed within the bodyor example avssof 2

L/kg would suggest a compound is highly distributed to the tissues.

The basis for thé/ss of a compound derives from equation 2, relating the physiological
volumes of the plasmavg) andtissues ¥t) to the relative unbound fraction of the drug in

each (fy and fu, respectively¥>3

W w — W Eq.2

The dependence on thefterm is the reason why some drugs exhibit a theoreti¢athat is

far higher than any known physiological volufi&The extent of tissue binding largely tracks
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Total Body Water
0.6 L/kg

Tissues
>0.6 L/kg

Plasma

0.04 L/kg
Figurel.26. Thephysiological volumes of body compartment$iimmans(body weight 70kgadapted

from Smithet al.)2%

with lipophilicity, howevethe greatest determinant of volume of distribution is the acidic or
basic character of the molecul@cidic compoundare negatively charged at physiological pH
and thus interact withlysinerich albumin in theplasma leading to high plasma protein
binding (low fuy)). As well as thisthey do not interact with the negatively charged
phospholipid head groups of tissue membrarfeigh fu). As a resultacids tend to havdéow
volumes of distribution in the range of G4 L/kg By contrast, basic compounds are
positively charged at physiological pH ancasoumulate in phospholipid membranes due to
charge interactions with the head grougew fu). Similarly they display a low degree of
plasma protein binding (high fuleadirg to high volumes of distribution in the range 25
L/kg2%Neutral molecules partition into membraseas a function of their lipophilicity and

thus display volumes of distribution in the range of-@.Z/kg.

The importance o¥/ssis not indetermining whether a drug will reach its site of actitow Vss

does not mean that a drug will remain in the plasma anderger the tissuesand similarly
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high Vssdoes notnecessarily mean a drug will be more active at target sites in the tig8ties.
The high dependence dfson tissue and plasma protein binding mealiferences in values
between compoundsbear almost no relation to th& relative unbound aqueous
concentratiors. Indeed, when cwected for the fraction unbound in the plasmaVé,y
equation 3), the volumes of distribution show thatompounds with equivalent unbound
agueous concentrations show the same ability pgartition into tissues, regardless of
differences invss As a resultacompound wilinteract with its targebased on dse, clearance

of the drug from the circulation, anits pharmacology at the site of actigP?2%3

(b R o Eq.3

Where Vssis critical in drug design is in determining tderation of action ofa compound
through itsrelationship to haHlife (t12).2%%2%Haltlife is the time taken for the concentration
of a drug o fall to half of its original value, when the concentration is in singggonential
decline.lt is a key parameter to consider wheecidingthe dosing frequency of a drug as it
will determine the duration of actionWhen considered in the context of the single
compartment model ide supry, half-life can be related to the volume of distribution
through equation 4where CL is the clearanokthe drug, defined as the irreversible removal

of a drug from the measured matrf®

o0y | l¢ — Eq. 4

Halflife is thus directly proportional to the volume of distributioand sothe duration of
action can be directlinfluenced by modulationf Vss In the context of a mulkcompartment
model, the picture becomes a little murkier due to tmeultiphasic nature of the decline in

concentration Figure 1.25). As a result, halife becomesa function of the terminal
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elimination rate (, equation 5, which ighe rate of decline following distribution equilibrium
(for example the second phase of decline in a biphasic métfddespite the increased
complexity in determining, it still closely approximates t€LNss and thus the relationship
of volume of distribution to haffife remains largely the same as in the single compartment

model(equation 5):

07 — Eq.5

As described abov#/ssis largely aneasure of tissue binding arsd ismost heavily influenced
by the degree of acidic or basic charact&increasingvsswill lead to an increase in hdife
as shown by equation 4nd so the introduction of a basfanctionality can be used as a
strategy to improveduration of actionthrough an increase invss This strategy is famously
exemplified in the design of thealcium channel blockemmlodipine (Figurel.27), which was
derived from an earliedrug nifedipine (Figure1.27).2°62%7 The introduction ofthe basic
amine centre vastly increased thesof amlodipine overnifedipine, which led to a far higher
terminal haltlife despite no change in rate of clearandéiis allowsamlodipineto be dosed
once daily, compared timur times aday fornifedipine.?®3An attractive strategy for improving
half-life, it will also bring improvements in aqueous solubility. However, it may lead to a loss
of selectivity andan increased affinity for ion channels whicbuld lead to toxicity, for

example in the case of binding to th&RG channel.

A second means of increasiVssis through modulation of lipophilicit{2>Whilst an increase
in logP tends to increasés it can also increase CL which will negate any gains in duration of
action. The strategy of blocking sites of metabolism to reduce clearance wlibtgssed in a
later section(1.6.3) however the deliberate use of particular functional groups can achieve

thiswhilst also increasingss Specifically, the introduction of a methylcyclopropyl group as in
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Figurel.27. Nifedipine andamlodipineand their respective PK parameters, highlighting the effect of

introducing a basic centre in increasiigand terminal haHife.

the case of -blocker betaxolol (Figure1.28) has theeffect of both blocking metabolism
(reducingCL) whilst increasing lipophilicity and this?°32%8This leads to an approximately

four-fold increasan half-life over the relatednetoprolol (Figurel.28).

”Y

\0/\/©/ OJ\/N\( wo/\/©/

Metoprolol Betaxolol

V, =3.1Ll/kg V=48 L/kg
CL=13mLmintkg? CL=3.4mLmintkg?

ty,=3.6 hrs typ= 17 hrs

Figurel.28. Substitution of the methyl group imetoprolol with the methylcyclopropyl obetaxolol

leads to an increase Msand an accompanying decrease in CL, leading to improved duration of action.

Although ofcritical importance as a pharmacokinetic parameterd integral in determining

duration ofdrug action, modulation of volume of disbution is not typically the first resort
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when attempting to improve hallife 286:2932%4Stryctural modifications thatinduce the
greatest changes iNss (e.g.,introducing a basic functionality) tend to be accompanied by
changes in other parameters such as selectivity and potddegpite thisjntelligent design
of molecules toexploit changes iVss can be ofgreat use to the medicinal chemigthere

changes irduration of action are required.

1.6.2.2 Achieving CNS Penetran€&rossing the Blood Brain Barrier

The BBB is a term used to describe #tmucture of thevasculature associated with the
CNS99:3001t tightly controlsthe movement of molecules and ions into and out of BRS and

is essential inmaintaining CNS homeostasigroviding astable environment for neural
function. The BBB consists of a physical barrier anansport barrier?®the physical barrier

is formed by extremely tight junctiori®etween endothelial cells that surround the capillaries
- these tight junctions effectivelyrevent the paracellular absorption of compounds and block
the diffusion of ions and other polar molecules into the CNf& transport barrier, similao
that of the gut, involves thaction of efflux transportergsuch ad>-gp) that actively pump
molecules out of the brain capillary endothelium an@NS. Conversely, there are a large
number ofsolute carriers (SLCs) in the endothelitimat act to transport essential, polar
molecules (such as amino acids and glucose) into the CNS that would othbeni$eked

due to the barrier to paracellular absorption.

The ability of molecules to cross the B&RlI distribute into the CNIS of crucial importance

to the medicinal chemistFor nornCNS disorderss drug that crosses the BBB can induce
unwantedCNS sideffects for example in the case of some lipophiliblockers3'For CNS
disorders such as FRDA, it is of crucial importance that a drug can cross the BBB in order to

exert its effect at the desed site of actionln order tobetter identifycompounds that would
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distribute into the CNS, scientists at Pfizer develope€ldSmultiparameter optimisation
(MPO) scordgo enable a flexible approach to drug design based on six key physiochemical
properties92303Through analysis of a set of marketed CNS drugs and various internal CNS
candidates, they identifiethe optimal range$or CNSpenetrant compoundsf clogP,clogD,
molecular weightMW), tPSA, number of hydrogen bond don¢HBD) and the s of the
mostbasic centreTablel.1) 33 These were all assigned equal weight and a score between 0
and 1,giving compounds an additive score between 0 and 6, with higher scatEsiting a
higher likelihood of CNS penetranédesmightbe expected given the factors affectimglume

of distribution described abovegreater weight igjivento lipophilicity €logP andlogD), and
basicity (pKa and clogD).As a result, the medicinal chemist can tailor the desigrhefr
molecules in ordetto find the best alignment of these properties in order to enable (or

prevent) sufficient CNS penetrance for drug action.

Tablel.1. The optimal ranges for CNS penetrance of six propeidiestified as part of a CNS MPO

score (adapted frorwageret al)3%

Property Desirable Range Undesirable Range
clogP x®3 >5
clogD R >4
MW H360 > 500
tPSA 40 < TPSK dn ¢t {! X HANT
HBD X nop >3.5
pKa n3 > 10
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1.6.3 Clearance

Clearance is perhaps the most important of the PK paramébecsnsider in drug desigend
concerns the final two ADME processesetabolism and excretionAs described above,
clearance igefined as the irreversible removal ofc@ampound from a measurethatrix,
whether bystructural modificationor complete elimination from the bod§?°>Clearance links
the rate of elimination of a drug to its measured concentration angiven irunits of volume
per timewhich reflects thevolume of matrix (e.gblood or plasmajhat is effectively cleared
of adrug perunit time. It is of critical importance in determining the hdife of a compound
(equation 4),and to assess the availabilignd predict the steady state concentratiaf a

compound following a particular route of administratiéif.

Theliver and kidneys aréhe two major organs concerned witthis processwith hepatic
clearanceplaying a key rolé®® Before entering the systemic circulati@m@mpounds absorbed
via the Gl tract first pass through theghly perfusediver, where they can be immediately
cleared viall K S -GJF & HA SPF1HIO i$ ¢he elimination of a drug following initial
absorption andperfusion into the liver, and it can have a significant effect on the oral

bioavailability of a compoun(Figurel.29)

vdzk YOGATFAOLF GA2Yy 27F KAz ALNNNEOGRS draly’ aNaRatice, Sehich 2 v
assumes that the liver (or organ of clearance) is a single;stietd compartment where the
concentration of unbound drug is in equilibrium with that of the blo8tAnother important
assumption of this model, and for clearangenerally, is that only unbound drug can traverse
membranes and thus only unbound drug is available for clearance. This model relates
clearance (CL) to the blood flow to the org&), the unbound fraction available for clearance

(fu), and the intrinsi@bility of the organ to clear drug independent of flow or binding
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Figurel1.29. The firstpass effect: drugs are absorbed via the Gl tract where they pass via the portal
vein to the liver. Aoroportion of the dose absorbed is immediately eliminated as a result offass

extraction.

limitations (Clat,u) (equation 6).

=

00 Eq. 6

=2

This model can be combined with factors affecting oral bioa#ithain order to derive an
equation that describes how clearance affedssing (equation 75% It relatesthe steady
state unbound concentration £€av,), unbound intrinsic clearance (&k), dosing interval_{,

fraction absorbedK,) and the fractiorthat escapes gut wall extractiofg]:

Q¢ | L=t i EqQ.7

Considering equationd and 7 of critical importance for the medicinal chemist in drug design
is a focus on reducing clearance to improve Higdf and lower the required dose.
Understanding the processes involved in drug clearastbus important in order to guide

strategies aimedtaachieving this.
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1.6.3.1 Metabolism

Drug metabolism is a biotransformative process timarease the polarity of a molecule to
permit itsexcretionvia the urine or bil€%®Conventionally, metabolism is separated into two,
chronologically distinct process. &g | metabolisminvolves oxidative processes that
introduce a functionalhandle which is subsequentlgmployed in conjugative, phase I
reactionsto introduce a polar substituent that enables excretidrhis is not definitiveas
many compounds undergo phase rtletabolism without any need for prioroxidative

processeshowever phase | reactions occupy a pivotal role in the metabolism of dffigs.

The aforementioned CYP family of enzgmglay a central role in regulating phase
metabolismand are present in both the gut wall and the liv&.A heme containing
superfamily, theyatalyse the insertion of an oxygen atom into a drug molecule across a range
of substrates, with varying degrees of selectiMitgtween isoenzymesA formal (FeG)
species mediates one-electron oxidationvia the abstraction of protons or electrons
followed by the combination of theubstrateradical with an hydroxyl radicab form the
oxidised metabolite®” Of the main isoforms irlved in oxidative metabolism, CYP3i&4
responsible for the metabolism of approximately 45%konbwn drugsi®® The factors that
govern interactions with CYP8Aand CYP enzymes generally, are broadly the same factors
important for permeability namel increased lipophilicitycorrelates with increased
metabolism andclearance’®® As a resulta globalredudion in logP can lead to reduced
clearance, however given the similarly positive correlation between lipophilicity and potency

at a target this may be at the expense of efficacy.

More targeted strategies are available to the medicinal chemist. The main approach to

preventing metabolismand lowering clearancenvolves incorporating sable functional
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groupsat metabolically labile sites in order to blookidation reaction$%-319The position of
theseseOl f f SR YS@EHILBEZBREOAGA 2 FNASE & pRBrioBakbirbry SR 0 &
abstraction, and the stability of the resulting radié#iBenzylic and allylic positionas well

as thepara-position of aromatic ringsgre particularly prone to oxidationand reteroatoms

will commonlyundergo dealkylation reaction§~igure 1.30). Attempting to prevent these

reactions can be difficult as the SAR at tB¥P enzymhbas to also be considered in the

context of the SAR at thearget. The use obioisosteres as replacements for certain labile
moieties enables the effective modulation of metaboliswhilst maintainingpotengy.3'*
Bioisosteres are defined as compoundsttkeécit the same biological effecand in recent

years the development of novel bioisosteres has seen widespread application in medicinal

chemistry.
*
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Figure1.30. Known drug molecules and their metabakici LR 1a¢ o6F AGSNRA]T SRO @

Perhaps the most classic example of bioisosteric replacement suthsitution of hydrogen
with fluorine, exploiting the strength of the1CF bondto achieve metabolic stabilit§*2The
electronegativity of fluorine can alsoebused to modulate the basicitgor acidity) of
neighbouring sites, particularly in instances whekampodulation can induce changeshK,
for example iNCNS penetranc&! Finally, the polarity of the ©CF bond can induce

conformational changes, for example through intramolec@i@ctrostatic interactionsthat
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constrainthe molecule in such aay that itdoes not effectively bind tohe active site of

metabolic enzymes.

The ways in which fluorine modulagemetabolism are largely thenain focus of other
strategies:blocking metabolically labilpositions with stronger bondghe introduction of
heteroatoms to modulate the electroniaand lipophilicityof a substrate rendeng it less
susceptible taxidation andintroducing steric or conformation@hanges that constrain the
molecule in a way that is unfavourable to metabolic pathsydpr example chirality or

bicyclic three-dimensionalktructures3°®

Drug design to modulate phase Il metabolic processesomewhatmore difficult as they
primarily follow phase | processand thereforecannotbe affected. However, in cases where
conjugative reactions take place initially, there are strategies to avbig. The main
conjugative enzymes are thgluaronosyl transferases and the sulfotransferases, which
catalyse the addition of a glucuronide sulfo group respectiveRPSTo facilitate this process,

a nucleophilic functionality is required in the sulad#, typically a phenol or other hydroxyl
component, and conjugationsually renders the compouridactive.As a resultstrategesto
prevent thisinvolve removng the nucleophilic component unless essential for activity.
essential, it may be possible to replace the hydroxyl group with anotHssrtd donor that is
not susceptible to conjugatiortp introduce neighbouring functionalities that modulateeth
nucleophlicity, or to again constrain the molecule in a way that is unfavourable to the

enzymesi06.309

1.6.3.2 Excretion
Drug excretion refers to the removal of the drug from the bétiyAs described above,

compounds usually undergo biotransfornati viametabolic processes in order to render
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them morehydrophilic to enable effective excretioli.acompoundis sufficiently hydrophilic

then it may undergalirect excretioninto the urineasthe unchanged parent molecule

Whilst the liver is therimary organ of clearance epatobiliary excretia is not the major
route of drug removat®>3%It tends to be an active process, whereby transporter proteins
recognise poorly permeable compounds and promote their uptake lpatocytes.Once
inside,bile canicular transporters then act secrete the compound into the bile following
which itreturns to the gut andan be excreted in the faecé¥'Compounds that can passively
cross membranes tend to be exclusively cleared by metabpésih although are sometimes
secreted into the bilghey are largely removed to the blood for excretion in urffeBiliary
excretion can lead to a process called enterohepatic recirculation, whereby a compound that
has been secreted into the bilnd passed back into the Gl tract can be reabsorbed via the
intestine and reenter the systemic circulatioft> This can significantly impaoteasures of
bioavailability and clearance, and may prolong the pharmacological effectcatain

compounds.

Theprimary route of excretion, either for a parent compound or its metabolite, is renally via
the urine36After a compound is absorbed into the systemic circulation, or a drug metabolite
is removedfrom the liverinto the blood, bood is filtered at the pmerulus of the kidney in

the first step of urine formationand any unbound compound present will enter the proximal
convoluted tubulebefore passing into the bladder. Once in the tubule howevgophilic
compoundscan be almost fully passively reablsed back into the bloodndwill experience

little to no immediate renal clearanc@n the other hand, poorly permeable polar molecules
(logD < 0) will experience a large degree of renal clearance at rates approaching that of the

blood flow to the glomerul(glomerular filtration rate GFR, which isapproximatelyl-2 mL
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mintkg!.2%Compounds can also be actively transported into the tubuldsch can lead to

clearance rates higher thahat of GFR

Distribution to tissues

Oral dose

/ Absorption
e

Hepatic metabolism

Systemic
Cicrculation

excretion \

Passive
l reabsorption
\ 4
Excretion Excretion
in faeces in urine

Figurel.31.ADME processes within the body

Given clearance is of critical importance, it would seem advantageous to degigophilic
compoundsand drive them towards renal excretion pathwayshere rates tend not to
exceed the GER his is far lower thathe ratesthat can beobserved with metablic clearance
pathwaysthat predominate as lipophilicity increasé®However, adecrease in lipophilicity

has implications forboth pharmacodynamics and thBK parametersdescribed above
namely low passive permeability can lead to a decrease in potency due to poor access to
intracellular targetsabsorption will rely heavily on the paracellular pathwalyich can lead

to incomplete absorption antbw F(equation J); Vsswill decrease which wilead to a shorter
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elimination halflife (equation4); and finallyas PSA increases, active transport procepkgs

a more prominent role in clearanaghich can increas€Land thus decrease halife as well
(equation 4) However, the conversapproach does not necessarily solve the problem:
favouring more lipophilic moleculeso improve potencywill invariably also cause issues for
various PK parameters suchdsarance, as well as reducing solubility and thus absorgffon.

It is clear thadrug design must focus on the interplay of all these properties and attempt to

develop an SAR that balances absorptutistribution, clearance, and potend§rigure 1.31)

1.7 THESIAMS

The objective othe work presented in this thesigasto develop small molecule modulators

of frataxin expressioh & LR G Sy GdAl f G NBI (Y FROATwoFsgaEDieS NA S R NJ
were employed in approaching this challengestfy, manipulatiornof the epigenomeA-196

provides an excellent smatholecule starting point for hito-lead optimisationaimed at the
developmentof a therapeutic. The first section of this thesis descriiésrts to improve the

PK characteristics &4-196, primarily its metabolic stabijtin a manner outlined aboven

order to carry outin vivoefficacy studies.

The secongbart of the thesis concerns the conceptualisatairand initial efforts tavards the
development of a heterobifunctional molecule for the targetestabilisation of frataxin
Inducing the proximity of a deubiquitinase to frataxnll lead to itsdeubiquitinaion and
preventits degradation by the proteasome, leading to increased intracellular levels. Initial
attempts to develop a deubiquitinase redting ligand are described as well as future

prospects for the technology.
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2 INCREASINGRATAXIEEXPRESSIOMROUGHIODULATION OF THE
EPIGENOME TOWARDS AN VIVOSUV42(INHIBITOR

2.1 PROJECORIGIN; THEPROMISE OF@{EMICAPROBE
Thedza S 2 F -dgnosi A DNB SGIA ISY SGA O tel model MFRDBGNE SY |
excellent example diow this strategy can accelerate the drug discovery procAsk96was
found to be apotent up-regulator of frataxin expressioli® and due to its well defined
pharmacology SUV20 was identified a potential therapeutic target’* Knockdown
experiments that showed that the decrease in H4K20adid trimethylation induced by
SUV420 abrogation led to a concomitant increase in framagxpressionfurther validating

the choice of target3©

The promise oA-196as a potential therapeutic prompted evaluation of its PK propetties
assess its suitability fon vivostudies.In mouse liver microsomes (MLMY-196 was highly
cleared at a rate o240 uL mn' mg proteint, with a halflife of 6 minutes Table2.1). A
similay high rate of clearance was observed in human liver microsomes (H20/})l. min?
mg proteint, along with a halflife of 7 minutes (Table 2.1). The substantial metabolic
instability ofA-196 precludes its usen vivg although highly potent and selectivie would be
challenging to achieve a high enoutpseto ensurea sufficientcirculating concentratior-or
a compound to be stablefor in vivoefficacy studies it woulgreferablypossess the target
product profile (TPP) outlined ifable2.1, derived as a means of ensuricgmpoundpotency
and ADME properties that would enalddowenough dosed avoid offtarget toxicity whilst
maintaining ontarget activity.Given the desired TPP, the primary aim of this project was to
improve the metabolic stability A-196to enable its usen viva In addition, to improve its

on-target and cellulapotency whilst maintaininga high degree of selectivity over other
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methyltransferases. Finally, ttievelop a compound with staible physiochemical properties

to enable oral dosing.

Table2.1. The required target product profilefPPpf anin vivoSUV420 inhibita compared to the
profile of A-196.2Measurement of the rate oépical to basolateralAB)transfer across a monolayer
of Cace2 cells PAssessment of transpoit both directions (apical to basolateral (AB) and basolateral
to apical (BA)across a Caedcell monolayer to calculate an efflux ratio (BA/ABY indicate whether

a compound undergoes active effiiOral bioavailability?Hepatt blood flow rate®Minimum ratio

of compound concentration in the brain vs plasriMdinimum desired unboundoncentration in the

brain.

Potency and Selectivity TPP A-196
25 (H1)

SUV420 1Go (nM) 20 144 (H2)
262 (H1)

SUV420 celular 1Go (nM) 100 370 (H2)

FXNExpressiofeGo (M) 100 5200

Methyltransferaseselectivity 50x 50x

In Vitro ADME

HLMty/2 (min) 60 7.3

Clint (UL min® mg protein?) 1 191

MLMt12 (min) 60 5.8

Clint (UL min! mg protein?) 1 239

Caco2 AB (10 nm/$)

Caco2 BA/AB 2.5

Solubility sufficient forin vivouse

In VivoPK (rodent)

F9% 50%

Cl (ml/min/kg) 25% @

T2 (D) 6

Gorain/ Cplasm& 1
Grin(brain,)f 3x FXNc reporterEGo
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2.2 IMPROVING THEETABOLISTABILITY G%196

At first glance the obvious metabolic liability 0&-196 is the lipophilic cyclopentyl moiety
which would likely be a substrate f@YPmediated oxidative metabolismSecondly, the
pyridyl moiety may be subject to oxidation by aldehyde oxid@<@)orthoto the nitrogen3’
Finally, the, 7-dichloro substitutedplanar aromatic corecoupled with the cyclopeane ring,
contributes to an overall higdogPwhich will drive up clearancéletabolite profiling ofA-
196 found that 17% of the parent compound remained after 60 minutes, with four major
metabolites identified(Figure2.1). Metabolite 1 (M1) and metabolite2 (M2) corresponded
to hydroxylaton products on the cyclopentane ringjttv metabolite 3 M3) the product of
further oxidation to the ketoneMetabolite 4 M4) was the product of pyridyl transformation
however not due to AO. Interestingly, an adduct was observed to have formed between the
pyridine nitrogen and the ribose ring of adenine dinucleetghosphate (ADR)bose This
transformation haspreviously been reported with thgrotein tyrosine kinase inhibitor
imatinib, although it was noted that thigrimarily occurredafter incubation withrat liver
microsomesand in human microsomes only trace levels were deteétéNeverthelessthe
transfer of ADRiboseto various acceptors has been shown to be an importsiefp in the
regulation of intracellularC&* release, and iscontrolled by a class of enzyme called
nicotinamide adenine dinucleotide (NAylycohydrolasedi®These catalyse the conversion
of NAD into nicotinamide and ADRbose the latter of which can then be transferrad
acceptors such as water, methanol, and pyridimethis caseA-196 may be interacting with
a glycohydrolase and intercepting this pathwagading to its clearancedowever, the
transformationseems to bea result of assessment in rat microsomasgd sowhilst worthy

of consideration, will remain a sendary focus of the approach to reducing metabolism.
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Figure 2.1.Metabolite profiling identified the cyclopentyl group @¢196 as the primary site of
oxidative metabolismNl1, M2, M3), as well as the formation of an adenine dinucleotide phosphate

(ADPJribose conjugate between the pyridine nitrogenffl96and the ribose of ADRA).

2.2.1 A-196 StructureActivity Relationship

The three main stated aims of the projegere: improving the netabolic stability ofA-196;
improving its ortarget and cellular potency; and developing a compound withafle
physiochemical properties to enable oral dosiAg. understanding of the SAR aroufd 96
would therefore be crucial toachieving this andyuiding analogue designlts discovery

stemmed from aquinoline-basedhigh throughput screefdHTS) hi7, which inhibitedSUV4
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20 H1 and H2 with kg of 5.9 uM and 4.8uM, respectively?’4The ntroduction of a second
chlorine atom led to @en-fold jump in potency against SUA20H1 8), before changng the

central core to a phthalazine amatroducinga pyridyl substituenyieldedA-196 (Figure2.2.)

o S

|
Cl N" Cl N" =

NS
N
7 8 A-196
SUV4-20H11Csp=5.9uM  SUV4-20H11Cs=0.59 uM  SUV4-20H1 ICsq = 0.025 uM
SUV4-20H1 ICgy = 4.8 uM SUV4-20H11C;,=1.2 uM  SUV4-20H1 ICgy = 0.144 uM

Figure2.2. The discovery oA-196from initial quinoline hit.

A-196is a substrate competitive inhibitor and binds to the histonegdftide binding groove
of SUV40274The key interaction is a hydrogen bond between the aminéd-&06 and an
active site watemmoleculethat is simultaneously hydrogen bowed to the catalytic serine
(Se51) Figure2.3).This occupies the position where the nitrogentioé methylated lysine
would lie and blocks access to the residiethylation of the amine nitrogen leads to a
complete loss of activity and forms the inactive con{®EC2043-igure2.4). Met253 rotates
out of the binding site to accommodate the cyclopentane ring wieichages in variougn
der Waals interactions with the surrounding hydrophobic residdé® phthalazine core sits
in a” -sandwichbetweenTrp264 and Phe28% result of Trp@4 and Ile231 rotating to form
a binding pockethat the backbone chlorines tightly filkinally, thepyridyl nitrogen forms a

hydrogen bond to another water molecuéand is somewhat solvent exposed.

72



Analysis of the patent literatursurroundingA-196 paints a limited picture of its SAR.
Excluding the briedescriptionof its discovery by Brombegg al. 2’there is no data available
concerning modification of the cyclopent{®1,Figure2.4)or chloro(R2 and R¥igure2.4)
substituents,nor is here any information regarding changes to the phthalazine cOmy
changesto the pyridyl substituent (R4figure2.4) have been extensively characterised

althoughthe SARaround these changeis difficult to distil.

Figure2.3. Crystal structure showing the binding mode @-196to SUV420: a) A-1965sits between
Trp264 and Phe281, with the amine nitrogen forming a hydrogen bond with an active site bjater;
The binding pocket occupancy &f196 The cyclopentyl ring sits in a hydrophobic pocket whilst the
pyridine is solvent exposed. The two chlorgwdstituents tightly occupg hydrophobic region at the

back of the pocketPDB: 5CPR)

Largely, heterocycles such as thiopene, pyrazole, and various substituted pyridines are well
tolerated. Pyrrolidine and morpholinbased substituents are poorly toldesd, whilst

piperidines and piperazines show good potencies. Smaller aryl substituents with a hydrogen
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SGC2043
Inactive control

Figure2.4. SAR around thé-196 scaffold Welttolerated substituents are highlighted in green and

poorlytolerated substituents in redl'he inactive controdBGQ043is also shown.

Bond donorare the most potent however extended systems, for examsubstituted

pyrazoles and piperidines, andsRbstituted pyridinesalso show reasonable potencids.

these caseshe presence of a hydrogen bond donor or accemtiothe substituenseems to

be necessaryThe degree to which the donor or acceptor influences poteappearsto

depend to some extent on both a conformation@ak., free or constrained, e.glinear vs

cyclc) and directional component.

2.2.2 Analogue Design and Synthesis

Some of the results in this section have been reported in the following publication:

G. VilemeéEnriquezR. Quinlan P. Kilfeather, R. Mazzone, S. Saglain, |. Del Molincalred,B

A. Donato, G. Corda, F. Li, M. Vedadi, A. H. Németh, P. E. BasnRnWadeMartins,

J. Biol. Chem2020, 295, 1797317985
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Ontarget 1Ggs were determined b¥pr Fengling Land Professor Masoud Vedadit the University of

Toronto.

The lack of clearly defined SARuNndthe cyclopentyl group and the phthalazine core meant
analogue design took a tworonged approachmodifications aimed atimproving the
immediatemetabolic stabilityand clearance; and nafications exploringsARn anattempt

to improve potency angotentiallyfind other means of improving the stabilityhe structure

of A-196 lends itself to three key disconnections that would allogxtensive R group

modification through straightforward chemistr§s¢heme2.1).

Starting from a phthalic anhydride would allow the incorporation of different groups ané

Re, before conversion to the corresponding dichlorophthalaziBehgeme2.1, Table2.1). A
nucleophilic aromatic substitution (8r) could be used to install various amine substituents
at R, which would be followed by a Suzuki reaction to incorporate different aryl boronic acids
at R. Alternatively, a secondn8rcould be used at ‘Ro incorporate saturated heteroaryl

substituents, for example piperidines or piperazines.

R1
, HN SyAr _R! cl
R N HN R2
| i R2 i
R
4 3 ~N
Cl

Pd cross-coupling

or SyAr Chlorination

O Condensation o)
R2
NH
| O
T NH T ,
R
0 (0]

Scheme2.1. Disconnections and synthetic routesAel96 analogues.
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2.2.2.1 Cyclopentyl Modification

Thefocus on improvingnetabolic stability began wh attempting to block sites of oxidation
on the cyclopentyl ring through isosteric replacemefimine 9 was synthesised following
reaction of the corresponding ketone with diethylaminosulfufiuoride (DAST) to yield the
gemdiflurorocyclopentylamingScheme2.2). As discusseth the introduction,the stronger
Ct Fbond is less labile to oxidative metabolism, however the incréase defWaals radius
and polarity may impachydrophobic interactions in the binding pockeand soinitially only
substitution at a single carbon was evaluat€iven thephysiochemicatlifferences between
hydrogen and fluorine, a convenient alternatigethe useof deuterium?32: The @ D bond is
virtually indistinguishable from thetCH bond interms of the above properties, however the
increased stability of the1CD bondas a result of the kinetic isotope effecan lower the
rates ofmetabolism by 610 fold when bond breaking is the rate determining stépAmine
10 was synthesised by deutetion of the corresponding cyclopentenéo yield D-
cyclopentylamingScheme2.3). Initially the R-analogue was choseto test the viability of
this approachwith respect to potency prior to pursuing the less syntheticdtiyial
perdeuterated compoundThe amines were incorporated into compourilsand 12 (Table

2.1) respectively

0 F
B W S Wet

Scheme2.2. Synthesis ofert-butyl (3,3difluorocyclopentyl)carbamat®. Reagents and conditions:

a) Diethylaminosulfur trifluorideX.6 eq), DCM 0°C to RT, 24161%.
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D

1D ;
*H3N D

+
cr H3N
cr

10

Scheme2.3. Synthesis oftyclopentan3,4-d.-1-aminium chloridel0. Reagents and conditions: B) (1

atm.),Pd/C (10%), GDD, RT, 16guant.

The second approach to improving stability involved incorporating heteroatoms into the
cyclopentane ring in order twer lipophilicity and modiate its electronicsso as to be less
susceptible to oxidationThis could also introduce chirality into themolecule,which can
inducefurther changes in rates of metabolism depending on the chiral environment of the
enzyme3?® Racemidetrahydrofuran (THF)analoguel3 was synthesised along with bofR

and Senantiomers(14 and 15, respectively)as well ashe pyrrolidineanaloguel6. TheBoc

protected intermediatel7 was also evaluated for activiffable2.2).

The final approach involvedncorporating conformationally constrainetbicycles and
functionalities known to be resistant to metabolis@ompoundsl8 and 19 incorporatea
methyl and ethyl cyclopropylgrouprespectivelywhich should have the concerted effect of
lowering clearance whilst also maintaining or increasing volume of disioitn. The
bicyclopentaneand norbornanebased analogue20 and 21 were synthesised in the hope
that the constrained scaffolds euld be unfavourable to metabolic pathway3gble2.2).
Beginning from thd.,4,6, #tetrachlorophthalazinethe amines were installed via/&r, which
was followed by aSuzuki reaction with 4yridinyboronic acid to furnish the desired

analogues.
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Table 2.2. Analogues with modifications of the cyclopentane ring aimedngiroving metabolic

stabilityalongside their potency against SUREH1 and H21G, determined by scintillation proximity

assay (SPA).
R1
HN~
R2 \l\ll
R3 N
R4
SUV420H1 SUV420H2
C d R R2 R R
empoun IGo(HM)  IGso(uM)
A-196 )i> Cl Cl = | 0.025 0.144
Y “
N
F F LaVaVaVaVal
11 b cl cl = | 4 9
1'71_ X
N

12 5 ¢ N 0.05 0.14
\N

0]
13 E/E) cl  cl @ 0.90 0.70

0]
14 /[) cl @ 0.22 0.33
K <
N
(0]
15 [} cl cl = 1.80 1.80
% <
N
NH
16 /[) cl @ 1.40 2.40
% Sy

78



SUV420H1 SUV420H2

R R R R
Compound 1Go(UM)  1Gso (UM)
O [a¥aAVaV, Vol
(0]
17 N cl cl Z 2.00 1.30
/Q )T |
% N
18 cl cl = 0.50 0.60
YNy ]
N
19 E)W Cl Cl /| 0.80 0.80
NS
N
20 % cl & 0.30 0.40
NS
N
21 /b clcl ] 0.16 oL
s SN

Fluorination(11) led to al00-fold drop in potencycompared taA-196, suggesting the binding
pocket may be very sensitive to the introduction of polarity or changes in size given the almost
double van der Waals volume of fluorine compared to hydrotféAs expected deuteration

(12) had no effect on potengyso this may be viable strategy moving forward a fully
deuterated cyclopentane ring can be synthesiséd.the hetera@ycle analogues,14 had
reasonable potencywhich was significantly reduced when switching to theimer 15,
indicating a degree of chirality to the binding pock&heequivalent pyrrolidine enantiomer

was approximately teifiold less potenthan 14, suggesting a preference for a hydrogen bond
acceptor over a donor in the ring=inally,of the conformational changethe introduction of

the norbornane(21) was the best toleratedfollowed by the bicyclopentane @0, although

no substitution maintained the potency é¢196.
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Beyond modifications to improve metabolic stabilithanges were also made to the scaffold

following the synthetic route described above an attempt to better understandhe SAR

around the cy@pentyl moiety Table2.3). The changesentred onvarying thesteric bulkat

the cyclopentymoietyand attempting to extend its vector in order éxamine the limitations

of the bindirg pocket.

Table2.3. Analogues with modifications of theyclopentane ring aimed at exploring the limitations of

the binding pocket

SUV420H1 SUV420H2

R R R
Compound 1Gso(UM)  1Gso (UM)
O
29 g Pu cl 24 >50
23 %{O cl cl 1.50 >50
O
24 1571 Cl Cl 13 8
H
N
25 w cl cl 17 17
F
26 /OLF c c >10 >10
27 Q Cl Cl 4.80 5.20
o
28 @ cl cl 0.90 5.00
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SUV420H1 SUV420H2

Compound R R R R 1Gso (UM) 1Gso (LM)
29 Ccl Cl = 6 8
% o |
N
30 R/\/N’D cl Cl a 12 12
\N
// LAVaV, Vo)
31 E/\LN) cl ¢l Z 10 13
SN
o
=
32 LA/VNQ cl ¢l <4 10 8
N
(0]
23 E)\(’\Q c cl & 17 18
\N
hll v
(0] \N
SN
35 k3 NQ cl Cl @& 17 16
\N

It is immediately clear thathe strength of binding is very sensitive¢banges ining sizeat
the amine substituent Potency was lost completelyith the introduction of a four-
membered oxetane rin¢R22), andan approximate 38old drop was observetbr SUV420H1
following substitution of the cyclopentane for cyclohexar#3); Interestingly, the drop was
far more extrene for SUVL0H2 almost tenfold greater than that for the H1 isoforrRyran

(24) and piperidineZ5) substituents were not toleratedior was thegem-difluorocyclohexyl
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group of26or the adamantane a?7. 28retained submicromolar activity against Hilthough
suffered a large loss of potencgmpared toA-196. Smilarly to 23, the increased bulk of the
indaneled to a far greater drop in potency against Hilis has two implications: firsthyhilst
steric bulk at the amine substituent idactor, so is the conformation. For exampdgyitching

from the norbornane of21 to the cyclohexane o23 leads to an almosten-fold drop in
potency, and theincreased but planar bulif 28 retains submicromolar activity. Secondly,

the cyclopentyl bindig pocket of H2 is less accommodating to changes in steric bulk than that
of H1, which may be a potential route to achieving selectiBiigappointinglyall of the other

attempts to extend further into the binding pockedd to substantial losses of potency

One further strategyttempted wasmimicking the methylated histone peptide in the binding
pocket.This has previously been shown to be a viable strategy for increasing potency against
KMTs, for example in the deve@iment of A-366, a chemical probe for the H3K9
methyltransferase G9& Overlaying the binding modes Af196and the peptide(Figure2.5)
suggests hat alkylation of the amine with a methylated lysine mimsmuld eliminate the
active site water and diregtlengage the active site serine, leading to increased potency. The

introduction of a basic centre would also improve volume of distribution whilst lowering logP.

36 was synthesised following deprotonation #£196 and alkylation with zZhloro-N,N
dimethylethylamine. Although there was a substantial drop in potencValfle 2.4),
considering methylation of the amine nitrogen forms the inactive conr®GIC2043Figure

2.4) compound36 still retains reasonable activityMimicking the monomethyl lysine as
opposed to dimethyl may prove more fruitful in terms of engaging the active site serine, whilst

varying the linker length could allow fianing of the potency.
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Figure 2.5. Overlaid binding modes 0A-196 (orange),SAM (yellow) andthe histone 4 peptide

(purple). H4K20me@xtends into the vector occupied by the amine Af196.

Table2.4. Mimicking the histone 4 peptide through alkylation of the amine nitrogeA-&D6.

N
R2
N
R3 N
R4
SUV420H1 SUV420H2
R R R
Compound R 1Go(UM)  1Gso(UM)
0 ! cl ol - 3.2 5.6
~ ' .
o g

Taken together, these resultsggested that the best route to improving stability was through

the conformational changes induced by the introduction of the norborna@@ @nd

bicyclopentaneZ1).
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2.2.2.2 PyridyModification

As the SAR around the bottom halfAfL96 had been extensively probed,provided a rich
source of analogues that could potentiaitgprove metabolic stabilityThe ease of synthesis
from compound37 (Scheme2.4) meant that a library of bomaic estersand nucleophilesould

also be evaluated to expanti¢ SAR.

Of immediate interest were pyrazcleased derivatives, due to their relative metabolic
adlroAatAade O2YLI NBR (2 20KSNJ KSGSNROBOASa | a
196. 38 was initially chosen for evaluation given its previously reported superior potency and
prompted the design of39, in the hope that the difluoromethyl group would more
productively engage in hydrogen bonding with the active site water at the sbkxposed

region Figure2.3).40was synthesised in order to probe the dependence of potency on the
substitution pattern around the pyrazole ring. Beyond the pyrazoles, the main focus of
derivatisation at this position was to improve compound potencytigh stronger hydrogen

bonding interactionsTable2.5).

: aorb HN

HN
|
N
cl 2N Cl &
o] R
37

Scheme2 4. Synthetic route to derivatives via compou3d. Reagents and conditions: a)BROH)
(1.2 eq.), Pd(dppf)€(0.1 eq.), N&CQ (3 eq.),dioxane:water (4:1), 78C,52-91% b) RNH (1.0 eq.),

DIPEA (1.2 eq.), DMSE&D°C, 6365%.
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Table2.5. Analogues with modifications of the pyridine substituent aimed at improving metabolic

stability and potency.

SUV420H1 SUV420H2
C d R R R R
ik IGo(uM)  IGo(HM)
38 VQ cl Cl g!“ 0.06 0.13
N\
%
39 clcl NN 0.015 0.043
—F
F
40 ZL(Q Cl  Cl %NJ\ 1.50 1.00
=N
T
N
41 VQ cl cCl 1.20 1.50
OH
'\f\/l\/\l‘
N
42 YO cl  cl [j 1.20 1.40
//S\\
43 YO cl Cl 0.045 0.092
Il
N
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SUV420H1 SUV420H2

Compound R R R R
pou 1Go(UM)  1Gso(UM)
44 YO cl cl 0.70 0.60
CF4
45 YO cl cl 0.094 0.136
OH
46 a(O cl cl 0.035 0.077
OH
47 a(O cl  cl 0.044 0.089
HO
48 a(O cl cl o 0.07 0.15
Ccl O
49 YO cl cl N 0.037 0.042
HO N
~
50 cl cl g 1.10 6.00
_0O
51 LL(O cl  cl b 0.10 0.149
-0
52 LL(O cl cl ﬁﬁ 0.40 0.60
|
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SUV420H1 SUV420H2

Compound R R R R
pou 1Go(UM)  1Gso(UM)
53 i{O Cl Cl 0.50 2.00
NH
=N
54 YO Cl Cl 0.079 0.106
N
s
55 i{O Cl Cl 0.079 0.141
S
\=N
56 i{O Cl Cl 0.189 0.198
N/ |
5-N
57 YO Cl Cl % 1.20 1.50
NN

As can be seen abovayrsuing a stronger hydrogen bond via the pyristtor was a largely
successful ventureN-methylated pyrazole88 recapitulated the reportechigh potencyand
pleasingly theN-difluoromethylated analogue39 showed improved potency ovei-196,
vindicating this strategyf he nitrile of43led to highpotencyas didthe phenol of45, although

to aminimallylesser extent This ierhaps due to the slightly shortextension towards the
water molecule, and aone-carbon homologation to givel6 seems to solve this issue.
Compound#7, 48, and49 all have hydrogen bond donors extendiiogvards the vector that
would be occupied by the-gosition of the pyridyl groupDespitethe high dependence of
hydrogen bonding on directionality, they maintain high potessevhich suggesta different
interaction. Closer inspection of the binding pockeveals a second water molecule along
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that vector which they maybe productively engagincilternatively, n the original crystal
structure the pyridyl moiety is twisted slightly out of plane with the phthalazing a greater
degree of orthogonality for these aryl groups could potentially ledaytdrogen bonding with

the backbone of SUVZ0. 51 has a hydrogen bond acceptor along this vector which displays
a slightly lower potencyperhaps indicating a preference for donors at this positls more
metabolically sablesurrogates for the phenolic analoguégnzothiazole®4and55retained

high potency, as did benzothiadiazolg6. By comparison, indazol®3 was far less potent
which is perhaps due to unfavourable hydrophobic interactions with the methyl substituent.
Introduction of thetetrahydropyridineof 52led to a loss of potencyowever the compound

displayed improved potency compared to othreportedtetrahydropyridine analogue®°

Whilstnot leading tohuge drops in potency, the relatively unsuccessful approaches seem to
be a result ofloss of the appropriate vector along which to engage in hydrogen bonding.
Compare for example th&-, 4-, and 5substituted pyrazole analogues38, 39, and 40
respectively, with the Substitution pattern leading to a loss of poten&indingmay also be
hampered bythe hydrophobicisopropyl group, in a similar fashion &B. The piperidine
analoguegtl and42 have strong hydrogen bond donor and acceptor cajigiaind yet show
relatively low potencyThis is perhaps due to the axialdaaquatorial distribution of the
substituents around the piperidine ring, which would place tmgdroxyl and sulfoxide
oxygensalong the wrong vectors to engage withe water moleules.The low potency 050

is surprising givethe methoxy groupvasexpected to be a strong hydrogen boadceptos
however the methyl group may be interfering in some way with the interactanally, the

low potency of pyrimidin&7isagainpresumably a result gfoor extension along the proper

vectors for hydrogen bonding.
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Althoughthe above approach has yieldegveral highly potent compoundspme contain
potential metabolic liabilitiessuch asucleophilic hydroxyl group@b, 46, 47, and49) and
unsubstituted aryl ringsStrategies forcircumvening this for examplethe use of non
conjugable hydrogen bond donongde suprasection 1.6.3.1) like benzothiazolg4 and 55,
gave comparable potenciesowever raised concerns about the solubility of the final
compound The pyrazolebased analogueg8 and 39) provide the best balance in terms of
potential metabolic stability and potency, witBO achievingthe aim of improving the on
target potency ofA-196. As well as this, the nitrile containid has high potency and may
show increased stability given theetabolic robustness of the functionali#*Finally, the
benzoic acid of48 may be interesting to pursuewith respect to improvingsome
physiochemical propertieslthough it would likely impact the ability of the molecule to cross
the BBB As well aghis, the addic functionality woulddecrease thevolume of distribution
andbe detrimental to haHife, however his couldpossiblybe negated by lower clearance as

a result of the metabolicallgusceptiblegpara-position of the aryl ring being blocked

2.2.2.3 Backbone Modification

TheSAR around thphthalazinering is limited tothe effect of mone and dichlorination of
the backbonend switching from a quinoline to a phthalazit{éAs the phthalazine ring itself
isnot of great concern with respect to metabolic stability, and in fact should aid soluthkty,
main focus of derivatisation asthe backbone chlorin@atoms They sit in a tight hydrophobic
pocket Figure2.3)which presents two key challenges: achievengeduction in lipophilicity
without losing potencyand makingmodificationsthat are tolerated with respect tteric

constraints
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Introducing a second chlorine substituent to the backbone had a dramatic effect on the
potency ofA-196which suggestthe disubstituted pattern needs to be maintainedethoxy
groups act as isosteres of chlorine and offer a means of lowering lipophilicity whilst
maintaining hydrophobic interactions with the pockedlthough are potentialsites of
metabolicinstability due toO-demethylation reactionsA means of circumventing this would

be to append a heterocycle to the phthalazine in the form of a methylenedioxy ¢8alyeme

2.5), which could be further stabilised by difluorination of tiethylene bridgeSynthetically,
installingthese modifications required building the phthalazine ring fromthlated benzoic

acid via a palladiuratalysedortho-alkylation32°

The synthesis of isobenzofuranon&8, 59, and 60 was nontrivial, requiring extended
reaction times at high temperatures in a sealed tube. The subsequent steps were
straightforward however the final chlorination was low yielding, meaning it was not possible
to isolate enough of eitheB8 or 69to continue with analogue synthesis. Despite tRiBwas
synthesised fron67 which permitted evaluation of its potency against SUYdH1 and H2

(Table2.6).
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R o)
58-60 61-63
cl 58, 61, 64, 67: R1 = RZ2= OMe
1
c, d R N O\f;
— R 59, 62, 65, 68: R = R2= .
R2 = (@]
Cl
o}
F/ o
60, 63, 66, 69: Rl =R2 =
67-69 F><o Y
via 64-66

Scheme2 5. Synthetic route to the modified phthalazine core8fL96. Reagents and conditions: a)
Pd(OAg)0.1 eq.) KHPQ (2.5 eq.) CHBK, 140°C, 48 hrs, 357%; b)) NaOH (3 eq.), KMn@2.2 eq.),
HO, RT12hrs, quant.;ji) AcO, reflux, 12 hrs, quantc) NHs (1.2 eq), AcOH, 7, 24 hrs, quant.; d)

POGI(10 eq.), DIPEA (2.4 eq.), T80 24 hrs, 73%.

Table2.6. Potency of compound@0 againstSUV420H1and H2.

R1
HN™
R? S
R3 _N
R4
Compound RL R = R SUV420H1 SUV420H2

1Go(M)  1Go(UM)

70 ia/O OMe OMe = | >10 >10
NS

The dimethoxy substitution was very poorly tolerated, with only 15% inhibition of 20M4

observed at 1QuM. Thismay bebecauseto occupy the same pocket as the chlorine atoms
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the methoxy substituents ofO would have to adopt a gauche conformatiavhereasortho-
dimethoxybenzenes of this type almost exclusively adopt a plem@iormationto maximise
conjugation of the oxygen lone pair with the aromatic riffi§igure 2.6).3%¢ Both the
methylenedioxybasedanalogues (derived fror88 and 69) would likely avoid this issue, and

so efforts are ongoingp complete their synthesis.

e e

I\I/Ie HN I\I/Ie HN HN
@] @) 0

) SN M )
N > Me N Me N

? ~ AO ~ O ~
Me = = =
< < <

N N N
Co-planar Perpendicular Gauche

Figure2.6. Potential conformations athe ortho-dimethoxysubstituents of70in order ofdecreasing

stability. Bonds in bold represent a deviation from planarity.

2.2.2.4 CombirdModifications

Modifications thatweretolerated with respect tgpotencyand potentially more metabolically
stableandwere then combinedo try and achieve the greatest increase in stabilgowing
that racemicl3was reasonably potent and enantiom&f would give increased potency, the
rac-THF was chosenfor further evaluation. As well as thidoth the methyl and
ethylcyclopropyl analogues8and19were chosen alongside the bicyclopentan6fOf the
pyridyl modifications, lie pyrazole analogue88 and 39 were chosentogether with the
phenyl analogud6 and the indazol®&3(Table2.7). Once againthe amines were installedia
SWAr of the 1,4,6,#etrachlorophthalazine, followed by Suzuki reaction with the requisite

boronic acid to yield the desiremhalogues.
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Whilst it had been hoped that the SAR around the scaffol&-&96 would be additive, in

most instancesi K A &

61 a4y Qi

iKS OFa&as

I Y R

GKS ylf23d

compared to their parent structureg.1retained potency and would be expected te more

potent when the single enantiomer is tested, which may form the basis for future efforts.

Table2.7. Combined modifications &%-196aimed at improving metabolic stability whilst maintaining

potency.
SUV420H1 SUV420H2
R R R R
Compound 1Gso(UM)  1Gso(UM)
o)
S I A
N
\
\
73 %{J\\§7 cl cl %};N 1.10 0.90
N
\
24 c C 1.00 0.70
B N—N>’F
F
75 %;J\\§7 ¢« [:E? 240 1.60
OH
76 % cl Cl g!\l 0.40 0.60
N
\
%
77 %;%f/ cl N 0.30 0.70
>/F
F
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SUV420H1 SUV420H2
[Gso (M) [Gso (ULM)

78 % cl  cl 3.2 3.7
NH

Compound R R R R

76 and 77 also remaied reasonably potentand combine the functionalities previously

identified as most likely to improve the metabolic stability.

2.2.3 Scaffold DiversificationSecondCompound Series

During the course ofhe work around A-196 a crystal structure of SUV2D with a new,
structurally distinct inhibitor boungvasdisclosedFigure2.7, compound79, PDB: 5WB\V79
occupesthe histone binding pocket of SUN20 in a very similar manner to that Af196: the
pyrazolopyone coreis sandwiched betweehrp264 and Phe284ith the carbonyloccupying
the same vector as one of the chlorinéise phenyl ring occupies theyclopenyl pocket and
the chlaobenzoic acid sits in the same solvent exposedionas the pyridine, the chlorine
overlapping with the pyridyl nitrogerin the absence o& hydrogen bond donothe active
site water is excluded from the pocket by theteraction of the phenyl ring and the methyl

substituent on the pyrone.

The potency of79 against SUV20 was not disclosed, however if highly active the
pyrazolopyrone core offers an attractive, less lipophilic alternative to the dichlorophthalazine
of A-196. It was envisaged that combining features of the two structures could yield a new
class of inhibitors with enhanced metabolic stabili®® could be accessed following
consecutive condensationsf 2-chloro-5-hydrazinylbenzoic acidith ethyl benzojacetate

then ethyl acetoacetat¢Scheme2.6). Initially, synthetic efforts focused on exploring the SAR

around the scaffold o079 and attempting to engage certain residues in the binding pocket in
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order to improve its potencyTable2.8). Sequential condensations of various aryl hydrazines

with i -keto esters afforded expedient access to a range of analogues.

Figure2.7. Crystal stucture ofSUV420 in complex wittA-196 (orange)overlaidwith the structure in

complex with79 (blue) (PDBSCPR5WBV)

HoN .

79

Scheme2.6. Synthesis 079. Reagents and conditions: Bjhyl benzoylacetate (1.0 eq.), EtOH,°60

12h, quant; b) Ethyl acetoacetat€10.0 eq.), reflux, 1282%.
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Table2.8. Analogues ofeported SUV420 inhibitor, 79, and their activity against SU\20H1 and H2.

R3 R'I
7
| N
o~ N

SUV420H1 SUV420H2
1Gso (LM) [Gso (LM)

@)
R
o
OH
Ch 5.00 8.50
@)
oy
@_{*‘ Ch 5.60 8.60
@)
Y
@_{W Ck >10 >10
@)

¢
¢
¢
¢
¢
:

Compound

79

80

81

83

Ly
Q Ch >10 >10
0

N
N ChH >10 >10

84

85

Cl
&
@ Ch >10 >10
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SUV420H1 SUV420H2
1Gso (ULM) [Gso (M)

0 Y
86 \@ @ ChH >10 >10

Compound/9was revealed to be eelativelyweak inhibitorof both isoforms of SUV20,and

Compound R R R

no derivative tested showed improved poteng&yss of the chlorine8Q) caused a slight drop

in potency,howeve the carboxylic acid moiety proved to be crucial for maintaining some
degree of activity fee compounds82, 83, 84, 85, 86). Attempts to place hydrogen bond
donors along the Rrector in order to engage the active site wat82 @nd 83) analogous to
the pyridyl ofA-196, proved fruitless Similarly, introducing hydrogen bond donors alorig R
to interact with Ser251 yielded ngains in potencyit is worth noting that this strategy was
not attempted with the chlorobenzoic acid af Rue to the availability of thestarting aryl
hydrazine, however itnay yield better results if attempted in fute. Finally, compoun81
was designedto investigatestabilising the potentially metabolically labilenylic methyl

group, however the introduction of the trifluoromethyl was not tolerated.

Despite the low potency of9 and its analoguesthere remains tle possibility that the
pyrazolopyrone coreould be a suableisostere for the phthalazine. As a result, efforts are
ongoing to synthesiseompounds based on the pyrazolopyrone cor&®that incorporate a
cyclopentylamine and pyridyl compone®&7/ Figure2.8).Further derivativegomprising the
more metabolically table and more potent substituentqd88 and 89) could then be

synthesised should the combination retain the potencyA«f96.
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87 88 89

Figure2.8. Envisaged combintians of 79, A-196, and other analogues

2.3 INCREASINGRATAXIEXPRESSION

Determination offrataxin-luciferase expression was carried outby Gabriela Vilem&nriquezand

Saumya Maheshwarat the Department of Physiology, Anatomy, and Genetics, University of Oxford.

2.3.1 GAARepeat Expansion Reporter Model of FRDA

The FRDA cell model that was the basis of the initial discovérl 986 (section 1.5was also
essential in identifying those analogues that induced an equivalent or improveegugation

of FXNexpressionThe model allows the direct comparisonfadtaxin expressiotetweena
normaland diseasedXNgene containing an expanded repeat regi8hA vector containing

a promoter sequence, thEXNocuscontaining six GAA repeatsnda downstream sequence
was fused with a firefly luciferaggene atexon 5a immediately before the stop cod@BAC
FXNLucvector, Figure2.9). To mimic the genomic changes associated with FRB&cond
vector was designed with GAA region 310 repeats long inserted into intron 1 of EXN
locus in orderto replace the six GAkepeatsand mimic the changes associated with FRDA

(PBAGFXNGAALuUG Figure2.9).
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Promoter FXN Locus Downstream
1 | |

|:| pBAC-FXN-Luc = 6 GAA repeats

|:| pBAC-FXN-GAA-Luc = 310 GAA repeats

vl 2 3 4 5a
N |
\ AT 11
T e 1]
- ~
~ N
e ~
e ~N
< ~
i
Exon 5a STOP codon

\

Peptide Luciferase

. Exon 5a
Linker

Figure2.9.Schematic representation tifie pBAGFXNLucvector(6 GAA repeatgndpBACFXNGAA
Lucvector (310 GAA repeats] he vectors contain approximately 38 kb of promoter region, the 80 kb
FXN locus and 17 kb of downstream sequefos®n 5a containaluciferase sequence preceded by a

LISLIG A RS f AeydjaSdielowed immedis&telymbefore the stop codon

HEK293 cells transformed willoth vectors expressed a frataxiunciferasefusion protein of

the expected sizewhich could be measured using relative luciferase expression as Broxy.
The presence dhe repeat expansion led to 27% decrease iIRXNLUCMRNA levels, and a
42% decrease in levels of the fratakiciferase protein recapitulating the phenotype
observed in FRDpatient cells. Importantly, the presence of the repeat region in the vector
induced the same epigenetic changdserved around th&XNocus in FRDA patients: global
histone hypoacetylation;an increase in repressive histone methylation marks; and an

increase iIrCpG methylation.
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HEK293 cells bearing the pBRENGAALucvector were treated withthe A-196 analogues
for six days at pM. Frataxinluciferase expression in these cells was comgdomea DMSO

vehicle control andHEK293 cells transfected with the healthy pBA@Lucvector.

2.3.2 Effecton Frataxin ExpressiarReporter Model

2.3.2.1 CyclopentyModifications

2.0

*kk

1.5+

1.04

0.5+

Relative luciferase expression

0.0

SISO YRV A2 AR ROV DD ADAY A AP AN A AP AN 4D AD AP 5V A2 a0
S
5uM
6 days

Figure2.10.Effect of compound41-36 on FXNexpression in a reporter cell model of FRBANLuc
represents a reporter model of healtfiyXNexpression. The vehicle control is DMSO &62043acts
as a negative controCells were treated with compounds &M for 6 daysResultsare the average
of three experimentseach withthree biological replicatesThe data are relative to the vehicle and
are presented as means + SEM (aveey ANOVA followed by Bonferroni test)= p < 0.05; * = p <

0.01; *** =p < 0.001*** = p < 0.0001

Fourcompoundg19, 21, 23, and28) induced a significanhcreasan FXNexpression to levels
comparable to or above thaif A-196 (Figure2.10) Within error, all these increases were to

the level of expression observed in the healtontrol. Several otherg12, 17, 18, and20)

100



also induced an increase in expression however not to a degree of statistical significance.
Interestingly,13 and ts enantiomer 14 showed no appreciable increase FXNexpression,
despitebeing equallyf not more potentagainst SUM20H1than 23 and 28, respectivelyl4

is also more potent than boti8 and 20, so the reason for this lack of efficacy is not
immediately apparent.lt may be a result of decreased cellular permeahilias the
introduction of the THF ring in placetbe cyclopentane will lead to a drop in ClogP, however
it would not be expected tbe to such an extent as to prevent cell penetrandaique to23
and28is a high degree of selectivity for SUX@H1 over HZuch that little to no H2 inhibition
would be expected upon treatment of cells with these compouridsand 28 display the
samepotency against Hbut 13is actually marginally more selective for H2 over Which
could play some role in the observed efficacy of the compouride potential mechanisn
underpinningthis is unclear SUV40H2 inhibition maye in some wayantagonistic to H1
inhibition in the context oFXNexpressionSUV420H1 knockout cells could be treated with
A-196to see if H2 inhibition reverses the increasd-MKNexpression induced by knockdown
to test thishypothesis However if this were the casesome effect would bexpectedafter
treatmentat 5uM with those more potent compoundsuch asA-196, which is not observed.

As such, it is more likely a result of poor permeabditgolubility.

2.3.2.2 Pyridyl Modifications

Many of these analogues were potent inhibitors of St2@4which is reflected in the fact that
the vast majority induced significantincrease irFXNexpressionand many to a level above
that of the healthy control ad A-196 (Figure2.11) However,severalanaloguesith 1Gos of
less than 5uM did not induce asignificantincrease irFXNexpressionincluding some of the

more potent analogues yet synthesisétis again may be explained by issues ot
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Figure2.11.Effect of compound88-57 on FXNexpression in a reporter cell model of FRBANLuc
represents a reporter model of healtfiyXNexpression. The vehicle control is DMSO &&IC2043&cts
as a negative control. Cells were treated with compounds ja for 6 daysResults are the average
of three experiments each with three biological replicatd$e data are relative to the vehicle and
are presented as means + SEM (avey ANOVA followed by Bonferroni test)= p < 0.05; * = p <

0.01; *** =p < 0.001; *** = p < 0.0001

permeability:for example 48 has an 165 of 70 nM against SUV20H1 however the benzoic

acid functionality would likely render it ionised under assay conditions and thus poorly
permeable.More puzzlinghoweveris the difference in cellular effect between equipotent
compounds (e.g42vs41l, or47vs43), and betweemear structurally identical compounds

(e.g., 54, 55, and 56). The latter examples suggestK I & (G KAa&a AayQd |y A
permeability or solubility, and neither can it éributed to increased potency against SUV4

20H2 over H1Previous CRISPR knockout studfitsnd the efficacy ofA-196 provide
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conclusive support for target selectioand so he differences could be due to experimental
inconsistenciesHowever, the results are the average of nine biological replicatgth a
relatively small standard error (SE) per compoulass spectrometrguggests there are no
issues with compound degradation, and so it may be that there paioblemswith the

reproducibility andidelity of the FXNreporter model.

2.3.2.3 Combined Modifications

2.0+

1.5- **

1.0+

0.5+

Relative luciferase expression

\’wa é?; Q&b \96 4\'\' ;\'\o ;\") ,\ﬁl 4\"') ,\fo 4\'\ ,\‘b

5uM
6 days
Figure2.12.Effect of compound31-78 on FXNexpression in a reporter cell model of FRBANLuc
represents a reporter model of healtfiyXNexpression. The vehicle control is DMSO 86204 3acts
as a negative control. Cells were treated with compounds ja for 6 daysResults are the average
of three experiments each with three biological replicatd$ie data are relative to the vehicénd
are presented as means + SEM (aveey ANOVA followed by Bonferroni test)= p < 0.05; * = p <

0.01; *** =p < 0.001; *** = p < 0.0001
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Of those analogues that combined modifications aimed at boosting metabolic staBaljty,
73, 74and 77 inducedanincrease ir-XNexpression ta degree of significanaempared to
the vehicle.75and 76 also increas&XNexpression to thdevel of thehealthy control(Figure
2.12) Interestingly,71 had no effect onFXNexpression despite having swbicromolar
potency against SUV20, replicating the results observed fdhe structurally similar
compoundsl13 and 14. Poor cellular permeability may be a feature of the THF containing
analogues, and it would be worth assessing this in future experiméétmmbines structural
features that should improve metabolic stability, asd it is heartening that the potency
against SV4-20 is matched by good efficacy in the reporter modéie lack of statistical
significance is likely due to tHaghly conservative nature of the Bonferroni correction for
multiple comparisonsDoseresponse experiments calculated the cellularsd=sZ 76 for
inducingFXNexpression aB.3 uM (Figure2.13) The plateau of theurve was not reached
which may affect the accacy of thismeasurementand so the experiment will be repeated
in future. Nevertheless, the calculated &@mainsrelatively high and would need to be

optimised with further analogue design order to improve the eventuah vivodose

Compound 76

whkk

*Ek el

Relative luciferase expression

: : '
] 0.5 0.5 1.5
‘\‘-'\ :
o Concentration pM (Log[Conc])

=

Figure2.13.Doseresponse off6in the reporter model ofFXNexpression
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2.3.2.4 Second Compound Series
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Figure2.14. Effect of compound39-86 on FXNexpression in a reporter cell model of FRBANLuc
represents a reporter model of healtfiyXNexpression. The vehicle control is DMSO 86204 3acts
as a negative control. Cells were treated with compounds ja for 6 daysResults are the average
of three experiments each with three biologicapheates. The data are relative to the vehicle and
are presented as means + SEM (avey ANOVA followed by Bonferroni test)= p < 0.05; * = p <

0.01; *** =p < 0.001; *** = p < 0.0001

Despite little to no observed potency against the St280shomologes,four compounds of
the pyrazolopyrone series induced a significant increaséXhexpression relative to the
vehicle(Figure 2.14)This wouldsuggestan increase via separatemechanismo SUV420
inhibition, perhaps some interaction with nascent RN&\ prevent Rloop formation.
Literature analysis revealed structurally similar compounds #wéd as inhibitos of the
bromodomains oPolybromo Proteirl (PB1)which has been implicated in various forms of
cancer(PB110 and PB%11, Figure 2.5).3%8This compound series may be interacting with
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these domains, however given the histone hypoacetylation charetie of the FRDAXN
locusthe mechanism by which thigould induce gene expressigamains unclearAs such
before further compound chacterisation can take place the contentionsremain purely
speculative.Another possibility, as described previously, is issues with the fidelity of the
reporter cell assay. Although the response of cells to the vectors has been extensively
characterised??’the repeat length of thegpBAGFXNGAALucvector is relatively short (310
repeats) compared to what is observed in sufferers (800 repeat$%6This may lead to an
inconsistentFXNexpression profilacross cells, with some exhibiting the diseahenotype
where othersdo not It may also lead to inconsisteresacross thezpigenomeof cells, which

may explain why some potent compounds notinduceexpression whilst others do.

o 0
o 0
\ N \ \/N
NH NH
PB1-10 PB1-11
PB1 Ky = 3.4 uM PB1 Ky =3.3 uM

Figure 2.5. Isochromeno[3,4&]pyrazot5(2H)-one-based PR inhibitors, PBt10andPB:11

2.4 PHARMACOKINETICS

Hepatocyte stability studies were carried out Bygnature Discoveryn vivoPK assessment was

carried out byPharmidex Pharmaceutical Services Ltd
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2.4.1 In VitroPK

Microsomal stability assays avaluable for determining the clearance of compounds that are
substratedor phase | enzymesiowever hepatocytes are thought to be closer to a mdde
the whole liverasthey comprige cell membranes andhe physiological concentrations of
enzymes and cofactor8? As such, theyare more useful forpredicting in vivo clearance
Therefore, boking ahead tdn vivo studies hepatocytes were chosers a more relevant
system for metabolicstability assessmentA-196 was incubated withmouse and human
hepatocytesand displayed a high rate of clearance and relatively shorilifi@lin both(Table
2.8). A longer haHife than that observed after incubation with MLM and HibMy indicate
that the uptake ofA-196into hepatocytes is ratéimiting, suggesting a relatively low degree

of passive permeability compared tchagh rate of metabolisni3©

Of theanaloguesynthesisedcompound¥6 and77 combined structural featuresnvisaged

to give the greatest increase in stability wiglood potency against SUN20. Alongside this,
they displayed good efficacy in thERDAreporter model, inducing robust expression of
frataxin back to healthy levelsThe compounds were incubated with mouse and human
hepatocytes, where they displayed stark differences in metabolic stability between species
(Table2.9). Pleasingly, botf76 and 77 dispayed vastly improved clearances and Ha#és in
human hepatocytes compared 88196. In particular/6 had a haHife of almost three hours,

a 9fold improvement oveA-196, with an 8fold reduction in clearanceéAlthough clearance

is significantly redced,it would still ideally be loweras per thetarget-product profile The
introduction of theN-difluoromethyl substituenof 77 led to an increase in potenawver A-
196and it was hoped thigvould be coupled with an increase in stability relativeig but it

displayed a far shorter halife. In mouse hepatocytes[6 showed slight improvements in
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clearance and halife over A-196 howeverto a far smaller extent than those observed in
human hepatocytedBy comparison/7 showed far worse stability in mouse hepatocytean
in human and even when compared #-196. Compound39 was subsequently incubated
with mouse and human hepatocytes itvestigate the effect on stability of introduciriige

N-difluoromethyl pyrazole.

Table 29. Stability in mouse and human hepatocytesfei96and compound89, 76 and77.

L0

HN
cl Cl
cl Q =N
E cl cl ~N
cl Z
{ N
a N-N
SN >”F
F
A-196 39 76 77
Species (hepatocytes Compound Clint (UL/min/x10%cells) t12 (Mins)
A-196 60 23
39 248 6
Mouse
76 41 34
77 193 7
A-196 72 19
39 56 25
Human
76 9 179
77 13 103

39 displayed comparable stability #196in human hepatocytehowever was cleared at a
four-fold higher rate by mouse hepatocytes. This difference may be explained by an increase

in the passive permeability & meaning hepatic uptake is no longer rdimiting, however
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this would be expected to be observed in huntepatocytes as well, where instead there is
a slight improvement in clearance and hidié. It is more likely that species differences
between mice and humans are the cause: for example, mice have a far larger and more
complex CYP2C and CYP2D familiegnalymes for which these compounds may be

substrates®3!

2.4.2 In VivoPK

The improvedstability of 76 in hepatocytesprompted its evaluationn vivoto assess its
suitability for dosing in a mouse model of FRBAbcutaneou$SCYosing was chosen as the
route of administratiorin order to prolong exposure as much as possdne because it lends
itself to drugs that need chronic dosing as an epigen@odulator would®3? The study was
carried out in two arms: firstly, dosing exclusively wit) and secondlyco-dosing76 with

the CYP3A4 inhibitaitonavir in an attempt to artificially increase hdlfe further.

Theplasmaconcentration of7f6 was assessed at multiple time points following SC dosing at 1
mg/kg. As shown iMable2.10, in the first arm plasma concentrations peakddf minutes

and thendropped to below the limit of quantification after 8 hours, with a Hék of 1.9
hours.In the second arm, the mice were dosed with ritonavir at 12.5 mg/kg orally (PO) 30
minutes prior to receiving an SC dose76fat 1 mg/kg.ThespecificCYP3A4nhibitor made

little to no difference to the halfife of 76, further supporting thedea that members of the
CYP2C and CYP2D families may be responsible for its metalidlisns a limitation of the
study design and perhaps should have been recognised spfutere studeswill evaluate

76 alongside a pai€YPrihibitor such asaminobenzotriazole or perhaps a CYP2C specific

inhibitor likesulfaphenazole
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Table2.10. In vivopharmacokinetic assessment 0. Arm 1:76 (1 mg/kg SC); arm 26 (1 mg/kg SC)
+ ritonavir (12.5 mg/kg PO)YTime to reach peak plasma concentration following administration;
®PMaximum plasma concentratiofArea under the plasma concentratidime curve from time zero

to the time of the last measurable concentration

Arm tuz (hr) max (D) Gnax’ (UM) AUGas€ (UM -hr)
1 1.9 0.5 0.299 0.625
2 2.2 0.5 0.295 0.495

Despite thisat 1 mg/kgSC76 caused no adverse effects adiplayed a reasonable hdife.

It did not reach plasma concentrations greater than celliapat this dose howeverven
before the extent of plasma protein bindif@PB and thus thefraction unbound has been
calculatel. As a resultthe dosewould need to be substantially increased in order to achieve

efficacyin vivofor a prolonged period of time.

2.4.3 CNS MPO Score

To establish therobability that76 will cross the BBB when testeéd vivqg it was evaluated
against the CNS MPO criteria outlinedsection 1.6.2.2Table2.11). A score of 4.7&dicates
that 76 will likelycross the BB and enter the CN882which is of critical importance for FRDA.
Both clogP andclogD remain too high, and further efforts to lower these will aid both

clearance and the CNS MPO score.
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Table2.11. IndividualcalculatedCNS MP®©@omponentparameter values, thegcoresand totalMPO

scorefor compound76.

clogP  clogD MW tPSA  HBD pPKa MPOTotal

76 3.53 3.53 360.24 55.63 1 2.29

MPO Score 0.73 0.23 1 1 0.83 1 4.79

2.5 CONCLUSIONS ARDTURBNORK

At the beginning of this chapter, a set pfiarmacokinetic and pharmacodynantdteria
necessaryfor anin vivoSUV420 inhibitorto induce FXNexpressionvasestablished Table
2.1).It was immediately obvious that the reported inhibitd¥196, despite excellenin vitro
activity,would not be suiableas anin vivotool due to itssignificant metabolic instabilityrhe
highly lipophilic cyclopentyl moiety was identified as the principal site of-rGatifated
oxidation,and it became the focus of efforts aimed dg¢veloping a new SUV2D inhibitor

with improved PKand PDproperties.

With limited knowledge of the SARrsounding the molecule, a series of over 70 analogues
were synthesised in order tidentify potential structural modifications that wouldhprove

both clearance and halffe whilst maintaining potency and selectivity.became apparent

that the H4 binding pocketof SUV40 was incredibly sensitive teteric factors, with any
change in the size of the cyclopentyl ring leading to sharp drops in potency. Traditional
strategies, such as the blocking of metabolically labile positions, or the introduction of
heteroatoms were also not toleraté. A means otonstrainng the moleculen such a way as

to be unfavourable to metabolic enzymesthout incurring tooheavya steric penalty was
found through theintroduction of bicyats, with bicyclopentane and norbornaanalogues

retaining nanomolar potencyGains in potency were achieved through modification of the
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pyridyl substituent, withpyrazole analogues displaying comparable and in one case improved
potency over the parent compoundeventually, combining the modifications resulted in
compound76, which retained good potency against SLR® induced robust expression of
the FXNgene in an FRDA reporteell model, and had vastly improved metabolic stability

when assessedoth in vitroandin viva

Despite progress having been matieereremain significant issues that need to be addressed
in order to meet the requirements of the target product profioth ontarget and cellular
potency need to be improvednd a moresutable alternaive to the metabolically untable
cyclopentyl moiety foundAlthough it was hoped that the selectivity of thanalogues
compared teA-196would nothave beergreatlyaffected given the structural similarities, this
also needs to be assessed to ensuifetarget effects are limited at higher dosé#ith respect
to eventualin vivostudies the extent of PPBeeds to be calculated in ordéo inform the
dose needed tonicrease the circulating unbound concentratitmabove cellulaiEGs. The
metabolic stability has been substantialiproved; however,a relatively high clearance is
still contributing to a short hallife. Efforts areongoing to address thisowering the logP
through substitution on the corg(90); further improving the stability of76 by blocking
metabolically labile site@1); andscaffold modification to create novel compousérieswith
improved stability 92, Figure2.17). Finally,although MPOcalculationssuggests it would be
CN$penetrant,this, andother physiochemical properties such as permeabditgd solubility

needsto be assessed.

Beyond the compound itselfjiscrepancies between etarget potency and effect in the
reporter assay have hampered progregs can be seen in Figure @.1here are a large

number of compoundshat are potent inhibitors of SUV20 but induce no change iFXN
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expression in the reporter cell mod&imilarly, several compounds witle obsewed potency
against SUV0 induce an increase in frataxin levels.may be prudent to repeat the
characterisation of theFXNLuc fusion vectors in order to investigate if there are any
inconsistencies ifboth frataxin expression anthe changes to the egenomedue to the
reduced number of GAA repeatsThe various analoguesand in particular the second
compound series, will be evaluatedselectivity assay® investigate the potentiathat FXN
expression is being increased via a separate pathway to-80Whibition.Moving forward,
the effect on cellulaFXNexpression will be evaluated in termsadfmpoundEGo as opposed

to single point measurements give a more accurate picture of cellnlefficacy Thiswould

alsoallow thedevelopment of an SARhat combines both cellular 65 and onrtarget1Gss.
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Figure 2.8. Histogramshowing the number of compounds with SU2@l IGy< 10 uM (green), 10-
5.0uM (amber), and > B uM (red), andhe fold-change ir-XNexpression they induce in the reporter

cell model of FRDA.
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Nevertheless, the main goal of this work was to improve the metabolic stabilify 16
whilst maintaining activity, and great strides have been made towards this. Withegaid
improvement in haHife from 19 minutes to almost three hours achiewsith compound76,

the stage is set for thin vivoassessment of SUM2D inhibition for the treatment of FRDA in
the near future. Any study will have to be designed with derfactors in mind, for example:
appropriate biomarkers for compound efficacy; subcutaneous administration to prolong
exposure and enable chronic dosing; potentialdosing with a specific or broagpectrum
CYP inhibitorand finally correct choice of anal model given the potential for species
differences in metabolism. Should SU2@! prove to be an unviable therapeutic target for
FRDA, it is hopetthat a potentand selectiven vivotool will also allow for the interrogation

of the target in thepathology of other disases

Cl N\TQ

Cl

20 91 92

Figure2.17. Next steps in analogue design towardsimrivoSUV420 inhibitor.
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3 INCREASINGRATAXIEXPRESSIAMROUGHIODULATION OF
PROTEOME DEUBIQUITINASERGETINGHIMERAS

3.1 PROJECORGING INDUCEIPROTEINSTABILISATION

In 2001 collaborative work between researchers at the California Institute of Technology and
Yale University was published describing a novel method for the conditional inactivation of
proteins33® A chimeric molecule was synthesised that covalently bound to methionine
aminopeptidase2 (MetAR2) at one end, and at the other recruited théiquitin ligase
complex SkpLullinF box complex containing Hrtl (SCH)e induced proximity of MetAP

to SCHed to its ubiquitination and subsequent degradation by the proteasome, and thus the
first proteolysis targeting chimera (PROTAC) was born. This heralded the start of a new era
for drug discovery, and since then the field of chimércheterobifunctiond) small molecules

has exploded3*

The key role of a PROTAC is to drive the formation of a ternary complex between a protein of
interest (POI), the PROTAC itself, and an E3 ligase that can catalyse the ubiquitination
process®®® This means of promotinproteinprotein interactionsPPIshas inspired a host of

novel heterobifunctional molecules, an example of which has already been discussed, the
GeneTAC* Other examples include: lysosome targeting chimeras (LYTACS), that bind
extracellular and meirane proteins along with eelksurface lysosomshuttling receptorto

target them for degradation by the lysosor®&ribonuclease targeting chimeras (RIBOTACS),
which promote the degradation of RNA by ribonuclea¥éphosphatase recruiting chimesa
(PhoRCs), that induce the dephosphorylation of target prot&hautophagy targeting
chimeras (ANTAC9 which target proteins for degradation by autophagosshé

photochemically targeting chimeras (PHOTACSs), which enable optical contRRO@TAC
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action24? and most recently the acetylation tagging system (Ace WAth inducesprotein
acetylation®*? Through induction of postranslational modifications (PTMs)these
technologies enable the control of protein function, fate, localisation, and can massively

impact cellular signalling.

One example described, PhoRCs, are an interesting new addition to the field of
heterobifunctionals in that they are the first tdescribe the removal of a PTWE Whilst
inducing the degradation of proteins through ubiquitination has broad applications in disease
treatment,33>the reverse process could also be of great value in diseases that require protein
stabilisation. The dgbiquitinases (DUBs) are a superfamily of isopeptidases that cleave
ubiquitin chains in a manner specific to the degree and internal site of ubiquitin&tién.
chimeric molecule that recruits a DUB to a POI and induces its deubiquitination to prevent
degradation could be a grourdoreaking addition to the toolbox of heterobifunctionals. It is
estimated that 8690% of cellular proteins are degraded by the ubigitinteasome system
(UPS), highlighting the potentially vast applications of this technctdyrataxin is one of
these proteins: it is ubiquitinated by the really interesting new gene (RING) finger pi@éin
(RNF126) whose genetic ablation leads to the accumulation of frataxin within th#“cell.
deubiquitinase targeting chimera (DUBTAC) for frataxin could achieve the same [effece (

3.1).

3.1.1 Recruiting a DeubiquitinageJSP7

The human genome encodeservl00 DUBs whicban be subdivided intaix, structurally
distinct families®* ubiquitin-specific peptidases (USPs); ubiquitin carboxyterminal
hydrolasegUCHs)MachadaJosephin domaktontaining protease@MJDs)pvarian tumour

proteaseqOTUs)motif-interacting with ubiquitincontaining novel DUB fami(iMINDY's);
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Figure3.1. The premise of a DUBTAC.

and JAB1, MPN, MOV3detalloenzymes (JAMMSJ® They perform three key functions
across the cell in relation to deubiquitinatiomgenerating free ubiquitin following its
translation by the ribosome; shortening polyubiquitin chains to edit the PTM; and finally
removing ubiquitin from a protein to reverse ubiquitin signalling or prevent its degrad&tfon.
Of the myriad ubiquitinatio types, mone, K48linked and K63inked are the most
abundant3**K48linked polyubiquitination is the cellular signal for proteasomal degradation,
and so a DUBTAC fimduced protein stabilisation would have tecruit a DUB that targets
these ubiquiin chains.The USP subfamily of DUBs is by far the largest of thargixthe
majority of USPs remove ubiquitin from their substrates regardless of linkagg4ympaking

them an ideal family within which to find a saible DUB.An appropriateigand willneed to
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be allosteric, binding to a domain functionally distinct from tdaalytic USP domaiso as

not to inhibit DUB activity.

USP7targets multiple proteins ath has been extensivelgtudied for its role in the
deubiquitination of tre oncogenic E3 ligase MDM2, which is a key player in the degradation
of the tumour suppressor p58*7:349t is a 135 kDa protein comprising seven domaind\N-an
terminal tumor necrosis factoreceptorassociatedfactor (TRAF)ike domairy the catalytic
USRdomain and five @erminal ubiquitinlike domains, UBL4 (Figure3.2).3*The TRAkke
domainis crucialfor substrate recognitiorvia a shallow groove on its surfaCehe catalytic
USP domaiontains the conservetbld typical for the USP family of enzymes, along with a
catalytic triadcomprising residue€223, H464 and D481SP7 is somewhat unigaenongst

the USPs in that its catalytic domain remains in the inactive conformationiubtitds its

ubiquitin substrateor UBL45 interact withits@ & 6 A G OK X% 3 f 2 2 L) o

USP7 was initially discoveras a result oits strong interaction with thénerpes simplex virus
type-1 (HSV1) encoded E3 ligase, infected cell protein 0 ()GPE>1ICPO mediates the
proteasomal degradation of a number céllular targets central thlost immune responses,
and recruits USP7 to prent autoubiquitinationand stabilise iin vivg3®? akin to a natural
DUBTAQCPO binds to USRI the interface ofUBI1-2, in a similar manner to other known
USP7 UBL binders such @iRsynthetase (GMPS)which allosterically promotes the
interaction of UBL% with the catalytic domaito form the active staté*°353These proteins
interact with the negatively charged surface of UBL2 via a shaxagkmotif, with the two
lysine residueforming direct contacts witld762 and D764f UBLZAFigure3.3)3%4Analogous
to the first reported PROTAES a peptide containing thikxxxKmotif that mimics the

allostericinteraction of ICP@/ith USP7 could from one end of a prototype DUBR&Cruiting
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USP7 in this fashion would have the added berafpromoting the interaction of UBL&

with the catalytic domairmandincreasingts catalyticactivity.

ﬂ— Catalytic | 1 g 4 UBL2 UBL3 UBL4 UBL5
Domain

Figure 3.2.Crystalstructure of he USP7 catalytic domain (cyan) and UBL¥ellow, green, red,

respectively), with accompanyirmpmain map(PDB: 5FWI).

Figure3.3.a) Crystal structure of the interaction of ICPO with USiibwing K620 and K624 extending
towards the buriedaspartate residuesb) Specific interactions of K620 and K624 of ICPO wis2D

and D764 of USRhighlighted in green) (PDBWPI).
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3.1.2 Targeting a POI

Small molecule drug discovery Haggelyfocused on the development afhibitors, which is

in part a reson why the PROTAC field has been able to expand so rapidilyition and
degradation work synergisticallgnd so there is no shortage of ligands from which to develop
PROTACBY contrast, the sameannotnecessarily be said for a DUBTA®Ilst an inhibitory
ligand may help target a DUB to a POI, contchihibition would be antagonistic to the
desired effect of induced stabilisatios a result, it may be necessary to focus on the
development of allosteric binders for any putati POIsThis may not be the case however,
particularly giventhe mechanisms by which PROTACs exert their effettsrstly, as the
PROTAC is not itself degraded by the proteasome, they can operatachiometrically
and exert their effect on multipl@Olequivalents*®**DUBTACSs could work in a similar manner
given binding affinity to the POI may be affectedutpyquitination status. Secondly, because
PROTAC efficacy is ewaliven, i.e.,by ubiquitinationrather thanbinding affinity potency is
not a concern andgon-functionalligands can be useahd still exert an effect>>3>"Therefore
weak orthosteric ligands could be usédbat will induce deubiquitination but not inhibit
protein activity.Furthermore giventhe rate of proteomdurnover is on the timescale of days
rather than hours as for small molecul®8jnhibition of the POI magiot be a problem given
the DUBTAC will be cleatgvell before thePOIl is reubiquitinated The issue then becomes
one of dosing rather tharmechanism of actionFinally, many proteingerform non-
enzymatic functionsis scaffolding proteins or molecular chaperonglsying central roles in
health and diseasé®*361 DUBTACSs coulok targeted towards these in the first instance as

guestions apund mechanism are investigated.
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Research into the structure of frataxin has identified potentially druggable surfackesling
GKS NBIAZ2Y 2F YmnTI F NI®A derfey dd amallYrholegllesdtiath |j dzA
compete with this bindingsite and induce frataxin accumulatiohave been described
however require highcellular concentrations (15 pM) for efficacy (Figure 3.4).363
Optimisation of these scaffolds could yield a ligand with imprqy@encywhich would then

work in concert wth the deubiquitinase preventing ubiquitination at other sites.

Failing this, a small molecule screen against frataxin would yield potential ligands amenable
for optimisation and eventual use as one end of the DUBTAC. Alternatively, fompirababf
concept studies the ligand for USP7 could be appended to a nanobody specific for frataxin,
permitting targeting of the POI in the absence of daliesmall molecule binder. The use of
HaloTag technology to append the USP7 ligand to frataxindaadab be a convenient means

of ensuring induced proximitsf*
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Figure 3.4Reported small molecule binders of the frataxin ubiquitination site.

3.1.3 Linker Desigand Other Mechanistic Considerations

In the case of PROTACS, there is not always a correlation between target binding affinity and
the efficiency of degradatiorCompound design is often centred on the interactions of the

respective ligands with their proteinfloweveras a greater mechanistiunderstanding has
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emerged it has become clear tha¢yond just conjugating ligands together, linkers pl&ga
role in mediating degradation efficiené§?366

Degradation efficiency is driven by the formation of the ternaoynplex,which isin turn
governed by the strength of cooperativity, a metric used to desdhbenewly formed PPE®
Positive cooperativity occurs whenteractions between the E3 ligase and POl enhance
ternary complex formationnegative cooperativity describes poor complex formation as a
result of repulsive interactions between the two protein®ith respect to linkers, various
factors can influence #hdegree of cooperativityLinkers are traditionally formed of repeating
polyethylene glycol (PEG) uni® however purely alky linkers and those formed by click
reactions have also proved effecti¥€:3¢¢Changes in linker length also influence efficacy with
a high degree aensitivity for examplethe introduction of a single ethylene glycol unit into
ahuman epidermal growth factor receptor(BER2) PROTAEE to an almost complete loss
of degradative ability%® Mechanistic studies have demonstrated the importance of the
t whe¢! / 0 SAVdRYl A\fli% S Foany exBndert! BUREEdNdasiard] enable the
productive PPbf the protein targets, which can be heavily influenced by linker leAgth.
Finally the vectoralong which the linker is bonded to either ligand can affect efficaoyedls

as selectivity for different target$®for exampleselectivedegradation of different members

of the BET family of bromodomains could be achieved with the saamlodiazepindigand

by modulating the point of linker attachment*
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observed

Figure3.5. The influenceof cooperativity orternary complexXormation.

DUBsre of course different from E3 ligases and tthesformation of a ternary complex may
not be as important for a DUBTACrpaularly given their efficacy may depend on binding a
ubiquitin substrate as opposed to the POI. Neverthel&sSP7 substrate recognitida to
some degree dependent on interactions of its TRRE&domain with the target proteinand

so it is expectedHat ternary complex formation will be a key driver of effic&tdPrototype
DUBTACHhat recruit a POI using a nanobody or HaloTag technology may be asefaheans
of elucidating the necessary ternary structure to subsequently guide linker desigreyvieo
the impact of the linker orPROTAEfficacystill remains poorly understogdand as such

various iterations of linker type and length will likely need to be evaluated
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3.2 TOWARDS AALLOSTERUSP1IGAND

3.2.1 Peptide Design and Synthesis

Biolayer interferometry was carried out by the author with the aibiofames BennetDr Franziska

Guenther and Amber Truepennyf the Target Discovery Institute, University of Oxford.

The USP7 binding region of ICPO is found between resi4e833, which comprises the key
620k CRK?* motif.354 The peptide binds to an acidic region on BR[°*DELMDGH),

forming key salbridge interactions betweeihe two lysine residues (K620 and K624) and
two buried aspartate residue®{62 and D764)n UBLZFigure3.6). A backbonebackbone
hydrogen bond is formed between thatrogen of ICP0 C624nd the oxygen of UBLZ &0,
along with a further hydrogen bond betwed@P0 T62%and UBL2 E75%619 and R626f
ICPQare in proximity to D682 and D788 UBL2and may interact weakly, whilshé side chain

of R623(ICPOLI2 Ay 1 &a g+ & FTNRY GKS AyidSNF.IPOEta yR
evaluated the binding affinity @13-amino acid longection oiCPGomprising the keixxxK

motif (**®PRGPRKCARK¥E$51t bound tothe UBL domains d§SP#with a Kpof 400 nM

and a complete loss of affinityvas observed with mutation of either K620 or K624

highlighting the importance of thesesidues.
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Figure 3.6. Key binding interactions between ICPO and the UBL domai@seen represents
hydrophobic region®f the protein and greyrepresents generic van der Wagilsotein contacts.A
blue residue or shadirgnd dashed arrowndicates a hydrgen bonding inteaction. X761 corresponds

to M7610f the binding sitg PDB: ¥WPI).

The 13-mer peptide described by Pfobt al provides an ideal starting point fothe
development of allosteric peptide ligands for USP"Due to thenotoriously poor cellular
permeability of peptideg?initial efforts were centred around shortening the peptide and
evaluating whether the binding affinity could be recapitulated with just kbxxkmotif (95).
Given R623s not involved in any binding interactionsutations wereintroduced in an
attempt to engagehe proximal M761 of UBLB either hydrogen bonding dvlet-aromatic
interactions(96 and 97). Systematic extension beyond the core motif was then evaluated
given concerns that the proline residue may be necessarinduce the optimal binding
conformation ©8 and 99). The peptides were synthesised usingtandard
fluorenylmethyloxycarbonyl (Fmotased soligphase peptide synthesikSPPS$)employing

N-b diisopropylcarbodiimide (DIC) and hydroxybenzotriazole (HOBt) as coupling reagents.
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Table3.1. Bindingaffinity of ICPthased peptide®5-99 againstUBL15 of USP7As determined by

biolayer interferometry (BLIpeptides were tested at 1 and 10/.

Peptide Sequence Ko? (UM)
95 AcKCARKCOOH >10
96 AcKCSRKOOH >10
97 ACKCFRICOOH >10
98 AGRKCARKTOOH >10
99 AGPRKCARKIOOH >10

No appreciable binding was observed at either 1 opl¥0for the peptides testedh a biolayer
interferometry (BLI) ass&yable3.1).BLI measures theptical interference pattern of white
light reflectedfrom two surfacesa sensor with a layer of immobilised proteamd an internal
referencelayer. Any ligand bidingp the proteinwill cause a increasean the thickness of tis
layer, changing the interference pattern and allowing binding to be measased function
of the change in thicknes&learly thecore Kxxxkmotif alone is not sufficient for binding to
USP7and the peptide requires contributions from the surrounding residessucha further
set of peptides werelesignedhat grew the peptidateratively in both directions in order to
ascertain both the shortest length of peptide that could be usedfoding as well as the key
residues beyond the core mot{ffable3.2). The peptide described by Pfat al was also
evaluated(107),3>*along with a longer section of the ICPO binding regibdg). Insteadof
free acids, tle peptides wereevaluated as @rminus amides, in order to avoid potentially
unfavourable interactionwith the acidic UBL2 binding region andwamic the native protein
more closely Again, the peptides were synthesised using standard FaiRrSvith DIC and

HOBt as @upling reagents. Rink amide resins were used to deritar@inus amides.
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Three of the peptides100, 107, 108) initially showed binding to USP7 at both 1 andub,
however this signal was also observed in the absence of the protein, indicatirgpeoific
binding to the biosensor. Apart from this, no binding was observed at either concentration
for the remaining peptides. Further assessments of affinity could make use of blocking
reagents in order to reduce nespecific interactions to background ldseFailing this, an
assay such as isothermal titration calorimetry (ITC) could be used which would circumvent

the need for sensors.

Table3.2.Binding affinity ofa second series ¢€P0Bbased peptided00-108against UBL:-5 of USP7

Peptide Sequence Ko (M)
100 AcPRKCARKTR+b N/A
101 AGGPRKCARKNH >10
102 AGPRKCARKTRH >10
103 ACcRGPRKCARKF >10
104 AGPRGPRKCARKM >10
105 AGPRGPRKCARKYR >10
106 AcRGPRKCARKTRH >10
107 AGPRGPRKCARKTRH N/A
108 AGSGPRGPRKCARKTRWHAE N/A

3.2.2 Next Steps

Before further progress can be made, the concerns surrounding the assay to be
addressed, specifically the issue of mepecific binding. This may b& @nherentproblem
with the use ofcationic peptidesand biosensorsand therefore ITC would offer a convenient

solution However, IT@equires relatively large amounts of proteper experimentwhich
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would limitthe potential throughput.The use of blocking reagenisuld enable the usefo

BLI which is far higher throughpubllowing which ITC could be usedngans of validating
any observed hitfOne sutableassay conditions have been chosen, the above peptides can
be retested anddetails of theSAR surrounding the IGREBP7 binding interaction can be
elucidated, particularly with respect to the importance of the residues either side of the core

KxxxkKmotif.

The ultimate goal of the development of this technology isntmorporatea small molecule
recruiter of a DUB, and so once atabie peptide has been found, it can serve as a reporter
molecule for a screening campaign against the UBL domains of Wl&Psurface of the UBL2
binding domainprovidesnumerousopportunities for covalenmodification the tractability

of which could be evaluated usinigrgeted mutation of a model peptidd.heincorporation

of covalent warheadsfor example sulfonyl fluorideto target lysinesor serines,or an
oxaziridine to targethe binding sitemethionine could pave the way for their use in an

eventual small molecule binder.

3.3 CONCLUSIONS ANDTURBNORK

Whilst this work was ongoing two separate reports werepublished detailingthe
development of technologies aimed at the targeted stabilisation of protédrse described
the development ofengineered deubiquitinaseenDUBs}hat consisted of the catalytic
domain ofa deubiquitinase fused to an antibody forllgev fluorescent protein (YFP}>When

this was ceexpressed witha cystic fibrosis transmembrane regulator (CFYRp fusion
protein, the enDUB wasecruited andable to stabilise CFTR mutants associated with cystic
fibrosis rescuing the dissese phentype. The second reportvas a preprint that also

concernedhe rescue of CFTR mutants however this time described a small molecule DUBTAC
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that recruited theDUB OTUBUYia a covalent ligand for an allosteric cystef€This was
linked to the CFTRargeting small moleculédumacaftor and was shown tcstabilise the

mutant proteinand increase its levels a concentration and timeependent manner.

Both of these reports providencouragemehand demonstrae that the concep of protein
stabilisationvia induced deubiquitinationis feasible However, there is little by way of
mechanisticunderstanding for the small molecule DUBTAQlp two linker lengths are
evaluated and there are no structural insights as to tltfferences in efficacy. Similgrl
there is no information regarding a potential ternary complex formedaeen the enDUB
and its target, so this remains arearequiringfurther investigation.As well as this, the
OTUBL1 recruiting ligandf the DUBTAChsws poor selectivity for the DUB, which is of
particular concern given it contains a covalent warheatbngside potential issues with
permeability, this may explain wioellularhigh concentrations of the DUBTAC (1) are
required to elicit the desiredesponseAs such, there remains a need for a more potent and
specific DUB recruiterThe natural role of the ICPO protein highlights its suitability as
inspiration for this®®?it acts as a DUBTAC for HB¥nd specifically targets US#@ its UBL
domains, increasing its catalytic activity in the process. A small molecule that could
recapitulate this interactionvould be of value not least because of its specificity, but also due
to the promiscuous nature of { t wTéubiquitinase actity, both with respect tothe
substrate protein and its degree and type of ubiquitinatfd?\Work has begun in earnest on
the development of allosteripeptideligandsfor USP7 and is ongoingsuitable peptidewill

enablea small molecule screeandaccelerate DUBTAC development.

With respect to its application in FRDagy DUBTAC would require atsibile ligand for

frataxin. This would form part of a parallelevelopmentstrategywith a ligand for USRThe
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applications of DUBTAC technology aa limited to FRDA: currently work is ongoing to
develop a ligand for phenylalanine hydroxylase (PAH), deficiencies in waide the
metabolic disorder phenylketonurif>The applications in cystic fibrosis have already been
discussed/33"4and keyond this there arevarious diseases that could benefit from targeted
stabilisation and induced upegulation of proteins. For exampkeimour suppressors p53 and
p27 are regulated by th&/PSand actively degraded to enable tumour cell proliferatidf
Smad7s degraded by the UP&dregulates transforming growth factér (TGHF ) signalling

in progressive renal fibrosigs upregulation has been shown to be protectivevarious
disease modeld’” BCI2-associated athanogene 3 (BAGS8Yonstitutively expressed in the
heart and skeletal muscland its levels aresignificantlydecreased in cases of dilated

cardiomyopathy and latestage heart failuré’® Finally, intracellular amyloidbeta

accumulation and impaired proteasome functibny’ ! f T KSA Y S Nan Be rdvdrseS | & S

by the ubiquitin E3 ligase parkiwhoseexpression is downregulated diseasedbrains3’®
These are but a fractioof the 8090% of proteins whose levels are wated by the UPS'3

and therefore very much not the only diseases in which DUBTACs may find applications.

Outside of therapeutic applications, DUBTACs could be used to probe the role -of non
degradative ubiquitin signalling in a variety of cellular processes. For exaKkkinked

polyubiquitination (regulated by DUBs such as cylindromatosis (GYh@julatesprotein

trafficking, kinase activation, phosphatase activation, DNA repaif, NF | O {jchr@rhatinA 2 y

dynamics and pays an essential role in the signal transduction of inflammati&ft'As well
as this, Istone ubiquitination has been linked tooth transcriptional activation and
repression along withthe DNA damage respong® A DUBTAC could interrogate these

processes and provide valuable insights into complex cellular biology.
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4 THESISOONCLUSIONS AROTURHEPLANS

C NRA S RNEB A O Kr&e, autosbrnaE rkcessive deurodegenerative disorder that leads to
progressive loss ahe sensory neuron®f the dorsal root gangliaTlhe damageesults in
awkward, unsteady movements and impaired sensory functiteavingsufferers wheelchair
bound andeventually incapacitated. It is caused by #wgansion of a trinucleotide repeat
region within the first intron of theFXNgene, which leasl to reduced expression of the
essential mitochondrial protein frataxin. Thresulting mitochondrial defects can lead to
cardiomyopathyalongside neurodegenerationnith heart diseasethe eventual cause of

death for sufferers. Currently, there is no available treatment

The work in this thesis describes t@pproaches to the treatment of FRDGenetic ablation
and small molecule inhibition of the H4K20 methyltransferase SXMdas been shown to
reverse the heterochromatimduced pathological reduction EXNgene expressiorChapter

2 builds on these discoveries and describes efforts toetlgva small molecule SUV20
inhibitor sutable for in vivoevaluation.A-196 is a potent and selective inhibitor however
suffers fromvery poor metabolic stabilitya result of extensive oxidatioon the lipophilic
cyclopentyl substituentNumerous analogues were designed and synthesised that attempted
to addressthe metabolic liabilitiesof A-196 whilst also further probing SAR around the

scaffold.

The SUV20binding pocket wasoundto be incredibly sensitive tboth steric and electroic
factors. Traditional strategies for improving metabolic stability, such as fluorination or the
introduction of heteroatoms were not tolerated Changes inthe size of the cyclopentyl

substituent led to large logs of activity onlythe introduction ofbridging atoms in the form
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of bicyclic analogues maintained potendyhe solvent exposed pyridyl moiety wasre
amenable to modificationarytbasedhydrogen bonding substituentaere well tolerated
with an N-difluoromethylpyrazolebased analogué39) displayingimproved potency over the
parent compoundModulation of the central phthalazineore substituents was synthetically
challengingand not extensively explored, however conversion to a diraggrsubstitued
scaffold led to complete loss of potendyhe analogues were also evaluated in a reporter cell
model of FRDAhat expressed a frataxituciferase fusion protein and used luciferase
intensity as a proxy for frataxin expression. The cells were treatddagmpounds at M

for six days, andhany compounds restored thevels offrataxin expressin to those of the
healthy control.There were someliscrepancies between atarget potency and efficacy in
the reporter model, whichmay have been due to issues of cell permeability or compound
solubility, however raiseduestionsabout the reproducibilityand fidelityof the assayWork

addressing theseancerns is currently ongoing.

The eventual strategy pursued to improve metabolic stability was to condtahbile sites in

such a way as to be unfavourable to metabolic enzymes. Introducing a bicyclopentane
substituent maintained potengyand further dewatisation to include a pyrazole substituent
yielded compound/6, with an 1Go of 0.4 uM againstSUV420 and Egp of 3.3 uM in the
reporter cell modebf FRDAThe modifications increased the hdife in human hepatocytes
nine-fold overA-196, from 19 to180minutes andwhen dosed subcutaneously in mice at 1
mg/kg76displayed a halfife of approximately two howgandcaused no adverse effecENS

MPO evaluabn gave a score of 4.78 out gf€uggesting that the compound would cross the
blood-brain barrier.There are still some issues to address: bottanget and cellular potency
need to improve, ad further gains in stability are neede@arget selectivitand compound

safety assays need to be carried out, as wethasevaluation of physiochemical properties
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such as solubility and permeability. Alongside these, prian tovoassessment the extent of

plasma protein binding an@NS penetrance need to be established to aid decisions on dosing.

Work is ongoing to address the concerns with cellular potency, arguiid on the gains
already made in metabolic stabilitifforts will focus on reducing thdéipophilicity of the
compoundsand the evaluation of new core scaffolds that might proviagrovements in
stability. Nevertheless,76 is a promising candidate fan vivo assessment of a SU\20

inhibitor for the treatment of FRDA

The second section explores the conceptualisatiod early efforts towards the development
of a heterobifunctional molecule for inducegrotein stabilisation via deubiquitinatiora
deubiquitinase targeting chimerar DUBTACThe pathological basis of FRI3Ahe reduction
in frataxin levelsa DUBTAC would act to prevent the degradation of frataxin by theabdPS
lead to its accumulation in celldSP7 was chosen as the preferred DdiBet due to its well
studied interactiorwith the E3 ligaséCPO, a protein that plays a key role in protecting-#SV
from host cell innate immune responsd€PO0 recruits USP7 via its UBL domainshgadks
its deubiquitinase activity,preventing autoubiquitination. Previous mapping of the
interaction between ICPO and USBEé&ntified a corepeptide motif essential for bindingnd
provided inspiration for an allosteric USP7 recruiteitial work focused on exploringp¢é SAR
of the interaction between the peptide and USRigweverissues with he chosen assay
conditionshampered progresthis area.Neverthelesswork is ongoindo address these and
develop a suablepeptide-based ligandhat will allow initial proofof-concept studies, as well

as act as eeporter molecule for a screen of small molecules against the UBL domains of USP7.

An effectiveDUBTAC willkely find myriad applications in the worstbf disease treatment

and chemichbiology.There are numerous diseases where log$unction mutationsand
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reduced protein expression play pathological rol@salogous to PROTA@#ich challenged
traditional, affinity-driven notions of drug discoverfQUBTACs could offerreovel route to
disease treatment not limited byequirements of potency and selectivity. As well as tihigy
would enable interrogation of the complex cellular pathways governed by ubiquitmatiol

provide insight into the numerous roles it plays.

It is hoped tha& the progres made in developing a SU¥@ inhibitor to treat FRDA will
continue, enabling evaluation in animal models of the disease and accelerating preclinical
development.Despite progressn the development of other therapies, there remains no
approved drug for this devastating disease, leaving almost two million people with no
recourse to treatmentMore broadly,t has highlightedhe utility of epigenetic probe libraries

to enable drug @coveryand should inspire similar approaches in other diseases. DUBTACs
offer a complementary means of treating FRRAd recensimilar work has exemplified their
potential. Although very much still in its infancy, the project @asrmous potential andould

cause a paradigm shift the fields of disease treatment and chemical biology.
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5 APPEND

5.1 CHAPTER

Supplementary Table 2.Full metabolic stability foA-196 in human and mouse liver microsomes.

aSE = standard error of the mean.

Metabolic Stability (Human) Metabolic Stability (Mouse)
Compound L/?nl;?:/m SE -t o, L/?nlik;:/m SE  tw
P HEIMINIMG o (min) HLIMINMG o (min)
protein) protein)
A-196 191 5.88 7.28 5 239 4.66 5.79 5

Supplementary Table 2.Zull metabolic stability data fak-196, 39, 76,and77in human and mouse

hepatocytes?CV = coefficient of variation, the ratio of the standard deviation to the mean.

Metabolic Stability (Human) Metabolic Stability (Mouse)
Clint C\w ¢ Clint cvV t
Compound  (UL/min/x1®  Clint (rﬁﬁw) n  (uL/min/x1C° Clin (%) niﬁ])
celly (%) celly AN
A-196 72 13.0 19 2 60 9.7 23 2
39 56 13.0 25 2 248 134 6 2
76 9 7.0 179 2 41 15.0 34 2
77 13 13.7 103 2 193 134 7 2
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Plasma Concentrations of 76 Following SC Administration Alone and In
Combination with Ritonavir (PO)

1000 -

- 100 -4 ——1 mglkg 76 SC
D
c
g 1 mg/kg 76 SC
Ltg + 12.5 mg/kg
a, Ritonavir PO

10 -

\1 T T T T 1

-1 4 9 14 19 24

TimePost Dose (hrs)

Supplementary Figure 2.1Plasma concentrations of compound6 following 1 mg/kg SC
administration alone and in combination with CYP3A4 inhibiitonavir (12.5 mg/kg PO). The study
was carried out in male CD1 mice (n =3j.was formulated as a solutiom DMSO (10%) and
hydroxypropydi -cyclodextrin (HP -CD, 90%Ritonavirwas formulated as a solution in DMSO (10%),

cremaphor (10%), and water (80%), and was dosed 30 minutes b&ore
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5.2 CHAPTER

g -0.10-

n

-0.15—

Time (s)

Supplementary Figure 3.1BLI plot mapping the interaction of peptidé§9906 m n  witla WSP7
(immobilised on an antHis (HIS2) biosensor). Binding is measured as a function of the change in the

wavelength of light observed upon binding.

SupplementaryFigure 3.2.BLI plot mapping the interaction of peptidé80-108 at 1 (50s) and 10

0 0 n n amth USR7 (immobilised on an aitis (HIS2) biosensor).
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