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SNM1A and SNM1B are 'S0 3 exonucleases that are involved in the repair of DNA
interstrand crosslinks (ICLs); the endonuclease SNM1C is involved in the repair of DNA
double strand breaks via nemomologous engbining. Cells depleted in SNM1A and
SNM1B show increased sensitivity toward clinically used ICL inducing drugs, such as
cisplatin or mitomycin C and those cells depleted in SNM1C display increased sensitivity
towards onising radiation. Inhibitors of SNM1A, SNM1B, and SNM1C could potentiate the
effects of these commonly used cancer drugs or prevent the development of resistance to

them.

A high-throughput screen was carried out to identify SNM1 hits for usd@asdaton for
thedevelopnent ofnew inhibitors Building onthese hitssets ofstructural analoguesere
synthesised tmvestigatestructureactivity relationshps (SAR). The developed compounds
were initially tested using a fluorescerzased assay, with agitly for apparent inhibitors

being validated by radioactive geased assays.

The hydroxamic acid group was identified as a pharmacophore targeting the active site of
SNM1 nucleases. Initial sets of hydroxambésed compounds inhibited all three SNM1
nudeases, demonstrating no selectivity. By applicationenétive rounds of SAR analysis

informed by crystallographic data, improved hydroxanrteteed inhibitors were developed.
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The work culminated in a series of compounds that selectively inhibits SNNthBQyos
in the low nanomolar range. Although potent inhibition was observed against purified,
recombinant SNM1Bachieving a similar result in human cell lines was more challenging

despite the use of a prodrug strategy.

Overall, the work reveals that potent and selective inhibition of human SNM1 nuclease
isoforms is viable. Future work can focus on optimising tHkeilee potency of SNM1

inhibitors.
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Chapter 1. Introduction

Chapter 1. Introduction

1.1. Threats to genomeintegrity

Every day, in eachcell in the human body, thousands of spontanemasinduceddNA
damaging events occuraused byothendogenous and exogenous souteescumulation
of such DNA damage can lead topaptosisor genome instabilityresulting in the

development of cancemgurodegenerative diseasasd ageing.>

1.1.1.Endogenous sources of DNAdamage

Under physiological conditions, the stability of DNA is at constant fisle presence of
appropriately located ater molecules can lead to hydmet of N-glycosidic bonds and
cleavage of nucleicacid base, resulting in apurinic/apyrimidiniqAP) sites DNA
depurinatioris 500 times more frequent th@NA depyrimidinatiorf:® Singlestrand break
(SSBs) may o eeliminationvandacledvage of3a\yhosphodiester bonih case ifthe
AP site is not repaick® Furthermore, hydrolysis of cytosine leads to deaminatioms

fascitilatingthe formation of a mismatch base pairagpoint mutatior?.

Reactive oxygen species (ROS), such as hydrqumoxide, superoxide radicalsr
hydroxyl radicals, are byproducts ofany normal metabolic processes. While ROS can
cause many differenypes ofDNA lesions, the two most common ones are $&M&1 the
oxidation of guanine into-8xo-guanine (8oxo-G).2 ° Additionally, ROScan cause lipid
peroxidation that results in the formation of reactive aldehydes products, such as
malondialdehyde or -iydroxynonenal. These aldehydes cesausethe formaion of

mutagenic base adductge.g. pyrimidopurinone (M1G)) and DNA crosslinks
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(Figure 1.1).191 Errors in physiological processas/olving nucleic acidssuch aDNA

replication, can lead to insertion, deletion mismatch of base paiin the DNA.*?

0 o) o)

_ | _
<fi R P f $
NT N7 NH, +H,0 N N/)\N/ N
DNA DNA
M1G
o} cl) o) o) o)
N NH HN N ~H20 N N
< f [y = ¢
N N/)\N/ HZN)\\N N +H,0 < )\ )\ >
DNA DNA DNA/ DNA

Crosslink

Figure 1.1: Summary ofeactiors of malondiatiehyde with DNA

1.1.2.Exogenoussources of DNAdamage

On top of all theDNA lesions caused bgndagenousphysiological factorsDNA damage
can beinduced by a myriad oénvironmental factordJltraviolet (UV) radiation fromthe
suncan cause dimerisatiaf pyrimidinesto form cyclobutane pyrimidine dimers (CPDs)
or pyrimidine-pyrimidone (64) photoproductg(6-4)PPs)"® These lesions primarilgccur
between two adjent thymidine basespotentially impedingreplication or causng
misreadingof the DNA. lonising radiationyhich hashigherenergy tharthe UV radiation
from the sunlight, not only doesgenerateROS, but also induces doublestrand breaks
(DSBs).141> DSBs are very cacinogenic partly because they can lead to genome
rearrangemenimaking them one of the most lethal DNA lesioBmceionising radiation
has the ability toslow cell division orcausecellular death it is commonly used in

radiotherapyto treatcancerous tumours.
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Many environmental pollutant®d from tobacco smoker the combustion of fossil fels,
amongst othefs are cancagenicl” *® Similarly to ionising radiation chemical DNA
damaging agentswvhich can covalently bind tthe DNA, are usedin cancer treatment
because ofheir cytotoxicity?® Clinically usedDNA crosslink inducingchemotherapeutics
includecisplatirs, nitrogen mustard@ndmitomycin C(Figure 1.2). These drugprimarily
generatemonobaseadducts or intrastrand crebsks between adjacent basedn rare
occasios, they canalsogeneratanterstrand crosslinks (ICLdetween two strands tie
DNA duplex?®?! ICLs areparticularly cytotoxic, with about 2@0 ICLs being lethal te
cell?2 Most commonly,ICL inducing agents reagtith nitrogens at N2 or N7 position in
guanines® Reaction nechanisms forthe formation of DNA interstrand crosslinkisy

cisplatirs, nitrogen mustardsandmitomycin Careshown inFigure 1.3

A
) H
NH 2
Cl, & ° O, \NHj N, O 0
,'Pt\ Pt‘\ O /Pt\I
/ TNHg o “NH, “N' 070
cl o] Ha
Cisplatin Carboplatin Oxaliplatin
B

Mitomycin C Psoralen

Figure 12: DNA crosslink inducing agentdA: Cisplatins; B: Nitrogen mustards C: Other types of
crosslinking agents
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N

H,N o o NI/DNA OH I\YH/
OH NH, N N Uy
© OH NHHzN N
o}
Figure 1.3: Reaction scheme for ICL formation Ay Cisplatins;B: Nitrogen mustargdC: Mitomycin C

1.2.DNA damager esponserocesses

The corinuous formation of lesions ithe DNA, caused byndogenous anehvironmental
factors,hasforced cellsto evolve and develop DNA damage response (DDRpcessed

maintain genome integrif? The DDR machinerysenses specifitedons and initiates a
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signalling cascadeesponse. The lattean trigger apoptosisenescencalteration of gene
expressionor a DNA repair pathwaydepending on thextentand typeof DNA damage in
the genome In eukaryoic DDR poly(ADP-ribose) polymerases (PARPsand
phoghatidylinositol 3kinaselike protein kinases (RKs), includingataxia telangiectasia
mutated ATM), ATM andRad3 relatedATR), andDNA-dependent protein kinagpNA-
PK), play important role$>?® While ATR and PARRNzymesareprimarily involved inthe

repair of SSBs, ATM and DNARK aremainly involved inthe repair of DSBS’

1.2.1.DNA damagerepair pathways

Repair of specific DNA lesion®ccursin many different ways, ranging from simple
chemicalreversals oh lesionto complexmultistep pathwaysf DNA repair Enzymeghat
can directly reverse chemiogthanges of DNAnclude photolyass (not active inhumans)
methyltransferaseanddemetlylases.For example(6-4)DNA photolyasecatalyses bond
breakage in @)PPs dimerto reform initial monomerd® Of-Methylguanine DNA
methyltransferas@MGMT) andthe U-ketoglutaratedependent DNA repairptein B(AIKB)
can demethylatanethylatedDNA bases, lesionshat arecaused by endogenous and
exogenous methylating agenwhile MGMT reverses methylation @he O-methylated
DNA base using nucleophilicystane, the AIKB dioxygenaseoxidatively demethylaes N-

methylated base$>*°

To repair otheDNA lesions cellshavedeveloped several complex repair pathways. These
include base exsion repair (BER),nucleotide excision repair (NER)ranslesion
synthesigTLS), mismatch repair (MMR)singlestrand breakrepair(SSBR anddouble

strand break repair (DSBR), as well asinterstrand crosmk (ICL) repair pathways Each
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pathway has multiple steps withany proteins involved in the repaand with several

protens typically beinginvolved inrepairingmore than one type of lesiéh.

1.2.1.1 Baseexcisionrepair

Baseexcision repair is used to repaihemically modified DNA baseée.g. alkylated
deaminatedor oxidised bases)r AP sites caused bydepurination and depyrimidination
(Figure 1.4).%2 The nitial step in BER igxcision ofthe damaged basg DNA glycosylase
to generate an AP sitExcision can be done by monofunctional DNA glycosyla#gch
only catalyseshe hydrolysis of theN-glycoddic bondsto remove the damaged base, or by
bifunctional DNA glycosylase, whicbanadditionallycatalyseb-elimination and cleavage
at \position ofthe AP site.The rext step igheincision of the DNA backbone #he 5N;j
position of theAP site by apurinic endonuclease 1 (APEIJherepairpathwayshensplit
into two subpathways, short patch and long p&€R.3* In the short patch BERthe DNA
polymeraseb (Pob) fills the gap with asinglenew baseln casehe AP sitas not removed
Polb additionally hydrolysis 3Nphosphodiester bond vits deoxyribosephosphodiesterase
activity *® Finally, the DNA is ligated by the X-ray crosscomplementing 1 (XRCC1) and

DNA |ligase (LI G3U) compl ex.

Longpatch BER pathwayoccus when after incisionP o | U o perforfne DNA
polymerisationincorporaing multiple nucleotides® Next, excision of th@ewly formed5N;
flap is catalysed by flap endonucleas¢FENJ). In thefinal step ligation iscompleted by

LIG1 to complete the DNA repait.
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Damaged DNA

5 %
Monofunctional DNA
glycosylase / \A
* %
APE ll APE ll

_ T&‘/ R LI

FENll iXRCleLI(Ba SP-BER

LIG1 l

LP-BER

—_—

Figure 14: Scheme oBER pathway.X: Damaged baseX: AP site. X: U ,-umsaturated aldehyde or
3NjhosphateGreenline: newly incorporated DNA sequence.-BER: shortpatch base excision repair. EP
BER: longpatch base excision repair.

1.2.1.2 Nucleotide excisionrepair

Whilst BER repairsmall nonhelix-distorting lesios, NER targes bulky lesionghatdistat
the DNA helix.3®® Commonhelix distorting lesions ar&1G produced by reaction with
malondialdehydeand UV induced CDPs and (&)PFs. Nucleotide excision repair
(Figure 1.5 may occur via two subpathwaygglobal genome NER (GG-NER) and
transcription coupled NER (FSER); the only difference between themtise damage

recognition ste@ndthe recruitment of initial repair factof$*

NER is initiated by recognition ddNA damage The recogntion ste can betriggeredby
the xerodermgpigmentosum complementation group(XPC)/UV excision repair protein

RAD23 homolog B(RAD23B) complexor due toRNA Polymerase Il (RNAPII) stalling
7
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The XPC/RAD23B complex and RNAP are involvedGG-NER and TGNER pathways,
respectively Following the recognition stepthe transcription factor lIHuman (TFIIH)
complex isrecruited to the lesigmndhelicases separate the DNA duplex around the lesion
to form a transcriptionbubble*! After the formation of théDNA bubble,XPG, XPA, and
replication protein ARPA) proteirs bind tothe DNA and forma preincision complex?
XPA facilitates recruitment of XPFexcision repair crossomplementing 1 (XPIEERCC1)
RPA bindsandprotects undamaged singggranded DNAwhereasXPFERCClandXPG
endonucleasmake incisiongo remove thenucleotide fragmenwith the lesionThegap is
thenfilled by Polti, , otle with the assistancef proliferating cell nuclear antigefPCNA)
andreplication factor €RFC).*3 Finally, theprocess is completaghenthenick in the DNA

backbone is ligated by RCC1/ LI G3U campl ex or LI G1
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GG-NER TC-NER
/;\ _@L Damage recognition

XP/hHR23B 7 _
Formation of DNA bubble

l Recruitment of repair factors
XPF-ERCC1 XPG
XPA — i_‘/"\ _

l Double incision

l Gap filling by Pol /e/x

l Ligation by LIGI or
XRCC1/LIG3a

Figure 15: Schemdor theNER pathwayX: Damaged baseGreenline: newly incorporated DNA sequence.

1.2.1.3 Translesion synthesis

Transdesion synthesis, while not being a repair mechamisitself, playsan essentiatole
in preventingstalling of DNA replicationand collapse of replication fork due lesions in
DNA, such apyrimidine dimers or AP sité¥ Whena DNA polymerase stalls due to DNA
lesiors, a specialised translesion polgrase isrecruited® Translesion polymerase
facilitate the inserton of correct nucleic bases oppositetie DNA damagesite Due toa
lack d proofreading ability, thdranslesion polymerasere more erreprone andchave
lower fidelity relative to regular polymerase$ Therefore, switching back ta regular
polymerase is favourable aftbypassing DNA lesionsThe DNA lesionis later repaired

usingone of the DNA repair pathwayise. NER or BER



Chapter 1. Introduction

1.2.1.4 Mismatch repair

Mismatch repai(Figure 1.6) is a process responsible fapairingmispaired deleted and

inseted DNA baseformedduring DNA replication or homologous recombinatfdhMR

is initiated by r ecognantdMuwtnBderodmerdN AMuiseSW on s
responsible forecognising mispaired bases and shmsertion and deletion loog$DLS)

(1-2 bases long), wiit Mu t 8éognises long IDLs (+2 bases lor§f? MutLUis then

recr ui t ed andmakes antiritldnfothedamagedstrand RFC and PCNA are

involved incoordinating the incisiori® After the incision is madeexonuclease {EXO1)
removeshelesionin the 3\jp 3Njlirectionvia its exonuclease activifif.Finally, thegap is

filled by P o Jand LIG1 ligates thaick in the DNA.Cells withdefectiveMMR have higher

rates ofmutations and tumour formatiGA.

10
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Mismatch 1-2 base IDL =2 base IDL
A N\ 7N\
l l MutSp _ l
MutSo. usp

MutSa *9

EXO1 __

Recruitment of
MutLo, followed by
PCNA and RFC

4— MutLa
B/ W
‘:':. *——RFC
“PCNA

l Incision then
recruitment of EXO1

i DNA digestion

i Gap filling by Pol &

i Ligation by LIG1

Damage recognition

Figure 1.6: Schemdor themismatch repair pathwayGreen line:newly incorporated DNA sequence

1.2.1.5Single-strand break repair

Singlestrand breaks alongside depurinatiorare the mostrequentDNA lesons>® The

majority of SSBsare repaied via global SSB repai?? The repair process is initiated by

detecting DNA damage, primarilgerformedby PARP1>° Before the gap in the DNA

backbone can be filledNA ends need to be restored thphosphate an@Npydraxyl.

Therefore, if anyend is damage (e.g. due toadduct on the phosphate or loss & 5

phosphate)t mustbe processefbr the DNA ends to beompatiblefor polymerisation and

ligation. The enzymsinvolved in the DNA end processing dependthetype of camage

Common enzymginvolved in this step include phdsgtases, kinases, nucleases (AR&!1)
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polymerases®>"*8 The rexttwo steps include gap filling and ligatioBimilarly to theBER
pathway thesefinal stepscan happenwia eithera shortpatchor a long patchsubpathway
describedpreviouslyin Section1.21.1 If SSBs are not repaired, theyay lead to the

formation of hazardous DSB%

1.2.1.6Double-strand break repair

Doublestrand breakepair can happen via one of two mgathwaysnorrhomologous end
joining (NHEJ) and homologous recombination (HRincethe homdogous chromosome
is requiredfor the HR it can onlyoccurin the S and gphases of the cell cyclBBHEImay

occurat any stage ahecell cycle.The chace betveen the pathwaydepends not only on

thecell cycle phas but also on the nature of the DSB and the ahititly of the DNA end$°

NHEJ is a repair pathwap which two ends othe DSB aredirectly ligated NHEJ repair
occus via two subpathwaysclassicalNHEJ (¢cNHEJ) or alternative NHEJ (aNHEJ)
pathways shown inFigure 1.7.°1 C-NHEJ repairis initiated by recognition of DSB by
Ku70-Ku80 heterodimer,which later brms a complex wittODNA-PK catalytic subunit
(DNA-PKc9. Ku heterodimer stabiless the DNA ends arlceeps them close together, while
DNA-PKcs phosphatates downstream substrates using its kinase acti¥itffhen,
similarly to SSB repair, the DNA ends need to be processgaduce5Nphosphate andNj
hydroxyl groups which are necessary for ligati®hDNA processing is primarily done by
sensitive to nitrogen mustar€ ISNM1C also known as Artemis), whigiemoveslamaged
nucleotides using endonuclease acti¥ft@thercommon end processimnzyme include
polynucleotidekinase3Nphosplatase PNKP) andaprataxin (APTX) PNKP phosphagtates
5Nends anddephosphaorates 3Ngnds whilst APTX removesadenosine monophosphate

(AMP) adduct5%¢ Oncethe endsare processedany gapcreatedupon DSB or by end
12
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processing is filled by Pal or &% Finally, the DNA ends are ligated Iye XRCC4-LIG4

complex®®

Alternative NHEJ, also known asicrohomologymediated end joinings activated when
other pathways are awmailable.Alt-NHEJ is initiatedby PARPL recognising the DSBs
PARPL modifies and rewitsdownsteam factors? In the next stehort ssDNA overhangs
are geeratedby the resection ofnucleotides.Meiotic recombination 11 homolog A
(MRE11), EXOY, and FEN1 aremplicatedto be involvedin this shortrange resection
proces.”® Following formation of the overhangs, theare anealed guided through
sequence homology Flapsthat result from the annealingre cleaved by endonucleases,
such as XPF/ERCC1 &EN1/? Any remairing gapsarethenfilled by Pold, b,e,0r. o
Finally, XRCC1/LIG3 or LIG1 ligates the two strand$.Alt-NHEJ is much more error

pronethan other DSB repair pathways asdh removeargeportions ofDNA sequencé?

C-NHEJ Alt-NHEJ
Ru70/80 — N <+— PARPI1
L1 - Recognition
Vil of DSB
Short-range resection (MRE11 or
Recruitment of DNA- Pkcs l EXO1) and microhomology
followed by Artemis _ DNA-PKes annealing of overhangs
% Q: >
<— Artemis N

End Processing by lFlap-trimming by FEN1
Artemis and other factors l

Gap filling by Pol 6/p/Ww/i
Gap filling by Poli/ l

Ligation by XRCC4/LIG4 l l Ligation by XRCC1/LIG3

Figure 1.7. Scheme ofclassical and alternative nonhomologous recombinationGreen line: newly
incorporated DNA sequerc
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Homologous recombinatiofiHR) is a high fidelityDSB repair process as it useemplate
from a homologus chromosome HR consists of severaubpathwag, the main two
subpathway®f HR discussedereare synthesisdependent strand annealing (SDSA) and
double strand break repair (DSBR3hown in Figure 1.8”° The SDSA and DSBR
subpathways havihe sameinitial pathway butdiverge in the final step§he HR repair is
initiated whenthe MRN (MRE11-RAD50-NSB1) comdex detects DSB and bindke end

of DNA break’® MRN then activates ATM, which is involved inrecruiting downstream
factors. MREL1, together with EXO1 orthe DNA replication ATPRdependent
helicase/nucleaséDNA2) in conj uncti on with the Bl oombs
helicase digesta shortchain of DNA in a S\jo 3\jlirection and produces\gverhangg’
RPA thenbinds the ssDNA resultingin the unwinding of the overhangs aactivation of
ATR, whichrecruits downstream factors through phosphorylatRamtner and localiser of
BRCAZ2 (PALB2) andbreast cancer arly onset (BRCA2)henmediate displacement of
RPA in a RAD51-dependent manné? The RAD51-DNA complex is able tanvade
homologus DNA duplex and forma displacement loogD-loop). The mlymerisation is
primarily perfomed byreplicative P o |, butliother translational polymerasiave been
implicated in this proces$.At this point, there aralifferent possible outcomesesulting in

eithercrossover (CO) or nearossover (NCO) product8

In one pathway,¢the Dloop can ssociate via strand @placement and the newly
synthesised stranghay annealback to theoriginal DNA stand.D-Loop dissociatioris a
part ofthe SDSA pathwayit is dependent on the helicase activities of BLM aagulator

of telomereglongationhelicase ARTEL1) andresultsin anNCO producf?!
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If the D-loop doesnot dissociate,a second DNA strandhay form another Bloop and
generatea double Hollidayjunction (dHJ). The dHJ can be samted viathe dissolution or
resolution process.In the dissolution of dHJthe branchmigration is catalysed bthe
topdsomeraseactivity oftheBLM,DNA t opoi s @ @& B ahsRec@nBdiated
genome instability protein {RMI1) complex leadng solelyto the formation of NCO
producs.®? In the resolution of the dHJ, strands are @aped by structurespecific
endonucleases, such asethyl methanesulfonate ultraviolet sensitive gene clone 81
(MUS81) and essential meiotic structurespecific endonuclease {EME1) complex®s
Although resolution can lead to both NCO &@ products, this processainly resuts in

theformation of CO product¥

15



Chapter 1. Introduction

—

Homologous
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i Recognition of DSB by MRN/ATM

i Resection by MRN and EXO1 or DNA2
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i Polymerisation
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N Non-crossover product i
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Figure 1.8: Scheme of homologous recombination. Green line: newly incorporated DNA sequence. 8lue line
DNA duplex from the sister chromatid.

Two other subpathways involved in HR are tbmglestrand annealing andhe

breakinduced replication pathwayEfficient and accuratbomologous recombinatiois
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vital for genome integrity, anshefficient HR canbe oncogenicMutationsin BRCA1 and
BRCA2 genes which play an essential role iregulatingHR, may increa® the risk of

ovarian andreast cancéef

1.2.1.7 Interstrand crosslink repair

Interstandcrosslinks aréighly cytotoxic as tey covakenty tether twoDNA duplex strands
prevening DNA separation thereby blocking the proeess of DNA transcription and
replication®® While the ICL repaipathwaysn humanghave not been fully definedimpler
models (isingyeast or bacteri@ells) and studies on Fanconi anaemia (BA)videvaluable

insight

FA is a rare genetic diseaghat increasesthe probability of cancer development and
sensitivity tavardsICL inducing agents21 FA genesincluding BRCA1 and BRCAZre
associated with ICL sensitivity and drevolved in ICL repaif’ Other epair pathwayd
TLS, NER and HR are involved m repairingICLs. ICL repair can be either replication
dependent or replication independé&#the mthway of ICL repair isdependent on the phase
of the cell cycle with a majority of ICL repai occuring in the Sphaseduring the DNA
replication®® Due tothe complexityof the ICL repair and lack afdefiniterepair pathway,
a simplified version of ICL repair will bexplainedn this sectionThe €hemefor the ICL

repair is shown ifrigure 1.9

During S-phaselCL repair is initiated whea single replication fork collisions with an ICL
orduring adual collision of converging replication forR®! FA proteins mediatthis repair
process these proteins heljin recognising the lesiorstabilising the replication fork

activating downstream factgrand remoing the ICL.%? Oncethelesion is detectednd the
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replication fork is stabilisedhelCL is unhookedICL unhooking is an essential step in ICL
repair, angseverahucleases have been implicated in this incision and unhooking pPdcess.
The arrentresultssuggest tlat XPFERCC1 MUS81-EME1 and SLX:SLX4 nucleases
may be involved irthe incisionat position 3\jo the ICL °* Some studiesndicate that
following the initial incision a subsequent incision apasition 3Njo the ICLresultingin
unhookingis performed byrANCI-associated nucleas€AAN1). SNM1A and SNM1Bare

also indicated to be involved in the unhooking proceiker tmoughthedigestion past the
crosslink following thefirst incision, or the digestion ofnucleotides in the unhooked ICL
adduct thus releasing the ICL containing fragmé&h#fter unhookingof ICL is complete
TLSis performed to bypagkelesion.Finally, thelesion is probably removed by NERd

HR repais the doublestrand break®

In the Go and G phass of the cell cycle ICL repair occurs in a replicatieindependent
manner’’ This process isonnected to the NER pathwagnd NER repair factors are
involved inrecognising andemovingthe lesior® After detectingthe ICL, XPFERCC1
and XPGmakea double incision to unhodke ICL It has been suggestdtht SNM1A may
be involved inunhooking and processing pooduce monobase add§&fThen the TLSis
performed to fill a gap formed by tlw®uble incision. Finally, NER is perfmed to remove

the leson.
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Replication-independent
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i Recognition of the ICL

XPG

Replication-dependent
ICL repair (S/G, phase)
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o c i of the ICL
i Unhooking A
XPF-ERCC17?
g MUS81-EME1? >
SLXI-SLX4? =
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+/s, unhooked DNA

d
lN'ER

i HR
Figure 1.9: Scheme of Intensind crosdink repair. Redzigzag interstrand crosslinkGreen line: newly

incorporated DNA sequenckiring therepair. Blue lines: DNAproduced during tl replication

1.2.2.DNA damagerepair as atarget in cancertherapy

The success ofPARP inhibitorsin cancer treatmenias createda paradigm shiftby
demonstratingthat targeting DNA repair is afeasible therapeutic targ€f Due to the
importance of PARP proteins in recogingthe SSBsand activatigfactors involved in SSB
repair,inhibition of PARPresults irthe reduced repair of SSB¥ PARP inhbitors, such as
Olaparib orRucaparib, not onlgensitise cancer cells tthemotherapeutics and ionising
radiation butarealsothefirst clinically approved dugs thaexpoit thesynthetic lethality:*2
Synthetic lethalityoccurs whera dysfunction of twoor more proteingeads toapoptosis
while dysfunction in each individual gene is tolerat&drhis can be taken advantage of in
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cancer therapy, whereby inhibition of af@in can lead ta cell death if its synthetic lethal
partner protein is not functional. A normal ¢eflowever can still function in these
circumstancebecausets other proteinsemainfunctional.In the case of PARP inhibitors
thesyntheticlethal relationshippetween PARP anBRCA1 or BRCAZ2 is exploitedDue to
the importance of PARP proteins in recognising the SSBs and activating factors involved in
SSB repair, inhibition of PARP results in the reduced repair of S&Bepaired SSBs lead
to the formation of DSB during replicationaccordingly PARP inhibition induces the
formation of DSB In the case ofcellswith defectiveHR repair due tBRCAL or BRCA2
mutations the increase of DSBcaused by PARP inhibitioleadsto an increased reliae
on NHE3mediated repair pathways. Iterative cycles of DNA replicatigether with the
excessivaise of NHEYesults in increased levels of mutational burden and subsecplent
death. Thereford? ARP inhibitors can selectivekill cancer cells with RCAL1 or BRCA2

mutationsoften found in oarian or breast cancet

The siccessof PARP inhibitors encourageshe development oinhibitors against other
proteins involved ilDNA repairpathwaysThis includesiucleases, which plagnessential

role inthe majority of DNA repair pathways, with many nucleases involved in more than
one pathway® Additionally, tumours are able to develop resistance towards DNA
damaging therapies through the upregulation of DNA repair pathweaygsrdingly, the
development of aclease intbitors might be beneficial from the perspective aincer
treatment as thyemay sensitise cancer cells towards ionising radiateog. SNM1C or
MREL1]) or crosslink inducing agents such @splatin or Mitomycin C(e.g. SNM1A/B,
FEN1lor XPRERCC).1%8 197 studies sggest thatnhibiting specificnuclease¢e.g.MRE11

or FEN1) mayinduce syntheticgthality in BRCA depleted cellg810°

20



Chapter 1. Introduction

1.3. Human metallo-b-lactamasefold nucleases

Metallo-b-lactamase (MBL) foldgroteins were first observed in bacteria and are primarily
known for their rols in b-lactamantibacterial resistandé® However,subsequentesearch
has identified at least 18 human MBdld proteins that contain conserved motifs in their
active sitesimilar to those observed in bacterial MBi:$Members othe MBL superfamily
containthec h ar a ct e MBLsfdld domaid't? Bhese engmes are primarily zinc or
iron-dependent proteins.uman MBL-fold proteins possess a variety of functions, including
small molecule metabolism and nucleic acid proceséiigine hMBL-fold proteinsbelong

to the DNA/RNA interacting subfamilyout of which three enzyrseare involved in DNA
repair usingtheir nuclease activity (SNM1A/B/C), wisit the remainingenzymesprocess
RNA (ELAC1, ELAC2, CPSK3, CPSF100, INTS®nd INTS11).1 SNM1A and SNM1B
areexonucleases, veneasSNM1C isanendonucleasélaC ribonuclease Z 1{ELAC1/2)
belong to the RNAseZ family and processhe 3Ngnd of tRNA via endoribonuclea
activity.1*®> CPSH3 and CPSF100 dimerise to forthe cleavage and polyadenylation
specific facto CPSH complex that proeses 3&nds of MRNAL® While CPSH3 exhibits
exoribonuclease and endoribonuclease activity, CPSF100 doeshowtany nuclease
activity 11’ Similarly to CPSF100, Integrator complex subunitilT9) does not possess
catalytic activity. Int9, together with endoribonuclease Intll, are pattheofintegrator
complex that processedhds of BRNA.* Out of the DNA/RNA interacting subfamily of
hMBLs, aselfd e f i rGABR)(CPBF, Artemis, SNM1, $02) family can be further
identified Human MBL fold eaymes containing the: CASPdomain include SNI1A/B/C,

CPSFH3 and Int111'° Based orthe structural data, thb-CASPdomain inserts in between
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the MBL domain and the catalytic core is locatgdthe interface between these two

domainst?®

MBL MBL
12 34A BC
NI —c yPso2p
N[ ||I " I B-CASP ” ':IC hSNM1A
N I hSNM1B
N || Il T &case [ IC  hSNM1C

Figure 1.10: Top: Overlay of structures of the human SNM1A (5Q1N) In white, SNM1B (7A1F) in blue,
SNM1C (7AF1) in pink, and yeast Pso2 (Alphafold entry E7F457) in green. The metal ions coordinated in the
active sites are shown in the sphere indicated by the red aBotiom: Cartoon representation of sequence
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alignment for human SNM1A, SNM1B, S NGWSEdomans. Thee ast
conserved MBL motifs are labelled4l, aGA8P family motifs, iAC.

The first enzyme fromthe SNM1 famly was identifie@l in yeast i.e. sensitive to psoralen
(PSO2)'?1PSO2b e | ongs t eASPhpmteirva@niily and is specifically essential
for ICL repair in yeastSNM1A/B/C are humanrthologues ofyeastPSO2andhavea high
level ofamino acidcsequencsimilarity that results in conserved motifs in bttie MBL and
b-CASP domains. SNM1A is most similes PSO2with 48% sequence similarity, while
SNM1B has 33% similarity to PSO2'22123 The overlay of structures of the SNM1A,
SNM1B, SNM1C, and PSO2 is shown Figure 1.1Q The proposedphosphodiester
hydrolysis mechanistny SNM1 nucleaseis analogouso that proposed fathe hydrolyses
of b-lactams bybacterial MBLS(Figure 1.11).12412%|n both catalytic reactionthe hydroxyl
group activated byinc ions performs a nucleophilic attack that leads to hydislgs either

the b-lactam oraphosphodiester bond®
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Figure 1.11: A: Proposed scheme for hydysis ofphosphodiester bond by SNMBB.Scheme fohydrolyses
o f-ladbam by bacterial MBL.

1.3.1.SNM1A

SNM1A is a Njo 3Nglirected ernucleaseAs discussed irSection 1.2.1.7 SNM1A is
implicated n theunhookingstep of ICL repait?’ While thefunctionof SNM1A is not fully
elucidated experimental results stronggpeak forits impottance in ICL repair. Ectopic

expression of SNM1An PSO2 mutants partially seores the resistance to ICL inducing
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agents-?® Hypersensitivity toward$CL inducing agents (mitogtin C or cisplatin) was
observed in SNM1A depleteT40 cells'?® Similarly, the enhanced sensitivity towards
mitomycin C was observeth mice with the knockoutmSNM1A gene'*® While both
SNM1A and SNM1B arebelievedto digest crosslinked nucleotides in IG&pair, the
evidence primarilypoints toSNM1A. Howevert redundancy between SNM1A and SNM1B
was indicated as depletion of both nucleases results in higher sensitivity towards ICL

inducing agents than when only one gene is depléted.

1.3.2.SNM1B (Apollo)

SNM1B is closely related to SNM1At is a Np 3Njirected exonuclease, andngarly to
SNM1A, SNM1B depldébn snsitises cells toward€L inducing agent$®? In additionto
the SNM1B being implicateah ICL repair,probably the best characterised cellular function
of SNM1B isin telomere mainteance 133 Initial studies on SNM1Boundthat itinteracs
with the elomeric repeabinding factoTRF2), a component of the shelterin nucleoprotein
complext3* The selterin complesstablisestheformation of tloops a structure formed by
strand invasion of I8pverhangs, which help protect DNA end&ie \pverhangs ragjsite
for t-loop formation are believed to hgenerated bythe SWBNgxonuclease activityf
SNMA1B. Studies with SNM1B knockout mouse embryo fibroblastgeshownthat lack of
SNM1B leads to telomemysfunction and chromatid fusion, confirming the intpace of
SNM1B in telomere mairgrance!® Additionally, patientswith a mutation in SNM1B

suffered bone marrow failudue to impaired DNA repair and telomer instabitit§
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1.3.3.SNM1C (Artemis)

While SNM1A/B function as exonucleases, SNM1C is a struespecific endonuclease.
SNM1C is capableof cleasing DNA loops, flaps,gaps hairpins and overhangs’138
DNA-PKcscomplexes withand phosphorylates SNM1C, which activates its endonuclease
adivity. Asdescribedn Sectionl.2.16, SNM1Cplays an essential role non-homologous
endjoining repair.As NHEJfactors arenvolved in V(D)J recombinatiora proces that
produces T cell aceptorsand B cell antibodiesSNM1C ddects maylead to severe
combinedimmunodeficiency:3%14° SNM1C is considered a promising anticancer target as
cell lines with depleted SNM1C have increased sensitivity towandsing radiation.
Additionally studies show that inhibition of SNM1€ tumors may activate tumor protein

p53 whichcould lead to tumor regressiéH.
1.4. Metallo-b-Lactamase inhibitors

1.4.1.Bacterial MBL inhibitors

b-Lactams are the mosidely usedtlass of antibiotic$*?> However, the rise of antimicrobial
resistance puts these antibiotics at risk of becoming ineffective and threatens publit¢health.
b-Lactamasecan beclassified into fourcategoriesbased on sequence and structdine
nucleophilc serineb-lactamases(class A, C, and D and the metallo-b-lactamases
(classB).1** While inhibitors of seriné-lactamases are widely used clinically, the
development of MBL inhibitoras exploredto a much lesser extentClinically used
inhibitors for serinéb-lactamases(SBL) include Clavulanic acigd Avibactam and

Vaborbactant#®
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Baderial metallo-b-lactamases can be divided into 3 sldssesB1, B2 and B3. Both B1
and B3 contain two zinc ions in the active siéile B2 enzymes are mono zinon
enzymes“® SincetheB1 subclass emergedsahe mostlinically substantiglthis subclass
is a primary target fothe development afiew inhibitors**” Amongst others, members of
the B1 sukclass includeNDM-1, VIM-2, and IMP1.148 The majority of bacterialMBL
inhibitors can be classified as either mefa¢lators (i.e. thioldN-heterocyclic carboxylic

acids or sulfonamidesor transition state analogues (boronates).

1.4.1.1.Thiol inhibitors of MBLsS

Thiol-based inhibitors bind to the active site of MBL usingirtlieee thiol group, which
bindszinc(ll) ions and displacecatalytic water in the active sité’ In addition toa thiol

group mostof these inhibitors posea carboxylic acid functional group. The presence of
carboxylic acid not only allows for interactions with polar amino acid residues but also,
based on crystal structures, it can be observed that the oxygen atom in carboxylic acid can
bind one of thezinc (I1) ions°° The importance of the carboxylic acid grompnhibitors

likely reflects the presence ad carboxylic acidfunctional groupor equivalent sulphonic

acid in the majority ofb-lactam antibiotics Known thioktbase MBL inhibitors include

dimercaprol, Lcaptopril, bisthiazolidines and thioenolgtesown inFigure 1.12151152

Cl O

OH d
- s
T 7 i S\/N\) cl
N
Hs._A__oH N)K‘/\SH OH
HS— =0 o SH

Figure 1.12: Structures of thiebased inhibitors of bacterial MBLs. From left to right: dimercaprol, L
captopril, bisthiazolidine and thioenolate.
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1.4.1.2 N-Heterocyclic carboxylic acidMBL inhibitors

An important category of metalchelating bacterial MBL inhibitors idN-heterocyclic
carboxylic acidnhibitors These inhibitorarederivativesof various heterocyclesuch as
picolinic acid 4-thiazolecarboxylic acicandindole-2-carboxylate shownin Figure 1.131°3
A common feature for this class is theam®nt positioning otarboxylic acid and nitrogen
in theheter@aromatic ring Theimportanceof nitrogen and carboxylic acithelatorscan be
seen in therydal structure of picolini@acid-based inhibitorsvith CphA and ANT431with
VIM -2, as both functional groughelate a single zinc(ll) ataf* In contrast to what has
been observedfor thiol and sulfonamidebased inbbitors the catalytic water bridge
between two zinc(Il) atomigom the VIM-2 wasnot displacedy ANT431 1%

Recently aseries ohovel and poteninhhibitors withan indole-2-carboxylate cordas been
developedagainsta broad range of bacterial MBL$he binding mode of these inhibitors
was revealed using crystallographic studvith the B1 MBLsVIM -1 and VIM-2. Similarly
to what has been seenatherN-heterocyclic carboxylicthecarboxylic acid in théndole-
2-carboxylate is involved irthelating metal ion in the active sitdowever instead of
chelating the metal ion, the nitrogen atéorms a hydrogn bond with thewvater bridgng

between théwo active sitenetal ions1°®

Cl
0 O Cl
"y 40 A
NH N o)
® o < 0
NP O NP O N OH N OH
0
2,4-PDCA ANT431 InC

Figure 113 Structures of N-heterocyclic carboxylic acid inhibitors dfacterial MBLs. IncC: indole-2-
carboxylates.

28



Chapter 1. Introduction

1.4.1.3.Sulfonamide MBL inhibitors

Sulfonamids area recently emerigg class of MBL inhibitors shown inFigure 1.14%%7
With this class oinhibitors,sulfonamide acts as tipgmary zinc chelating functional group.
Like free sulfur in thiolsthefree nitrogen in sufhamidecanchelate both zin@l) ions and
displacethe bridged watet?®>® Again, a commoncharacteristiof theseinhibitors isa

carboxylic acidside chairinvolved in the binding throughthe chelaton of one ofthe zinc

(1) ions.
F
g
@ / \ o
Oy N
/S\\O OH O:§:O OH
HN- 2 0 NH,

Figure 1.14: Structures of Sulfonamide inhibitors of bacterial MBLs.
1.4.1.4 Bicyclic boronate MBL inhibitors

Bicyclic boronates aregtentially the moséxciting class oMBL inhibitors, as tey present
abr oad s p dactamasenmhilutibn abare able tonhibit both MBLs and SBL$%°
Boronds nearunique property taeadily interchange hybridation between gpand sp in
water enableshese compounds tenimic b-lactam substrate(sp?) and high energy
tetrahedral intermediatsp’) binding shown inFigure 1.15 Based on structural dattne
tetrahedral §p°) form of the boronic acids bound to the active sjtashere itcandisplace
the bridged wateandact asa transitionstate analogu¥*¢? A promising inhibitorwithin

this class is Taborbactam whiclis currently in phase 11l of clinical trial$®
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Figure 1.15: A: Structures of boronate inhibitors of bacterial MBBs.Boronates interchange between two
hybridisation statesC: Rection ob-lactam with MBL andormation of high energy tetrahedral intermediate.

1.4.2.Protozoan MBL inhibitors

Acoziborole(Figure 1.16 is anovelboronatebaseddrugactiveagainsfT.b. gambiensk a
parasiteresponsible for causing African sleeping sickdesshich is currently in clinical
trials 16 Although acoziborole was developedusing phenotypic screening further
investigationidentifiedmRNA processing as a primary targaetd CPSI3 is suspected to
beits molecular target®® Although no crystal structure atoziborolebound to CPSP is
availablemoleculardockingstudieshave beegarried out tonvestigate itpotentialbinding
mode!®® Based on the docking mog¢he acoziboroleboron atom reactsvith a water

molecule that bridge théwo zinc (ll) ions in the active siteleading to tetrahedral
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coordination around the boron atom aphybridisation The tetrahedrhcoordinationof

the boron is proposed timic the phosphate group of the RNAbstrate of CPSF73

Figure 1.16: Strudure ofAcoziborole.
1.4.3.Human MBL fold enzymeinhibitors

Probably themost thoraughly investigatedhuman MBL inhibitor is JTEB07, shown in
Figure 1.17%7 Although this compound was known to inhibjttokine synthesis for more
than 20 yearghe mechanism of action wasknown for a long timeln further phenotypic
screeningJTE-607was shown tanhibit the growth of Ewing sarcoma anacute myeloid
leukaemia®® By using compoundimmoblised affinty chromatographyCPSH3 was
identified asa direct target of JTH07. Additionally it was determined that JT&D7 acts as
a produg activated upoimydrolysis of ethyl estef® The aystal structureof hydrolysed
JTE-607bound CPSF3 showed that the inhibitor binds tioe interfacial cavity betwedn
CASP and MBL domainm closeproximity toactive site zin€ll) ions but doesot interact
with the metalions directly. It is suggestethat hydrolysed JTH07 maypartially mimic

thebinding mode of the prenRNA substratés®

LT

Figure 1.17: Structure of JTE607 prodrug(Left) and hydrolysed JFEO7 (Right)
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The development of inhibitoragainst human MBInucleasesppears tdave been rather
unsuccesful to date with only alimited numbeiof inhibitorsreportedn the literatureMost

of them target SNM1A nucleaseddo not exhibit high potency One of thefirst reported
inhibitors of SNM1A and SNM1B nucleasesere cephalosporinsa class ofb-lactam
antibiotics'’° Amongthescreenedephalosporis, ceftriaxoneKigure 1.18A) was the most
potent inhibitor of SNM1A and Bl hisfinding implied an interesting chemical relationship
betweenSNM1 nwleases andrue MBLs. However,recent crystal structuresppear to
underminethe proposedsimilarities between the two families of enzymasncerning
cephalosporin bindingf’ While true MBLs bind td-lactam ring this wasnot thecase for
SNM1A. In the ceftriaxoneboundSNM1A structure(PDB: 5NZW), ceftriaxone binds ta

single metal in the active site via two oxygémm thecyclic diamide sidehaini’!

The McGouran grouphave attemptedto develop nucleosidebased inhibitorsagainst
SNM1A. A library of nucleosides with modifications atgd3Njositions was screenes
SNM1A inhibitors Their study identifiedveakly potentiydroxamic acid, guaramide and
thiosquaramideas pdential metatchelating phamacophoreghat target SNM1A172173

Selected acleosidebased inhibitors of SNM1Are shown irFigure 1.18B

A recent higkthroughput screen obioactive compounds against SNM1A wasther
unfruitful; selected hits are shown Figure 1.18C1"* Out of nine hits, four were later
identified aspotentialDNA binders One of the hits waaurintricarboxylic acid, a known
non-specific nuclease inhibitoin most of these hits, a common featwaes catechol moiety,

which might be anothenetatchelatingpharmacophore targetir@NM1A.
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Figure 1.18: A: Structure of Céfiaxone. Carbonyls involved in binding metakireactive site of SNM1Are
marked in blueB: Nucleoside based inhibitors of SNMfrAm McGouran groupC: Hits identified by HTS
of bioactive compoundd.: Thymine

1.5. Human nuclease inhibitors

Although nucleaseare attractivetherapeutic targets, especially in cancer treatntést,
development ohuman nuclease inhibitors is still in its easiyage with few compounds
being tested inpreclinical trialsor used as chemical probéEhere is a wide range of
mechanisms through whi¢he nuclease activitgan benhibited Sincemost nucleases are
metdloenzymesmetal chelators are common inhibitofgthem Examplef inhibitors that
mimic the nucleic acid substraaeealsoknown.While mostinhibitorstargetthe actve site
of the nucleasesargetingproteinprotein interactionbetween nucleasesdother factors

involved inthe DNA repair pathwayan bgust as effective.
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1.5.1.Metal-binding nuclease inhibitors

The pevailing characteristiamong metathelating nuclease inhibitors the presencef
oxygenbase@ functional groups including carbonyls hydroxamates catechols or
carboxylic acids2,4-Diketobutyric acidnhibitorsand their structural analogukave been
developed against#N1 andXPG, shown inFigure 1.19'"° Theexactbinding modeof 2,4-
diketobutyric acidinhibitors areunknown butbased orstructural studies difighly related
HIV integrase inhibitorsone may proposethat 2,4-diketobutyric acidssimilarly chelate

metals in the active site aficlease$’®

O O o O OH O
OH
R+ (0] N
/ o NN OPh

R=4-Ph, 4-Cl, 4-OPh, 2-CH,4 X=5,0
R=Ph, H

Figure 1.19: Structure oR,4-diketobutyric acidbased inhibitors§dompounds on theft and middle) antheir
structural analoguedompoundon the righj.

TheN-hydroxyimideappears to bparticularly effective aa pharmacophore against a broad
range of nucleases. Compounds with this functional gnemp ber shown toinhibit FEN1,
XPG, ERCC1XPF and INase!’’ Although selectivity was an initiagssue, selectivand
cellularly active inhibitors against IEN1 were repored (Figure 1.20. 1’® While FEN1
inhibitors did not reach clincal trials, they emed up being useful biochemical toolEhese
inhibitors were used tdurther validate FEN1 asa possibledruggable target in cancer
treatment.’® FEN1 inhibitors helped identifisensitive cancer cell lineand synthetic
lethality geneticinteractions The N-hydroxyimide(FEN1-IN-1) have been shown twnd

to two metals in theactive siteof FEN1via two carbonylgroupsanda hydroxyl group In
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the crystal structur@DB: 5FV7), eachoxygenfrom thecaibonyl groupchelatel to oneout

of two Mg?* ions, while the hydroxyl groupvas bridged betweeboth metal ionst&

S
OYQ 0 OYQ
T
HO o) Ho/N\[(N\©\
o) o)
OMe

ATH-0013974 FEN1-IN-1 FEN1-IN-3

o Cl

Figure 1.20: Structure of ATHD013974 (initial hit) and FEN1 inhibitors 1 and 3.

Catchols 3-hydroxypyridons and hydroxypyrimidinonebave been reported fahibit
ERCC1XPF, shown inFigure 1.218% As these motifs are knawmetal chelatorst can
be proposedthat they bind metal ions in the active siféhile catcltol based intbitors
encouraginglynhibited DNA repair in celbased assay#e testedydroxypyrimidinones
did not.*®? Additionally, asthe N-hydroxyimideandhydroxypyrimidinoneare structurally
similar, hydroxypyrimidinong inhibit both FEN1 and ERRCXPF, with a higher

selectivity towards the latter nuclease.

! |
0] Cl o N © NH
HO | HO
N =
TN, e )
HO Cl . 0 N)\@
H S /
Figure 1.21: Structure of catechol (leftB-hydroxypyridone (middle) anldydroxypyrimidone (right) based
inhibitors of ERCCIXPF.
7-Nitroindole-2-carboxylic acid(CRT004487% was identified asan inhibitor of APE]
shown inFigure 1.22.17° Molecular mod#ing predictsthat carboxylic acidindsthe metal

in the active siteThis modelsuggeststhat carboxylic acid cabe used as another metal

binding pharmacophore in nuclease inhibitdfs.
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A O

N  OH
H
NO,

Figure 1.22: Structure of7-Nitroindole-2-carboxylic acid(CRT004487% inhibitor of APE1

1.5.2.Nuclease inhibitorsmimicking nucleic acid substrate

Using HTS, arylstibonic acid$igure 1.23 were identified as inhibitors of APE1 nuclease
activity.'® Molecular modelling suggests that the aiishic acids mimic the abasic site in
DNA, a substrate for APEL. The stibonic acid and carboxylic acid in the com@wand

proposed tanimic the phosphte backbone in the DN&?

NO o
2
Os .
©_\\_<O Pl
o _ RO
Figure 1.23: Structure arylstibonic acid inhibitors of APE1 (left and middle) and abasic @N#Abpstrate for
APEL1 (right).

g or

1.5.3.Nuclease inhibitors argetting protein-protein interactions

Sinceheterodimerisation of ERCCGAPF is required for endonuclease activity, the pretein
protein interface between ERCC1 and XPF is an attractigdicinal chemistrytarget.
Virtual screening was used to isolate dpaigle binding sites and identifgotential hit
compounds that inhibit dimerisation of ERG&PF through binding to XPF protelf® In

the follow-up work, a computeaided drug design was employed to develop improved
inhibitors of ERCCXXPF proteinprotein interaction'®® Inhibitors binding to XPF
(Figure 1.24.A) showed promising results in cdélased assays, as they sensitised cellgeto

UV irradiation and ICL inducing agent cyclophosphamaigplatin, and mitomycin ¢87188
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Another strategy to inhibit ERCCGAPF DNA repair activityinvolved targding the
interaction between ERCC1 and XPA. While XPA is not required for endonuclease activity,
XPA-ERCC1 interaction is essential theproper NER functiosinceXPA recruits ERCC1
to the damage sité? Like in theidentification of ERCC1XPF proteinprotein interaction
inhibitors, virtual screening was used to identify inhib&atargeting XPAERCC1

interaction'®® The structure of inhibitor binding XPA is shownFigure 1.24B

A |
ot
HN N
—
Cl N

R =H or Me

Figure 1.24: Structue of proteinprotein interaction inhibitorsA: XPF bindersB: XPAbinder.

1.5.4.MRE-11inhibitor

Using a forward genetic screemirin was identified asn inhibitor of MRN (Mrelli
Rad50 Nbs1compley); later, it wasreportedto selectivelyinhibits exonuclease activity of
MRE111°t Using dructural dataa chemical library of mirin derivatives was developed
From this new library of inhibitorsa more potentexonuclease activity inhibitdiPFM39)
was identified A selectiveendonucleases taty inhibitor (PFM03)was also found, as
shown inFigure 1.25 The binding mode of these inhibitors wdsentified by using xray
crystallography Instead of binding tahe active sitethe results imply thatirin derived
inhibitorsbindin close proximity taheactive siteand impede the path of DNA towards the

active site Selective inhbitors of both endaucleaseand exonucleases activiiylowed for
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further evaluation of MRN function angrovided insight intahe regulation of athway

choices!®?
NH, OH OH
x-S x-S x-S
S=NH S=NH =8
o NH o NH o l}\/
PFM39 Mirin PFMO03

Figure 1.25: Structures of Mrel1 inhibitors.

1.6.Research ains of the work described in this thesis

While the precisebiological functiors of human MBL nucleases SNM1A, B anda@&not
yet fully understoodthese enzynseareessential for maintaining genome integrityhilst
their depletion leads teither chemosensitisation or radiosensitisatiéh.Therefore,
developng smalimoleculeinhibitorsagainst these enzymissbelieved tdoe beneficia for
further the investigaton of functional roles of these nucleasis DNA repair, or as

sensitising agents in cancer treatment.

This projecthasaimed at the developnentof potent and selective inhibi®of a human
MBL nucleass that could be tested icellular assays andsed fortarget validationSince
all threenucleased SNM1A, SNM1B, and SNM16 playessentiaphysiological rolesand
are potential pharmaceutical targgtinhibitor developmenis not restricted toa single
enzyme Althoughthe poject's primary focug/as ondeveloping inhibitors against SNM1A
it was envisaged thatelected inhibitors shang promising resultshould alsobe tested

against SNM1B/CIn caseany inhibitor or set of inhibitos, shows a substantiallybetter
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potency against SNM1B/C than SNM]lifwas considered théte projectouldshift focus

towards one of the other enzymes.

Prior to this work an extensivehigh-throughput screenf 400000 conpoundshad been
performed against SNM1A 22 hits were identified thus providing a foundation for
developing new inhibitorsTaking these hitsas a starting poinit was proposedfor the
structural analogueso be synthesisedin order to investigate the structureactivity
relationship(SAR). The study ofSAR will help mprovethe inhibitorsand understand
potential structural differences between #reymesthat might be exploited to ackie
selectivity. In addition b testinginhibitors by usingin-vitro assag, it was envisaged that
inhibitors couldbe soakeihto SNM1A/B/C crystalsor co-crystallisedwith SNM1A/B/C to

obtaininhibitor bound crystal structures

It wasalsointendedthat potential inhibitofibraries would be tested throughout the project
to identify new pharmacophoreand inhibitors targeting human MBL nucleases. The
librariesinvestigatedncludeknown metalloenzyme inhibitors, metal bindexsd irhouse

compounds.
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2.1.Initial hits against SNM1A

Prior to the initiation of thework descibed in this thesisan extensive higthroughput
screenHTS) using a fluoresceneeased assayf 400000 compoundbad beemperformed
against SNM1Aby the European Lead Facto§ELF) in collaboration withthe University
of Oxford (unpublishedresults) The HTS led to the identification &2 potential hit
compounds Following the HTS attempts were undertaketo obtain inhibitor-bound
structuredy soaking the inhibitors into crystals of SNM1Bompounds3 and9 were the
only hits foundto bind to SNM1A ando successfullyield crystal structuregFigure 2.1).

The structure 08 is strikingly similar tothereported FEN1 inhibitors mentioned$ection

151
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A
H793
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3 9

Figure 2.1: Inhibitor hit molecules from the HTS in complex with SNM1A/iewfrom a crystal sucture of
hit 3 bound to the active site of SNMI1B View from a crystaltsucture ofhit 9 bound to the active site of
SNM1A.C: Structure of hit8 and9. M1: Nickel.M2: Zinc.

The crystal structure reveals tl@mpounds3 and9 both chelatemetalionsin the actve
site usingtheir oxygenatoms with octahedral coordination around each metal Whilst
the SNM1A structurecomplexedwith 3 bound has two metanspresenin theactive site
only one metaion is present irthe structure with9. In the crystal structusg metal ion M1
wasassigned asickel (1), and M2 wasassigned asinc (I1). By contrast, twainc (1) ions
aregenerallyconsideredo be thephysbplogically relevant metalsthough this has noyet
been demonstrated to be the dasévo.! Structures of SNM1Awith only the firstpotential
metal ionbinding site occupiedrealsocommon raising questions about the biologically

relevant metal ion$
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Interestingly, for the crystal struture with the hit3, there areawo moleculesof 3 bound to
the active siteThe twomoleculesof 3 apparentlystackwith each other aa distance of
~3.6 angstrom(A), indicaing a possiblepi-stacking interaction betwe¢netwo molecules.
Both moleculesof 3 chelatethe active sitemetal ionsusing their cyclic hydroxymate
pharnacophore TheN-hydroxyl groupof one of the molecules 8fbridges betweerthetwo
metal ionsdisplacing the catalytic water moleculeA similar mode of ligationand
displacement otatalytic water was presusly observedor thiol or sulfonamidebased
inhibitorsof true MBLsdescribedn Chapter 1.3# Additionally, it can be observed thane
of the 3 molecuks displaceghe Asp736, whichnormally chelats the M2 metal ion.There
are no othesubstantiainteractions betweemolecule3 andSNM1A in the crystal structure
complex with more than 3.5A distance between molecusesand any amino acicesidue

side chain

Inhibitor 9 chelates metal ioM1 in the active sitaisingtwo catecholoxygens from the
cyclic diamide sidechainAdditionally, there mighta be hydrogen bonding interaction
betweenoxygers in Asp736 and one of the amide nitrogérsn molecule9 as there ia

distance o2.8 A between thesatoms.

After obtaining structural data, compourisnd9 were resynthesisddr validation studies
becausdahe ELF provided only limited quantitie®zdditionally, compound5, a structural
isomer of3, was synthesised as there veadiscrepancybetweerthe report fronELF and
theobtainedstructural dat&or 3. The initial report from ELFtated that compouri which
has a methoxy group #te metaposition was tested in the HT@&t the same timehased

on the structural datthe ELF suppliedo Oxfordcompound3, which has a methoxy group
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atthe para-position instead of compoun8l. The ynthesis ofcompounds3, 5, and9 were

based on previously published synthetic rogfégure 2.2).5%7

96% 96%

\ \
4-Bromo-1,8- OBn OBn
naphthalic anhydride 1 2 3

ﬁ/OH gOMe : gOMe
0] N (0]
OH

3-Hydroxy-1,8-

naphthalic anhydride 4 5
Cl N3
78% NG 86% N7
6-Chloro- 3
nitroquinolin-4-ol 6 7
)Kfo
HN
9% N7 36% N”
8 9

Figure 2.2: Scheme for synthesis of iiftlitors 3, 5 and 9. Conditions for each ste) NH.OBn.HCI, pyridine,
reflux, 2 h;b) NaOMe, CuS@ MeOH, reflux, 12 h¢) Pd/C, B, DMA, RT, 4h; d) SOMe,, KoCO;, acetone,
reflux 3 h;e) NHOH.HCI, pyridine, reflux, 1 hf) SOCh, DMF, DCM, reflux 2 hg) NaNs, DMF, RT, 2 hh)
Raney nickel, B} MeOH, RT, 1 hi) diethyl oxalate, reflux, 2 h.

The gnthesis of hi3 from commercially avdable4-bromo1,8-naphthalic anhydridevas
very effident with each step havin e x c e | | e n t witlydneveral yie{d ©f 8390 %)
over 3 steps In step a), 4-bromol,8naphthalic anhydride was reacted with
O-benzylhydroxylamindo form 1 via a condensation reactiamsing fyridine as a solvent,
base, anducleophiliccatalyst In stepb), compound. was convertedhto 2 via nucleophilic
aromatic substitiion usingsodium methoxide as nucleophile amdpper(ll) sulfateas a

catalyst.Following thesynthesis compoung 1 and2 werepurified using filtrationwith the
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washng of the solid precipitate to remove any soluliepurities Finally, in stepc), the
benzyl protecting group in compoudvasremovedby hydrogenation to produce 8t
Hydrogen gas and palladium on carbon catalyst was usduaefmyl deprotection. After

hydrogenationcompound3 was purifiedby filtration.

The synthesis of hi from commercially available-Bydroxy-1,8-naphthalic anhydride was
relatively efficient, proceeding inan overall yield of72% after 2 stepsln stepd), the
hydroxyl group, from ahydroxy-1,8-naphthalic anhydride, wasethylated using dimethyl
sulfateasan alkylating agent and potassium carbonate as atbgseduce compound.
Compound4 was synthesised atgood yield of 74%n stepd). Next, in stepe), 4 was
reacted withhydroxylamineto produce hi6 via a condensation reaction, using pyridine as
a solvent, base, and nucleophilic catalygsep e) was performed at arexcdlent yield of
97%. Both 4 and 5 were puified by filtration with washng of the precipitate to remove

soluble impurities.

Hit 9 was synthesisedrom commercially availabl&-chloro-3-nitroquinolin4-ol with an
overall yield of24% after4 steps.First, in stef), intermediates wassynthesised from-6
chloro-3-nitroquinolin-4-ol by convertingthe hydroxyl groupnto chloride using tronyl
chloride as a chlorinating agent and DMF as a cata@inpound6 was purified using
extraction and column chromatograpfye yield of stepf) was 78%.In stepg), 6 was
convertednto 7 via aromaticnucleophilic substitution of chloride at position 4 wéhide.
Sodium azide was used as the sourdb®tizide. Whilewo chloride atoms were present in
the intermediat®, the substitution reaction was only observed at position 4, vididlore
reactive due to th@djacent nitro groupn stepg) compound/ was purified usingxtraction

and was synthesised agood yield of 86%Next, in stepgh), compound/ was converted
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into 8 via hydrogenation. nitially, it was attemped to perform hydrogenationusing
palladium on carbon ascatalyst but thisresulted inan additional reductioaf the chloride

at position 6Use ofRaney nicketatalystinsteadof palladiumon carborresultedn amore
selective hydrogenatiaeactionwith areduction of onlitheazide and nitro groupSteph)
resulted ina nearly quantitative yieldf 99% and compound could beobtainedby
filtration. Finally, in step i), compound 8 reacted with diethyl oxalateusing
cyclocondensation reaction fwroduce hit9. In stepi), hit 9 was producedh a very poor
yield of 36%. Hit 9 was purified using filtration and solvent wash to remove soluble

impurities.

All three compounds3, 5, and9, were tested using reéime fluoresceoe and radioactive
getbased assaymgainst SNM1A(Figure 2.4). The conditions used for the fluorescence

based assay and the peised assay were the same as in previously published work.

The realtime fluorescencebasedmethodis an enzyme activitybasedassay The assay
employsSNM1A orother MBL nucleas¢SNM1B or SNM1Q anda chemically modified
oligonucleotide aasubstrate. The substrate used for fluorescbased assay with SNM1A
or SNM1B wasa 20-nucleotide ssDNA labelled with fluoresceguothiocyanate (FITCat
the 9\gnd andblack-hole quencher 1 (BHQ) 8 nucleotiaway. In the plate readethe
FITC is excied usingradiation at a 495 nm wavelengtnd the fluorescence emission is
gquenched by BHQUpon digestiorof the oligonucleotidsubstraten the 5SNp 3\jlirection
by either SNM1A or SNM1Exonuclease activitfFITC-labelled nucleotide ireleasedAs
the FITC labelled nucleotide is released, the fluorescence emission is no loegsregl
by BHQ, and thdluorescenceat 515 nm wavelerigis emitted as shown irfFigure 2.3. The

515 nmfluorescence emission is measured atidte points oveB5 minutesThe rate of
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increase ofhefluorescence intensity represents the enzymatic activity of the nucldese.
reattime fluorescencéased assagives quantitdive results as it precisely @sures the
fluorescence emissiaat fixed time points andhows the enzyme activity ovarspecific

duration.

Excite at

5'- 3' digestion

Excite at Emit at

— '_
> T =< -
Figure 2.3: Schematidor the reattime fluorescence assay.

Similarly to fluorescencédvasedassay the radioactive gdbased assay ialsoan enzyme
activity-basedmethod The substrate used for the gpeised assay wasthera 21 or 50
nucleotidslong ssDNAcontainingphosphoru82(*P)a t t h dn ti& éadi@actice gel
basedassay, SNMA, B, or C nucleasdogether with theadiolabeled DNA substrateere
allowed to react for 40 miQver the reaction timehe nucleasaligess the DNA substrate
to produceoligonucleotidesof various lengthsAfter 40 min, the enzymatic reaction is
guencted andelectrophoresis ge$ run to separatine producs of thenudease digestion.
Measurement ofthe radioactive decay of th#P allows forthe identification of specific
DNA bands on the electrophoregisl. The obtainedoroducts and the extent of digestion by

SNM1 nuclease can be determined using the radioactivk®aged assayWhile the
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radioactive gebased assay givetess quantitativeresults, it uses a much more
physiologically relevant substrateanthe fluorescecebased assaylhe radioactive gel
based assay wasainly used to validate inhibitor§irstly identifiedby a fluorescencéased

assay

The gelbased assay and raahe fluorescence assay are independent methods of examining
the nuclease activity of éhenzyme as theshowdifferent readoutsThe fluorescence assay
measuresnly thedigestion of a single nucleotidpeatresults in fluorescence emission. In
contrast, in theadioactivegelbased assay, we can see various products of digestion, and
therefore digestion of multiple nucleotides can be observ&ince the real-time
fluorescence assay resudiemore quaritative, this assayvasprimarily used tgplot dose
response curvemndcalculatethe ICsovaluefor each inhibitorIn the doseesponseurves

the y-axisis lakell ed as ARe s p e wisich gtends for thepercentage of
fluorescencebservedwhere 100% ithe maximunfluorescence observedhensubstrated

is treated by an enzyme witio inhibitor presentand 0% is the background fluorescente

the untreatedprobe The fluorescence observedrrespondso the enzyme activitylhe x-

axis is labelled agilLog(ConcentratiofM)o, in which fiConcentration stands for the
concentration of inhibitors useddditionally, the reatime fluorescence assay is faster and
more highthroughput than the gélased assay, and therefore it was a preferred method for

testing larger sets of compounds.

Half maximal inhibitory concentrationICso) is a measure ahhibitor potency indicating
the concemtaition ofaninhibitor atwhich there is 50% biological activity'hroughout the

project, 1Go values were used to quantify the potencinbibitors
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Figure 2.4: A: Doseresponse curvelotted using te data from reatime fluorescence assdgr inhibitor
testing against SNM1A Concentrations useSNM1A]= 0.5nM and [DNA] = 25 nM. B: ICso values
calculated for each inhibitorC: Representing @ image from radioactive gdlased assay against SNM1A.
Concentrations usef6NM1A]= 0.8 nM andDNA (21-men] = 100nM. The indicated concentrations are in
e M. : UdtfeatedA red dotted line is used to separateages taken from 2 separate gels.

Hit compound 3, 5 and 9 were testedagainst SNM1A togetherwith ceftriaxoneas a
positive control inhibitor, by using both thereattime fluorescencbased and gédased
assay (Figure 2.4).” All threehits (3, 5 and9) weremore inhibitory tharceftriaxone one

of the most potent SNM1A inhibitorgportedin theliterature.” The newly identified hits
inhibited SNM1Awith nearly identicapotencies withCsos measureah the low micromolar
range3= 2. 45 =29, Mand9 = 20¢ MWith the getbased assay, SNM1A was
partially inhibited when usingl0 and 10@ M ¢ o n ¢ e n t3y 5aand 90 Besaus® f

compounds3, 5 and9 haw ICspvalues withinthe same range arall showed very similar
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inhibition on the gebased assayt was not possible to ideify one of themasthe most

potent hit.

Hits 3, 5, and9, together with ceftriaxoneere further tested agairfSNM1A from another
batchof enzymepurified using norstandard conditionsyithout immobilised metal affinity
chromatographyIMAC) (Figure 2.5). IMAC is a standard protein pughtion procedure
that usesmmobilised metal ios, primarily nickel (1) ions, toseparate proteins amairify
the particular protein of interesthe metal iongrom theIMAC column can leaclout and
affect the metal conteint the enzyme8Non-IMAC SNM1A protein samples were purified
usingHiTrap SPFF, ion exchangehromatographyinstead of the IMACSNM1A purified
with IMAC hasa mixture ofiron, nickel andzinc in the active sitewhile the batch purifid
without IMAC containsiron and zincions the presence of ions was aserel using ICP
MS (Inductive coupled plasma mass spectrometkythe same timet is widely predicted
that zinc ions arenaturally present inSNM1A, though this has not been demonstrated
vivo.! SNM1A purified without IMAC, was only used faissay presented Figures 2.5and
3.2, for all other assay proteins purfied using IMAC were used, apthiBcation method

was much more effient.
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Figure 2.5: Assays run with SNM1that was notpurified usingIMAC. Top: Doseresponse curve plotted
using the data fromthe real-time fluorescence assay. Concentrations used [SNMI1A25nM and
[DNA 21 mefl = 25 nM. Bottom Representingel image from radioactive gdlased assay agaihSNM1A.
Concentrations used [SNM14]0.8 nM, and [DNA21-mef)] = 100nM. The indicated concentrations are in
¢ M. : Untfeated A red dotted line is used to separate images taken from 2 separate gels.

Ceftriaxone an® showed muchlower inhibition againsthe norIMAC purified SNM1A
constructtompared to hit8 and5 (Figure 2.5). While in the assay againSNM1A purified
using a standard procedunith IMAC (Figure 2.3), hit compounds3, 5, and9 showed

nearly identical inhibitionBased orthe results othe getbased assay against RDHAC

purified SNM1A,hits 3 and5 exhibit partial inhibitionc oncent r at i.Mite3andof 100
5 showedonly partial inhibition in the fluoresncebased assay agaimsinIMAC purified

SNM1A, although the inhibition is too low to calculdt@so values accuratel\Due tothe

relatively lower actvity of the non-IMAC purified SNM1A constructa 1.25 nMenzyme
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concentratiorwas used fofluorescencéased assay instead of 0.5 MMhencomparing
results from assays against both SNM1A consiritcappearghatinhibition of 9 might be

moredependent on theetds presenin theactive site thaim the case o8 and5.

Hydroxanates areknown zinc binding group thatarereportedto inhibit a vanety of zinc
(I containing metalloenzymes, includingcarbonic anhydrase® Therefore
N-hydroxyimides were chosen for further optimisation anddevelopment ofSNM1A
inhibitors. Similarly, it has been observed thihe extent ofnhibition of bacterial MBLcan

varyin a mannedepending on the metal iopsesrt in the active sité?

2.2.Development ofstructural analogues of 3 and fagainst SNM1A

While the initialdatafor hits 3 and5 was promising,substantiaimprovements had to be
madeto obtain more potent inhibitor8oth 3 and5 havea flat polyaromaticcore which
likely leads to theirpoor solubilityand mightenableintercalaion of DNA. When designing
structural analoguesf 3 and5, one of thearomatic ringsvas removedsamilarly to what
has beerdonewhenFEN1 inhibitorswere optimsed from hit ATH-0013974to inhibitor
FENZ-in-1, asdiscussed irBection 1.5.12 Additiondly, the bicyclicN-hydroxyimdecore
was cosideredmore suiéble for synthesising a library of analogues as itrisre easily
modified than the initial ticyclic coreof either3 or 5. The ester functional grouand
morpholine ring were introduced to improve the solublffftAs sulfur atoms are&eommon
in bacterial MBL inhibitors and are involved in chelating metals in the activettsioerea
was introduced in one of tlterivativesThe dructures and syntletic schemesor five new
structural analgues12, 14, 15, 18 and 20 are shown irFigure 2.6.°141516The only novel

inhibitor from this list abovevas compound.8.
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Figure 2.6: Scheme for synthesis afialogues o8 and5. Conditions for each ste@) NH,OBn.HCI, TEA,
THF, reflux, 3 h;b) triphosgeneTEA, THF, 0 °C, 2 hc) Pd/C, H, DMF, RT, 2 hd) BnBr, CsCQO;, DMF,
80 °C, 2 h;e) conc. HBfag, AcOH, reflux, 1 hf) thiophosgene, $O, DCM, RT, 12 hg) NH,OH.HCI, NaOH,
H-O, CHCE RT, 2h;h) 2-chloroacetyl chloride, DMF, RT, 2 ) morpholine, DMF, 60 °C, 1 hj) Pd/C, H,
MeOH, RT, 4; k) ethyl chlorooxoacetate, pyridine, DCM, RT, 12then p-toluenesulfonic acid, toluen
reflux, 2 h;l) Pd/C, H, EtOAc, RT, 15 min.

Inhibitor 12 wassynthesiedfrom thecommercially availablesatoic anhydridén anoverall
yield of 51% over 3 steps. In stepa), isatoic anhydride was reacted with
O-benzyhydroxylamine tdorm an amide bond and produce compo@fdCompoundlO
was purified using column chromatography avab produced avery good yield oB8%.

Next in stepb), triphoggene was used wonvert compoundO into 11 via carbonylation
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cyclisation Compoundl1was purified using column chromatography avet produce at
ayield of 66%. Finally, in steg), compound 11 was converted intmhibitor 12 through
deprotection of th€®-benzyl group using hydrogenatiomeaction Hydrogenation reaction
in stepc) was performed usingtandarcconditiors: hydrogen gas and palladium on carbon

as a catalyst, and produced inhibit@at a very good yield of 87%.

Inhibitor 14 was synthesied from compoundll in an overall yield of27% over 2 steps

First, in stepd), 11 was alkylated using benzyl bromide produce compound3. After
alkylation, 13waspuiified using filtrationandstepd) resulted iran excédent yieldof 95%

Next, in stepe), the O-benzyl group in13 was removed to produce inhibitd4. A
hydrogenation reaction was not used because there were two benzyl groups in compound
13. Instead, th&-benzyl group waselectivelyremoved under strohgacidic conditions
usingconcentrated hydrobromic acid and acetic daidibitor 14 was purifiedby filtration.

The yield of steg)was very poor, resulting in only 28%eld after isolation

Inhibitor 15 was synthesiseffom the commercially availablenethyl anthranilatewith a
very good overall yield of 80%vertwo steps. First, in stefp, the amine group frommethyl
anthranilatevas convertedhto isothiocyanateisingthiophosgengo formisothiocyanate
interm ediate Theisothiocyanate intermediatewas puified using extractiomand was then
directly used in thenext step. In stepg), isothiocyanate intermediatewas reacted with
hydroxylamingand the second ring was cyclised to fonmibitor 15. Inhibitor 15was then

purified using filtration

Inhibitor 18 was synthesisd from compoundlO with a goodoverall yield of73% over3

stepsFirst, in steph), 10 wasreacted witl2-chloroacetyl chlorideria a cyclocondensation
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reeaction to prodice compound.6. Compoundl6 was producedn steph) ata very good
yield of 86% and was purified using extraction. Next, in stfepompound.6 was converted
into 17 through nucleophilic substitutiorf ohloride with morpholinel7 was purified using
column chromatographgnd extractionCompoundl7 was producedh an excellent yield
of 97%. Finally, in stepj), the benzyl protecting group id7 was removed to produce
inhibitor 18. The tydrogen#ion reaction procedure used in sfeprere similar to those used

in stepc). Stepj) producedl8in a very good yielaf 88%.

Inhibitor 20 wassynthesisdfrom compoundO in a good overall yield of 73%ver2 steps.
First, in stepk), compoundlO was reacted witethyl chlorooxoacetat® form an amide
bond this wadollowed by a cydkation reactiojusingp-toluenesulfonic acidsa catalyst
to producel9, whichwas purified using column chromatographpdgiving 19in a good
yield (75%). Next, in step), the benzyl protecting group was remouecdconvertl9 into
inhibitor 20 using hydrogenation Similarly to step<) andj), palladium on carbon as a
catalyst and hydrogen gas were used for the hydrogenagictiore The yield of stepy) was

excellent(97%), and inhibitor20 waspurified using filtration.

Following the synthesis, aloguesl2, 14, 15, 18, and20 were tested using the retthe

fluorescence assay against SNMHiglre 2.7).
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Figure 2.7: A: Doseresponse curve plotted using the data from-teak fluorescence assagainst SNM1A
Concentrations usefBNM1A]= 0.5nM and [DNA] = 25 nM B: Table of IGocalculated for each inhibitor.

Out ofthefive synthesised compoundsnly inhibitor12 shaved slightly betteinhibition
than hits3and5in the fluorescencbased assay against SNMI@ompound.2 had an 1Gso
of 1.2 M. The i bh2hgaibst INMDAns paoif congpareaifeon huibitich
against FEN1 and XPG, which $1(Csp 0 f 0 .M0anMd 0.1&M, respectively. This
substantiabdifference in theCsobetween SNM1A, FEN1 and XPG might indicateuctural
differences, which may allow for the develoment of selective inhibitorsagainst these

enzymes

Unfortunately, 18 and20 showedno inhibitionagainst SNM1Awhilst 14 hadanICsqof 7.3
€ M Such apotency decrease might be caused by a steric clash betiwedamky benzyl
group ofl14 anda residuan the SNM1A active site.Therefore, it wasonsidered thait
might be more favourable tavestigatemodifications further away frorthe hydroxamate
pharmacophorenvolved in chelating the metals iorfReplacingthe urea witha thiourea
functional groupalsolowered the potengynhibitor 15had an IGoo f 2 .2HengelMit was

decided to focusromeal binders containg oxygenbased functionajroups
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Before designing another set of inhibitors, commercially available analogues of cyclic
hydroxamic acids were tested against SNM1A in an attempt to gain more data on a structure

activity relationship (SAR).

2.3. Hydroxypyrimidinone and FENL1 inhibitors againstSNM1A

As mentioned inSection 1.5.1, FEN1 and ERCCEXPF nucleases are inhibited by
N-hydroxyimides andheir structural analogue, hydroxypyrimidinon€sSimilarly, both
N-hydroxyimides and hydroxypyrimidinones inhibit HIV integra$&ue to a high degee
of structural and metddinding similarity between these two pharmacophoresyas
considered possible that hydroxypyrimidnones might inhibit SNM1A. Therefore
commercially availabléydroxypyrimidinone (HP-1, HP-2, HP-3, andHP-4) were tested
against SNM1AAdditionally, N-hydroxyimide based FEN1 inhibitors, including cellularly
active FENL-in-1, were tested against SNM1A determine whethethese inhibitorsalso

exhibit the off-target inhibition(Figure 2.8).8
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Figure 2.8: Top: Doseresponse curve plotted using the data from +eak fluorescence assay.
Concentrations used [SNM1A]0.5nM and [DNA] = 25 nM.Bottom Structures of tested compounds.

Quite unexpectedlynone of thecommercialhydroxypyrimidinons (HP-1, HP-2, HP-3,
and HP-4) inhibitors showed inhibition against SNM1A. While both FEN1 inhibitors
inhibited SNM1A5 with AZA1 (also known a®\Z1353160Q being the more potent ode

the inhibition was too low to calculated§accuratelyAs FEN1-in-1 hasanICsoof 11 nM
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against FEN it is doubtful that it would have offtarget interaction withSNM1A.

FEN1-in-1 was successfully soaked into crystals of SNM1A yettieda crystal structure.

FEN1-IN-1

H732 o

Figure 2.9: Structure of twd=-EN1-in-1 inhibitors bound to the active sibf SNM1AM1: Nickel.M2: Zinc

The crystal structure dFEN1-in-1 and SNM1A complexKigure 2.9) hasa very similar
binding mode taheone observed ithe struture ofhit 3 bound to SNM1A(Figure 2.1A),
with oxygen atoms fromN-hydroxyl andcarbonyl functional groups involved in metal
chelating Again, it can be observed th#te N-hydroxyl groupcandisplace the catalytic
waterbridged between metal ionSimilarly, in thetwo structures of SNM1A withFEN1-
in-1 and3, two inhibitor moleculesvere observedoundat the adive site In the structure
of FEN1-in-1 bound to SNM1Athetwo moleculesareapparentljesswell-stacked to each
otherthanin the structure of hi8 bound to SNM1A(Figure 2.1). Theapparently reduced
stackingbetween twoFEN1-in-1 moleculesmight becausd by a steric clashfrom the
benzodioxan side chaiif. the inhibition of SNM1Aby eitherFEN1-in-1 or 3 depends on

the binding of twamoleculesof theinhibitor, the additional steric clash from the side ohai
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could explain whyFEN1-in-1 hasa lower potency thai. By contrast, in the structure of
FEN1-in-1 bound to the actives site tfie FEN1, only one molecule othe inhibitor is

present®

Undertakenattempts to improvethe N-hydroxyimide hits3 and 5 proved relatively
unsuccssful, whilst theintriguing presence of two molecules bound to the active site made
the structureébased design of inhibitodifficult. Consequentlythe further development of
cyclic N-hydroxyimide inhibitors was haltedlthoughno lead waslirectlydeveloped based

on hit3, theinformationobtainedfrom thesecompound becameusdul in the later stages

of the projectlescribedn Chapters 3 and4. Validation of hydroxamate as a phacophore
against SNM1A was helpful in designing a library of compounds based 25 (@hapter

3). Owing to its very consisteninhibition, 3 wassubseqartly used as a positive contriol

assays against SNM1A.

2.4.Cyclic N-hydroxyimide hit 3 against SNM1B and SNM1C

Whenenzymes SNM1B and SNM1C becamailable for testinghit 3 was tested against
both thesenucleasegFigure 2.10). As SNM1B exibits similar exonuclease activity to
SNM1A, the same susiratesand conditionswere used tdest nhibitors against both
enzymes.Similar conditions were useaif testingwith SNM1C. However, due tothe
difference in the catalytic activilNM1C isanendonuclease slightly different substrate
was usedor assays with itForthereattime fluorescereassayfor SNM1C a20-nucleotide
ssDNAsubstratdabelled withFITC and BHQwas used, similaio the substrate for assays
with SNM1A and SNM1B Whereas for SNM1C fluorophore and quenchevere 20
nucleotides part, with a FITC at the 5Ngnd and a BHQ at the 3Ngnd. Typically for the

radioactive gebased assay agairSNM1A, a 21 nucleotide longoligonucleotideis used
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in this casea 51-mer radiolabeled substrarasusedinstead This 51-mer oligonuctotide
substratavasthe standard substrate uskxnt gelbased assays against SNMHEthe same
time, this substratevas alsoutilised for SNM1A and SNM1Bo make the gels more

consistent®

A

§ i 3 inst SNM1A °

g -# 3 against

3 s -~ 3 against SNM1B Enzyme |1Cso/pM
g 50- =+ 3 against SNM1C SNMIA 2.4
e SNM1B 1.9
S SNM1C 0.37
o 0+

8 6 4
Log(Concentration/M)
C SNM1A SNM1B SNM1C
3 3
0 3 0 0

ENZ 0 3 62 125 2550 100 ENZ 0 3 6.2 12.5 25 50 100 ENZ O 3 6.2 12.5 25 50 100

. - -
| - . s eesees

Figure 2. 10: A: Doseresponse curve plotted using the data from-teaefluorescence assay. Concentrations
used [SNM1AFE 0.5nM, [SNM1B] = 0.25 nM, [SNM1C]= 50 nnand [DNA] = 25 nM.B: Table of IGo
calculated forinhibitor 3 against SNM1A/B/CC: Gel images from radioactive gbhsed assays against
SNM1A/B/C. Concentrationsised [SNM1A] =05 nM, [SNM1 = 2 nM [SNM1C] = 2nM and

[DNA (51-mer]) =10nM. The indicated concentrations are in
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In both fluorescencbased and gdlased assays, t8tinhibits all three enzymes: SNM1A,
B, and C,andshows the best poten@against SNM1CBased orthe fluorescewe assay
inhibition of SNM1A and SNM1B by is nearly identicalput in the gelbased assayt
appears thaB is slightly more potentagainst SNM1A.Slight variationsobservedwhile
comparingresults fromfluorexcencebased and gddased assayshould not be sprising
as there is difference in the final readout from both ass#dditionally, the difference
between enzyme concentts in the assays might affect tlodserved inhibitiong.g. a
higher concentration of SNM1B than SNM1A is usedh@gelbased assayn contrasta
higher concentration of SNM1A than SNM1B used n the fluorescencbased assay
Overall, heseresuls furthervalidatecyclic N-hydroxyimidesasinhibitors ofabroad range

of nucleases.

2.5. Inhibition of SARS-CoV-2 nspl4nspl0complex

Although the primary focus of this project wése developmentof hMBL nuclease
inhibitors sncethestart ofthe COVID-19 pandemién 2019 there aros@anurgent needo
developtherapeuticdo treat SARSCoV-2. The rspl4nsplOcomplexhas been identified
asan attractive targaiwingto its rolein maintaning genomestability.?! The nsp141sp10
complexcomprisegwo nonstructural proteins, where nsp14 (alsmown as ExoNgxhibits
3Njp S\gxoribonuclease activifif Nsp1Q while na havingits ownnuclease activityonce
complexed with nspl4ubsaéntially enhances nsp14 nuclease actiityan attempt to find
anspl4nspl0 complex inhibitgiN-hydroxyimides andhydroxypyrimidinone were tested
against itUnfortunatdy, it was only possible to test inhibitors against nspgg10 complex
usingaradioactie getbased assay hedigestion ofoligonucleotides labelled witaFITC

andBHQ, commonlyusedfor fluoresencebased assayby nspl4nsplOwasfound to be
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highly inefficient due to gprolongedreaction time Becauseghe nspl4nspl0 complex has

ribonuclease activityga 20-mer RNA substrate was used insteada@NA substrate fothe

assaysAs no othemorepreciseassayg wereavailable, thdCsowasestimatedrom a gel

based assay by quantifyiriige gel digestion produstandusing it to determine the dose

response curves
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3 20.7
12 ND
- - 14 94.1
15 ND
] HP-1 322
HP-1 Raltegravir Raltegravir 24.4
0 31 62 125 25 50 100 0 31 62125 25 50 100
(¢]
- P —— NN H\N|OHH\/©/F
%OJYN%N N
(e} (e}
Raltegravir
- -

Figure 211: Gel images from radioactive gbhsed assays against nspidgpl0 complexThe indicated
concentr at i ©oncentrations usedinspd?pl0] = 100 nMand[RNA(20-mer) = 10 nM. The
table showsdCspestimated from the gddased assayl.he structure of raltegravir is shown.

All the compoundstested inFigure 2.11 showed at least partial inhibition of the
nspl4nspl0 complexiuclease activityAn ICso was calculated only for fou®, 14, HP1,

andraltegravir ) out of severtested inhibitorswith 5 andraltegravir being mat potent
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based on the I£g. Inhibitor 5 hadanICso= 20.7¢M, while raltegravir hadanICso= 24.4

eM. Due to incomplete or inconsistent inhibition, the IC50 was not determined for three
compounds 3, 12, and 15. Becausethe gelbased assais not a quantitative assay, the
calculated IGoshould only be treated ag@ugh estimatef potency Still, for compounds

5, 12, 14, HP-1 and raltegravir, full inhibition was observed at 10@G&M inhibitor

concentration

In comparison to SNM1A, whictvasonly inhibited byN-hydroxyimides nsp14nspl10 is
inhibited by both N-hydroxyimides andhydroxypyrimidinone. Raltegravir, having a
hydroxypyrimidnone core, was testedagainstthe nspl4nspl0complexbecauseof high
interestin drug repurposingto find a treament againstCOVID-19.2® Raltegraviris a

clinically approveddrugthatinhibits HIV integraseandis usedin thetreamentof HIV .24

Thedescribedstudieson SarsCoV-2 nsp14nsp10 hae alreadybeen published
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Chapter 3. Developmentof quinazoline basedinhibitors

3.1.Hit validation

In additionto hits3 and9, quinazolinehit 25 wasalsoidentified by the ELF in the HTS.
Similarly to hits3 and9, hit 25 was soaked into SNM1A cryssalbut no inhibitor bound
crystal structurevith 25 was achievedwhile hit 25 did not yielda crystal structure, hasa

heterocorethatis much more amenable toodificationsthan3 or 9 (Figure 3.1).

Position 4:

Position 6: . . L
Amino Acid Derivatives

Cross-coupling OH

\ HN
@
‘ Core Alternatives: ‘ O NN Position 2: Mono- or

Purine or Pyrimidine H Disubstituted Amines

Figure 3.1 Structure o5 with potential modification assigned to the core and side chains.

At position 4of the quinazoline ring systerthere is a L-leucine, which can be replaced
with various natural and unnatural amiacids. Atquinazolineposition 2, there is an
allylamine, which can be replaced éyhermonc or disubstituted amineas well aother
substituted heteroatoms, such as alcohols or thiolgguiktazolineposition 6, there is
chlorine which could be &l for a crosgoupling reaction. The quinazoline core coalso

be replaced with a variety of coregich would allow to keep amino acid and amine side
chains at the same orientatjdhe examples beingurine or pyrimidine As 25 possesel
this advantaggit wasfurthertestedusingfluorescencéasedand gelbased assayagainst

SNM1A, purified with and without IMAQFigure 3.2).
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A
% 100+
=
a
@ -s- 3 vs SNM1A (+IMAC)
« 3 vs SNM1A (-IMAC)
E 507 -+ 25 vs SNM1A (+IMAC)
c
2 -+ 25 vs SNM1A (-IMAC)
g
0_
] I
-8 -6 -4
Log(Concentration/M)
B C 25 25
urT o0 1 10 100 UuT 0 1 10 100
[T —
SNM1A
(+/-IMAC) Compound ICso/pM
+ 3 24
- 3 ND
+ 25 129
- 25 ND
SNM1A SNMIA
(+IMACQC) (-IMAC)

Figure 3.2: A: Doseresponse curve plotted using the data fithiareal-time fluorescence assay 2% with

3 ascontrol. Concentrations used [SNM1A (IMAC +1]0.5n M, [ SNM1 A (1.bovM &and [DNA] =
=25 nM. B: Table of calculated 165. ND- Not determinedC: Gel image frontheradioactive gelbased assay
with 25 testedagainst SNM1AIMAC + / T Qoncentrationsused[SNM1A (IMAC +)]= 0.8nM, [SNM1A

(1 MAC 0.8nW¥, ard [DNA]= 100nM. The indicated concentratiord the inhibitorar e i n- & M.

untreated.

It can be oberved that hi25inhibits both constructs of SNM1# fluorescencéased and
getbasedassaysSimilarly to3, hit 25 is more potent again#1AC purified SNM1A than
the enzymeroducedwithout IMAC purification.As 25is less inhibitoryand more soluble
thang, it was tested up to a higheoncentration inte fluorescencbased assayVhile the
ICs0 for 3 against SNM1A(T IMAC) was notdeterminedit probably is more potent th&b
is againsboth SNM1A(+/1 IMAC) enzymes based on the dassponse curveélthough

25 was lessinhibitory than3, it wasstill decided thatt is worth further optimigg hit 25
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sincethereexistmany opportunities fosubsequentodifications andtreating dibrary of

guinazolineanaloguegor SAR studies

3.2.Initial optimisation of hit 25

Hit 25and its analogues can be synthesised within three steps from a commercially available
starting material, 2,4,6trichloroquinazoline While 2,4,6trichloroquinazoline is
commercially availabl€ 94 for 1 g) it was more costffective to synthesise it in twsteps

from 2-amino-5-chlorobenzoic acidf 43 for 100 g) Figure 3.3).1

(0] | 0 Cl
Cl a b) cl
\©\)J\OH Cl \©\)J\ NH SN
NH, 77% H/go 96% N/)\CI
21

2-Amino-5- 22

chlorobenzoic acid

Figure 3.3 a) Urea, 170 °C, 3 hb) POCE, diethylaniline, reflux, 4 h.

Synthesis oR,4,6trichloroquinazoling22) proceededn a goodoverall yield of 74%over
2 steps from -Aamina-5-chlorobenzoic acidyt a scale of 10 grams. While s@pnight seem
to be a soliestate reactiorat a temperature of 170 °C urea is molten and acts as both solvent
and reactantCompound?21 was purified umg filtration andwas produced a good yield
of 77%. Stepb) was performed using standard P@Chlorination. Compound22 was
purified using extraction andltration througha silica plug Stepb) proceededn an

excellent yield of 96%Subsequently22 was used to synthesi28 and its analogues

When dsigning analogues @b, it was hypothesised thearboxylic acicchelates the metal
ions in the ative site andnaythereforebe importantfor inhibition. To testthis hypothesis
analogus of 25 with the carboxylic acid replaced bgn amide(34), ester(24), or alcohol

(36) were synthesige Additionally, analogus with inverted stereochemistry and

77



Chapter 3Development of quinazoline based inhibitors

methylated allylamine side chain wesgnthessed. The gnthesis ofmentionedanalogues

wasbasedn previously publishedyntheticschemegor similar compoundg$Figure 3.4).2

¥__OM el ¥ OH
Cl a) HN/¢ e b) HN/¢ e c) HN/¢
—> C o] —— o) I o]

cl N | N cl —
N 83-89% N 47-84% SN 42-93% N
N/)\CI N/)\CI N7 ’T‘/\/ N/)\N/\/
R R
22 23: % =(S) 24: % =(S); R=H 25: % =(S); R=H
28: % =(R) 26: % =(S); R=Me 27: % =(S); R=Me
29: % = (R); R=H 30: ¥ =(R);R=H
31: ¥ =(R); R=Me
Cl a) HN™ "R b) HN™ "R
cl Sy —— ¢ SN — < SN
81-93% 25-42%
N/)\CI N/)\Cl N/ H/\/
22 33: R = C(O)NH, 34: R = C(O)NH,
35: R=CH,0H 36: R=CH,0H

Figure 3.4 Synthetic route for analogues28. Reaction conditionsa) Amino acid derivative, DIPEA, DMF,
RT,16 h b) Allylamineor N-allyimethylamineMeOH, 120°C, 20min; ¢) LiOH, MeOH, THF, HO, 100 °C,

10 min. In thesyntheis of31, reactionsb) andc) were done withut purification after stefp) and resulted in
an oveall yield of 89% after two steps.

The synthesis dt5and its analogues was relatively straightforw&tepa) of the synthesis
wasaromatic nucleophilisubstitutionreaction at position 4, resinlg in very good yields

of >80% Products of ste@) did not requirepurification using column chromatography
liquid-liquid extradion wassufficientto purify the produc of stepa) (23, 28, 33, and35).

It was found thaprecipitating theproductby waterdilution of the reactiommixture, and

collecting the product using filtratipnffer a more efficient process

Similarly to step a), the reaction instepb) was a mcleophilic aromaic substitution
however asposition 2 isa lot less reactiyehe reaction in step) required a much higher
temperature. Whilén stepa) the reactioroccurredat room temperature, stdyp requirel
raising the temperature twer 100°C. Due toa higher temperaturetepb) resulte in lower

yield, which resulted fromside reactions particulaty the formation ofan amide bond
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through a reactioof a nucleophilic amineith a methyl esteit was found thathe optimal
condition for this reaction asthe temperature of 12@ for 20 mirutesin a microwave
reactor Performing the reaction insealed vial and microwave reactor allowed féhheuse
of a solvent with a lower boiling poii¢.g.methano), rapidheating and controlled reaction
time.® It wasobserved thastepb) was much more efficient whes-allylmethylamine was
used instead of allylaminReactionswith allylaming a monosubstituted aminegsulted in
an average yield of 49%, while reactomith N-allylmethylamine a disubstituted amine,
resulted ina yield greater than 80%This differencein yield is probably caused by
monosubstituted amine being more reactive toward methyl, estétis less bulky han a
disubstituted aminén most cases, purification using column chromatography was required
after stefh). When synthesising1l, thereaction in stejp) resultedin aconversion close to
100% andhe reaction mixture wasvaporated and used time next step(stepc)) without

anyfurther purification.

Stepc) wasinitially attempted usingtandard conditiosfor methylesterhydrolysis, using
5 equivalents oLiOH in a mixture ofmethanoland wateistirred at room temperatufer
two hours, which was the timequiredfor the reaction to go to completidtunfortunately,
while the starting material wasompletelyconsumedafter two hours,most of the product
decomposedt was then attempted teefporm the hydrolysis iramicrowaveunder heating
to shorten the reaction tiniét was predicted thdteatmight increase the rate of hydrolysis
more than the&lecomposition rate and, over a short duratiwauld causethe hydrolysis
reaction to outperfornthe decompositionHydrolysis ©nditionsusing 5 equivalents of

LiOH in a mixture ofwater, tetrahydrofuraandmethanolheated for 10 mumtesat 100°C

79



Chapter 3Development of quinazoline based inhibitors

in a microwave reactowith subsegent neutralisatiorwith hydrochloric acidworked

satisfacorily. Ester hydrolysisin a microwave reactawas performed at a yield above 40%.

Interestindy, the hydrolysis of methyl estan the synthesis o7 and31 resulted irhigher
yields than inthe synthesisof 25 and 30. For comparison, hydrolysis &6 to form 27
resulted im 93% yield, while hydrolysis dt4to form 25resultedn a 59% yieldTherefore,
it can be implicated that analogues watisubstitutecamine sidechain at positionvzre
more stablein basic caditions than with monosubstituted. Stillach compound was
purified using column chromatography after hydrolysistepc). Following synthesisall
compounds were tested against SNMigingthe fluorescencéased assayAdditionally,
compounds27 and 30, which shoved promising results irthe fluorescencébased assay

were further testedsingthegelbased assayfFigure 3.6)

25 “Nji(\OH 31 Ny " 36 HNJj;“Hz
(@]

Figure 3.5 Strudure of hit25and its analogues.
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Figure 3.6 A: Doseresponse curve plotted using the data from-teak fluorescence assay. Concentrations

used [SNM1AE 0.5nM and [DNA] = 25 nM.B: Table of IG calculated for each inhibitor. NDNot

determinedC: Gel image from radioactive gblased assay fa27 and 30 against SNM1A. Concentrations

used [SNM1A] 0.8 nM, and [DNAE 100n M. The i ndi cated coNureated.r ati ons ¢

Resultsobtainedfrom the fluorescenebased assagupportthe thesisthat thecarboxylic
acid is importantfor inhibition sincecompounds24, 34 and 36, in which carboxylic acid
wasreplacedwith other functional groug showedno inhibiion.Based orthe fluorescence
based assay, both inverssoof the stereocenter3Q, ICso = 2 0 )eaktl methylation
allylamine side chainq7, ICso = 3 1) resufled ina substantialincrease in potency

compared to the original 5 (ICso=129¢ M.)Surprisingly when both modifications were
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combined 81, ICso not determine] there was aecrease in potencyhe getbased assay
showsthat SNM1A is partially inhibited by80at concentrati onsstof 10
27 at the same concentration, inhibits SNM1A very weakhe fluorescencérased assay
delivered promising results wittminor modifications resuihg in a more than foufold

increase in potenccompounds30 and 27). Because of that, the decision was meme

develop this series of inhibitors furth@rext, the decision wat focuson alterationsof the

amino acid sidehain primarily replacingleucine withother amino acids.

3.3.Introduction of hydroxamate functional group

3.3.1.Identification of acyclic hydroxamate inhibitor through screening

Alongside the development of novel nucleasabitors bothin-houseand commercidy
available compounds were testading the fluorescencéased assapgainst SNM1A
(Figure 3.8. Tested inhouse compounds included a series of amino -@eitved
hydroxamates(HA11 5, Figure 3.7), whichwere previously shown to be weakhhibitory

against bacterial MBLS.
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Figure 3.7: Structure ofamino acidderived hydroxamic acids
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Figure 3.8 Doseresponse curve plotted using the data from tteak fluorescence assay. Concentrations
used [SNM1AE 0.5nM and [DNA] = 25 nM.B: Table of IGycalculated for inhibitos. ND- Not determined.

Out of theHA series compoundHAL exhibited the highest ptency havingan ICso= 12
eM. Compounds with bulkier side chajngarticularly HA2 and HA3, showed a
substantialljower inhibition thanHA1. This resulthasfurther validatedhydroxamatess
effectivephamacophoresagainst SNM1AWhile in Chapter 2, cyclic hydroxamates were
shown to inhibit SNM1A in Figure 3.8 acyclic hydroxamatesvere shown to inhibit

SNM1A. Promising esults from testing HAl, together withresults demonstrated in
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Chapter 2, influencedalterationin thedesign of analogues of b, primarily by replacing

carboxylic acid with hydroxamic acid.

3.3.2.Hydroxamate analogues of hit 25

A hydroxamic acid group was introducedftotherimprove the series of inhibitors based
on hit 25. Additionally, because of thebsrvedlower potencyin inhibitors with bulky side
chains inFigure 3.8, it was decided to focusn amino acids with smaller side chains such
as alanine The amino acidschose to synthesise hydroxamatased analogues &b
includedglycine,a | a n ialanéne, sebine, valingnd leucineA b-alanine side chain was
introduced toobserve the effeatf alonger linker between thmetal chelating functional
group and theuinazoline coreSerine was introdwed to observe the impact of a polatesi
chain on the inhibitionLeucine was usedecauséehis hasbeenthe amino acid side chaiim
previously developed inhibitors, while valine watroduced gceit is structurally similar

to leucine While both enantiomers of alanine werged inhibitors containing other amino
acids were synthesised as a racemic mixiil@nine was the only one synthesised as two
enantiomers as based on the data f@ection 3.3.1 inhibitors with smaller sidechain
(HA1) performed sgnificantly better than thsewith more bulky sidechain(HA2-5). It was
initially planned that if any of thehibitors synthesised as racemic mixtures showed high

enough potencyt would be synthesised as separate enantiomers too.

The hydroxamateébased analoguesf 25 were synthessed (Figure 3.9) using a similar

scheme to the ordescribedn Section 3.2

84



Chapter 3Development of quinazoline based inhibitors
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49: % = N/A; R =CH,0H 50: % = N/A; R =CH,0H 51: % = N/A; R=CH,0H
52: % = N/A; R= CH(CHy), 53: % = N/A; R= CH(CH), 54: % = N/A; R= CH(CH3),
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Figure 3.9 Synthetic route fohydroxamate analogues 25. Reaction conditionsa) Amino acid derivative,
DIPEA, DMF, RT, 6 h; b) Allylamine, MeOH, 120 °C, 20 mieg) NH,OH-HC|, NaOMe,MeOH, RT, 24 h.

The frst two stepsa) andb), wereperformedin the same conditions as ugedsynthesise
25and its analoguess describeth Section3.2 Similarly to results fronsection 3.2, step
a) provedvery efficient with the majority of reactionsesultingin yields exceeding30%,
while stepb) resultedin more \ariable andpooreryields mainly below 50% Compound
47, a product of the reaction in stép, wasobtained as a athyl and ethyl ester mixture

(Figure 3.10.
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Figure 3.10 UV trace and masspectrum for compoundy’.
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The ethyl estefrom the starting materidlé was partially converted intine methyl ester by
methanol, the solvendf the reactionThe mixture of esters could not be separated using
column chromatography and was usedlenext stegogetherThe gesence of both esters
was confirmed using LIS and NMRanalysis In Figure 3.10 the masgsof both estes

can be observednd intheUV trace two major peakare showrand assigned.

In stepc), anaminolysisreactionwith hydroxylamine was performed convert ester into a
hydroxamic acid Initially, the aminolysis was attemptagsing commercially avdable
hydroxylamine(50% solutionin watel) solution but unfortunately, the presence of water
resulted in hydrolysis as a side reactido.avoid hydrolysis a hydroxylaminesolution in
methanol was pparedby mixing hydroxylaminehydrochloride and sodium methoxide.
Generally the aminolysis was completevithin 2 hours However for the synthesis ob4,
thereaction time had to be extended tohddirs as theatewas slowey possiblydue tothe
steric hindranceause by the isopropylside chainin thevaline The aminolysis reaction
resulted inavaryingrange ofyields without arational patternThe kest yieldin stepc) was
observed for both. and D-alanine analoguef42 and 45), with 72% anl 80% yields,
respectively, whidtanalogues witlbothmoreandless bulky sidechain89, 51, 54, and55)
had substantiallylower yields After synthesis specific rotationwas measured for both
enantiomers42 | =+3.1(c = 0.5in MeOH)and45 | = 1 @=@a5in MeOH).
While the results prove that theseenantiomeric exss inasample of each compounabth
values do not have the same magnifuahel therefore it is not sure if each sample comsist
of apureenantiomerDue to basic conditiongsedin stepc), chiral scrambling is possible.

Chiral HPLC could be done to further investigate enantiomeric excess in inhdftarsl
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45. All analoguesvere testedisingthefluorescencébased assaggainst SNM1AFigure

3.11).
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Figure 3.11 Doseresponse curve plotted using the data frdhe real-time fluorescence assay.
Concentrations used [SNM14]0.5nM and [DNA] = 25 nM.B: Table of IGocalculated for inhibitors. NB
Not determinedC: Structure of hydroxamateased analogues @b.

Based on the results shownhkigure 3.11 all inhibitors excepfor 54 were morepotent
thantheinitial hit 25. Particularlygood potencyasobservedor compoundg2 (ICso = 0.8
e M)A5(ICs0=2.2¢ M)and51 (ICso=4.1¢ M,)with inhibitor 42 beingthefirst inhibitor
to have 1Gopin the sulmicromolar rangeBased on the fluorescenbased assasesult it
can be observed thanalogues withess bulky amino acid side chains anerall more

potentinhibitors A leucinebased analogué%, ICso = 33 M showedsubstantiallylower
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inhibition thanalaninebased analogsé€42 and45), while avalinebased analogu&4) can
be considered nemhibitory. Althoughless bulky sidechains are preferragjycine-based
analogue 9, ICso = 17 € M, which only has hydrogert@ans in itsamino acidsidechain,
exhibited lower inhibition than inhibitorglaninebased analogued4? and45. An increase
of linker length bythei nt r o d u-alanne®8 IC+ D7) alsodécreased inhibitign
compared t@l2 and45. Owing to the encouragng results of inhilttor 42, it was decided to
entirdy focus onthe acyclic hydroxamatefunctionalgroupas the primary pharmacophore
against SNM1Aand keep.-alanhe as an amino acid side chaintirefuture analoguess

it appeared thathe amino acidside chainhad beeé at least partially optimised, it was

decidedo nextfocus on optimising position, 2vhere the allylamine wawresent

3.3.3.Testing hydroxamate-based HDAC inhibitors against SNM1A

Followingthepromising resus with the hydroxamatéasedanalogues 025, commercially
available hydroxamatebased histone deacetylas¢ HDAC) inhibitors (Figure 3.13,
including clinically useddrug Panobinosat,were tested against SNM1 by using
fluorescencébased assayFigure 3.12).”® HDAC inhibitors were tested taetermine

whetherthese compoundsight have offtarget interactions with SNM1A

—— Belinostat
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c 50+
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g Abexinostat
o 0+
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Figure 3.12 Doseresponse curve plotted using the data from+teak fluorescence assay. Concentrations
used[SNM1A]= 0.5nM and [DNA] = 25 nM.
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Figure 3.13 Structures of hydroxamateasedHDAC inhibitors tested against SNM1A.

Both hydroxymatéased analogues 86 and the HDAC inhibitorgFigure 3.12 have the
same metathelatng functional group. All testedHDAC inhibitors inhibited SNM1A
substantiallyless tharmost of thenydroxymatebased analogues @b from Section 3.3.2
Theinhibition of SNM1A by HDAC inhibitors tested figure 3.12was too low to calculate
ICs0s. The hydroxamic acidroup in HDAC inhbitors is positioned oanaryl ring oralkene
conjugated with an aryl ringikely restrictingbond rotationgroundthehydroxamategroup
By contrastthe analogues &5 havehydroxamicacids aspart of the amino acid side chain
which is much more flexibleThis difference in flexibility of sidechains containing
hydroxamic acid might explain theariation in potency betwen hydroxymatebased

analogues o025 and HDACinhibitors.
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3.4.Modifications at position 2 of the quinazoline ring

3.4.1.Introduction of the carbonyl group at position 2

After completingoptimisation at position 4modifications at position 2 werpursued

Alterations at positior2 includedtheintrodudion of a carbonyl grougFigure 3.14).
/H(H Addition of /H(N
HN “OH carbonyl group HN “OH
—>

42 78

Figure 3.14: Introduction of the carbonyl group at position 2icfibitor 42.

To introducethe carbonyl groupa newintermediate 12) with anacyl chloride at position 2
was synthesisedFigure 3.15. For the synthesis of2, a previously published synthetic
route was usetlin the synthesis of2 and preparation of new analogue£6fthe chlorine

at position6 was removed because starting makeasthranilamide was available in the

group.

o o} Cl

a) b) c)
NH, » =N
NH, 66% )\”/OEt 91 % N/)\H/Cl
After 2 steps )
Anthranilamide 72

Figure 3.15 Synthesis of intermediaf#®2. Reaction conditionsa) Diethyl oxalate, reflux24 h; b) NaOH,
EtOH, HO, reflux, 1h; c) SOCh, DMF, CHCE, reflux, 3 h.

The ntermediater2 was synthesised ingepsfrom anthranilamidgin anoverall yield of
60% In stepa), compound/1wassynthesized usingcyclocondensation reaction between
anthranilamide and diethyl oxalat@ompound71 was purified using recrystallisation in
ethanol andvas produceth 66% yield Next, in stefb), ethyl ester from compoundl was

hydrolysedunder basic conditions, usispdium hydroxide athe base.After hydrolysis
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the newly formedcarboxylic acid was allowed to crystalise under cooling in acidified
solution, andhenit was filtered out. The carboxylic acid was then directly coedanto
compound72 using thionyl chloride as chlorinating agenand dimethylformamideasa
catalyst After the chlorination reactionthe thionyl chloride andsolvent weresvaporated
underreduced pressure, asthcecompound/2 was very reactiveit was used directly in
thenext step without anfurtherpurification The o step synthesis @2 from 71 wasvery

efficient, proceeding i@ 91% yield.

While in the 2,4,6étrichloroquinazoline Z2), position 4 was more reactive than position 2,
the oppositeis observed irthe intermediate72. Due toa highly reactive acyl chloridat
position 2, this position beoge more reactivéhan position 4. ierefore the decsion was
madeto synthesisean analogue withan allylaminegroup with the amino acid side chain
switched aroundFigure 3.16. Analogues of25 with the carbonyl modification were
synhesisedas bothcarboxylic acids and hydroxamic acid$e synthesis of analogues

25 (74, 75, 77, and78) was based oa previously publishedynthetic route andynthetic

routes used in this projett.

91



Chapter 3Development of quinazoline based inhibitors

e
)W \)'LOH
cl 74
: | a), b) : i
SN e
N/)YC' 78% )ﬁr \)kOMe
o

72

23% Q\A&(N% OH

75

Figure 3.16: Synthesis o4 and 75. Reaction conditionsa) L-alanine methyl ester hydrochloride, DIPEA,
DCM, -40 °C, 1 h;b) Allylamine, RT, 12 hg) LiOH, MeOH, THF, HO, 100 °C, 10 mind) NH,OH-HCI,
NaOMe, MeOH, RT, 2 h.

o}
oM
cl HNJ}( © 77
a), b) 5
NN — N H -
N/)ﬁ(CI 68% N/)ﬁ.rN\/\

o} o} H

72 76-Impure HN/H(N\OH

d)

18% N)YN\/\

78

Figure 3.17 Synthesis of 7 and 78. Reaction conditionsa) Allylamine, DIPEA, DCM40 °C, 1 h;b) L-
alanine methyl ester hydrochloride, RT, 12 h; ¢) LiOH, MeOH, TH&),H.00 °C, 10 mind) NH.OH-HCI,
NaOMe, MeOH, RT, 2 h.

The synthesis ofnalogue25 started with a stepwissubstitutionat acyl chloride and
position 4 Forthe synthesis o7 3, L-alanine methyl estdfl.3 equivalentyvas added first,
followed bythe addition of excess allylamin@ equivalent) 73 was syntlesised aa good

yield of 78% and was easily purified using column chromatography

For the synthesis of76, allylamine (1.3 equivalent) wdisst added, followed by addition of

excesd.-alanine methyl ester (2 equivalerit).the synthesis o6, asubstantiabmount of
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a side productaused by the double addition of allylamine was obselgdontrast, no
double addition of any reactant was observed in the synthe&ss Tfiereason vy double
addition was only observed in the synthesisr6fmight be because allylamirie more
reactive tham.-alanine methyl estemdthe fact thatllylaminewasadded firstAttempts to
separate the product anthe side productusing column chromatogphy proved
unsuccessfuland the impure76 was usedn the next step. The UV trace from LCMS
analysis ofcrude76is shown inFigure 3.18 based on jtapproximatdy a 1:1 ratio ofthe
product tothe side product can be observed on the UV tr&apeating the reaction and
using allylamine as limiting agent shouldeduce the extent afouble addition aboth

positions 2 and.

Figure 3.18 UV trace and MS spectrum from LCMS usthg sample from impur&@6. With structuresof
product and side producMass corresponding to each peak in UV trace was used to identify compounds
corresponding to each peak.

Intermediats 73 and 76 were then useddtsynthesiseorresponding carboxylic acidg4
and 77) and hydroxamic acids7b and 78) using hydrolysis and aminolysigactions
respectivelyConditiors used for hydrolysigéstepc)) and aminolysigstepd)) werethesame

asthose used teynthesisgrevious analgues of25in Section3.2and3.3.2 Synthesis of
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inhibitor 74 was the mosefficient, resulting in very good yield and requiring only column
chromatography for purificatiolowever the synthess of inhibitors 75, 77, and 78 was
moretroublesomewith a substantiabmount of side productseing observedTherefore,
reversé-phasehigh-performance liquid chromatography (RP HPLW@as used to purify
thesederivatives (75, 77, and 78). Following the synthesjsall the derivativesof 25
containinga carbonyl modification at position 2 were tested agaBNMI1A using a

fluorescencébased assay-igure 3.19.

[+})
e 100+ 74
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= - 77
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Figure 3.19 Doseresponse curve plotted using the data frdhe real-time fluorescence assay.
Concentrations used [SNM1A]0.5nM and [DNA] = 25 nM.

All the inhibitors (74, 75, 77, and78) with thecarbonyl functional group at position 2 showed
substantialljowerinhibition than42, whichat this timewas the bestlentifiedinhibitor of
SNM1A. Calculation of IGowas only possible for inhibitaf8, which hal anICsoof 14 M
Compound/7 showed no inhibition, whil&@4 and75 showedpartialinhibition. Compounds
with a hydroxamic acid pharmacophafé and78) showed better inhiion thanthe ones
with a carboxylic acid functional grouf¥4 and77). Moving theamino acid side chain to

position 2(74 and75) resulted in a decreage potencycompare to either78 or 42, which
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have an amino acid side chain at positiomierefore, for therest ofthe project theamino

acid side chain will be kept at position 4

3.4.2.Replacement of allylamine at position 2f the quinazoline ring

Further modifications gbosition 2of the quinazoline rindocused primarily on replacing
allylamine with other amine®\nalogues o#2 with a variety of amineat position 2 \ere
synthesisedncluding monosubstituted amines, disubstituted amayelic amines, amines
with aromatic sidechain®r amines with basic side chai(isigure 3.20. Conditiors for

synthesising these analogues weaased a synthetic routeshown inSection 3.3.2

OMe OMe
HNJWT a) HNJWT b)

cl Sy © , C Sn , C Sy ©
32-75% 42-95%
N/)\CI N/)\NR1R2 N”ONR4R,
40 58, 60, 62, 59, 61, 63, 65,
64, 66, 68 67, 69, 70
Compound NR;R, Compound NR;R,
58, 59 ";\N 66, 67 f‘f\N 0
L_o Hoo oy
N/\ N =z ‘
60, 61 68, 69
N Ay
H
/\/ ‘
62, 63 ’T‘ 70 f\N/\/N\
H

Figure 3.20 Synthesis ainalogues o#42. Reaction conditionsa) NHRR;, MeOH, 100120 °C, 2640 min;
b) NH,OH-HCI, NaOMe, MeOH, RT, 2 h.

The gnthesis of these analogsi washased orthat of otherinhibitors in this chapteand
usedcommonstarting materiaft0. Similarly to the observatios describedn Section 3.2
nucleophilic substitution at position 2 was more effici@henusingthedisubstituted amine

oncecompared tanonosubstituted aminef the synthesis of allanalogues exceptO,
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purification usingcolumn chromatography was performed. In the synthesigOpio
purification was performedafter step a), and the crude intermediate was used fibre
aminolysisreaction After aminolysis 70 was purified usindRP HPLC becausdt wasvery
polar due to theimethylamine side chaiifhe overall yield of the aminolys(stepb)) was

good, with mosaminolysisreactions resulting in a yield above 80%.

The e ofalcohol and thiol nucleopl@s for a substitutionreactionat position 2 was also
tried. Sodium ethoxideand sodium ethanethiolate were used, amdiitions similar to those
used foramines were attemptetilOG 120°C in a microwave reactor anethanolwas used
as the solven(Figure 3.21). Unfortunately,there was no product formation under these

conditions and gaubstantiahmount of decompositicior reaction withthiol.

o @
cl Sy © + O e s Sy O

40 X=SorO

Figure 3.21 Attempted synthesis of analoguedafReaction conditiost EtOH, 100-120 °C, 20min.

Next, it was attempted to use acidic conditions instead of bfgiceaction with alcohol
based on reaction published in a pat@for thisreaction ethanol anchydrochloric acid in
dioxane were use@Figure 3.22. This nucleophilt substittion under acidic conditions was
succesful, andits product(56) was further used to synthesise hydmssebased inhibitor
(57) understandard aminolysis conditionSynthesis ob7 was very efficient, with high
yields above 80% in botkteps as shown irFigure 3.22, with each being purifieavith
column chromatographio other alternative reactions were foumditeratureor attempted

with thiol as a nucleophile.
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H
HNJﬁfOMe HN/H(OEt HNJﬁ‘rN\OH
b)

ci o) a) cl o) RN 0

N >N SN
N/)\Cl 93% N/)\O/\ 82% N/)\O/\
40 56 57

Figure 3.22 Synthesis 0b7. Reaction conditionsa) 4 M HCI in dioxane, EtOH50 °C; b) NHOH-HCI,
NaOMe, MeOH, RT, 2 h.

3.4.3.Testing hydroxamate-baseanalogues of 25 against SNM1ASNM1B

and SNM1C

Following the synthesis &7, 59, 61, 63, 65, 67, 69, and70, these compounds were tested
against SNM1A and SNM1B. Additionallgompounds42, 45, 51, and78 from Section
3.3.2and3.4.1, whichshowed good inhibition againSNM1A, were tested against SNM1B
From the inhibitors tested against both SNM1A anddnpoundsvereselectedo bethen
tested against SNM1@Qnnly a limited number of inhibitors was tested against SNIgihCe
thecurrentfluorescencéased assaggainstSNM1C uses substantidly more enzymes tima
assays using SNM1A oB. Fluoresencebasedassag against SNM1A,SNM1B, and
SNM1C used0.5 nM, 0.25 nM and 50 nM enzyme concentrajonespectively
Additionally, only a limited quantity of SNM1C was availabler testing Compounds
chosento be tested against SNM1C wel2 45, 51, 57,67, 78. Inhibitors 42, 45 and51
were selectedbecause these compounds ware bestthreeinhibitors against SNM1A,
whilst 67 was chosen because it wasost inhibitoryagainst SNM1B.67 and 78 were
selectedbecausef the alcohol and carbonyl modificatioasd rdatively good inhibition
against SNM1BFigure 3.23 presentsa table summarising the kgvaluesfor inhibitors
tested against SNM1A, B, and C using a fluorescéased assa¥igure 3.24showsdose
response cungof selectedcompounds tested agatnSNM1A, B and Cusing the

fluorescencébased assay.
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Ri
N\
HN)\[( OH
cl Sy ©
~
NJ\RZ
Compound R; R, SNM1A (IC5ouM) [SNM1B (IC50uM)|SNMLC (IC50uM)
42 1 Ay~ 0.8 19 12
45 = Ay~ 2.2 96 49
51 I f’\u/\/ 4.1 24 17
57 1 Ao~ 67 13 13
59 1 A 42 40 NT
s
61 1 2 L“ ND ND NT
Ay~
63 v ‘ 20 18 NT
Ay
65 1 H“@ 34 11 NT
67 1 A N 44 2.5 3.7
69 1 JSNP Ny 56 32 NT
H
70 1 YR ND ND NT
H
H
78 1 AN 84 22 8.1
[¢]

Figure 3.23 Activities of hydroxamatebasedanaloguesof 25 against SNM1A, SNM1B and SNM1CglC
values were calculated using results frorfluorescencébased assays.Concentrations used
[SNM1A]= 0.5nM, [SNM1B] = 0.25 nM, [SNM1C} 50 nM and [DNA] = 25 nM.ND- Not determinedNT-
Not tested.
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Figure 3.24 Doseresponse curve for selected inhibitors plotted using the datatfreraal-time fluorescence
assay. Concentrations used [SNMEAD.5nM, [SNM1B] = 0.25 nM, [SNM1C]= 5@M and [DNA] = 25
nM.

Based on results frofigure 3.23 it may be concluded thaydroxamatebasednhibitors
inhibit all threenucleases, SNM1A, B, and. Gome trends can be observed from the
obtained dataalthough thessaysannot bdully compared tmnearother, especially with
assays againg&NM1C usng a higher enzyme concentration and différsnbstrate than
those againgheothertwo enzymegSNM1A/B). After testing all the above compoundg,
(ICs0 = 0.8eM against SNM1A)was still the most potent inhibitor against SNM1A, while
67 (ICs0 = 2.5eM and 3.7¢M against SNM1B and SNM1C, respeetly) was the most
potent inhibitor against SNM1B and SNM1E&gainst all 3 three enzyme42 was more

potent tharl5 or 51, makingL-alanine the prefeed amino acid side chain modificati¢of
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the derivatives madelCso values were not determined for compoufdsand70, as these
compounds showed weak and incomplete inhibiinotne initial assay screen

Overall inhibitors witha monosubstuted amine moditation(i.e. 42, 45, 51, and67) at
position 2were more potdrthan inhibitors witha disubstituted aminé.e. 59, 61, and63)
at position 2 For inhibitors tested against SNM1émaller side chains at ptien 2 are
apparentlyprefered, such as allylamin@2, 45, and51) rather than bulky ones like
benzylamine(56). For comparisorfior SNM1B, smaller differences ifnhibition can be
observed between bulky and smaller amimadificationsat position 2Inhibitors withan
amine side chain at position(Re. 42, 45, and51) were generally more inhibitpragainst
SNM1A thaninhibitors with either alcohol57) or amide 78). By contrast, inhibitors with
amine(i.e. 42, 45, and51), alcohol(57), or amide(78) modifications at position 2 showed
very similar levels ofnihibitions against both SNM1B and SNM1Compoundgi2, 45, 57,
67, and78 werethentestedusing the radioactive gélased assaggainst all threenzymes

(Figure 3.25 3.26 and3.27).
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Figure 3.25: Gel image from radioactive gblased assawith SNM1A. Concentrations used [SNMXAD.5
concentrations are in

The indicated

nM, and [DNA50-mefl = 10n M.
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Figure 3.26: Gel image from radioactive gblased assaywith SNM1B. Concentrations used [SNB]L= 2.5
The indicated concentrations are in

nM, and [DNA 56mer]= 10n M.
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SNM1C a2 45 57
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Figure 3.27. Gel image from radioactive gélased assaywith SNM1C. Concentrations used\BI1C] = 2.5
nM, and [DNA 56mer]=10n M. The indicated concentrations are in

The gelbased assay further validates inhibition of all three enzymes by this series of
inhibitors, althoughthese results arenot entirely consistent wittthe results fromthe
fluorescencéased assay&romthe inhibitors tested against SNM1A and SNMaB the
testedcompounds wershown to be inhibitory, while for SNM1Conly 57 and67 showed
consistent inhibitionFromthe gelbased assagesults withSNM1A, 42 and67 seem to be

most inhibitory, with similar levels of DNA digesh, while based othefluorescencéased
assay42hasa substantiallyower 1Gsothan67. For SNMB, 67 is themost inhibitory inthe
gelbasedassay which corresponds tthe results fromFigure 3.23. At the same time45
seems to inhibit SNM1B more that?, which contradicts the fluorescerbased assay
results.Overall this series of hydroxamatesed inhibitorsnight be bestdescribed as nen

selectiveinhibitors of SNM1A/B/C nucleases.
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3.5.Crystal structures of SNM1A with hydroxamate-basedinhibitors
Throughout the projecattempts were made to sasdected analogues % into the crystal
of SNM1A. Out of the compounds soaksttucture ofinhibitors42, 51, 67, and78 bound

to the active site of SNM1A were achieygdgure 3.28 3.29 3.30 and3.31).

o

=
H732

Figure 3.28 View from a sucture d inhibitor 42 bound to the active site of SNMIMAL: Zinc. M2: Zinc
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Figure 3.30 View from astructure d inhibitor 67 bound to the active site of SNMIW1: Zinc. M2: Zinc
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H732

Figure 3.31 View from astructure d inhibitor 78 bound to the active site of SNMIW1: Zinc. M2: Zinc

Clearsimilarities are observed irthe structures oinhibitors 42, 51, 67, and 78 bound to
SNM1A. In all four strutures a nealy identical binding of the hydroxamate
pharmacophore to theetals in the active site abservedBoth oxygers from the carbonyl
and hydroxyl groupsare involved in the metal chelatiofhe carbonyl oxygens chelating
metalion M1, while the hydroxyl grop is bridgel betweenmetals and displaces catalytic
water.Bothactive sitametalionspresent in struares d 42, 51, 67, and78bound to SNM1A
were zinc (IlI) ions Two zinc (I) ions are considered to be the physiologically relevant

metals!?!

Structuresof SNM1A with 42, 67, and 78 (Figure 3.28 3.29 and3.30 are very similar,
with the smilar positioning of thecore and_-alanine amino acid side chaln.the structures
with these 3 inhibitors, both metahshaveanoctahedral coordinatiofhis orientation of
the core might -iftesactiprnbetiveern thie@ardmaticuirgy intthe quinazoline
and theAspr36 as shown inFigure 3.32. Additionally, as apparenin Figure 3.32, a

possible interactioexistsbetween the chlade at position 6 an&ei735. No furtherdirect
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interactionswvereobserved, especially between the side chain at po&taond the protein,

with this side chain pointing away from the active site.

In the structure 051 bound toSNM1A (Figure 3.31), the position of the quinazoline core
is in a different orientatiorotthat dservedin the other structure3his shift in orientation
of theinhibitor coreapparentlyresults in a displacement Akp736, causing ito no longer
chelae the metal iotM2. Due tothelack of chelation byAsp736, metal ionM 2 no longer

hasthe octahedral coordinatiogeometry

Figure 3.32: View from a sucture of inhibitor42 bound to the active site of SNMlgkowing possible
interaction betweed?2 and side chains of the SNMDAellow dotted lineinteraction betweewhlorine and
Ser735 Magenta dotted lin€’ -interaction between quinazoline aAdpr36.

These gystal structurs of inhibitors bound to the active site of SNMisere foundto be
usefulfor therationalstructurebased design of new iitfitors as pursuedh the emaining

partof the project.

3.6. Modifications at position 6 of the quinazoline ring

Following modifications at positions 2 andthe next to be modified wagosition 6 where

chloride was presenDue tothe potential interaction wittser735 showimn Figure 3.32 it
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was decided to substitute chloride with fluoride amethoxy group, which might forma
hydrogen bond with the hydroxyl group from the serine side clAaiditionally, a phenyl
group was introduced at positiondanvestigatehe effects of a bulkier group on inhibition.
Since the Suzuki couplingprocedure used for crossougding usually requires basic
conditions,a dimethylaminemodificationwas used at positionfar synthesis inhibitorsas
shownin Figure 3.33 Previously,as describedn Section 3.2 it was observed that
analogues o5 with disubstituted amines gtosition 2 were more stable toward basic
conditions therefore dimethylamine, which is the smallest disubstituted &mivas used
For crosscoupling astarting material with bromide insteadabfioride was used as bromide

is normallymore reactive.

H
N HN/H(OMe HN/H(OMe HN/'}(N‘OH
a) b) d)
R - > R 0 -, R sy © 9, R Sy ©
N 73-95% N 429
N/)\CI N/)\ 89-98% N 30-42% N/)\N/

22:R=Cl 40: R=CI 84:R=ClI 85:R=ClI
2,4-Dichloro-6- 86:R=F 87:R=F 88:R=F
fluoroquinazoline: R =F 89: R = OMe 90: R = OMe 91: R=0OMe
2,4-Dichloro-6-

methoxyquinazoline: R = OMe

Cl
a)
Br. SN ——> Br SV ¢} —_— Br =N °©
94% 88% P
N/)\CI N/)\CI ‘
6-Bromo-2,4- 92 93

dichloroquinazoline

H
OMe
o HNJ}( 0 HN/HfN\OH
89 21%
o N/ ’\“/ o N/ N
94 95

Figure 3.33: Synthesis ofinalogues o#42. Reaction conditionsa) L-Alanie methyl estehydrochloride,
DIPEA, DMF, RT, 16 hb) 2 MNHMe in THF, DMF, 100 °C, 4 h; c) PhB(OH}, NaHCG;, Pd(dppf)C}, 1,4-
dioxane, HO, 100 °C,1 h; d) NH,OH-HCI, NaOMe, MeOH, RT, 2 h.
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Stepsa) andd) wereperformedusingcondiions previouslydescribedn Section 3.3.2For
stepb) new conditions for tharomatic nuclephilic substitdion were usedinstead of usig
microwave and methanol as solvent, the reaction pesormedusing a hot plateand
dimethylfomamide as a solvent Dimethylformamide can also be substituted with other
solvents with a higher boiling point like dioxane. This change resultesdellentyields
(above 8%). However this condition wasiot checkedn a reactiorusing monosubstituted
amines In stepc), there vas an initial problem with decompositidne tothe hydrolysis It
was found thathe reason for hydrolysig/as the use dk:PQs asa base thus,replacing it
with the less basitNaHCQ; resultedin a very efficient conversiomgiving 94 in a yield of
89%. Following step c), compound 94 was purified using extraction and column
chromatographyAfter aminolysis in gepd), all the compounds had to be purified usikig
HPLC due tothe presence oan unknown contaminatig material which couldnot be
removedby standard column chromatograppllowing the synthesis;ompounds85, 88,

91, and95 were testedagainst SNM1A and SNM1Bsingthe fluorescencéased assay

(Figure 3.34).
Compound R SNMI1A (IC5,uM) SNMI1B (IC5,uM)
85 Cl 11 9.8

88 F 13 23 R 5
~N
91 OMe 74 ND QN/)\N/

95 Ph ND ND

Figure 3.34: Activity of hydroxamatbasedanalogues against SNM1And SNM1B ICso values were
calculated using results from fluoresceruzsed assay€oncentrations used [SNM1A4]0.5nM, [SNM1B]
= 0.25 nM,and [DNA] = 25 nM. ND Not determined.
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The ntroduction ofphenyl(95), fluoride (88), or methoxid€91) groupsdid not improve the
inhibition potency compared to inhibitar 42 or 67. 1Cso values for the inhibitionof
compound®5 against bottENM1A/B, and91 against SNM1Bwvas not determined due to
anincomplete inhibitioratthehighes t u s e d c¢ o n c e Whiletlaetinhilmtionby 1 0 0
analogues with chloridé85) and fluoride(88) groups was similar,the methoxy(91) and
phenyl (95) derivativesshowed lower potencylhese resultsherefore,indicake that the
introduction of a functional group larger than chloridat position 6 might decrease
inhibition. Modifications at position 6édid notincreasepotency It was decided tdurther

investigatemodifications at position 8sing the structural datkescribed irBection 3.5.
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Chapter 4. Development of selective SNM1B inhibitor

4.1.|dentification of phosphatebinding pocket as a target

Obtainedcrystal structures ofi2 bound to the active site of SNMlrevealedthat the
allylamine side chairwhile notdirecty interactng with any part of the protejavasin close
proximity to the phosphateinding pocket(Figure 4.1). The dlylamine side chain was
observed to be-7.31 8.3 A away fromthe phosphatbinding pocketresidues Lys883

Ser992 andGlu993.

Figure 4.1: Structure o#42bound to the active site of SNM&KAowing close proximity between tily/lamine
side chain at position 2 dhe quinazoline ring and the phosphabtending pocketesidues I(ys883 Ser992
andGlu993.

An active sitephosphatéinding pocket igpresentin both SNM1A and SNM1Band is
apparentlynot presenin SNM1C This pocket is proposed to lessential for exonuctase
activity as it interacts with th& {phosphate groupn DNA.! The conserved phosphate

binding pocket residues are highlighted=igure 4.2
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Figure 4.2: Structural sequence alignments of the human SNM1 nuclease famailynesThe structural
alignment was carried out using PROMALS30He | i ces are dr awn

The residues that made up the zinc finljer structure in SNM1C are highlightéal pink

The majority of SNM1 nucleasehibitors developed up to this poimhve beemon-specific

and inhibit all three SNM1 enzymes atelatively similar concentrationranges. As the

a-strandsead
blue arrows.The conserved MBL family motifs are labelled a8, nd t he eCASPomuiifscazel
labelled A C. The conserved phosphateding residues in SNM1and SNM1Bare highlighted in yellow.

phosphatéinding pocket iseeminglyonly present in SNM1A and SNM1B gedigningan

inhibitor thatwouldinteract with bottiheactive site and the phosphditimding pocket might
increase selectivitjowardstheseenzymesDevelopinganinhibitor that would selectively

inhibit SNM1A and SNM1Bwhile not inhibiting SNM1C might be beneficial, especially
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Chapter 4. Development of selective SNM1B inhibitors

since SNM1A and SNM1Breboth involved inthe interstrandcross link repairandthey

might exhibit some reduragicyin this pathway’

4.1.1.Testing bacterial MBL inhibitors containing a phosphonategroup

against SNM1A and SNM1B

In thesearchor compoundshatmight potentiallyinteractwith bothmetalionsin theactive
site andthe phosphatéinding pocket, bacterial MBL inhibitorsontaininga phosphonate
group werechosensincethis functional groups aphosphateioisostere Compounds81

and83 were synthesisedsingreportedsyntheticroutes(Figure 4.3.4°

T(O\/OH > MeOT(O\/Br —» MeOT(O\/ 7(0\/
71% 91% 5%

Methyl 6-
(hydroxymethyl)
picolinate
0, (o}
Br \P\/OEt P\/OH
d) OEt e) OH
X —_— X e X
85% 98%
N~ ~O N~ ~O N™ ~O
H H H
4-(Bromomethyl) 82 83

quinolin-2(1H)-one

Figure 4.3 Synthesischeme foB1 and 83. Reaction conditionsa) PBr;, CHCl;, 0 °C, 4 h; b) P(OEt),
toluene, reflux, 2 h; ¢) 6 M HCLag), reflux 16 h; d) P(OEt), 1,4-dioxane reflux 2 h; €) 4 M HCLin 1,4
dioxane, reflux, 24 h.

Compoundlwas synthesiseidom methyl 6(hydroxymethyl) picolinatén an overall yield

of 61%over 3 steps. In step), methyl 6(hydroxymethyl) picolinate was convertgdo 79

via bromination reactionsingphosphorus tribromide’9 was producedh a good yield of
71% and was purified using column chromatograptgxt, in stepb), 79 was converted

into 80 usingnucleophilic substitution reaction usitrgethyl phosphiteas the ncleophile

80 was produced at an excellent yield of 91% and was purified using column
chromatography. Finally, in step, 80 was converted int81 via simultaneousleprotection
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Chapter 4. Development of selective SNM1B inhibitors

of methyl ester antivo ethyl phosphate esters underat and acidic condition81 did not

require any purification and was produced at an excellent yield of 95%.

Compound83 was synthesised from-@romomethyl)quinolir”2(1H)}onein a very good
yield of 83%over steps.In the syithesis 0183, gepsd) ande) were performedin similar
conditionsto thoseused forstegs b) andc). Purification using column chromatography was
only required after stegh), while no purification wasecessargfter the deprotection of the

ethyl phosphate estarsstepe). The yield of stepd) ande) was 85% and 98%, respectively.

Following synthesis81 and83 were tested against SNM1A and SNMMBeither of thee
compounds inhibited SNM1A o8NM1B, althoughunexpectedly81 was observed to
apparentlyenhance the activity of SNM1AVhen SNM1A was treated witht least 1& M
of 81, the rate ofdigestion ofthe DNA substrate increaseds show in Figure 4.4. No

similar effect was observed for SNM1B.

SNM1A
5000+
-+ 81 =100 uM
3 4000- =+ 81=10 M
E’ 81=1uM
= 3000+ -+ N/A
8
S  2000-
=]
E £
1000+
)
0 L) I L) 1
0 10 20 30 40

Time/min

Figure 4.4 Enzyme activity assay with SNM1Keasurement of fluorescence emissioeleased upon
digestion oimodifiedDNA by SNM1A. The fluoresceremision is proportional to thextent of digestion of
DNA substratef]SNM1A]= 0.5nM and [DNA] = 25 nM.
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4.1.2.Crystal structure of 81 bound to SNM1A

Although neither81 nor 83 displayedinhibition of SNM1A, theywere still soaked into

crystals of SNM1AConsequently, atructure of81 bound tothe actiwe site ofthe SNM1A

wasobtained(Figure 4.5).

Y991

D715

Figure 4.5 View from a crystaltsucture of81 bound to SNM1AThe carboxylic acid i81 chelatesto the
metal intheactive site and phosphonate gmimteracts with phosphatginding pocket residuesmino acids
involved in chelating metals in the active site are in white. Amino acids that are part of the phdasptiatp
pocket are in yellowM1: Zinc.

In thecrystal structuref 83 with SNM1A, 83 is observed tonteract withthe metalM1 in
the active site and the phosphatedingpocket Compound3 chelates metal ioW1 using
both oxygens irits carboxylic acidThe second metal is missing from thetive site which
is common for structures of SNM1As mentioned irBection2.1 The phosphonate &
chain interacts directlgnd indirectlywith the phosphatévinding pocketOne xygen inthe

phosphonate hydrogen bonds wiitle hydroxyl group fromrlyr 841. At the same timdwo
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Chapter 4. Development of selective SNM1B inhibitors

oxygens from the phosphonaeup indirectly interact with amino acitlys883 Glu993
and Ser993via hydrogen bondhteractiors with water moleculesThis structure validates
thestrategyof simultaneously targeting the activieesand phosphatkinding pocket Based
on these encouagng results fromthe new crysta structure, it was decided to introduce
phosplate bioisosterenodificatiors, includinga phosphonateinto the hydroxamatéased

inhibitor series developed Dhapter 3.
4.2. Introduction of phosphate bioisosteréo analogues of 25

4.2.1.Synthesis ofanalogues o#2 containing phosphate bioisostere

A phosphonatgroupwas chosen as tiphosphate bioisostesince this washe functional
group found in83, andit is commonly found in clinically used drugs. It was decided to
introduce this functional groupto theside chain at position 2 tfiequinazoline ring found

in analogues 042.°

Initially, the intention wago synthesiseanalogus of 42 containinga phosphonatgroup
usng thereaction betweemtermediate40 or 72 and amingphosphonic acidasshown in
Figure 4.6. The wseof amino phosphonic acid anaromatic nucleophilisubstitution was
unsuccessfulas t h e a mucleaplilisity is probably decreased liie adjacent
phosphonic acid\ext, it wasattempted to readhe more reactive acyl chloride ir2 with
amino phosphonic acithoweverthis reacton alsofailed since theamino phosphonic acid

was only soluble in a basic solution of methanol or water.
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Cl SN (0] + HZN\(\’)/P\ NS (¢]] N (0]
PR " oH A P
N~ el NT NP on
H o
40
\N O\\ . H \N o
A + o HNGR — > H Q oH
N n OH N/)ﬁfN\(")/P\
n OH
o]
72 n=1-3

Figure 4.6: Initial strategyto introduce a phosphonate functional group.

After the failed attempt synthesie ananalogue ofi2 containinga phosphonatgroup an
extensive literatxe searchfor reactiors with amino phosphonic acid ag carried out A
promising amide coupling reaction between amino phosphonic acid and
N-hydroxysucanimide (NHS) ester inamixture of water, dimethylfenamide andoasewas
found’ Following this finding, a newintermediate100, containing abenzyl protected
L-alaninehydroxamic acid sidehain at position 4 andn NHS esterat position 2 was
synthesisedFigure 4.7). Benzyl protected hydroxamic acid was usette itallows forthe
introdudion of the hydroxamic acid functional group earlier in the synthewsihilst
protecting the hydroxamic acid makes it much more stable and compatiblethétisteps
within the synthetic routelThe benzyl protection cagasilyberemovedat any stage of the
synthesisusing a simple hydrogenatiomeaction Due tothe introduction & the benzyl
protection the chloride on position 6 was removém the compound. feviously, while
synthesising compourf@l(Section 2.}, unintended reduction of treomatic chlowle was

observedsasidereaction ofhydrogenation
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cl HN/H(OtBu
o
a) =N b) N c), d)
)ﬁroa LN WP OB T N//HrOEt —
(]

quantitative
96 O 97 O after

Figure 4.7. Synthesischemdor active estefl00. Reaction conditionsa) SOCh, DMF, CHCIs, reflux, 3 h; b)
L-alaninetert-butyl ester hydrochloride, TESACM, RT,72 h; ¢c) 4 M HCLin 1,4-dioxane DCM, RT, 16 h;d)
NH,OBn-HC| HATU, DIPEA, DCM, RT, 16 h; €) 2 M KOHg), THF, 0 °C, 2 h; f) NHS, DCC, DMF RT,
16 h.

The synthesis of active estHd0from starting materiaV 1 wasrelatively efficient, with an
overallyield of 43% after6 stepsand was done onraulti-grams scaleThe gnthesis route
beganwith stepa), chlorination of71 using thionyl chlorideo produced6 in quantitative
yield. Compoun®6did notrequire any purificationNext, in stepb), the chlorideof 96 was
replaced by -alanine tedbutyl ester viaanucleophilic aromatic substitutidn give97. The
subgitution reactiorto produce7 resulted iravery good yield of 87%nd requiredolumn
chromatography for purification. Using both ethyl ester andbtetyl estersimultan®@usly
allowed for two sedctivedeprotectionst different poirg in the synthetic routerirst, the
tertbutyl ester97 wasselectivelyremovedin stepc) under acidic conditionand, without
any purification) to produce intermediate carboxylic acicheTnewly formedntermediate
carboxylic acid was useth stepd), in amide coupling witfO-benzylhydroxylamineand
HATU, as the coupling reagerb give 98. After amide couplingthe intermediat®8 was
purified using column chromatographgnd the oveiayield after ester hydrolysis and
amide coupling was 79%. Following tleeupling reactionester hydrolysi®f 98, stepe),

was performedunder basic conditions using potassium hydroxidee hydrolysis of 98
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resultedin anexcellentyield of 94%o0f 99, which was obtained bgxtraction.Finally, the
NHS ester was synthesised using carboxylic 8@jevith NHSand DCC as coupling agents.
The NHS estefl00was purified firstby filtration to removedicyclohexylureaprecipitate
and then usingolumn chromaigraphy The NHS estet00was obtainedh ayield of 67%
The active estet00wasthenusedfor anamide coupling reaction withmino phosphonic

acids(Figure 4.8).

H H H
N. N. N
HN/kﬂ/ OBn HN/kﬂ/ OBn HNJ\H/ OH
SN © O g) or h) @N 0 I) @N 0
. 14-449
N/)\H/O N N/)\H/NHR % N/)\”/NHR
(0] (0]

after

2 steps (0]
(0]
100 Intermediate 101-107
-NHR
o) H OH o) H OH
H = _OH N / H “ _OH N~y
N ke P N R e P
~ N\ N ~ N ~
OH OH ¥ OH o ©OH
101 102 103 104
N H !
/,
7\{ \/\//S/\NH '\l\/\/\\s’\/,\“-i2
0 2 \( k
105 106
H Q. _oH
‘A{N\/\/s\\
(e}
107

Figure 4.8 Synthesis of analogues 2% containinga phosphate bioisoster®eaction conditionsg) Amino
phosphonic acidr amino sukbnic acid 0.4 MNaHCQyag), DMF, RT3 h; h) Amino sulfonamideTEA, DMF,
RT,3 h; i) Hyg), Pd/C, MeOH or HO/DMF mixture 3 h.

2-Aminoethybhosphonic acid was initially used fthe reactionwith NHS ester100
Successfulamide coupling and benzyl deprotection prodddehibitor 102 It wasthen
decided tosynthesise inhibitorwith 4 different chain lengthto thephosphonatgroupto

find theoptimal linker lengthFor reactions with amino phosphonic aciti& reaction was
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initially attempted with triethylamine as a base, but it was later discovered that an aqueous

sodium bicarboate solutiorresulted in better solubility.

For stepg), NHS estelO0wasdissolved in DMEand amino phosphonic acidanaqueous
sodium bicarbonate solution was added dropwise. This reactionmeagored using
LC-MS andreached completion withi@ hours.No purification was done after the amide
coupling, althoughthe solution needed to be acidified before the hydrogenation\aAtiegn
the hydrogenation was performed under basic conditibas\tO bond inthe hydroxamate
was hydrogenatecind amide was produced as a side prodactontrast, o N-O bond
cleavage was observed undmutral oracidic conditionsHydrogenation was pefmed
undera hydrogen atmospherand palladium on carbon was used as the catalytr
deprotectiorof the benzyl groupthe catalyst was removed using filtration through celite.
Due tothe high polarity and poor solubility in organic solvents, inhibitb€si 104 were

purified usingRPHPLC.

Following the successful synthesis of analoguebfcontaininga phosphonate grouyit

was decided to introduce differemhosphate bioisosteres:rom a list of potential
bioisosteres, sulfonate and sulfonamide were chaken to tleir simplicity and the
commercialavailability of amino sulfonic acid andminosulfonamide starting materids.

For reaction with amino sulfonic agithe samereaction conditioa were used as for the
reaction with phosphonic aciddowever,for reactiors with the amino sulfonamidg the
aqueous solution was no longer required as these compounds were much more soluble in
organic solventsandthe use of DMF orMeOH as a solventwas possible The products

1051 107 werepurified usingRPHPLC.
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The synthesis of inhibitors01i 107 from NHS ested 00 resultedin relatively poor yields
of betweenl4i 44% after 2 stepswith the highestyields for the reactionswith amino

sulfonamides.

4.2.2.Testing of analogues of 25 containing phosphate bioisostere

After synthesisingnhibitors inSection4.2.1, thecompounds in questiomere teste@gainst

SNM1A and SNM1Busingafluorescencéased assayrigure 4.9).

A SNM1B B SNM1B
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Figure 4.9 A: Doseresponse cungfor inhibitors 101-107 tested against SNM1fottedusing areal-time
fluorescence assa: Doseresponse curve for inhibitordd1and103tested against SNM1B plotted the data
from reattime fluorescence assayhe gaph shows curve over a wder range otoncentrations of inhibita

C: Doseresponse curve for inhibitor40l1 107 tested against SNM\ plotted the data from redlme
fluoresence assayD: Table of IGy valuescalculated for inhibitors tested against SNMXBincentrations
used[SNM1A]= 0.5nM, [SNM1B] = 0.25 nM, and [DNA] = 25 nM\ID: Not determined.

Initially, all inhibitors(1 0 1 1) Wér&'tested atoncentratioarangng from 0.5 nMto 100
€ Magainst both SNM1A and SNM1Biowever at 0.5 nM inhibitors 101 and 103 still

showed patrtial inhibitiomgainst SNM1B Thereforeinhibitors 101 and103weretested at
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a much wider range aoncentrationsgncluding at5 pM. These experiments demonstrated
that inhibitors containingthe phosphonate functional grougre exceptionally potem
inhibitors of SNM1B, with compoundd4.01 (ICsp = 261 nM against SNM1B1L03 (ICso =

25 nM against SNM1Brnd104(ICso = 332 nM against SNM1B)aving 1Go valuesin the
subnanomolar rang€ompoundl103 was the best inhibitoof this serieswith an ICsg of
25nM, suggesting that it has its phosphonate group at the optimal linker |&0@tis.the
most potent inhibitodevelopedin this projectoverall Sulfonate107 (ICso = 4280 nM
against SNM1B)also showed inhibition against SNM1Blthough itwas lower tharthe
comparablephosphonate103 Inhibitors 105 and 106, which containthe sulfonamide

functional group, did not inhib&itherSNM1A or SNM1B

This series otompounds i 0 1 7)wAssBubstantiallymore potentagainst SNM1B than
SNMI1A. None of the inhibitors tested against SNM1A showed complete inhibition, even at
100e MInhibitor 103was the most potent against SNMIAIt onlydisplayedabout 50%

i nhi bi t i oMextahephdsghOnatdasednhibitors(10 1 14)vlere tested against

SNMIA and SNM1Busingthegel-based assafFigure 4.10.
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SNM1B SNM1A
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Figure 4.10 Gel image from radioactive gdlased assays testinghibitors 101-104 against SNM1A and
SNM1B.The g¢ructure of tested inhibitors is shown below g&®ncentrations used [SNM]1 = 0.5nM,
[SNM1B] = 1.0 nMand [DNA 50mer] = 10nM. 2% DMSO was used ascontrol. The indicated inhibitor
concentrations are in gM.

Results fromthe gelbased assaywith inhibitors containinga phosphonateroup were
reasonablyconsistent withthe fluorescencébased assay. In both assathese inkbitors
werevery potent against SNM1Bvhile showing insignificant inhibition 6cENM1A. In the
gekbased assayt wasobserved thal01 showedsubstantidy better inhibiton than 104,
while in the fluorescencéased assaythese inhibitorshad 1Go values of a similar
magnitude. Similarly to the reswabtainedrom the fluorescenebased assay, inhibitot®1
and103were the most potegbmpoundsand showed almosto mp | et e i nhi
in the gelbased assayith SNM1B. Thereforejt was decided to testdketwo inhibitors

(101and103) in a getbased assayith a wider concentration rangeigure 4.11).
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Figure 4.11 A: Gel image from radioactive gélaseal assays testing inhibitod1and 103against SNM1B.
B: Gel image from radioactive gblased assays testing inhibitat3 against SNM1AC: Gel image from
radioactive gelbased assays testing inhibitd@3against SNM1CConcentration usefinhbitor] = two-fold

dilutions( f r om 100 ¢ MNM1A]=0.5nM5[SNMEB) = 1.0nM, [SNM1C] = 2.5nM and [DNA
50-mer] = 10nM. 2% DMSO was useda control.

Further gelbased assays confirmed thahibitor 103 is more potentthan 101 against
SNM1B. After 103 showed such an outstandingnhibition against SNM1Bit wasdecided
to additionally test it againsBENM1A and SNM1C at theider concentration rangesinga
gelbased assayUnexpectedly 103 was more potent against SNM1C than SNM1A,
although SNM1C has nassigneghosphatebinding pocket. Still 103 wasa substantially
better inhibitor of SNM1B than theemainingtwo enzymesln the gelbased assays in
Figures 4.11A and4.11C, inhibitors were tested awide range of concentrationanda
range of digestion products betwaendigestion and fullligestionwas observechowever,
this was not the caser SNM1A. Therefore, it was decided wusethe data from these

gelbased assays to estimatesdGvalues for SNM1B and SNM1C(Figure 4.12B).
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Additionally, 103 was tested against SNM1C usiadgluores@ncebased assaffigure

4.12A).

Figure 4.12 A: Doseresponse curves for inhibitod3 tested against SNM1B and SNM1C plotted using a
real-time fluorescence assayConcentrations used [SNM1B]0.25nM, [SNM1C] =5 nM, and [DNA] = 25
nM. B: Inhibition profile curves generated from gehsed assays thi 103 againstSNM1B andSNM1C in
Figure 4.11 Digestion products frorthegelbased assays were quantified and fitted to a-dlesponse curve
using nonlinear regressionC: ICso values calculated using data frdmoth fluorescencbased andjetbased
assaysD: Structure ofl03

In both fluorescencbased and gddased assay$p3 was more potent against SNM1B than
SNM1C AgainstSNM1B, the 1Go valuesfor 103were 3.8 nM and 25 nhh thegelbased
and fluorescenebased assay, respectively, vghihgainst SNM1Cthe 1Go values were
22400nM and3300nM. Based on a gddased assay, thestimated 16 value for inhibitor
103 against SNM1CQOwas more than 500@old higher thanSNM1B. While, based ora
fluorescencéased assay, the estimatedol@alue for inhibitor103 against SNM1C was
130fold higher than the value for SNM1HBased on theséCso values and lack of
substantiainhibition of SNM1A, inhibitor103 may be considerea selective inhibitor of

SNMI1B. Sinceinhibitor 103was potent and selective against SNMa B vitro studies it
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