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Abstract

Cancer and viral infections such as hepatitis B infection aggiired immune deficiency
syndrome (AIDS)have causednillions of deatls worldwide. The use of nucleoside
analogies, amain class of treatrm¢ for these diseases limited due to theiunpleasant side
effects and the development of resistanidence, there isan urgent need for new and

effective anticancer agerasd antiviralagentdor treating these diseases.

These limitations of nucleotde analoguesan be improved by delivering theimo cells as
monophosphate prodrugs rather tlesnucleosidesThe aryloxy triester phosphoramidate
prodrug technologycommonly referred to as ProTide technology,one of themost
successful prodrug thoologies used to enhance the dlikg properties of therapeutic
nucleosides. However, a key issudghat ProTidemetabolism deperston the expression of

two different enzymes at the action siéelditionally, due to thesystemregardng patenting

and irtellectual propertyjts extensive use by the pharmaceutical industry and medicinal
chemistry academic researchdmy the discovery of nucleoside analogue ProTites
limited further applications Therefore,a new IRfree nucleotide prodrug technology is
neededo stimulate the discovery of new anticancer and antiviral nucleoside and nucleotide

prodrugs.

The aim of thisstudywas to discover newP-free nucleoside monophosphate prodrigat
cantreat cancer, HBYand HIV and overcome current resistarmechanism®articularly
we aimedto design a new Hree monophosphate prodrug approach, whigs termed
POMtide and POCtide prodrugs. The POMtide monophosphate group is masked by
pivaloyloxymethyl (POM) and arymotifs, while the POCtide monophospdagroup is
masked byisopropyloxymethytarbonate(POC) and aryl motifs. fe nucleoside analogue
prodruges synthesised this study include d4T, FUDR, AraC;thymidine, L-uridine, and
lamivudineas well agheir derivativesMetabolism studies of thesegalrugsare reportedor
the release of desired metaboljtasd for the first time, the POMtide metabolism pathwgay
reported. Additionally, these prodrugshow good stabilityin human serumand ther
biological evaluations reportedagainst several &blished tumour cell linesCollectively,
the data indicatethat the potency ofthe anticancer POMtide prodrugss comparableto
that of anticanceProTidesdrugs and in some casei$ was muchbetter.Hence, they could

be considere@otential therapgics.
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Chapter One Introduction

Chapter 1. Introduction

1.1 Nucleosideand nucleotideanalogues

For over 50 years, nucleoside analogues have been used in clinical settingscemtrieabr
viral infectons® Nucleoside and nucleotide analogues are chemicatidifirad synthetic
compounds that have been developed to mimic endogemaisotidesand endogenous
nucleosides (thymidine, guanosine, ademmsaytidine, and uridifje which are involved in
several cellular processes suchdasxyribonucleic acidNA) and ribonucleic acid RNA)
synthesis, celsignaling enzyme regulation, and metabolisamd mimicthar physiological
counterpartdo exploit ellular metabolism and inhibit cell division and viral replication by
subsequently being incorporated into DNA and RNAdditionally, nucleotide analogues

can interat with and inhibit essential enzymes such as human and viral polymkrases.

In the early 1950sfwo natural nucleosidesvith antiviral activity (spongouridine and
spongotlymidine) were isolated from marine sponge3hey were found to cotain an
arabinose gyar, which markedthe first time a nucleoside sugar other than ribose or
deoxyribosewas found® This finding led to the discovery of the first synthetic antiviral
nucleoside analogue, idoxudine, which was approved bydbe and Drug Administration
(FDA) in 1969 for the treatment of herpges infection However, idoxudine is @y used
topically dwe to cardiotoxicity. Currently, over 2tucleoside and nucleotide analoghese
beenapproved for usas antiviral agentagainsthepatitis,human immunodeficiency virus
(HIV), and herpes virusésStructurally, the clinically approved antiviral analogues include
nucleosides and (cyclic and acyclic) nucleotidégre 1.1 and1.2). In addition, over 15
anticancer nucleoside analoguese beenapproved by FDA fothe treatmentof various
cances such aslung, pancreatic, bladder, and breast cancers, as wdduasmiaand

lymphoma Figure 1.3and1.4).*

Antiviral agents greatly differ from anticancer agents in that timeicleoside and/or
nucleotideanalogshave low activityon mammalian enzymes, whigrovide them better

tolerance profiles compared to the anticancer nucleasidi®ogst
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1.1.1 Modification of natural nucleosides

The general structure of natural nucleoside consists of sugar and heterocycli€igase (

1.5. The sugar unit is the most significant difference between DNA and RNA structures.
DNA <con-R2@doxyB-r bbose and FDNiBosecHowdver,ithe OH duop

at the anomeric carbon can be inaaedgfordt ori al
respectively Figure 1.5).5 b-sugaris ma& s t a b {sugar that benausé all the OH (large
groups) in equatorial position far away from each other as possible so the ring system has less
steric hindrance.

5

CH,OH  Nitrogen base CH,OH  Nitrogen base
O o
4 1 4 1
3 2 3 2
5 H H
OH OH OH H
RNA Bases DNA Bases
1CHO CH2OH H Anomerlc carbon CHZOH OH €quatorial position
H-2-oH
H—3—oH
or I positi
5 CH,OH OH axial position
D-Ribose OH OH OH OH
a-D-Ribose B-D-Ribose
1
~HO CHon CH20H OH equatorial position
H-—H
e
H——OH
H-4—0H
5CH,0H OH axial position
2'-Deoxy-D-Ribose

a-2'-Deoxy-D-Ribose B-2' -Deoxy-D-Rlbose

Figure 15. Chemical structuresf D-riboseand?2 -@eoxyD-ribosesugars.



Chapter One Introduction

Inside a host cellRNA and DNA viruses replicate their genoniBsutilisngt he host cel
natural nucleotide triphosphatks transcription. Thus, the RNA/DNA replication processes

are an effective target forunleoside analogue antiviral agehtsucleosideanalogies with
antiviral/anticancer activities are obtained by structurally modifgivgD-configuration of

natural nucleosidés Additionally, modifications to the heterocyclic base and/or the sugar

moiety of natural nucleosides can lgadantiviral and anticancer activitieSigure 1.6).

The principal modifications in the sugar moiety utilised by mediaoh@mists include the
inversion of the hydroxyl group configurations, elimination of hydroxyl groups leading to
dideoxy or dideoxydidehydrenucleosides, substitution/functionalisation by various
synthetic groupsand cleavage of the sugar ring leadingatyclic nucleoside$Table 1.1
shows the natural nucleosides in DNA and examples of some nucleosldguasawith

modifiedsugar moiety.



Chapter One Introduction

o) 0
[ NH \fj\NH
HO N/go HO N/go
0 — 0
OH
37. Thymidine 3. Zidovudine
NH; NH,

HO

CL 0

N @] OH
& "
 —

OH
6. Lamivudine

0

38. 2'-deoxycytidine
O

NH o I/’E
PN N0

I
HO ﬁ: 0
& :°
OH
OH

41. 2'-deoxyuridine 22. Floxuridine

o 0o
NH N NH
L}l \N/)\NHZ HO (‘Q\N/)\NHZ

\ON —
OH

39. 2'-deoxyguanosine

HO

12. Acyclovir

HoN

=N
YA\ )
HO QN N
&
OH

40. 2'-deoxyadenosine 10. Vidarabine

Figure 1.6. Chemical structures of naturaducleosides including thymidine (37), 26
deoxycytidine(38), -dedxyguanosing39), 2 @leoxyadenosing€40), a n d-de@xguridine



Chapter One

Introduction

(41), and th& modified drugs

Table 1.1. Natural nucleosides andxamples oftheir modified therapeuticwucleoside

analoguestypeof activity, and type of modifications.

Natural nucleoside Example of Activity

nucleoside
analogue
Thymidine (37) Zidovudine(3)

Anti-HIV

2 -@leoxycytidine (38) Lamivudine(6)  Anti-HIV
and HBV

2 -@leoxyuridine (41) Floxuridine @2) Anticancer

Zaolo et e i)l Acyclovir (12)  Anti-HSV
and VzVv
Za oo el Gl Vidarabine £0)  Anti-HSV

Modification

The 3hydroxyl group is
replaced with an azido
group

The s ugabodis
replaced with a sulfu
atom

L-isomer

Addition of fluorine atom
at the fifth position of
uracil

T h e- a2 @-catans of
the sugar are removed
Inclusion of an ar26

hydroxyl group
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1.1.2 Intracellular a ctivation of nucleoside analogues

The pharmacological effects of nucleoside analogues are basethe intracellular
phosphorylation to theimono @2), di (43), and triphosphate48). Nucleoside analogues
enter the cell through transpodesuch as concentrative nucleoside transpoatedpeptide
transporters or by passive diffusibit® Inside the cell, they are subsequently
phosphorylatedand the first phosphorylation stepciatalysedoy nucleoside kinases such as
thymidine kinase 1to yield t h e n u c |-Genoosophisghate54d), which is then

c onver t-@diphospbated3p by nucleoside monophosphate (NMP) kinases. The last
phosphorylatiorstepis catalysedy nucleosidediphosghate (NDP) kinases tgeld the active

5 -®-triphosphate derivativetd) (Scheme 1.1.°

(0]
HO ' O W
5 0-P-0_ & e 9
('3 ©0-P-0-P-0_ 5
@ Nucleoside kinase _ ) NMP kinase _ (') (')
ATP
Nucleoside
Analogue 42 43
(0] (0] (0]

NDP kinase ©
> 0

Scheme 11. Intracellular actration of nucleoside aaloguesThe first phosphorylation step
gener at es t h-©-monaplospkate 4), diree s & do n d gene®ates
diphosphate43), andthd a st g e n e r a-O+4riphospHhate44)aNMiP:inuckeosi8ed

monophosphate kinagmzyme, NDP: nucleoside diphosphate kinase enzyme.

1.1.3 Nucleoside analoguggmechanism of action

Generally, the active forms of nucleosides, which include theno @2), di (43), and
triphosphate44) forms act by inhibiting various intracellular enzymegy.ethe triphosphate
speciednhibit viral or human polymerasé$.Additionally, theyactas competitive inhibitors
of DNA and RNA synthesis.When incorporated into DNA or RNA, they induce the

termination of chain elongatiosr induction of apoptosis.

10
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1.1.3.1Antiviral activity

Vidarabine (0, Figure 1.2), the first antiviral nucleoside analogue approved by the FDA, is
systemicallyadministeed in clinics® It is an arabinosyladenine with high potency against
herpes simplex virugHSV) andvaricellazoster virugVZV) infections, and it targets their
viral DNA polymerasesNowadaysit is used inthe treatment of acute keratoconjunctivitis,
recurrent superyci alankHSWZ and herpss zast@rurdeetidns im y
AIDS patients.

L-nucleosidesnantiomersrean important class of antiviral agemtBoseantiviral activityis
comparable and sometimes greater thtmat of their D-counterpart§ They have
demonstratedfavorable toxicological profiles and greater metabolic stability than their
natural counterpartsThe L-nucleosidesamivudine andelbivudine Figure 1.1), which are
the mirror images of the natural nucleosidsgidine andthymidine, respectivelyare
sterically hindered whetaken up by viral polymerases or added to DNA chatasishg
them tointerfere with DNA/RNA replication Like other nucleoside revse transcriptase
inhibitors (NRTISs),they need to be in the triphosphate fotminhibit viral replication by
inhibiting HBV reverse transcriptaseAfter phosphorylating allNRTIs, known as
20, 30di de o xayalogsctl ce eGHrnipdosphates, thear mechanisms as chain
terminatorsbecomesimilar? Since 1995, lamivudine has beesedas a last resotb treat
chronic HBV infectior® Additionally, it is usedin combination with other antilV

medicationdo prevent and treat HIV infectioh.

The second generation of antiviralicleoside analoguestructurally includes an acyclic

sugar. Acyclovir, which was discovered in 1982, is the best example of an acyclic antiviral

nucleoside analogué. It is used inthe treatment of VZV and HSV and shows high

selectivity, low cytotoxicityand limited side effect$:!®

To target multiple stages of the virus life cycle, antivimatleoside analogues are commonly
administeredvith other druggo minimise viral resistance. Howevdoyr antiviral nucleoside
analogueso be activeinside the infected celthey must be phosphorylated to geneBi®-

triphosphate?

11
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Overall, nucleoside analogues are an effective class of drugs in treating viral infections such
as HBV and HIV. To achieve their pharmacological activitgyneed to be phosphorylated
inside the celinto theactive5 -®-triphosphate form.

1.1.3.2Anticancer activity

The nucleosideand nucleobase analogues showed Rigures 1.3 and 1.4) have been
approved by the FDA as antimetabolite chemotherapeutic agents. They are chemically
modi yed anal ogues of natur al nucl eoasi des
monotherapy or in combination therafiy treat various cancetsAdditionally, many other
nucleoside analogue candidates are currently beingtigeged in clinical trials as anticancer
agentst

Within the body,similar to antiviral nucleoside analogues, anticancer nucleoside analogues
must be phosphorylatkinside the infected cello become pharmacologicdy active. The

cellular uptake for most anticancer nucleoside analoguesirised out by concentrative
nucleoside trnasporters (CNT or SLC28) and/or equilibrative nucleoside transporters (ENT or
SLC29)® Inside theinfectedcell, anticancer nucleoside analoguesgraesphorylated to the

5 -®-monophosphatehis is often the ratéimiting step in the process to gener#ie active

5 -®-triphosphate metabolite hy mi di ne ki nase 1 ,-deokyhytidne di ne

ki nas e-geoxgguahanideékinase aesponsiké for the first phosphorylation stéb.

Anticancer nucleosidanalogies utilise two modes of action t&ill cancer cells Figure
17YThe first mode of act i -Oitriphbsphatpaysubstmatefor por a
DNA polymerasesinto DNA.1’ This incorporation is donduring DNA replication or INA
excision repair synthesis, giving rise to stlleplication forks and chain terminatithit

often leads to apoptosis after activation of various DNA damage sehatstimulate DNA
repair and stop cell progressiBh.The degree ofselectivity for the incorporation of
nucl eosi de-O#&iphasphatgsuntosanéelbcell DNA, and not into the healthy cell
DNA, depends on the nature of cancer cell replicai®theyreplicate their genomes more
frequently than the majority of normal adult cells, which are not actively synthesising their
DNA.’® Mo r e o v-@-riphosdhdies can cause transcriptional termination and messenger
RNA (mRNA) and ribosomal RNA (rRNA) inability by incorporation into RNA%2

12
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The second mode of action of anticancer nucleoside analogues intr@viegibition ofkey

cellular enzymes such as ribonuaide reductase, purine nucleoside phosphorylasd

thymidylate synthase, by the momd2), di (43), and triphosphate4d) forms of nucleoside

derivatives?*# T he r

bonucl

eot i

de

reductase enzyme

hydroxyl group from the ribose sugar of ribonucleotide triphosphates to gedenateo2 -6

deoxyribonucleosie triphosphaté In purine metabolismpurine nucleoside phosphorylase

catalyses the reversible phosphorolysfspurine nucleoside®. Finally, the inhibition of

thymidylate synthase leads to subsequent decrease of thymidine, whizh deleterious for

cancer ell growth?*

Extracellular
Intracellular

Nuc kinase

44

---1> DNA or RNA

= Nucleoside Analogue

1. Mono- di- and
triphosphate inhibit
enzymes such as
RNR or TS

2. 5'-O-triphosphate
form incorporate
into cancer cell

Figure 1.7. General mdes of actionof anticancer nucleoside analogugsnhibition of key
cellular enzymes?2. Incor por at i eOdriphosphatet inte DNA dluc kinase:

nucleoside kinase enzymeé\MP: nucleoside monophosphate nise enzyme, NDP:

nucleoside diphosphate kinase enzym®&R: ribonucleotide reductasel'S: thymidylate

synthaseDNA: deoxyribonucleic acidRNA: ribonucleic acid.
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Gemcitabine Figure 1.3) , -Biflupor@D-aleoxycytidine, has beesuccessfullyused asan

anticancer nucleoside analogue. Gemcitabine, approved by the FDA in 1996, has become the
standard of care for the treatment of pancreatic c&hddioreover,it has also gained

approval for treating neemall cell lung, ovarian, bladder, and breast carf€eFs. inhibit

tuma growth, it must beintracellulaty phosphorylated o -O%5lé phospha®es and
triphosphate  Some of its mechanisms of actidmve been reportedincluding the
replacement of deoxycytidine during DNA replication$¥D-triphosphate and inhibitroof

ri bonucl eot i dCediphospianét’t ase by 50

An example of arN-base analogue is the more promising compomedcaptopurine 33,
Figure 1.4), a thiopurine analogu¢hat was rapidly advanced into clinical trials and
approved by the FDA in 1958ver the years, mercaptopurihas beersuccessfly used to

treat paediatric acute lymphocytic leukemia (ALL) and hetogic cancers (childhood and
adult leukemias}® It remains part of the standard of care the treatment ofacute
lymphocytic leukemiaandit is used in combination with other chemotherapeutic agénts.
As mercaptopurine is a thiopurine analogue, it requires further metabolism by cellular
enzymes to reach the major activeetabolites 6thio-2 -@leoxyguanosin® -®-triphosphate

(45, Figure 18) and methylthioinosin® ®-monophosphatetf, Figure 1.8).3%1°

96°6%0

S
NH
O 0 O N
|| I 1]
_/P\ /P\ /P\ , «{'\l)\NHZ
1’01071 0B N
0]

45 46
Figure 1.8. Chemical structures ahe mercaptopuria major active metabolitestBio-2 6

deoxyguanosin® -®©-triphosphat€45) and methylthioinosin® -®-monophosphatél6).

All anticancer N-base, nucleosideand nucleotide analogues are prodrugat require
intracellular activation t@generatehear actve metabolitesHowever, there are a number of
limitations associated with the administration of nucleosidalogues drugs such as the
phosphorylation steps, poor oral bioavailabjliznd resistance mechanisms by viruses and

cancer cell$.

14



Chapter One Introduction

1.1.4 Issues with nucleoside analoguérugs

Since nucleoside analogues are chemicatigdified compounds that mimic naturally
occurring nucleosides, the structural differences between the sigddeanalogues and the
natural nucleosidesften makes the phosphorylation of the analogues by cellular or viral
kinases inefficient? This limits the generation of thectivenucleoside analogue metabolites,

which ultimately limits their therapeutic effects.

Most nucleoside analogues are polar compounds with low intestinal permedbiigr
unfavourable physiochemical properties limit their absorption, and thast nucleosie
analogues demonstrate poor oral bioavailability. Additionally, due to poor membrane
partitioning properties, their transport across the cell membrane is magnhe paracellular

route33

Then the therapeutiefficacy of nucleoside analogues is further limited by resistance, which
is mediated byariousmechanisms of actior-{gure 1.9), includingthe downregulation of

the nucleoside kinasgshe enzyme responsible for the figghosphorylation st§p which
ultimately limits the conversion of nucleoside analogues to the active triphosphate
metabolites* the deficiency of nucleoside transpers, which limits the nucleosd
analogues cellular uptajie the activation of phosphatase enzymes, which dephosphorylate
the active metabolite¥ and the rapiddegradation of the nucleoside analogues into toxic by
products through thexpressionof key deactivating enzymes such as cytidine deaminase
e.g, deaminases transform the anticancer nucleoside cytar@ijne thepharmacologically

inert uridine arabiose @7, Figure 1.9). 373

Collectively, all these issues assied with the administration of nucleoside analogues limits
their activities as anticancer and antiviral agents. To address these limitations, thg déliver
phosphorylated metabolites was suggestétbwever, the intracellular delivery of
phosphorylated etabolitesfaced challenges(see below),which led to the discovery of

phosphate prodrug technologies with improved delivery and efficacy.

15
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1. Depletion of transporters
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Intracellular
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of the nucleoside kinases
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Figure 1.9. Nucleoside analoggeresistance mechanismg. Deficiency of nucleosie
transporters2. Downregulation of the nucleoside kinas@&s Activation of phosphatase
enzyme 4. Expressionof key deactivating enzymes.g. conversion of the anticancer
nucleoside analogue cytarabinethe inactive metabolite uridine arabinosidéuc kinase:
nucleoside kinase enzyme, M®. nucleoside monophosphate kinase enzyme, NDP:

nucleoside diphosphate kinase enzyme.

16



Chapter One Introduction

1.2Nucleoside analogues phosphasnd phosphonateprodrugs

To overcome some of the resistance issues of nucleoside aemlame of the strategies
oftenemployed is the delivery of the phosphorylated metabolites as a meanpaddiyg

the kinasedependent phosphorylation steps leading to an enhancement of the nucleoside
anal o therapeuticactivity.>> However, the intracellular delivery of phosphorylated
metabolites faces two main challenges. Fisgno @2), di (43), and triphosphate4{)
metabolites areonised at physiologich pH (<7.4), which hinders their passive transport
through thecell membrane Kigure 1.10). Second, the  bondhas poorin vivo stability,

making itprone to dephosphorylatian the bloodstream bghosphatas# The phospatase

a n d-O-Budleotidases are important enzymes involved in nucleotide dephosphoriation.

S Q

©
Extracellular X “
(0]

Intracellular

Nuc ki 0 o Enzymatic T
uc kinase I ; —p—
O—FI’—O Metabolism O FI’ O—O

: S
42 o
OO

0 0
43 © )
= Nucleoside Analogue
NDP kinase

O Masking groups

Active Nucleoside Analogue Triphosphate

Figure 1.10. Nucleoside analogues and their monophosphate uptake into cells and
phosphorylation to their active triphosphate speciBsst, nucleoside analogseare
transportedacross the cell membranga a transporterandt hen phosph-@ryl at e
triphosphateSecond nucleoside monopdsphate cannot penetrate the cell membrane due to

the charged natureThird, monophosphates are protectivedyffused through the cell
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membraneand metabolised tgivet h e O-rBodophsphatewhich arethen phosphorylated
to give 5 -®-triphosphate. Nuc kinase: nucleoside kinase enzyme,M®: nucleoside

monophosphate kinase enzyme, NDP: nucleoside diphosphate kinase enzyme.

To address these two issues, the monophospRatedpnd wasswitched byHoll and De
Clercq to monophosphonate {€H;) bonds'* This resultedin compounds that arenore
stable with longer &if-lives compared to their monophosphates. This led to the discovery of
many nucleoside analogue monophosphoridtesy. cidofovir 48, anttHCMV), adefovir
(49, anti-HBV), and tenofovir disoproxil50, antiHIV and antiHBV), which are all FDA

approved as antiviral agent&igure 1.11).3

0 0 W R
HO—IID—OH HO—I?—OH HO—IID—O
N.
OH R R R
Phosphate Phosphonate phosphoramidates
R=CH, R, R'= aryl or alkyl group

NH,

</< NH2 NH2
N 4
O, Nz& </ l /) HO_ /,O <N l N/)

H O
Ho’P'Ol/ ° :Z:P/’;O\JN § Ho’P'CJ)/

OH
50. Tenofovir disoproxil
48. Cidofovir 49. Adefovir 2001, anti-HIV
1996, anti-HCMV 2002, anti-HBV 2008, anti-HBV

Figure 1.11. Chemical structures, approval yeamad type of viruses of antiviralucleoside
monophosphonates analogues cidofdd), adefovir (49), and tenofovirdisoproxil 60).
HCMV: Human cytomegalovirys HBV: hepatitis B virus, HIV: the human

immunodeficiency wus.

This discovery effciently addressed timevivo instability issue associated with nucleoside
monophosphates, but these compounds still had poor cellular uptake due to the negative
charges of the phosphonate group at physiological pH. As previdisslyssed, developing
prodrugs of nucleoside analoguemophosphates is needed to overcome many challenges.
Thus, numerous prodrug technologiémve beendeveloped and employe efficiently

deliver he monophosphate and monophosphonateaining drugs rito cells® These
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prodrug technologies maskither one or two of the oxygens of the monophosphate and
monophosphonate , making the molecule more lipophilic. Through this strategy, the
monophosphate and monophosphonate negative charges are ,nragkedng transport

into cellswhich can be translat asbetter efficacy Figure 1.10).

Monophosphate prodrugchnologies include aryloxy triestehosphoramidates(, ProTide
technology), thephosphorodiamidatés?), the bis[(pivaloyloxy)methyl] (53, bisPOM) the
bis(isopropyloxymethytarbonate) %4, bisPOQ, HepDirect(55), phosphate monoestesq),

and phosphonate monoestg¥)( prodrug technologie§igure 1.12)394041

51. Aryl-phosphoramidate 52. Phosphorodiamidates

o o.__0.__0o.in._o__0__O
*(OVO\?/OVO% \( \n/ ~ ~ \n/ Y
ol X o o o

X-1=0

53. Bis(POM) 54. Bis(POC)
Soty o
3O—|I3=O
Q X
I
@i

X1
6 @

55. HepDirect 56. Phosphate monoester X= O

57. Phosphonate monoester X= CH,

Figure 1.12. Examples of nucleoside monophosphated monophosphonatgrodrug
approachescludearyloxy triesterphosphoramidatesq, ProTide), thephosphorodiamidate
(52), the bis[(pivaloyloxy)methyl] (53, bisPOM) the bis(isopropyloxymethytarbonate) 34,
bisPOQ, HepDirect (55), phosphate monoestebdj, and phosphonate monoesteb7j
prodrugtechnologiesR a n d= a®ldr alkyl substitutionsX= O or Ch.
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1.2.1 The aryloxy triester phosphoramidate (ProTide) approach

The phosphoramidate prodrug technolog$)( whichwas developed in the early 1990s by
Prof. Chris McGuigan (Cardiff University, UK$* is one of the major strategies applied in
the modulation of antiviral nucleosidanalogue$® It hasprovento be a powerful tool in
nucleoside monophosphate amnophosphonatérug dscovery** So far 10 antiviral and
anticancer clinical candates and two FDApprovedProTides have been approved as
antiviral drugs’ Most of the ProTde clinical candidates successfully passed phase | clinical
trials for the treatment of HIV, HBV, HCMand the Ebola viru& The two FDAapproved
ProTides are the arltiepatitis C sofosbuvirs5@) +° and the anthepatitis B/HIV tenofovir

alafenamideq9).46°

1.2.1.1Structure activity relationship of ProTide prodrugs

Generally the ProTidgechnologyovercomes the key restance mechanisms associated with
the phosphorylatiolependent activation of nucleosidmaloguespreviously discussed.
Masking the negative charges of monophosphateasrophosphonatgroups with bielabile
groups, an amino acid ester and awyloxy motf in this case igure 1.13), allows the
nucleoside analogues to-pgss the active transport of the compounds into cells as well as

the initial phosphorylation ratiémiting step#?

Structurally ProTides consist of three main componeliié aryl group,an L-alanine amino

acid esterand ester growg) thatare esserdi toits transportmetabolismand activity.

The first componenthe aryl groupwhich istypically aphenylor 1-naphthol,is selected as a
good leaving grouphat can be releasd during the metabolism proce§sConcurrently it
effectively masks one oxygen of the monophosphate and incetseclog P value ofthe
ProTidedrug moleculgFigure 1.13).

The £cond componenthe L-isomer of alanine amino agit responsiblefor maskng the
second oxygen of the monophosphdtigre 1.13). It is specifically selectethecause it has
the best interaction with metabokenzyme®’ Indeed, the_-isomerhas demonstrateetter

activity than theD-isomer ofthealanine amino acit.

The third componenthe ester groupsreimportant for the first activation step of ProTsde

(Figure 1.13), ard theycould bearyl, linear alkyl group such as methyl and ethyl, akyl
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branched such asg@opyl andtert-butyl. Thefour commonlyused ProTide ester groups are
benzyl, isopropyl, methyland tert-butyl moieties The benzyl groughas proven to be a
highly potenteste groupin comparison witlother esterghathave beemused with success in
the structure of the anticancer ProTidesearin (60), currently inphase Il clinical trials,
and NUG3373(61), currently inphase | clinical trialsKigure 1.16). Isopropyl eteris used

in the design and synthesis of the two FBgproved ProTides phosphate and phosphonate
prodrugs sofosbuvi(58) and tenofoviralafenamide(59) (Figure 1.14). A methyl ester is
used in the chemical structurelwdth antiHIV agents sampidine(64) andthymectacin(65)
(Figure 1.16). Finally, the tert-butyl group hasdemonstratededucedantiviral activity by
>10-times less than the methyl ester of same parent compdinthe poor esterase
susceptibility of this particular esté@as been attributed tahe tert-butyl moiety being too

bulky to be processed by teazyme?’

Additionally, the 2-ethylbutyl estergroup has beemsed with the two antiviral clinical
candidates5S-5734 and G$%620which areused as anttbola and artHCV treatments
respectively Figure 1.16). These esters hawdemonstratecdood activity as the enable
activaion by enzymes to release the monophosphate anddhepinosphonatef nucleoside

analogues inside the cell.

(ljl X 1. Aryl group
o—p—o—@ increase the lipophilicity and specifically released after metabolism.
I

(0]
[

NH

1 2. [ -alanine amino acid

o O’R the best interaction with the enzymes involved in the bioactivation.

3. Ester group

involved in the first step of the bioactivation.
Figure 1.13. Generalchemical structure of ProTidd. The aryl group as phenyl or 1
naphthyl glected to protect one oxygen ando®releasd during metabolc processg.
2. The L-alanine amino acid selected to protect the second oxggle most effective
amino acid used in tesof activity. 3. Ester grops as aryl or alkyl groupsivolved in

the first step of the ProTide metabolisR= alkyl, aryl. NA: nucleoside analogue.
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1.2.1.2Metabolism of ProTide prodrugs

Inside cells, ProTides are enzymatically metabolised to their corresponding free
monophosphate speciBs(Figure 1.14). Their metabolismsi triggered by a carboxyesterase
enzyme, followed by nucleophilic attack on the phosphoramidate by the liberated oxygen
anion of the carboxylate group. This leads to the generation of an unstakheefivieered

ring B, which then undermges rapid hydrolysido generatethe metaboliteC. Phenol or
naphthol were released in this step as side products, however the toxicity of these products
can be comblled by adjecting the drug dos€&inally, the PN bond is cleaved by a
phosphoramidastype enzyme (histidindriad nucleotidebinding protein 1, HINF1) to

release the desired monophosphat@onophosphonateompounds 48
(.?
(robo( )
NH
I _R .
o~ © = Nucleoside Analogue

Extracellular ||
[]
Intracellular U

0 A 0 B  Option2

u G Ny JoR
O‘F,"C’@ @ 0-P=0 o 9/;-- H
NH lllH Cyclisation O—P\
; HN/ o Option 1
o O’R Phenol
S pKa=10

Esterase

Hydrolysis
D c 9
9 Phosphoramidase- o—p—o@
O_|I:._% type enzyme NH
o)
S HINT-1 I
0~ 00
NMP kinase
NDP kinase
¢ 9 9o
O—P—O—rf—o—rf—o
o) 0 @)
© S S)

Figure 1.14. The proposed mechanism of the ProTaiastabolism1. ProTides penetrate
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the cell membraneia passive diffun. 2. Inside the cellesterase enzyn(® cleave off the
ester group and generate the metabdlitd8. MetaboliteC is generated after cyclisation step
B. 4. MetaboliteD is released after the-R bond is cleaved bghosphoramidastype
enzymeto releasehe monophosphate.

1.2.1.3ProTides asFDA-approved drugs and clinical candidates

The ProTide technology has beeuccessfullyused in the discovery of nucleoside
monophosphate andnonophosphonatprodrugsthat have beempproved by the FDA to
treat viral inkctions in humans such as HIWBV, and HCV (Figure 1.15). 32 4645
Additionally, six other ProTidesncludingacelarin 60), NUC-3073 (61), GS5734(62), GS

6620(63), stampidine(64), andthymectacin(65) enteredclinical trials (Figure 1.16).464950
51, 52,5354

H,oN
0 l \
N N
o, LN o-h_o
—Po -
’, (ON %, ~7
. _NH o N O " _NH
[ ]
04(0 04\//0
HOOC
/K OH F /k ~A > cooH
- R
58. Sofosbuvir 59. Tenofovir alafenamide
2013, as anti-HCV 2016, as anti-HBV

Figure 1.15. Chemical structures of the two FDBapproved drugs, sofosbuvib8) and
tenofovir alafenamide §9) ProTides with FDA approval years antthe viral infections they

are being pursued to treat.
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60. Acelarin 61. NUC-3373
phase I/l ?Iinical trie?ls, phase I clinical trials,
as an anti-pancreatic, as an anticancer agent

biliary and ovarian cancer agent

62. GS-5734 63. GS-6620
phase I clinical trials, terminated from clinical development
as anti-Ebola virus as anti-HCV
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Figure 1.16. Examples of ProTide clinical candidates along with development phase and

diseases they are being pued to treat.

Sofosbuvir(58) andtenofovir alafenamidg59, Figure 1.15) are the two ProTideapproved
by the FDA to treat HCV and HIV/HBV, respectivéff® Sofosbuvir(58) was approved in
December 2013 as afHiCV. It (58) is the phosphoramidate prodrugmD-26deoxy-26U-

fluoro-26-b-C-methyluridine and itsphosphate group is masked by a phenyl and-alanine
isopropyl ester. The tenofovir ProTide, tenofovir alafenamide, FDA-approvrdProTide

thatwas orally bioavailable and demonstrated -&ti¥ activity over 1000fold greater than
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the parent phosphotein cell culture® These two examples confirm the strength of the

ProTide technology in improving the antiviral activity of nucleosidal@ues

Acelarin @0, Figure 1.16) is a ProTide prodrug of the anticancer nucleosadelogue
gemcitabin€? It is an aryloxytriesterphosphoramidate where thé®-phosplate group is
masked by a phenyl group amd L-alaninebenzyl ester motifCompared to the parent
nucleoside gemcitabind, is more effective in treating pancreatic canaglit canovercome
the resistance mechanisms that are associatedgeiticitabine3? Specifically, gemcitabine
ProTides do not requireactive cellular uptakeas they by-passthe first step in the
phosphorylation and limit the deamiitat of the cyosine nucleobas®.In addition,acelarin
(60) showed betteanticanceractivity than gemcitabinas it was faster imeducingtumour
sizeand had donger half-life (gencitabine 1.5 h and\celarin7.9 h)*® This means that the
ProTide enhances the activity and the pharmacokinetic profile of the parent nucleoside. In
phase Il clinical trialsacelarin 60) showed excellent potency as an grgncreatic, biliary

and wvarian cancer agent.

NUC-3373 (61, Figure 1.16), the naphthylL-alanine benzyl ester ProTide offlaoro-26
deoxyuridine(FUDR), entered phase | clinical trials in 2015 asaanticanceragent® In
comparison with the parent nucleosiddJPR), it showed excellent drug properties as it
exhibited significant cytotoxic activities in cells lacking thymidine kin&&UDR needs
thymidine kinase to convert it to the monophosphate farhe ProTide NUG3373 (61)
showed resistance to thymidine and uridine phosphorylase enzymes, which areibskespons
for the inactivation oFUDR.>° Also, it had good stability in human serum and generated 363
times higher levels of the active metabolite tRafDR in preclinical inestigation®°°

Antiviral ProTides havdeen successfully used as prodrugshe treatment of HCV, HIV,
Ebolg and other viral infections. G5734 62, Figure 1.16) is the single isomersp) of
phenyl 2-ethylbuty-L-alanine ester phosphoramidatef 16cyance4-aza7,9-dideaza
adenosiné! It showed broad spectrum antiviral acity against RNA viruses such as
arenaviruses, coronaviruseand filoviruses! This compound is being developed for the
treatment of Ebola by Gilead Sciences, iflt.is undergoing phase |l clinical trials andst i

one oftheProTidesin clinical trialswith sugarthatdoes not bond to ld atomin the basg’
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GS662Q 1 -@yana2 &-methyl 4aza7,9-dideazaadenosine(63, Figure 1.16) was the first
C-nucleosidetha was developed as a HCV polymerase inhibitor, while most of the
nucleoside polymerase inhibitotkat have entered clinical trials afd-nucleosides. The
presence of the cyano group at th@pdasition resulted in a potent and selective HCV
polymerasgNS5B) inhibitor.>? Additionally, the introduction of th€©-acyl group at the @
position improved oral absorptidh.GS-6620 (63) entered phase | clinical trials, but high
intra- and inter-patientpharmacokinetics and pharmacodynamics viabilities did not support
its further clinical development.

The lasttwo exampleso bediscussed as promising clinical ProTides steempiding(64) and
thymectacin(65, Figure 1.16). Stampiding(64), a parabromophenylL-alanine methyl ester
ProTide of stavudinds the ProTide of the arH IV stavudine(5).>3 The bromine atom at the
para position of the pherymotif acceleratd theP r o T imétabllismtherebyaccelerating
the production othe active triphosphafé.interestingly, this ProTide showed more potent

activity againsHIV-1 strains than stavudir{g), as well asnutatedviral strains>®

The anticancer ProTididwymectacin(65) is a phenylL-alaninemethyl ester ProTide of the
antiviral agent brivuihe, a nucleosidanalogue’ It exhibited potent anticancer activity due
to a nucleotidenediatedabeing of thymidylate synthaselS) that causes cytotoxic activity.
Even though thénitial clinical result of this ProTide wasncouraging, no further details on

its clinical development have emerged for nearly a decade.

1.2.1.4lssuesassociated with ProTidetechnology

ProTides a successfumonophosphate and monophosphonate prodrug applisahle most
widely usedprodrug strategyn the discovery of nucleoside analogue monophosphate and
monophosphonate therapeutid®o date,there are two FDAapproved antiviral ProTides,
sofosbwir and temfovir alafenamide(Figure 1.15), and many more ProTide clinical
candidatessuch asGS 5734, acelarin, and NUE3373 (Figure 1.16). The pharmaceutical
industry and medicinal chemistry academic researeensively exploitethe discovery of
nucleoside amogueProTides This led to anincreag thenumber of research publications
and granted patents on the ProTide technology sindeciéption in the early 19808 As a
result alarge number of biotech amtharmaceutical companiésve patents that cover the
application ofProTidetechnologyto nucleoside analogue$hus, the intellectual property

(IP) landscapegss hr i nki ng due to t he o0 vapplicatiwrpodf the t e d
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ProTide technologyat nucleotide therapeutic§ herefore,the chances of getting patents

grantedon new antiviral and anticancer nucleoside andeotideProTidesare very low

Furthermore all ProTide therapeutic agents stdhteir metabolsm by carboxyesterase
enzyme that are expressedn most human tissueédditionally, ProTidemetabolism needs
phosphoramidasenzyme such adINT-1 to break the nitrogn-phosphorus bond and release
the monophosphate. HINT is an enzyme not expressed in fallman tissuesTherefore
PoTide metabolism insome specific cells could be limited due to the low expression of
HINT-1. In summary the nucleoside analogutherapetic drug classcan be improvedy
discoveryng new monophosphate prodragproaches which ametabolzed by one enzyme

andcan be successfully filed in patent applicatigdhas generatingf.

To overcomeheseissues, two avenues could be taken the future of nucleoside analogues
and ProTide technology. First, as suggested by Alastad] applying ProTide technology to
nonnucleotide molecules willncrease thdikelihood of obtaining patemprotectedIP.%®
Secoml, the discovery of a new monbpsphate and monophosphonate prodrug technology
can deliver therapeutic nucleotide monophospleites one enzyme metaboligithe aim of

this work).

1.2.2 Phosphorodiamidateprodrug approach

Phosphorodiamidatg®?2) are an extension of the aryloxy triestéropphoramidates where
the monophosphate and monophosphonate groupkalg masked with amino acid esters.
This approach isdvantageusin that it produces achiral phosphate prodrugs lankls an

aryl group. The metabolism of the phosphorodiamidae® is also mediated by
carboxypeptidase Y akin to the classic metabolism of the aryloxy triester phosphorariidates.
Also, most phosphorodiamidatgb?2) compounds show low cytotoxicity, high antiviral

selectivity and acidbaséhuman serum stabilify?

1.2.3 Bis(POM) and bis(POC) prodrug approaches

Bis[(pivaloyloxy)methyl] (53, bis(POM)) and bisisopropyloxymethytarbonate) %4,
bis(POQ) are phosphate anpghosphonateprodrugs that weresuccessfullyused in the
discoveryof the FDAapprovedprodrugs tenofovirdisoproxil (66) and adefovir dipivoxil
(67, Figure 1.17).99Bis(POQwas t he vy usedo ingpmye theoosatbipavailability

of tenofovir, which was launched as tenofovir disoproxil fumarédé) in 2001 for the
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treatment of HIV infectionsAdditionally, in 2002,the bis(POM) prodrugadefovir dipivoxil
(67) was approvedas an anttHBV agent. Moreover, the bisPOM prodrudesifovir (68)
showed potent antiviral activity against HBV ahnas enteredclinical evaluation as a novel

antFHBV agent Figure 1.17).%t
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67. Adefovir dipivoxil

66. Tenofovir disoproxil

2001, as anti-HIV 2002, as Anti-HBV
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Figure 1.17. Chemical structures, FDA approval yeaasid type of viruses ofenofovir

disoproxil 66), adefovirdipivoxil (67), andbesifovir 68).

68. Besifovir
2017, as Anti-HBV

Generally bisPOM(53) andbisPOC(54) nucleotides are metabolised by esterase enzymes to
generate the nucleoside phosphate or phosphonate, cdrbxide and formaldehyde
products. Esteraseseavage othe carbonate group in tiesPOC(54) approachrestuts in an
unstable carboxylatehat spontaneously degrades to give thecleoside phosphate or

phosphonate and kgroducts Figure 1.18).
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Figure 1.18. The bisPOC (54) metabolism pathwayl. The prodrug penetrates the cell

membrane?2. Inside the cell esterase enzyme cleaves off the ester group and getiezate
metaboliteA. 3. MetaboliteB is generated due tbe poor stability of the carboxylate Af 4.
After the negative oxygemttacls the carbon atom spontaneoysthe metaboliteC is
released>5. After a second cycle to remove the second protection group in com@otimel

monophosphatB is released.
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In the bisPOM (53) approach, however, esterases cleave the ester, mesiflting inthe

formation of a highly ustable hydroxymethylalcohol that undergoes rearrangement to

generate the nucleoside phosphate or phosphonate and formaldé¢hgdee (1.19).

Formaldehyde is axkic side product but, it can be metabolised in the body to formic acid and

excreated by urine.

O
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Esterase
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Second Cycle

NMP kinase\

NDP kinase

Figure 1.19. The bisPOM(53) metabolism pathwayl. The prodrug penetrates the cell

membrane?2. Inside the cell esterase enzyme cleaves off the ester group and gstiezate

metaboliteA. 3. MetaboliteB is generatedfter the negative oxygen attadke carbon atom

spontaneously4. After a second cycle to remove the second protection group in compound

B, the monophosphaté is released.
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1.2.4 HepDirect prodrug approach

Targeting nucleosides to the site of action sashthe viral infection otumour site is a
potential concept to increase local nucleoside concentrations, increase the drug, effidacy
reduce the side effectSventhoughphosphate prodrug technolog@s advantageous in that
they by-pass the firstatelimiting step, they lack thebility to target specific organs and

tissues.

An example of an organ targeting monophosphate prodrug strategy is the Hephbyect (
technology?? This prodrug technology targets the livemd following cytochrome P450
metabolism, itgenerates the monophosphate amshophosphonataucleosidesvhich are
then converted to the active triphospif&t&he concept of this prodrug technology is based
on thecyclic 1,3propanyl ester, which iprone tooxidative cleavage reaction by P450
enzymes Kigure 1.20). Spedically, the 4aryl substituent (Hepirect) is oxidised by
cytochrome P450 CYP3A4 to give intermediaten the parenchymal cells of the liver where
the enzyme is primarily express€dThe intermediate ringystemA quickly opensup to
generate a transient negatively charged intermedaiteside cells. Then, &-elimination
reaction takes place to produce the monophosphat@omophosphioate and aryl vinyl
ketone as a bproduct. Finally, the glutathione (G$Hantioxidant conjugates with the

released oxidative free radiaf?
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HepDirect
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Figure 1.20. The HepDirect prodrug cleavage mechanisin. The Hepdirect prodrug
penetrates the cell membrawm@ passive diffusion2. Insidethe parenchymal cells of the
liver, Hepdirect is oxidised by cytochrome P450 CYP3A4 to give intermediat8.
MetaboliteB is generated after m@pid openingof the intermediateA ring system4. A b-
elimination reaction takes place to produce the monophosphatermphosphonat€ and
aryl vinyl ketone as a bgroduct.5. The glutathione (GSH) antioxidant conjugates with the

released oxidative free radical.

Two HepDirect nucleotide prodrugs havetered clinical trials, pradefovi(69) and
MBO07133(70, Figure 1.21).54%5 Pradefovir(69) limited the nephrotoxicity side effects which
were associated with adefovir, the parent dargl it showedl12-fold improvement in liver
accumulation and more asMiBV activity than adefoviP* Also, it entered phase Il clinical
trials, but the development of carcinogenesis as an advérseoastea shadow oveits long
term safety. In Chinait is still undergoing phase Il clinical trial§ MB07133(70) phase /Il

results showed few hepatic toxicities ankbtability after 7 days of continuous Ivifusion at
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a maximumdoseof 2400 mg/m/day>? However, issues with the long term safety of this

compound were also noteddathese hindered its further clinical éépment.
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69. Pradefovir _ 70. MB07133 .
anti-HBV anti-hepatocellular carcinoma

Figure 1.20. Chemical structures of MB071389) and pradefovir70).

Together, these highlight the need for new and safe liver targeting monophosphate and
monophosphonat@rodrug technologies that could hesed in discovering novelHBV

treatments.

1.2.5 Other phosphate and phosphonate prodrugs

Phosphatg56) and phosphonate monoest(é7) prodrugs differ from the other prodrugs
discussed abowve thatonly one oxygen of the monophosphatermmophosphonatgroups

is masked while the second one is left free. The structure is opéichito the
hexadecyloxypropy(HDP) prodrugs, which reduce the undesiredivo conversiorf’ HDP
prodrugs are metabolised by ppbselipag C to give the nucleoside monophosphate. This
technology was applied to two nucleotidémst are crrentlyundergoing clinical trialsas
antiviral agents brincidofovir (71) and CMX157 (72) (Figure 1.22).°” Recently,
brincidofovir (71) has commencedphase Il clinical triad for the prevention of CMV
infection®® Additionally, it showedeffective results against ssDNA wg establishing its

potential as a B19V antiviral agefit.
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71. Brincidofovir 72. CMX-157

Figure 1.22. Chemical structuieof brincidofovir (71) and CMX-157(72) HDP monoester
prodrugs.

Moreover, there are sonphiosphate prodrugpproacheseported in literatursuch asaryl
and phenyl ester£73),’° cyclosaligenyl esters7g, CycloSal)’* bis-S-acylthioethyl esters
(75, Bis-SATE),”2 andhdobutyl phosphoramidaterodrugs(76, Figure 1.23).73747°
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Figure 1.23. Chemical structureof other phosphate prodrsig
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1.2.6 Summary of phosphateand phosphonateprodrug approaches

Nucleoside analogues aem effective family with multiple mechanism of action against
viral infectionsand cancer diseas#gatremain a largely unmet medical neétbwever, this
medication family neexlto overcome thestrong variation within the viral genomesd
reduce interactions itlh host nucleic acidsin some casesthey need to offer lowcost

treatment of diseases in lawcome countriesvhere viruses are already prevalent.

Based on the current information available in the literature and ongoing drug development,
monophosphatprodrugsare a successful approach for thgprovement oparentnucleoside
analogue therapeutic profile¥heseprodrugswill continuouslybe used as a strategy to

i mprove the efycacy p r o antl ethero phospharytatedzuy s i d e
molecules However, all these prodrug approaches lack tissue targeting peapert
Additionally, the most successfolf these monophosphate delivery technologies, known as
ProTidetechnologyhas a vergongestedP landscape Wwen applied tmucleoside analogues

which limits thediscovery of new antiviral and anticancer nucleoside ProTides

Thus,upcoming antiviral or cytotoxic nucleoside and nucleotide analogeed to ovecome
two challenges. Firstprodrugs need to overcome thweractions with healthy celland
reduce the side effectSecondthey need to overcome the issues associated with ProTide
technology So, discovergf novel nucleoside prodrug approaches wéalistic opportunities
to developlP will stimulate the discovery of new antiviral andtieancer nucleoside and
nucleotideprodrugs Additionally, targetng specific tissudy phosphate prodrugsill reflect
the diversity in chemistryand may offer apromising compoundvith reducedtoxicity.
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1.3Nucleoside analogues for treatment ofiral infectionsand cancer diseases

1.3.1 Hepatitis B

1.3.1.1Hepatitis B infection

Hepatitis B is ainfectious diseasef the livercaused by the hepatitis B virus (HBY)HBV

is acquired through infected blood or body fluidsl &om infected mothers to neonatésn
some cases, acute hepatitis B infection causes chronic hepatitis B thdndeads to severe

complications including liver cirrhosis and hepatocellular carcinGa@C).

Worldwide, about two billion people are infected with the hepatitis B virus dhases
significant fatalities Figure 1.24), andmore than 350 million peoplere HBV carriers’”8

In 2010, the HBV was included by the World Health Organisation (WHCQhe major
public health priorities because it accounts for 786,000 dgatrsy.’® Interestingly, 40% of
men and 15% of womewith the HBV infection die due to liver cirrhosis ddCC.2°
Additionally, the infection causkhalf of the total liver cancer mortality in 201DA 2015
report showed tha® . 5% of t he wbadctharicshepptitispBu(tsaated 261
million people)®! In the European Regionpproximately 15 million people are chronically
infected with HBV, and56,000 deathgearlyare attributed to hepatitis B related cirrhosis and

liver cancef!

Acute HBV infections can pragss to cause fulminant hepatitis, which causes 80% mortality
without liver transplantatioff Moreover, the incidence ¢4CC is high in people with liver

cirrhosis; roughly 8,000 cases per millipearly.®°

Figure 1.24. Worldwide distribution of hepatitis B014) Figureadaptedrom (Trépo et al,
201478 (Licensenumber 471194068121).
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1.3.1.2Life cycle of HBV
The HBVis a doublestranded DNA virus that belongs to the Hepadnaviridae fafhifhe

virus structure consists of doukdbelled particles, 482 nm indiameter which consist of an
outer Ipoproteinenvelopewith three glycoprotein surface antigens angualeocapsictore
(Figure 1.25).82 Additionally, it has two distinctsubviral lipoprotein particles and a

filamentous form that contains only teavelopeglycoprotein and the hosterived lipid®?

The doublestranded circular DNA consists of 3(2@ase pairs with four overlapping open
reading frames which are: the surface gene (S), the core genhdC® gene (X)and the
polymerase gene (Bj.Additionally, three upstream g@ns occur in the S and C genes
termed preS1, preSand preC® The surface antigen (HBsAg$ the basis of the HBV
vaccine as itnduces both cellular and humoral immuriifyThe nucleocapsid that closes the
viral DNA corresponds to the Hep B core antigen (HBeAg). THamtegen (HBeAgQ) is the

marker of activeviral replication®384

Core

r Surface Antigens
DNA
DNA Polymerase

HBV

Figure 1.25. Structure othehepatitis B virus

The binding of HBV virions to hepatocyte surface receptors instigates thergphtation
(Figure 1.26).8° Following endocytosis, viral cores are transported from the cytosol to the
nucleus. Inside the nucleus, viral DNA genomes are converted to a covalently closed circular

DNA (cccDNA) thatserves as the transcriptional tdatp for host RNA polymerase II.
After DNA transcription, all viraimRNAs aretransported to the cytoplasm and translated to
the viral envelop, core, polymerase protein, the X polypeptiaed preC polypeptide. In the

cytosol, nucleocapssdare assembled to include a single molecule erfognic RNA that
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forms the viral core.Thereafter reverse transcription begins through the synthesis of the
double strands viral DNA. The encapsulated RE#Aplate makes the first DNA stragradter
which, it degradesThe newly made DNA is then used atemplate inthe synthesis of the
second DNA strandThe viralgenomeis then release from the cell withe viral envelope
protein containing the viral L, Mnd S surface antigens. Some cores are

returned to the nucleus and recycif.

1. Binding

8. Budding

B detwlll o NTCP Receptors ( %(5,‘,2; )
Extracellular Y .J.? Y Y

Intracellular /
2. Fusion
HBV dsDNA \
Reverse Transcriptase HBV Core
-

&)

6. Assembly

3. Transport HBV Proteins

T

-,7/

5. Translation

HBV cccDNA
O _ . — g

HBV mRNA

HBV dsDNA 4. Transcription

Liver Cell Nucleus

Figure 1.26. The HBYV life cycle.1. HBV virions are bound to hepatocyte surface receptors.
2. Virus entes the hepatic cell by endocytosi.Viral cores are transported from the cytosol
to the nucleus4. Viral DNA genomes are converted to a covalently closed circular BinA
transcript to RNAS5. Viral RNA is transported to the cytoplasm and translated to the viral
proteirs. 6. Nucleocapsid i@ assembled. Reverse transcription begiasd theencapsulated
RNA tenplate makes the first DNA strarttiat is used in synthesig the second DNA
strand.8. Virus genome release from the cafild someores are returned to the nucleus and

recycled.
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1.3.1.2Treatment of hepatitis B infection

The shorterm goals (43 years) in th treatment of the HBV infectiorareto decrease the
viral DNA levels and suppress viral replication, whereas the-femg goals (10 years or
lifelong) are to prevent liver cirrhosis, HCC, livéecompensatigrand deati¥>® Approved

drugs usd for the treatment of the HBV infection are interferon and nucleasidmgues.

1.3.1.3Interferon

Interferons were the first drugs approved for the treatment of HBV infecaodsithastwo
formulations i nt e-2bf(mtrom A) approved in 199and pegylated interferon 2a
(Pegasys) approved in 2085Generally its effects are produced by modulating the immune
system,andthese effects are relatively we¥kHBYV resistanced interferons is not known,
but these agents are known to cause significant side e$igdtsas blood clotsutoimmune
diseases and infectiorad they are expensi€300) 8586 Additionally, the route through
which interferons are administatginjection) is not ideal for achieving high medication

compliance® Moreover, interferon have no effect whendalorally.

1.3.1.4Nucleoside analogues

Thenucleosideanaloguesised to treat the HBV inféon consist of four structural grougds:
nucleosides lémivudine (6), telbivudine (9)), D-cyclopentanes(entecavir (19)), alkyl
phosphonates ténofovir disoproxil fumarate (66), adefovir dipivoxil (67)), and aryl
phosphoramidates (tenofowlafenamidg59)) (Figure 1.27).8587

In 1998, lamivuding(-)-26-deoxy-3Gthiacytidine(also referredo as 3TC)was approved for
the treatment of HBV and HIV infectiof®.In 20@, the monoghosphonate nucleoside
adefovirdipivoxil (67) was approvedand long term treatment with adefovaarriesa high
risk of renal toxicity®® Tenofovir disoproxil fumarate(66) and entecavif19) were approved
in 2008 and 2005espectivelyEven though thegive low virus resistangéhey arerequired
to be used a®ng term treatmerf€ Also, entecaviiis costy.2® The b-L-thymidinetelbivudine

was approved in 2006, but it is associated with high incideheesistancé®
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Tenofovir alafenamide (59) is the aryl phosphoramidate derivative &[2-(R)-
phosphonomethoxypropyl]adeniienofovir, PMPA).It was approved by FDA in 2016 for
the treatment of HBV infectiondNowadays,entecavir (19), tenofovir disoproxil fumarate
(66) andtenofoviralafenamide{9) are the prefeednucleoside prodrugs fahetreatment of

the hepatits B infection.
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Figure 1.27. Chemical structures of artdBV nucleosides and nucleoside

monophosphate/monophosphonate prodrugs.

The efficacy of antiviral nucleoside analogues is affected by viral resistance, which is
mediated byariousmechanisrma of actions. Among these is the phosphorylation (activation)
processvherepoor @nversion of nucleoside analogues to the active trigtadsgform limis

their activity3? Also, the rapid degradation of thecleosideanalogues into toxic bgroducts

via the expressiorof key deactivating enzymes suah cytidine deaminases considered to
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be an important drug resistance mechanism to antiviral nucleoside anafodimslly,
antiviral nucleoside analogues enter the ocalisactive transport, which requires energy and
specific recepta or proteirs on the cell surfac®. Thus, the deficiency of nucleoside
transporters limgtheir cellular uptake, a common mechanism of resisttowardthis class

of drugs. As illustrated in(Figure 1.28), the HBV resistance among fgattsyearly indicates

that lamivudine and adefovir resistance increases to 80% and 29%, respectivelyfifitn the
year of treatmerft? Resistance to telbivudine also increases to 25% in the second year of

treatmeng®

Annual resistance of HBV antiviral drugs among infected
patients

90
80
70
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50
40
30

Proportion of Patient%o
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0 [ | - -

Lamivudine Adefovir Telbivudine Entecavir Tenofovir
Treatment Years

m]l m2 m3 w4 m5

Figure 1.28. Resistance of HBV antiviral drugs among infeqedients®

In summary nucleoside analage® activity as anthepatitis Bagentss limited due to virus
resistance. Monophosphate prodrug approashebas ProTide,bis(POM), and bis(BOC),
overcome viral resistan@d enhance the biological activities of some nucleoside analogues.
For further improvement, more prodrug approaches néedoe applied to nucleoside

analogues to enhance hepatitis B treatment.
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1.3.2 Human immunodeficiency infection

1.3.2.1HIV infection

Acquired immune deficiency syndrome (AIDiS)an immune infection caused byV which
attacks immune CD4 celf® HIV is mainly transmittedhrough HI\-contaminated blood or
body fluids;thereby,HIV is acquiredby sexual contactieedle sharing, blood transioiss,

or maternaltransmissions.The progression of thisnfection canlead to other clinical
complicationssuch aslymphoma, psychiatric disorders, gingivitis, cardiovascular disease,
lung cancer, kidney disease, osteoporosis, papulosquatismunders and dental or salivary

gland disease¥

The WHO global health survey 2014 showed that 086.9 million HIV infected patients,
1.2 million died® Hence, thisinfection is a great burdento the global economy and

populationhealth.

1.3.2.2Life cycle of HIV

HIV is anRNA virusthatbelongs to th&etroviridae family?® It was discovered in 1983, and
structurally, itconsists ofa particle(145nm in dimete) thatcontains a lineasingle stranded
RNA (ssRNA) genomeencoding 15 mature virgiroteins(Figure 1.29). It is one of the
fastestevolving organismsand is strains can be classified into two typesV-1 and HI\*

2.93

Glycoprotein Complex

RNA

Reverse Transcriptase

Matrix

Capside

Figure 1.29. Structure of HIV.
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The virus lifecycle can be summarisedtanseven stepsvirus adsorption to the receptor,
membrane fusion, reverse transcription, integration, processing, assambbydding and

maturation Figure 1.29).%4

7. Budding

1. Binding

CD4 Receptors

PP
coscecee

Intracellular

l 2. Fusion /4 6. Assembly
VA VAN

HIVRNA N\ /\

® Reverse Transcriptase
3. Reverse Transcription l

i

HIV Proteins| 5 Transcription

HIVDNA \/\
| VAVAN

HIV DNA

PAVNAAANANGNNNY
CD4 Cell DNA

Intergrase

4. Integration

CD4 Cell Nucleus
Figure 1.30. The HIV life cycle.1. HIV virions bind to CD4 surface receptorg. Virus
entesthe CD4 cell by fusior3. Viral RNA is transcribedo DNA in thereverse transcription
step 4. Viral DNA is integrated into the host chromosome analanscribedo RNA. 5. Viral
RNA is transported to theytoplasm and translated to the viral proteth$\Nucleocapsid are

assembled?. Virus genomes releasd from the cell.

1.3.2.3Treatment of HIV

HIV treatmens include severaantiviral agentgdargetingdiversesteps ints life cycle such as
reverse transcriptase (RT) inhibitppsotease inhibitors (PIs), integainhibitorsINIs), and
entry/fusion inhibitor$? The reverse transcriptase (RT) inhibitimslude NRTIs and non-

nucleosi@ reverse transcriptase inhibitors (NNRTISs)
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There arenine FDA-approved NRTIs namelyzidovudine 8), didanosine 14), zalcitabine
(4), stavudine §), lamivudine 6), abacavir 16), tenofovir disoprovil fumarate 6©),

emtricitabine 8), andtenofovir alafenamidesQ) (Figure 1.31).

Zidovudine B) , -azBl@2 6, 36di deoxyt hy mi-dpprovedamtd\s-1druge f i r s
in 1987% Lamivudine 6), tenofovir disoproxil fumarate 66), and aryl phosphoramidate

tenofoviralafenamide®9) were approvetbr thetreatment ofhepatits B and HIV.

Nucleoside analogue drug resistance dutorggterm AIDS therapy has been one of the

biggest problems, sinceidovudine @) resistance was ft recognise® Nucleoside

anal oguesd resistance mechani sms include d
increasing theliscrimination between the naturalsubr at e and t he HOucl eosi
triphosphaté? The second mechanism is by ATfiiediated excision of incporated NRTIs,

which reverseshain terminatior*
In summary prodrug approaches show advantages over nucleoside analogues, particularly in

thymidine kinasedeficient cells?’ Thus, to enhance antiviral activity, new discoveries of

improved therapies for HIV infection and Afare needed.
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1.3.3 Cancer

1.3.3.1Cancer biology

Cancelis a condition wherost cells escape tmrmal cell cycle regulatiorseveral factors
such as gendeethnicity, age, and lifestyle, influence the onset of caffcadditionally, it
can also be caused byposure to chemicals or radiation, as weltalfular transformatiors
linked to viral infectiors such as HBV and HIVIn some caseds causds unknown?

Notably, worldwide, itsincidence continues to increasely in the United Statesvhere there
wereover1,762,450 new casesd606,880 deathin 2019%°

Cancer developmeliegins witha mutation at the genetic level afsinglecell (Figure 1.32).
This alterationleadsto abnormal proliferation and progressivancreasen the capacityfor
cell proliferation, survivalinvasion andmetastasis$® Additional mutationghatoccur within

cells of thetumourpopulation increase tumoprogression
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1.3.3.2Cancer treatment

Cancer treatmentsinclude surgery, radiation, chemotherapy, hormone therapy,
immunotherapyand targeted thera¥.Dependingon the type and stage of the cancer being
treated the therapy options may include one or more of theseegures. Chemotherapy
one of the most important treatment op#ads initially used to reduce thema mass.There
are seven main drug classes under dikerapy treatmentncluding alkylating agents$®*
antimetabolites, antuma antibiotics!?? topoisomerase inhibitof§? mitotic inhibitors®
corticosteroids® and recently antibodie€® It has been found that activatitige immune

system tattacktumars effectivey treas some cancer'®

1.3.3.3Nucleosideanalogues as anticancesigents

Nucleoside analogues are antimetabolite agents including analogues of natural nigcleoside
nucleotidesand basg. Currently,they account for a large percentage of the current cancer
chemotherapeutic arsenal. Clinically5 nucleosideanaloguesare used totreat multiple
cancers(Figures 1.3 and 1.4). Currently, many other nucleosideanaloguesare being
investigated aanticancetreatmentsn clinical trials Nowadaysstudies attempt tdecrease

thar toxicity and increaséher potencyor bioavailability
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1.4 Aim and objectives
Aim
The overall aim of thi®hD projectwas to discover new nucleoside monophosphate prodrugs

that cantreatcancer and viral infectiorendovercome current resistance mechanisms.

Objectives
71 Design and synthesise nemonophosphate prodrug$ stavudine (d4T) as anitilV

agens, floxuridine (FUDR) as anticancer agsntytarabine (AraC) as anticancer
agens, L-natural nucleoside$.-thymidine (telbivudine)and L-uridine as anticarer
and antiviral agentandlamivudine (3TC) as antiBV agent usingmonophosphate
delivery appoaches

V Aryloxy triester phosphoramidaterodugs(ProTides).

V Aryloxy pivaloyloxymethylprodrugs(POMtides).

V  Aryloxyisopropyloxymethyl carbonatgrodrugs(POCtides).

1 Establish the ability of the prodrugs to be metaedli into the nucleoside
monophosphatasingesterase enzymesd cell lysate
V 3P NMRin vitro assag.
V Porcine liver esterase enzyme, carboxypeptidase Y enzamde
carboxypeptidase A enzyme
V HEK293and A549 cell lysates.

1 Determine the human serum stability of the synthesised prodrugs.

V 3P NMRin vitro assays.

1 Evaluate the biological activity of the synthesised prodrugs.

V Invitro MTT assag.
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Chapter Two. Novel nucleoside analogue monophospleat

prodrugs

2.1. Aim and objectives
Aim
The aim of this chapter te discover new d4T and FUDR monophosphate prodrugs.

Objectives
1 Design POMtide and POCtide approaches @asvel nucleoside analogue
monophosphate prodrugs.
91 Design d4T ProTideand POMtides.
1 UsingL-alanine amino acidsters and phenyl groups for ProTides.
1 Using POM, phenyland naphthyl groups for POMtides.
1 Synthesise d4T ProTides and POMtides.
1 Following the classic ProTide chemistry.
1 Following new POMtide chemistry.
1 Design FUDR ProTide?OMides and POCtides.
1 Using L-alanine amino acid esters and phenyl groups for ProTides.
1 Using POM, phenyland naphthyl groups for POMtides.
1 Using POC, phenylnd naphthyl groups for Rilides.
1 SynthesisdcUDR ProTides, POMtideand POCtides.
1 Followingthe classidroTide chemistry.
1 Following new POMtide chemistry.
1 Following new POCtide chemistry.
1 Study ProTide and POMtide metabolism.
{1 By incubatingthe prodrug with esterase enzyraeand monitoring by 3P
NMR.
1 Study ProTide, POMtideand POCtide stabilf in human serum.
f By incubatingthe prodrugs with human serum amndnitoringby 3P NMR.
1 Biological evaluation of synthesised compounds as potential therapeutics.

1 Invitro MTT assagto determine the anticancer activity.

50



Chapter Two Novel nucleoside analogue monophosphate prodrugs

2.2. Design of POMtide and POCtide tehnologies as aovel nucleoside analogue
monophosphate prodrugs
In 2001,the bis(POGYenofovir (66) prodrug was approved asvel nucleoside analogue
beused asnantiviral agenf® One yealater, the bis(POMjadefovir(67) wasalsoapproved
asanantiviral agent? In 2013 the first ProTidesofosbuvir(58) was approved? Among the
technologies developed for the delivery of nucleoside mmphosphate and
monophosphonasgProTide(51), bis(POC)(54), and bis(POM)53) are the most successful
approachethat ledto the development diDA-approvedherapeutic agesat

Structurally, aryl phenyl and naphthytoupsare frequent components tiet aryloxy triester
phosphoramidate prodrug technoloffyl) (Figure 2.1). Additionally, the bis(POC)and
bis(POM) maskingiroupshave beersuccessfullyused as prodrug technologits deliver
nucleoside monophosphateand monophosphonase into cells (Figure 2.1). It was
hypothessed that mixed aryl/POM diester prodrugshich are termed POMtides(77), and
mixed aryl/POC diester prodrugsvhich are termed POCtides(78), will be promising

prodrugapproachefor delivering nucleoside monophosphates into ¢€ligure 2.1).
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Figure 2.1. Chemical structures of ProTi¢®l), bis(POC)(54), bis(POM)(53), POMtide
(77), and POCtid€78) approaches.
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Surprisingly therewas a very recergtudyby Foustet al, which studied thes®OMtides only

in the delivery of monophosphonat€9) into cells (Figure 2.2).1°7 Indeed, Foustet al
synthesisedwo POMtides §0a and80b) andhypothessed that they would readily cross the

cell membrane and undergo at least POM cleavage. PONbdg (hich has a phenyl/POM
combination, displayed significant potency at the nanomolar range in stimulating the
expansion of Tcells. Furthermore, POMtideBQb) with the naphthyl/POM combination
showed higher potency stimulating the expansion of-Gells. Comparedwith the mixed
aryl/methyl diesters8la and81b) and the salt form8Ra and82b), the biological activity of
these two POMtidewas superigrespecilly thatof POMtide 80b) (Figure 2.2).

" 2 2 n
P. NS P.
H\/\/?\QPOM H\/\/ I\OPOM H\/\/IID\OCHS H\/\/ I\ONa
OPO o 0 O
OH OH | OH I OH I

Ar Ar Ar

79
80a. Ar=Phenyl 81a. Ar=Phenyl 82a. Ar=Phenyl
80b. Ar=Naphthyl 81b. Ar=Naphthyl 82b. Ar=Naphthyl

Figure 2.2. Chemical structures of compound@®, 80a-b, 81a-b, and82a-b).1%’

Thethree forms ohaphthyl compounds, methyl, sahd POM were more potent than their
phenyl derivativesTable 2.1). This is likely due to the high lipophilicity of the naphthyl

group thaimproves uptake into celld%’

Table 2.1. cLogP and EG of compoundg79, 80ab, 81ab, and82ab). The properties

were generated i6hemDraw Professional 16.0.

Compound ECso[e M]
Activating T -Cells
- 3.42 0.0054

Phenyl 3.56 0.014
Naphthyl 4.75 0.00079

Phenyl 2.01 33
Naphthyl 3.19 5.5

Phenyl 1.73 0.87
Naphthyl 2.92 0.61
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Encouragedy these findingsthe POMtide approach could be useful in the discovery of
nucleoside analogue monophosphate prodriigas,this approach was applied to a number
of nucleoside analogues as a new nucleoside monophosphate prodrug approach independent

from the classic ProTide teoology.

Notably, authorslid not mentionwhetherPOMtides 80a-b) demonstratedjood stabiliy in
serum. However, the molecules they synthesised are known to be relatively unstable as
previouslyreported by(Daveyet al, 2018.1% Thus, it is possible to hypothesis thsgérum

instability would not be an issue for nucleoside POMtides.

Although the study byFoustet al reported the synthesis and biological wtyi of the
compounds,it did not offer any insighton how the POMtides could betracellularly

metabolised.

This work repor the discovery of novel nucleoside monophosphate prodrugs POMtide and
POCtide methodsand applied themto the anticancer nucleme analogues FUDR.
Additionally, we alsodescribethe synthesis, stability, metabolisrand biological activityof
POMtide and POCtides

Initially, the POMtide methodvasapplied to the antiviral analogue stavudine (d4T).

2.2.1. Design of stavudineProTide and POMtide prodrugs

Stavudine(5) is an antiviral nucleoside analoguieat is poorly phosphorylated into its
monophosphate species. Structurally, it has one hydroxyl group, which should not complicate
the POMtide synthesid-{gure 2.3). To validatethe POMtide prodrug approach as a novel
technology for delivering monophosphateiotlls,the stavudine nucleoside analogue was

selected.

As ProTide technology is the most successful approtwh the delively of the
monophosphatat was of interest to applthe new POMtide method to d4T and compare it
with the classic ProTide metho®alzarini et al reported the arHlV activity of d4T
ProTides and showethat the ProTide methodis able to bypass the cell transporter,

thymidine kinasgandis resistant talegradative enzymé$’
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In this work, two ProTides8@a-b) and two POMtides84a-b) were designednd appliedo
d4T nucleoside analogue. Stavudine POMtides were designed using phenyBR&Mnd
naphthyl/POM (84b) as protectinggroups. Stavudine ProTides weesigned using
phenylL-alanine benzyl est¢B83a) and phenyl/-alaninetert-butyl ester(83b) (Figure 2.3).

Stavudine ProTides

Stavudine POMTides

s

-0

R, O
el

O
“@

Figure 2.3. Chemical structures atavudineProTides(83a-b) and two POMtide$84a-b)

In term of physiacchemical properties, replacing thealanine benzyl ester in stavudine
ProTide 83a) structures tageneratethe stavudine POMtideBda), with phenyl and POM
protecting groupjncreaseshe cLogP andlowers the molecular weight copared to the
ProTides (Table 2.2).
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Table 2.2 MolecularweightsandcLogP values o$tavuding5), stavudineProTideg83ab),
andPOMtides(84aDb). The properties were generateddhemDraw Professional 16.0.

Compound Aryl Molecular Weight cLog P

Stavudine (5) - 224.22 -0.34

Stavudine ProTide Phenyl 541.50 3.94
(832)

Stavudine ProTide Phenyl 591.56 4.95
X))

Stavudine POMTide Phenyl 494.44 4.25
(844)

Stavudine POMTide Naphthyl 544.16 5.25
(84b)

2.2.2. Synthesis of stavuthe ProTide and POMtide prodrugs

The designed two d4T ProTides83&-b) were synthesised followingestablished
phosphoramidatehemistry using Nnethylimidazole (NMI) §cheme?2.1). First, L-alanine
ester hydrochloridevas coupledvith phenylphosphorodichlodate (85d) in the presenceof
EtN (Scheme2.1), and thereactionwas monitored by TLC to confirm the generation of
phosphorochloridaté86a-b). Then the products86a-b) were purified by washing with dry
ether followed by flash column chromatographysing ethyl acetate and hexae@uent
system. Both compound®86a-b) were purified in good yields > 60% and used fioe

followingsteps.

Next, d4T was dissolved intetrahydrofuran (THF), the appropriateamounts of
phosphorochloridatand NMIwere addegdand the reaction was stirred at room temperature
overnight. The final compounds, ProTid&8a-b), were purified by column chromatography
using dichloromethane and methanol (DCM/ MeOH 5%) system. Both Pro{88a<)
were purified by a secontblumn chromaigraphy toobtain a98-99% pure final ProTides.
Both ProTides §3a-b) were fully characterised b¥!P, 'H, COSY,3C, HSQC NMR and

55



Chapter Two Novel nucleoside analogue monophosphate prodrugs

HRMS.

O O
86a. R=Benzyl 83a. R=Benzyl
86b. R=tert-Butyl 83b. R=tert-Butyl

Scheme2.1. Synthesis obtavudineProTides(83ab). a) L-alanine benzyl ester &.-alanine
tert -butyl ester anhydrous EN, anhydrous DCM;7 8 C for 30 min, then
h. b) d4T (), NMI, anhydrous THF, room temp, 1163 h.

The synthesis of the target POMtide844-b) began with the monomethylation of
phosphorodichloridaté85a-b) to generate compoun8&a-b), which was purified ¥ column
chromatography and obtained in yields83% with phenyl 88a) and 47% with naphthyl
(88b) aryl groupgScheme 22).

Then, stavudine5) was dissolved in acetonitrile (GEN), EsN andcompound 88a) were
added and the reaction mixturevas stirred at room temperature overnight. The desired
compound 89a) was purified by column chromatograptoyobtainalow yield of 12%. Next,
chloromethyl pivalate (POMCI) was added to compoun89) in CHsCN and the mixture
was refluxed at 85 °C overnight. Thaave the desired POMtide84@) after purification by
extraction and column chromatography.
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G =
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b Ar, 9 Ar
——~  O-P—Cl _° .
(0]
I
88a. Ar=Phenyl

88b. Ar=Naphthyl

O-P-0 N o)
NaI — O\;l :(I) (0]

89a. Ar=Phenyl
89b. Ar=Naphthyl

o-P-0 ’&o

| N
0) O
.

89a. Ar=Phenyl
89b. Ar=Naphthyl

%O 84a

84a. Ar=Phenyl
84b. Ar=Naphthyl

+

ICHj

Scheme 2. Synthesis oftavudinePOMtides(84ab). a) Et,O, POCE, EtN, -78 °C 10 min,
rt 3 h b) MeOH, pyridine, E£O, 0 °C,10 min, rt30 min c¢) d4T (), CH:CN or THF, EtN, O

°C, overnightd) POM-CI, Nal, CHCN, reflux 85 °C, overnight

In the synthesis of both compound@®4-b), 1-methylimidazole(NMI) was used instead of
EtN because the yield that resulted from thecowling of stavudine (5) with
phosphochloridateBBa) was too low The use of NMI and THENnhancedhe yield, givinga
95% vyield of compound89a) anda 44% yield of compound8@b) (Table 2.3). With this

result, NMI was used as standard reagettésynthesis of POMtide prodrugs.

57



Chapter Two Novel nucleoside analogue monophosphate prodrugs

Table 2.3 Yield of compound89a) with NMI and EzN.

Coupling Reagent Solvent Temperature Yield %

o
i T o O
Ar, (I:I) A O/e HO o ngo N
0-P—Ci PN k_j a PN

\
0 NN o =/ o-F
= [

88a. Ar=Phenyl A
88b. Ar=Naphthyl NN
L \—/

89a. Ar=Phenyl
89b. Ar=Naphthyl

Scheme 2.3NMI reaction mechanism.

Al stepsin thesynthesis of the POMtidé84ab) weremonitored by*’P NMR. For example,

compound §8a), wasobtained as cololess oiland had 3P NMR si nglle5 peak
(Figure 2.4). After coupling the nucleoside analogue to give compo88d) the3P NMR

of this compound was o0bs e-b.02eadd-54alswithadifferemto s i n g
intensity which indicating to one isomer synthesised more than the oth€Fignee 2.5).

Finally, after the addition of the PONtoup the’*P NMR also appeared &80 singlet peaks

with shifts at U -7.77 and-7.87 (for compound4a) (Figure 2.6). The final stavudine

POMtides @4a) were obtained as ahite solidwith the final coupling step proceeding with

low yields, 36% foi(84a) and 43% for(84b).
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Figure 2.53P NMR spectrunof compound (89a).
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Figure 2.63'P NMR spectrunof POMtides (84a).

All final compounds (d4T ProTides and POMtides) were characterised by high resolution
mass spectrometryARMS) and highperformance liquid chromatography HPLTable 2.4).

HRMS was runin the School of Chemistry at Cardiff University andthe masses oéll
compounds wersuccessfullyreported. HPLGvas runin the School of Pharmacyat Cardiff
University and all samplesvere yelded with a purity of 94% andabove All compounds

were run in MeOH/HO system (80:20during HPLC

Table 2.4. Yield, HPLC and HRMS of d4T ProTideg83ab) and POMtideg84ab) results.
Compound Aryl Yield% HPLC% HRMS +Na
Stavudine ProTide(83a) Phenyl 54 99 564.1512
Benzyl ester
Stavudine ProTide(83b) Phenyl 32 98 530.1668
tert -Butyl ester
Stavudine POMTide (84) Phenyl 36 94 517.1352

SIEWIGIENSOI VAN REZIN Naphthyl 43 97 567.1509

60



Chapter Two Novel nucleoside analogue monophosphate prodrugs

2.2.3. Stability of d4T POMtide in human serum

DAT POMtide 84b) wasselected to evaluate tkempound stability in human serum. After

t he vyr s £ YMRodata of prddjuin DMSO-ds (0.1 mL) and DO (0.15 mL) were
recorded, the NMR sample was treated with human serum (0.3 mL) and immediately
subjected to furthet'P NMR experiments. Th&P NMR data were recorded every 30 min
over 12 h at 37 °C. Thprotocol used was obtained from previously published ProTide

stability assay$'°

As show in (Figure 2.7),3'P NMR specta showedwo peaks afi -9.97 and-9.27 inherent to
POMtides (84b) and a third peak ai 0.79 which may belue to thehuman serum oa
POMtide netabolite. Over timethe 3P NMR specta recorded a peak @it-7.10 indicaing
POMtide 84b) metabolism. Deperidg on stability and metabolism studies of FUDR and
POMtide metabolism hypothesis, the peakia?.10 may correspond to d4T monophenyl
metabolite.

To confirmtheseresults,a 3P NMR of human serurtin DMSO-ds (0.1 mL) and RO (0.15
mL) only) wasrecoded atu 1.47 (Figure 2.8). This chemical shiftdid not appeain the
POMtide assayindicaing that theother peak<ould be due tothe monophosphate and the
monophenyl metabolites of POMtides.
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Figure 2.7. 3P NMR specta of d4T POMtide (84b) in human serum assay, speotr

number 1 after addition the serum immediatepectanumbers 213 every 1 hour.
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Figure 2.8. 3P NMR spectrumof human serum control sample.
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As stavudine is aestablishedantiHIV agent its biological evaluations not reportedThe

next stepwas the application of POMtide and POCtide technologies to the anticancer
nucl e odeoxgsdluouridine (FUDR,22). This is because the testing of the cytotoxic
effects of FUDR POMtides and POCtides Icbbe carried out #houseto rapidly obtained
datathat will confirm the effectiveness dhesemonophosphate prodrug technologies in

delivering monophosphates into cells.

2.3. Design of FUDR ProTide, POMtide, POCtide, diphenyland monophenyl

prodrugs
Five different fornms of FUDR prodrugs were designed and synthsised to compare their
activity and stability. Prodrug approaches includeTrles, POMtides, POCtides, diphenyl
monophosphateand monophenyl monophosphate prodgriiigure 2.9).

In this study,ProTide technologywas selected over the bis(POM) and bis(Pi@rause it
has ahigher lipophilicity than othemonophosphate delivery prodrug technologigkich
gives better potencySpecifically, two L-alanine benzyl estergroups with phenyl and
naphthyl ayl groups 00a-b) and tert-butyl ester group wasselected with phenyl and
naphthyl aryl groups9Qa-b) (Figure 2.9). Particularly,benzyl andtert-butyl estergroups
wereselected ias the most common active ardtlactive esters, resptively. Additionally,
FUDR ProTide (90b) is already in clinical triacd as an effective anticancer agdot the

treatment ofreat colon canceand itwasused here as a positive control.

Diphenyl monophosphat®4) andmonophenyl monophosphate f@1(95) wereselected to
study the metabolism and stability profilestloé POMtide and POCtide approachasit has
previously beerconfirmed that the diphenyl prodrugis stable intracelluldy and cannot
deliver the monophosphate. The hypothesiheimetabolism studyvasthat monophenyis

needed to study the stability of POMtide and POCtide prodrugs as it isnieirmetabolite
(discussionn 2.6.1, stability of FUDR monophenyl and diphenyl in bufigrH 7.4)).
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FUDR ProTides
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Figure 2.9. Chemical strutres ofFUDR (22) and itsprodrugsProTides(90ab and9lab),
POMtides(92ab), POCtideg93ab), diphenyl(94), and monopheny(95).
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The moleculamweightsandcLogP values oFUDR prodrugswverecalculated in Table 2.5)

and according thi p i n s kaf fives moteaularanass less than 500 and logP that does not
exceed Swvould suggest that theompoundmight beorally active POMtide prodrug shows
slightly better lipophilicity than ProTide technology with the naphthyl aryl group and the
benzyl esterwhich givesit higher lipophilicity. Compared to the ProTides of the same
nucleoside, the POMtiddsave a smaller molecular weight and emhanceccLogP value

For example, the ProTid®@a), phenyl with the_-alaninebenzyl esterhas a cLogP value of
2.53 ad a molecular weightof 563.48 while the POMtide 92a), phenyl/POM, has a
relatively betteccLogPvalue 0f2.83 anda smaller molecular weighdf 516.42 Table 2.5).

Table 2.5. Molecularweights andcLogP values ofFUDR prodrugs.The properties were
generated icChemDraw Professional 16.0.

Compound Aryl Molecular Weight cLogP
FUDR (22) - 246.19 -1.83
FUDR ProTide (90a) Phenyl 563.48 2.53

FUDR ProTide (90b) Naphthyl 613.54 3.53

FUDR ProTide (91a) Phenyl 59. 46 1.58
tert -butyl

FUDR ProTide (91b) Naphthyl 579.52 2.59
tert -butyl

FUDR POMtide (923) Phenyl 516.42 2.83

FUDR POMtide (92b) Naphthy! 566.48 3.83

FUDR POCtide (933) Phenyl 518.39 2.36

FUDR POCtide (93b) Naphthyl 568.45 3.36

FUDR Diphenyl (94) ; 478.37 2.6
FUDR Monophenyl (95) - 424.25 -
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In addition to ChemDraw, SwissADME website/as also used to calculate the
physicochemical properties of FUDRZj, ProTide 90, POMtide 023, and POCtide
(93a). Molecular weight, lipophilicity and water alubility were determined using
SwissADME (Table 2.6). The result showed that ProTide, POMtidad POCtide of FUDR
had similar physicochemicalbproperties. In ters of pharmacokinets, it was shown that
ProTide 0a), POMtide 92a), and POCtide93a) estmatedto be inhibitors othe CYP3A4
enzyme.

Table 2.6. Molecularweightsand cLogP values dfUDR prodrugs.The properties were

generated irswissADME website.
FUDR (22)

-

FUDR

ProTide (90a)

Pheyl

FUDR
POMtide

(929

Phenyl

FUDR
POCtide

(939

Phenyl

246.19 563.47 516.41 518.38
-0.53 1.97 1.98 1.61
Log S -0.76 -3.99 -3.50 -3.32
(ESOL) 4.23mg/mL 574 mg/mL  1.65mg/mL  2.51 mg/mL
Very Soluble Soluble Soluble Soluble
- Log S -0.54 -4.91 -4.55 -4.53
= (Ali) 7.05mg/mL 7.0l mg/mL  1.47 mg/mL  1.52 mg/mL
é Very Soluble  Moderately Moderately Moderately
% Soluble Soluble Soluble
= Log S -0.34 -5.77 -3.77 -3.12
ElEleesips 1.13mg/mL 9.61 mg/mL  8.73mg/mL  3.91 ng/mL
Soluble Moderately Soluble Moderately
Soluble Soluble
No Yes Yes Yes
0.55 0.17 0.17 0.17
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2.3.1. Synthesis of FUDR ProTides

Four ProTides 40a-b and 91a-b) were designed with phenyl and naphthyl aryl masking
groups Figure 2.9). L-alanine benzyl est andL-alaninetert-butyl esteramino acidswere
selected as the second phosphate masking grdines. were syntheged following the
phosphoramidatehemistry using Nmethylimidazole (NMI) Scheme2.4). The synthesis
began with the coupling L-alanine eder hydrochloridesand phenyl or naphthyl
phosphorodichloridate(85a-b) in the presenceof EtN (Scheme 24). The phenyl
phosphorodichloridat€85a) is commercially available, whereas thendphthyl analogue
(85b) can be obtained by reacting-rlaphthol with phosphorus oxychloride anBt:N
following published proceduréScheme2.4).110

The reactions were monitored by TLC adt? NMR to confirm the generation of
phosphorochloridaté86a-b and 96a-b). In most cass, the aryl amino phosphorochloridate
syntheses were completed within teeothreehours.Finally, the products wengurified after
rapidsilica gelcolumn chromatography in good yields > 60%he product$86ab and96a

b) were then used as crude maikxiin ProTide syntheses becaogéheir limited stability.

Next, FUDR was dissolved iTHF, the appropriatghosphorochloridateand NMI were
added and the reaction was stirred at room temperature overnight as sh¢@chame2.4).
Finally, ProTides (90a-b and 9l1a-b) were isolated by silica gethromatographyas
diastereoisomerignixtures, and evidenced by*'P NMR (as two peaks),!H NMR (with
splitting of many nucleosidsignals),’*C NMR, COSY, HSQC, HPLCand HRMS(Table

2.7).
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b P N 0
85a
O o) OH
86a. Ar=Phenyl, R=Benzyl 90a. Ar=Phenyl, R=Benzyl
86b. Ar=PhenyI, R=tert-ButyI 90b. Ar=Naphthy, R=Benzy|
96a. Ar=Naphthyl, R=Benzyl 91a. Ar=Phenyl, R=Benzyl
96b. Ar=Naphthyl, R=tert-Buty! 91b. Ar=Naphthyl, R=tert-Butyl

Scheme2.4. Synthesis ofFUDR ProTides(90ab and 91ab). a) POCEk, anhydrous EN,

anhydrous ED, -7 8 C for 30 min, .Db)lhatanine amirmmcidtegemp f or
anhydrousEtN, anhydrous DCM;7 8 80 minptlen room temp f& h. ¢c) FUDR @22),

NMI, anhydrous THF, room temp, 418 h.

Table 2.7. Yield, HPLC and HRMS resultsf FUDR ProTideg90ab and91ab).

Compound Aryl Yield % HPLC % HRMS+Na

ProTide (90a) Phenyl 38 99 586.1347

ProTide (90b) Naphthyl 23 98 636. 15¢Z
ProTide (91a) Phenyl 52 98 552.1520
tert -butyl

ProTide (91b) Naphthyl 10 97 602.1619
tert -butyl
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2.3.2. Synthesis of FUDRPOMtides

Two of FUDR POMtides92a-b) were designed with phenyl and naphthyl aryl groups and
POM as thesecond protection grougigure 2.9).The synthesis of FUDR POMtide82a-b)
began with the monomethylation of theosphorodichloridaté85a-b) to generate compound
(88a-b), which was purified by column chromatography and obtained in good vyields, 72%
with phenyl and 47% with naphthyE§¢heme2.5). In most cases, reactions were completed
within one hour andhe product$88a-b) werepurified after rapidsilica gelchromatography.

However, compoundserevisible by one peak the3P NMR spectrum

FUDR (22) was then dissolved in THF and coupled with compo@&a-p) in the presence
of NMI. The reaction was stirred at rootemperature overnight to give the desired
compounds q7a-b), which were purified by silica gel chromatography. The desired
compounds 47a-b) wereisolated as diastereoisomerixtures, evidenced b*P NMR as
two peaksas well asH NMR, 3C NMR, and LCMS.

Next, POMCI was added to compous(P7a-b) in the presence of Nal reactiamsrefluxed

in dry acetonitrileat 85 °C to give theirfal POMtides 92a-b), which were purified by
extraction and column chromatography using DCM/MeOHemsystem. As the final
compound spot ithe TLC was veryclose to the intermedigta gradient column was used
(0-4% MeOH). Findly, POMtides wereisolaed as a pair of diastereocisomers at the
phosphorugentre in about 1:1 ratioandevidenced byP NMR as two peaks ét-7.42 and
-7.75for POMtides (92a) (Figure 41). In addition, all productsvere reported by!H NMR
(with splitting of many nucleosidsignals),**C NMR, COSY, HSQC, HPLCand HRMS
(Table 10).
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97a. Ar=Phenyl
88b. Ar=Naphthyl
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Scheme25. Synthesis ofFUDR POMtides (92ab). a) POCE, anhydrous EN, anhydrous
EtO, -78 °C for 30 min, then room temp for 2 In) MeOH, Pyridine, EO, 0 °C, 10 min, rt,

30 min c¢) FUDR (22), THF, NMI, rt, overnight d) POM-CI, Nal, CHCN, reflux 82 °C,
overnight.
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Figure 2.103'P NMR spectrunof compound 923).

2.3.3. Synthesis of FUDR POCtides

POCtides 93ab) weresynthessed following thegeneral synthesisf POMtides. Thus, after
the synthesis andpurification of compounds9{a-b), chloromethyl isopropyl carbonate
(POGCI) was added in the presence of Naid thereactionwasrefluxed overnight in dry
acetonitrileat 85 °C to give the final POCtide33g-b) (Scheme2.6). ThePOCtides 93a-b)
were successfullypurified by water extractionin DCM and column chromatography using
DCM/MeOH elentsystem(0-4% MeOH).

0 0
F NH F
Ar, O | Ar, 9 | r
O0-P-0 N“0 a 0-P-0 N“ 0
T 7 °
o
OH A OH
97a. Ar=Phenyl 0" "0 93a. Ar=Phenyl
97b. Ar=Naphthy! )\ 93b. Ar=Naphthyl

Scheme2.6. Synthesis oFUDR POQides (93ab). a) POGCI, Nal, CHCN, reflux 85 °C,

overnight.
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The final POCtides(93ab) wereisolated as diastereoisomeriuxtures,and evidenced by
3P NMR as two peaks dt-6.94 and-7.10 in about 1:1 ratidor POCtide 93b) (Figure

2.11). Additionally, *H NMR (with splitting of manynucleosidesignals),’*C NMR, COSY,
HSQC, HPLC and HRMS weralsoused to confirm the compoun(Bable 2.8).

YM-ASH-R114.1
400

—-6.94
——-7.10

YM-ASH-R114.1 400
(300 k350
200

100 300

T T T T T
40 30 20 10 0 -10 -30 250
f1 (ppm)

200

150

100
50
ro

T T T T T T T T
-5.5 -6.0 -6.5 -7.0 -7.5 -8.0 -8.5 9.0
1 (ppm)

Figure 2113'P NMR spectrunof POCtideg93b).

Table 2.8 Yield, HPLC and HRMS resultsf FUDR POMtides(92ab) and POCtide$93a
b).

Compound Aryl Yield % HPLC % HRMS
+Na
11 96 539.1207

Naphthyl 3 94 589.1365
Phenyl 12 100 541.1013
Naphthyl 34 98 591.1156
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2.3.4. Synthesis ofFUDR monophenyl anddiphenyl

In order to probe the metabolism of these POMtides, FUDR monophosphatalso
syntheszed where the phosphate groupswaonomasked with a phenyl grou@5y and
masked with two phenyl group®4) (Figure 2.9). It was previously reported thatthe
diphenyl masked nucleoside monophosphate prodrugs are too stable and not cleaved off
inside cells to release the fully unmaskednmphosphate grotipHence they wereusal as a

negative controln these studies.

Dependihg on the POMtide metabolism hypothesidiich statesthat compound 95) is

probablya metabolite generated from the hydrolysis of POMtidesnpound95) could be
unstable at physiological pH 7.4. Hence, the monophosphate moybph&WDR synthesis
and stability studies in buffer with pH = 7afle reported here. This will give a greatigig

onthe metabolism of the POMtide and POCtide prodrug approaches.

The synthesis of compounfél4) beganby dissolvingFUDR (22) in THF andcouplingit with
diphenyl chlorophosphate ihe presence of NMI at 0°C. The reaction was stirred at room
temperature overnight to give the final compound, whias then purified by silica gel

chromatography and obtained as a yellow oil with 55% yfetiéme?2.7).

O o)
F\ﬁL -
NH
| \fLNH
HO N/go a QL0 N/&o
o R o

0 K

@, :
o O 5
22 94

Scheme2.7. Synthesis of compoun®4). a) diphenyl chlorophosphate, THF, NMI, 0 °C,

overnight.

The reaction was monitored B{P NMR to confirm the presence tfedesired productod).

3P NMR of the staingmat er i al di phenyl chl oropBhsphate
while the desired pr od65xfigurd2ld. la addiiomtglPet pea
NMR, the final product was confirmed By NMR, 3C NMR, and HRMS while its purity

(94.3%) was detenined by HPLC.
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0 5 0 § D 18
f1 (ppm )

Figure 2.12 3P NMRspectaof A) diphenylchlorophosphit@ndB) compound 4).

The synthesis of compoun®5) began bysynthesisingintermediate 47a). After the
synthesis and purification of thelorophosphat€88a) (asprevioudy discussed), @deoxy
5-fluorouridine (22) was dissolved in THF and coupled wiphosphorochloridat¢é88a) to

give intermediate97a), whichwasthenpurified by silica gechromatography and obtained
as a colorless oih a 52% vyield. Next, intermediat@7a) was refluxed with Nal in CECN

at 82 °C overnight to generate the final compouwdf) {n the form ofsodium salt cheme
2.8). Compound 95) was purified by aqueous extraction with DCM where the water layer
was collected to give the pure final comomd as a white solid with 72% yield.
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i Q 0 0
T 9y Or RS
2 | |
HO s
o N~ ~O a O_|l:_o N/&O b @\O\\ 0 ngo
—_— e} (e) — > O/P\O )
l ©O

OH OH Na &

97a. 95

Scheme2.8. Synthesis of compoun®%). a) compound §8a), THF, NMI, rt, overnight b)
Nal, CHCN, reflux 82 °C.

The reaction was monitored B{P NMR to confirm the formation dghtermediate §7a) and
the final compound95). Intermediaté'P NMR was recogsed aswo singles with peaks at

U -4.85 while the final compound6) gave a singlet peak a@it-5.82 Figure 2.13.

160
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+140

120

110

ETd & 3 & &

-
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rERwo - —— - 'L«.m' N i - e et e 0
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Figure 2.13%'P NMR spectum of compound 95).
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2.5. Metabolism of FUDR ProTide and POMtide

2.5.1. ProTide metabolism study using porcine liver esterase enzyme

To explore whether FUDR POMtide technology can be activatedhbysame esterase
enzymeused in activatinghe ProTide technology, ProTidé9@a) metabolism assy was
conductedfirst. This assay was carried out by McGuigetnal to study the metabolism of
FUDR ProTide with naphthyl ant-alanine pentyl ester. McGuigaast al carried out an
enzymatic study using a carboxypeptidase Y asdayvever,this enzymewas not readily
comnercially availableduring the timeframe of the work reported herein; consequently,
porcine liver esterase enzyme was used in this assay. 3 mgof ProTidevasdissolved in
acetoneds (0.15 mL) and tris(hydroxymethyl)aminomethan@ RIZMA)buffer (0.2 mL pH
7.4) and the contréfP NMR wasrecorded. Nextporcine liver esterasenzyme (5 mg in 0.2
mL TRIZMA buffer (pH 7.4)) was added to the sample whiesisthen monitored at 37C
for 8 hours.This protocolhasalreadybeendescribed by MGuiganet al to study ProTide

metabolismi!

As depicted inigure 2.14), the metabolism of ProTid®@) begins with the hydrolysis of
the ester moiety to give the intermediatelt has beerhypothessed that the removabf the
ester moietyis mediated by a carboxyesterdgpe enzyme such as porcine liver esterase
enzyme which wasused in this assayn thesecond step, an internal nucleophilic attack of
the carboxylate residu& on the phosphas centreoccuss followed bya displacement ohe

aryl moiety to give the intermediai In the third step, a water molecuis responsible for

the opening of the unstable cyclic releasdermediateC. Finally, the cleavage of the-W?
bond mediated by phosphoramidaggpe enzyme gives the corresponding monophosphate

D 111
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WOI/K HO = 2'-deoxy-5-fluorouridine

Extracellular ||
[]
Intracellular U

(I)I A 9 N B Option 2 5
uiobo( ) |modo () O_ﬁﬁ’ T
INHR . IN;> Cyclisation HN, \o)option ]
O( o Y ﬁo
Esterase l Hydrolysis

0]
9 Phosphoramidase- O—B—O@
O_?_% type enzyme NH
(0]
8 HINT-1 I

NDP kinase

NMP kinase\

Figure 2.14 Metabolism pathway dfUDR ProTides 90a).

According to theresults,the parentProTide ©0a) control sample’'P NMR recorded two
signalsatd 3. 6 7 &igude 2.35. After addingthe enzymeafter 10 minutes,the
ProTide @0a) was beinghydrolysedto the metaboliteC, which wasrecorded by*PNMR at
U 6.84. O©)&P NMRopeakate 6, wasdalso reportetty McGuiganet all?
However, during the enzymatic process, ProTi@Ba was not fully converted tdhe
metaboliteC (Figure 2.16) This could be due tthe fact thathe activity of the porcine liver
esterase enzynweas different from the activity of thmarboxypeptidase Y enzyme whialas
used inthe McGuigan et al assay andgave full conversion withinapproximately 45

minutest!?
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Figure 2.15 3P NMR spectrunof ProTide 90a) in acetoneds and TRIZMA buffer.

ProTide

C 3.75, 3.67
(8 h) 6.84 J J .
(7 h) JUL N
o Il 7
(5 h) l
(4 h) 1 N
(3h) 1 :
(2 h) i :

|
(1h) J\,Jl ’
{0 h) M 1
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 " (pSp‘;) 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5

Figure 2.16 3P NMR spectraof ProTide 00a) after addition of esterase enzyme from
porcine liver at 3 °C for 8 hours.
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Despite the low rate of ProTide activation, this assay coafirtmat the ester moiety can be
removed by the porcine liver esterase enzyme. Next, POMtide metabolism evalsdion

conductedfollowing several protocols tespecifically confirm the POMtide metabolism

pathway for the first time.

79



Chapter Two Novel nucleoside analogue monophosphate prodrugs

2.5.2. Hypothesis of POMtide and POCtide metabolism

The hypothesiof the POMtide metabolisms described in(Figure 2.17). First, afterthe
POMtide entersthe cell via passive diffusion the ester motif is cleaved off by esterases to
release metabolitéd, which subsequently undergoes spontaneous chemical rearrangement
that results in the full cleavage of the POM part and release of the monoprotected metabolite
B. This metholite B may be chemically unstable at physiological pH or enzymatically
unstable ad hence undergoes spontaneous cleavage to release the fully unmasked phosphate

functionality.

POMtide

Extracellular ||
(|
Intracellular U

A B
0 2 9
Oote@® . |Orode® | Ot
. o 8 |
o} o}
) 2 A 0
Esterase o OH O) H” H
O © formaldehyde

Es

pivalic acid

NMP kinase

NDP kinase

Figure 2.17. Proposednetabolism of POMtid technology.
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It is hypothessedthat thePOCtide Metabolisns similar to POMtide metabolism aepicted

in (Figure 2.18. So, aftea POCtideentersthe cel| the ester motif is cleaved off by esterases
to release metaboli#®, which subsequently undemg®spontaneous chemical rearrangement
to release metabolit®. The chemically unstabi@etaboliteB spontaneously releasthe
monoprotected metabolit@ that results in the full cleavage of the P@Giety. This
metaboliteC may be chemically unstable dtysiological pH or enzymatically unstable and

hence undergoes spontaneous cleavage to release the fully unmasked phosphate functionality.

POCtide

Ot

Extracellular ||
[
Intracellular U

A B
2 Q 7
Oet® | Ooto® Oredo@®
(0] 0 8
S ) ~ )
o] OH on) Cs. 0
o T o o ;
/‘O o0 carbon dioxide
Esterase propan-2-ol
i/
H™ "H
formaldehyde
OH ¢
D Q
o phenol @o—T—o
I
6 © ©
©
NMP kinase &
NDP kinase
2 9 9o
O—I?—O—IID—O—P—O
0 0 0
S) © ©

Figure 2.18 Proposednetabolism of POCtide technology.
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2.5.3. POMtide metabolism study wsing porcine liver esterase enzyme
To confirm POMtide and POCtide metabolism pathways, four different protocols were

carried out to study POMtid®2a) metabolism.

In fact, the rate of the initial activation step might generally considered as one of
requirements for goodbiological activity of POMtids. In order to support the proposed
putative mechanism and results from POMtide enzymatic assays, the interm@g)iatag
preparedvia a synthetic route Scheme 2.7) and used to confirm theformation of a
metabolite ofPOMtide ©2a) in addition to evaluatg its stability at physiological pH 7.4.
Therefore, it will be clear wherthe phenyl group ofmetabolite 95) wasremoved due to
chemical instability at physiological pH ahether it wasnzymaticallyremovedby spedic

enzymea.

Indeed, POMtide 92a) metabolism was evaluated using porcine liver esterase enzyme,
carboxypeptidase Y enzyme, carboxypeptidase A enzyand cell lysate.Previously
publishedprotocok thatdescribedProTide metabolism stigs werefollowed. Thus, 3ng of
POMtidewasdissolved in acetonds (0.15 mL)and TRIZMA buffer(pH 7.4 0.2 mL and

the control®P NMR was recorded. Next5 mg of porcine liver esteraseenzymes(15
units/mg, CAS: 9014.8-6) in 0.2 mL of TRIZMA buffer (pH 7.4) was added to the sample
which wasthen monitored at 37C for several hoursThis protocolwasalready followed in
thestudy of ProTideq0a) metabolismaProTide ofthe same nucleosidanalog(FUDR).

The firstassay wagarried outby using porie liver esterase enzymandthe control*P

NMR was initially recordedfor POMtide ©2a) in acetoneds and TRIZMA buffer Figure

2.19. After the addition of enzyme sampl@as monitored by*'P NMR over 12 hoursno

new peaksvererecorded Figure 2.20. After 16 hours and 24 hours of incubatior8@tC, a

very small peak wasbserved(Figure 2.21). Metabolite 5) wasadded t o t he yna
sample to confirnwhethet he new p e als.l4carpspandtaeitdor nat.tThe &P

NMR spectrumdemonstatedan increase n p e a k i n5t14 which ts gtrongly a

supportie ofthe proposednetabolic pathway and activation of the POMti(feigure 2.22).
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Figure 2.19 3P NMR spectrumof POMtide (92a) in acetoneds and TRIZMA buffer,

control sample foporcine liver esterase assay.
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Figure 2.20 3P NMR spectraof POMtide @2a) after 12 hours of porcine liver esterase
addition at 37 °C.
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POMtide
YM-ASH{R093- ENZ 29 '7.89, '7-95
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Figure 2213P NMR spectraof POMtide Q2a) after 6 and 24 hours of porcine liver

esterase addition at 37 °C.

Figure 2.223'P NMR spectrunof POMtide(92a) after addition of compoun®¥).
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