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"The definition of insanity
IS repeating the same thing over and over
and expecting a different result.”

-A quotemost likely misattributed to Albert Bstein.

This document serves as a testament to the notion

that scientific pursuits requied least a small degreeiokanity.
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Abstract

The inhibition of thymidylyltransferase enzymhbas long been studied as a potential
avenue for antibiotic development. Several thymidine dgvies were designed,
syntheszed, and evaluated for binding and inhibition against Cps2L, a
thymidylyltransferase enzyme present in the bacte&taeptococcus pneumoniae
Compoundsthat wereevaluated via WaterLOGSY binding studies indicated binding
Furthermore, most compoundsdemorstraed reversible inhibitionwith many of those
displayingK; values within micromolar rangeSompound£ld and4ebearing aldehydes,
and compoundda and4b bearing ortheformylarylboronic acid pinacol esters, have the
potental to covalently mody lysine residues at the active site of Cps2L. Particular potency
was observed from compoundid and4f; structureactivity relationship studies with these

compounds may provide future directions for the iterative design of theb&ars
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Chapter 1. Introduction
1.1.Background
Streptococcus pneumoniag an infectious Grarmpositive species of bacteria, and a
common human pathogen. It resides in human mucosal surfaces, and is responsible for
many diseases such as pneumonia, sepsis, and menidejtes)ding onts locaion of
residence within the human botis. pneumoniabas been long known as an antibietic
resistant strain? with clinical resisance to penicillin reported as early as 196Fis
antibiotic resistance is likely due in part to its natural competenegits ability to uptake
external plasmids in order to modify its own geno®epneumoniabas evolved a vast
arsenal of mechanisms to deal with a variety of antimicrobials, including modifying target
proteins to de@asetheir affinity for t he ant idactams)] ar deyebogng i n b
improved efflux mechanisms to flush out the undesirable compound (as in macrblides).
Furthermore, genes coding for these modifications are highly mutable and have been found
across several strains, suggesting that heightened resistance can be passed not only between
organisms but horizontally between other stwepcci?

Antibiotic resistancés a force to be reckoned withnd appears at the forefront of
modernmedical researchThe issue has be@xacerbatethy misuse of antibioticdoth
in medical casesuch as overand misprescribin§ and in agriculture, whereesistant
bacteria are spread to soil, water, and humans through consumption and waste run
The World HealttOrganization now considers antibiotic resistance to be one of the overall
greatest threats to human hedlth. is, therefore, essential that neawtibiotics are
developed with novel targeting strategies and mechanisms of &ction.
1.2.RhamnoseBiosynthesis as & herapeutic Target
Rhamnose is a sugar commonly found in bacteria, serving ¥aretions dependenpon
the bacteriabpeciesRhamnose is biosynthesizBdm glucose and is responsible for the
viability and virulence of several pathogemgluding S. pneumonigestrains within the
PseudomonaandMycobacteriungenera, and othet8In streptococci, rhamnose plays a
significant structural role in the capsular polysaccharide, which reptagzhoic acid
polymers in the cell wall® Critically, while rhamnose is found in bacteria and plants, it is

not known to be producedsed, or metabolizday humang?! The rhamnose biosynthesis



pathway is, therefore, an attractive target for new antibiotics, as sufficiently selective drugs
are less likely to interfere with humaneabolic proceses.

Biosynthesis oflt a mn o s e-D-fjlucaseh-phdsphate (G1P) follows astep
process $chemel.1),'? catalyzed by enzymes generally named RiIAN the first step,
RmIA catalyzes he transfer of thymidine monophosphatdf MIP) onto G1P to form
dTDP-UD-glucose (dTDRylucose) with the release of pyrophosphate from the thymidine
triphosphate (dTTP) substrate. RmiB conjunction with coenzyme NADoxidizes the
ANpydroxyl to thecorrespondingketane, followed by dehydratioat the garbon. RmIC
performs a doublepimerization to obtain the riAjpped sugar with opposite
stereochemistry at théNgnd5 &§rbons, then RmID reducti®e ketoneat the Ajosition to
afford dTDRb-L-rhamnose (dTDPhamnose), the formal buildg block of rlamose
containing polymers in bacteffadTDP-rhamnose performs a secondary function, acting
as a feedbaecloop inhibitor of RmlIA by bindingtits allosteric site.

OH
0 o 0 OH
NH HO NH
o SIS T
o & 9 © N o G1P~ 0-P-0 HO o o
0-P-0-P-0-P-0 o° OHl 1~ I
1o Lo 4o © 07 07h° o
0® 0° o RmIA 0® o°
OH
dTTP dTDP-glucose OH
[NAD*]
o
RmIB N> H,0 o
\fk H 1) RmIC o »
2) Ring Flip 0 | /g
D e ——
HO o 0 N o
ont o—g—o—g—o—l
OH | | o

NADPH OH

RmID
NADP?*

dTDP-L- rhamnose
Schemel.1: Biosynthesis of dTD®-L-rhamnose.

Any of the four Rml enzymes may be viable therapeutic targets when seeking to

inhibit the biosynthesis of rhamngsa fact substrate analogues may well inhibit more



than one simultaneously. We have chosen to directfacus to RmlA specifically, the
homologue of RmIA found i15. pneumonigenamed Cps2L. Cps2L has been the subject
of in-depth study in the Jakeman lab in the pa&t,and therefore serves as a reasonable
starting point for this project. Furthmore Cps2L has a high degree of homology with
corresponding RmIA enzymes from other bacterial sttasl@monstrating, for example,
67% amino acididentity with RmIA from Pseudomonas aerugina®dherefore, potent
inhibitors of Cps2L may also inhibit RmIA enzymes from other pathogens, thus acting as
broadspectrum antibiotics.

OH

OH
HO o
OoHl n _ o) NH
o-F-0 1 "o | /g
0 NH onl & 0§ N“ 0o
- | 0—P—0—P-0 o
/& 1 _ I_
O o0 .o N0 0" O
- 1 n i -

-0 o + OH

0
N - 1 11 —
Mg®* OH 0—-P—0—P—0

Schemel.2: Mechanism of the physiological reaction catalyzed by Cps2L.
1.3.Targeting Cps2L
The mechanism for the reaction catalyzed by Cps2L is showchemel.2. A logical
first step in designing inhibitors of an enzyme is to derivatize orteeafidtural substrates
(and/or, as the case may be, natural inhibitors) of the enzyme. The Jakeomhas thus
far focused largely on developing analogues @P3*° but has only done preliminary
work in determining the inhibition of Cp&2by molecules bearing a thymidine moiéty.
In the latterstudy, analogues of the product, dT-DlBcose, were synthesized with a
varying number of phosphatmits (see Figurd.1l). They determined that aphosphate
linker led to the most potent inhibitor, which informs us that the enzyme will accept, and
potentally prefer, a larger molecule than the product, dighieose. With this in mind,

heren we reportthe first indepth study focusing on thymidine derivatives as inhibitors of

a2The amino acidequences from Cps2L fro& pneumoniaéGenBank no. AVN85499.1) and RmlA from
P. aeruginosgGenBank noARU35951.1) were accessed from the NCBI Protein Database and compared
using Clustal Omega alongside those of RmlA fi&ntoliandM. tuberculosis® SeeAppendix A.



Cps2L, which are expected to impart improved selectivity for thymidylyltransfel@s.

RmIA) over other enzymes.

OTP-01 o

(o)

OH
o
H
W/,
HO 1l

n
OH R

8 - 20 % yield

dTTP-Glc 3 UP4+Glc 6

dTDP-Glc 2 UTP-Glc 5
dTP4-Glc 4 ATP-Glc 7

Figurel1.1: Inhibitors previously synthesized by the Jakeman group. Compounds 2, 3, and 4 bear a thymine
base Figure adapted from Smithext al. 201516

Cps2L, as well as all other Rmhomologues, has a tetrameriatgrnary structure
(see Figurd..2), whereeach monomer besan active site and an allosteric site (where the
aforementioneddTDP-rhamnose binds as a feedl inhibitor). Cps2L has been
sequenced, and through comparisorh®mIA of Pseudomonas aeruging$athe amino
acid residues present in the active #gig are relevant for binding of batrateshave been
determined. The thymidine imidmoiety participates in Foonding with a proximal
glutamine residué® but no residues directly participate in catalysis. Therefore, when
designing active site inhibitorgje seek to optimize interactions between the inhibitor and
noncatalyic residues, with the hope thtts will produce a molecule with a higher binding
affinity than the substrate for which it is an analoglielP.

One way to increase the binding affinity to incorporate a functional group
Awar head?o, a bitoriwkithycan @avalentlii modifa mekidue of interest.
Covalent protein modification has been used extensively not only for inhibition studies,
but also for tagging proteins (with, fonstance, fluorophores for observatiosing
fluorescence microscopy)yhe most common amino aciddat is cysteine, a residue with
a highly nucleophilic methanethiol sidechawhich will readily undergo reactions with
soft electrophiles such as maleinsd®alkyl halideg® or acrylamide$! Cysteine targeting
has been used to great effect in some cancer drugs, where mutations ofteadegad¢d
cysteineresidues in proteing. However, cysteine has a low natural abundance (¥2%)



and electrophiles that interact with cysteine mag ks subject to nucleophilic atk by

glutathione, which is ubiquitous in living systefs.

Figurel.2: Crystal structures of RmIA homologueft: ribbon structure of RA,(P. aeruginosa
binding dTTP (green) and G1P (black) at the active sites, and-di@Pnose (magenta) at the allosteric
sitest® Eachmonomeric units indicatedn red, dark blue, yellow, and light bluRight: active site of
RmIA (M. tuberculosi} binding dTDRglucose The location of the active site lysine residaes indicated
(note the specific residue numbers vary between homolofues).

The active site of our enzyme of interest, Cps2L, does not contain cystéilueses
but fortunately does coaih another nucleophilic residue: the alkyl amine, lysine. There
aretwo lysine residues (K23 and K160) in the active site of Cps2L, which are conserved
across RmlA homologudalbeit in slightly different positions, séggure1.2). Lysine is
a harder ndeophile than cystein@,and is known to interagireferentially with harder
electrophiles such as sulfonyl chlorides atfgocyanates® Lysineis basc (pKa~10.5)
andis thus usually protonated under physiotadjiconditions It is only nucleophilic when
neutral, as in an enzyme binding pocldtere bulk wate may be excludedherefore,
electrophiles targeting lysine may be less likely to experienemafét binding events, as
covalent modification is morekiely to occur within the site of interest. Several studies
have been performed to assess the rapctiv lysine with various electrophiles such as
sulfonyl fluorides, acrylates and acrylamides, dichlorotriazines, and gthstany of

b Figure generated by Dr. David Jakeman using ICMbrowser from RSCB Protein DataBank entry no.
6B5E Crystal structure acquired by Holden et4al.



these functional groups have been used in the synthesis of potent irreversible enzyme
inhibitors 2

While irreversible covalent modification is a powerful tool for enzyme inhibition,
it comes with a significant drawback, which is thattaffget bindingis also irreversible
andmaylead to more severe si@éfects in a drug® It is thus dsirable to maintain a degree
of reversibility in the binding mechanisin. that case heoretically, a selective reversible
covalent inhibitor will bind thearget enzyme with a high degree of affinilye to non
covalent interactionsand the covalent mddaation will strengthen theassociation
Conversely, in an offarget binding event, a lower affinity between the inhibitor and
enzyme due to the absencef specific noncovalent interactionsyould promote
dissociation via reversal of the covalent reactOne such covalent interaction could be
achieved through conjugation of lysine with a ketone or aldehyde, to form arfSisase
Figurel.3a). In an agueous environment, this interaction is easily hydrolyzed, making it
effecively reversible. Despite this, a study performed by Beal demonstrated that high
affinities can be achieved between lysine and aryl aldehydes ifettieomic properties of
the aryl aldehyde are appropriately tudédHowever, as aforementioned, lysine
nucleophilicity can vary in aqueous environments, and in some cases thenreaayi
favour the reverse direction (hydrolysis), negating the benefits of the covalent interaction
Improved binding and stability of the addtfdtas been obsezd when a proximal boronic
acid is installed in range dfecarbonyl?® such that the imine is stabilized by a dative bond
i nto the bor o-orbital (seed-igutdd3b). Seam prt interagtion, termed an
A1 mi n o b asthe only preminently employaeversiblecovalent modifier of lysine

in the literatue today?% 28 andis the subjet of this study.

HOL P _R’
1 R’ B---N
RsNH Oj -H,O N| I
a M IS — N | b

Figurel.3: a) Reversible formation of an imine by reaction of an amine and a carbonyl. b) An example of
an iminoboronatgboronstabilized imineformed fiom an amine and-fbrmylphenylboronic acid.



1.4.ResearchAims
In this project, we aim to:

1) Synthesize a library of thymidine derivatives bearing warheads which may
reversibly, covalently modify K23 and/or K160 in the active site of Cps2L. This
will be acheved by linking an orthéormylarylboronic acid warhead toytmidine
through various linker functionalities.

2) Evaluate the binding potential of these molecules through WaterLOGSY NMR, an
NMR technique which can be used to characterize ligaadromolecule
interactions.

3) Evaluate the inhibitory activity of these moléesiagainst Cps2lby employing a
coupled enzyme assay previously reported by the Jakemanroup

4) Confirm proposed binding events usinga§ crystallographic studies.



Chapter 2. Results andDiscussionof the $nthesis ofinhibitors

2.1. Targetingl minoboronate-Forming Thymidine Derivatives

The target compound for reversible covalent inhibition of Cps2L is shovarganeral

form in Figure2.1a, where X represents the linker between the ddhuaylarylboronic

acid (6FABA) and thymidyl moieties. We considered several options for X, andetkc

to pursue linkage via 1-gubstituted 1,2;81iazole (Figure2.1b) due to its ease of synthesis
from the correspondingly substituted azide and alkyne. The retrosynthesis for this type of
compound is shown in Scher2dl, where the azide is first indiad at the5 -Npsition of

thymidine, and the alkyne on theFABA.

HO., .OH
I 0 §§/
NH
NH
a \fl N'}‘ \fl
X N™ ~0 \N N7 o
OH OH

Figure2.1: a) General structure of iminoborondteming target compounds, where X = various linker
functionalities; b) iminoboronatéorming compound with a 1;4ubstituted triazole linker.

HO

‘g —OH
0
/ 0
NH
N:,\‘l I /g
Y N (o} 0 0

= ASY

Scheme?.1: Retrosynthetic analysis for triazelieked compounds.
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Scheme 2 shows thesynthesis of tw@onstitutional isomenae targeted with this
strategy. The first stepvolved theinstallation ofa pinacolboronate (BPin) group through
a Miyauratype crosscoupling based on conditions reported by Sellaal® to make
compound?. This was firsiperformedon ato prepare compourh. Priorto optimization
of the reaction, we observed poor conversion to the desired product by NMR analysis of
reaction mixtures, in addition to low isolated vyields, indicating that the reaction was
inefficient under he reportd conditions.Furthermore, ranitoring the reactiomy TLC
proved challenging due to overlapping spots and streaking on the TLC plate with simple
eluent systemge.g. ethyl acetate / hexanekyetermined that a solvent system of 10%
EtOAc, 45% lexanes, ath 45% DCM significantly improved the resolution of the TLC
plates, clearly separating the starting material and product spots, and facilitating the
monitoring of this reaction. Furthermore, we determined that an increase in catalyst loading
to 5% and an egess ofB2Pin (1.8 equivalents) led to cleaner conversidsiter
optimization of reaction conditions and purification steps, compo@adand 2b were

acquired reliably in excellent yields.

R! R'
R2 B,Pin, (1.8 eq R?
KOAc (3 eq \/1 5 eq
PdCIzdppf (5 mol %) K2003 (2 eq.)
OH Dioxane, 100°C, 5 h DMF, rt., 5h 0 //
12 2_ 2aR'= BP R? = CHO (879
aR'=Br, R?=CHO A %) 3a R" = BPin, RZ = CHO (51%)
bR!= CHO, R2 = Br 2b R' = CHO, R“ = BPin (96%)

3b R'" = CHO, R? = BPin (57%)

NH
\{l,b Cu(ACN),PFg (4.5 mol %)
N3 o N0 TBTA (5.4 mol %)
k j THF, 60°C, 1.5 h
OH
1 (0.91 eq.)

1
0 R

R? Q
\fl\,ﬁ ® \ﬁJ\NH
= I
o} Nz N ,&o

O MeB(OH), (10 eq.) N
N

N=N
B \
o Ag. NaOH / THF \'—Q\/N

OH
5a R' = B(OH),, R? = CHO (yield pending)
5b R' = CHO, R? = B(OH), (yield pending)

z=Z

()

OH
4a R' = BPin, R2 = CHO (41%)
4b R' = CHO, R? = BPin (69%)

Scheme?.2: Synthesis of triazolinked iminoboronatdorming inhibitors4a and4b, en route to target
compoundbaand5b.
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The next step, the & reaction ocompoundfa and2b with propargyl bromide,
has been welteported® 23 andfollowing the reported methods gave compouBasnd
3bin fair yields, although complete conversion to the ether was observed by TLC analysis.
Loss of material was attributed to the evkup by extraction, wherein the Lewasidic
boron has an affinity for the aqueous phase, made basic by resifi@a. Khis was the
caseeven after baclextraction of the aqueous phase with organic solvent. Preliminary
attempts to improve the yield &a/b by neutralizing the aqueous layer led to some
decomposition of the material as observed by TLC analysistler@foreyasnot further
pursued.

5-Wpido-5 -Neoxythymidine 1) was used as the azide comporfenthe triazole
formation reaction, and was synthesized flftjsylthymidine, a commercially available
electrophilic thymidine species, based on literature procedtifeSome optimization of
the purification nethod was equired to improve the yield of this reaction. The reaction
solvent, DMF, needed to be removed in vacuo prior to extraction, as the prquhrtiaity
watersoluble and would partition into the aqueous phase if any residual DMF was present
during the extaction step. Methyltetrahydrofuran (MeTHF) was used as an extraction
solvent due to its enhanced polarity compared to common extraction solvents such as
diethyl ether, ethyl acetate, or DCM. Furthermore, due to the water solubilitytlé
agueous pase was supplemented with sodium sulfate to promote salting out of the
product®® andwas thorougly extracted in order to optimize the yield. Using this method
providedl reliably, cleanly, anéh nearquantitative yield without further purification.

The Coppercatalyzed AzideAlkyne Cycloaddition (CuAACY)eaction (to convert
3 to 4, seeScheme2.2) is often employed for the selective formation of-dubstituted
triazoles, from correspondingly substituted azides and alldfriEise active copper (l)
species is usually obtained by combining a cogipespecies with a Zelectron reducing
agent such as sodium ascorbate, and these conditions have been used to great effect with
5 -hyidothymidine md various alkyne®23°*We employedthese conditions successfully
on several aryloxygubstituted terminal alkynes (be discussed later), and attempted to
use them to readt with 3a or 3b to make compounda/b. Under those conditions, the
triazole was formed as intended, but the BPin was lost through protodeborylation. This

result was attributed to the propensity opper to cleave € bonds through insertioH.
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Teichert et af! circumvented this issue through the use of
tris(benzyltriazolylmethyl)aming TBTA), a coordinating ligarfd which inhibits GB
insertion bycopper () due to steric bulk of the coordination compl&he presence of
TBTA also provides the benefit of requiring less copper, as the coordination complex helps
stabilize the copperl) specie®® (Figure 2.2), and increases the rate of catalysis due to
electron donabn from the tertiary amine nitrogéhWe wee successful in applying the
conditions of Teichert et al. to the reactiorBafb and1 to form4a/b, and although several
new spots were observed when the reaction was monitored by'fLXIMR analysis of
the crude material showed complete and exclusoreversion to the desired product.
However, purification by silica gel chromatography2@ acetonitrile in DCMprovided

the protodeborylated product (i.e. compodndsee Schem.3) which suggested that the
product was unstablen silica. Fortunatelywe determined that the product could be
purified by precipitation from DCM, and consequently, this method was used to dacess
and4b (Scheme 2.2)

Figure 2.2: Copper [) T TBTA coordination complex

The final step to access the target compoia( 5b) involves hydrolysis of the
BPin ester to its corresponding boronic acid. The Jakeman group has previadsly
success deprotecting a BPin group (unpublished results) usiiglivoronic acid through
a transesterification reaction reported by Hinkes €t Bhe volatility of the reagents and
byproducts theoretically removes the necessity for chromatograplificgtion which, as
previously mentionedleads to protodeborylation of these products. We applied the
reported conditions tdb with 5% trifluoroacetic acid (TFAdelative to the solvenT HF,
and increasing the proportion of MeB(QHom 5 to 10 equivants. Consumption of the
starting material was observed after 3 daysHh\NMR analysis of the reaction mixture,
althoughsome side products were present as indicated by several pdhksaildehyde
region of the spectrumrlherefore, unfortunately, purifation could not be performed

simply through evaporation of volatiles. Howeversiagle product (as indicated B
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NMR analysiswasisolated from the mixture with relative ease by wagtihe solid with
THF followed by DCM, as the boronic acid is lesible in organic solvents than the ester
precursor. However, the expect8dNydroxyl signal of the deoxyribose ring was not
observed in théH NMR spectrum of the purified material (Eig 2.33). Given that the
reaction isacid-catalyzed, a plausible agme was that th8 -Blicohol had reactedith
TFA to form a trifluoroacetate ester. To confirm this hypothesi¥ AIMR spectrum was
acquired @s-DMSO, 500 MHz), and a singlet wadseved at-74.4 ppm (Figure.3b),
which is a chemical shift consisteintcorporation of the proposddfluoroacetate ester.
Comparison to a standard sample of TFAIDMSO showed a difference in chemical
shift of-1.1 ppm, indicating that the signal wast merely residual TFA.

Due to this result, we sought alternatngaction conditions to cleave the BPin
estes of 4a and4b, as an additional deprotection step to remove the TFA ester was not
desirable. The work by Hinkes et al. demonstrates that agbesescan be used instead
of TFA for the BPin deprotectiof?. These conditions, when applied to compowuitxl
showed some conversion to the desired prodilic(as observed by NMR analysis tbie
reaction mixture) however, at the time of writing, neither eftdrget compoundsaor 5b

have been isolated.

; |
o e °
I T

o
pd
I
o
-74.427

o) N=N N7 0
\'ﬁ\,h
o
6b

0.0

F;F
2 l | | ‘
[ T T T ] T T T ] T T T [ T T T [ T T T } T T T ]
12 10 8 6 4 2 [ppm]

Figure2.3: a) Comparison byH NMR (de-DMSO, 500 MHz) of4b (lower spectrum) anéb (upper
spectrum)b) *°F NMR spectrumds-DMSO, 471 MHz) of 6b.
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2.2.Synthesis ofOther Thymidine Derivatives for Cps2L Targeting

During optimization of theynthesis of iminoboronaterming targets, we were successful
in developing a library of compounds for a preliminary strucagtvity relationship
(SAR) study. Synthesisf these compounds will be discussed here.
2.2.1.Aryloxy-SubstitutedTriazolylthymidineCompounds

Compoundglc-g were synthesized as shown in Schéh3e Substituted phenotsg were
subjected to the same reaction conditions as in the synthé&asanti3b (Scheme2.2) to

give 3c-g in fair to excellent yields, and required no further purification as determined by
'H NMR analysis following aqueousrganic extraction.

Reaction of alkynesSc-g with 1 were carried out successfully using classical
CuAAC condtions: namely, in the presence of a catalytic amount of copper (Il) and
reducing agent. CuS@nd ascorbic acid wehosenas they ardothinexpens/e, easy
to handle, and easy to remove in workup steps due to their high aqueous solubility. The
reactionconditions were optimized for these substrates in the following ways:viiest,
experimengdwith proportions relative to the limiting reagent, azldéVe determined that
0.5 equivalents of CuSnd 0.55 equivalents of ascorbic acid demonstrated high o0&
reaction with most alkyne substrates, and that a slight excess of alkyne (1.1 equivalents
relative tol) ensured complete conversion. Seconttig, solvent system (3:1 THF:8)
was chosen to solubilize both organic compounds and inorganic salitioReavere also
tested in methanol/water and neat methanol dtieetesirable solvation propertie$the
alcohol but aldehydeontaining alkyneswvere subject to acetal formation, and THF
mitigated this issueThirdly, the reaction was found to procesgimewhat inefficiently
when all reagents were combined at the same time. Instead, &lgmek azidel were
combined andlissolved in THF. Separately CuSQ and ascorbic acid were dissolved
together in HO, then the aqueous solution added to the orgahitien to initiate the
reaction. This ensured that all copper was dissolved, and the colour change from blue to
green gave a qualitative indicator tlwaipper(ll) was reduced t@opper(l) by ascorbic
aad. Additionally, compoundLl is soluble in THF bubenefits from gentle heating to fully
dissolve. Initially, the azide and alkyne were dissolved 4C38ut the reaction run at room
temperature; however, the reaction was found to proceed more smoathhdifcted at
50 °C throughout. Finally the reactiowas found to proceed best under anaerobic
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conditions, as can be expected due to the oxidative conversion of eagiper(l) to
inactivecopper(ll), and correspondingly theactionvessel was purgeditl nitrogen once

all reagents were combined.
O

| NH
~Z N3 N o \fl\NH
(0]
AOH @ — 3 ArO\// OH 4 (0.91eq.) =N
K,CO; (2 eq.) - NN
c-g DMF, r.t, 2-96 hr (0]

3c-g CuS0,e5H,0 (45 mol %) 4o
Ascorbic acid (50 mol %) 9
THF:H,0, 3:1, 50°C, 2h-6d OH
3¢ (57%) d (96%) 3e (94%) 3f 78% 39 (90%
4c (74%) d (54%) 4e (86%) af (97%) 49 (73%)

Scheme2.3: Synthesis of aryloxygubstituted thymidine derivativds-g, bearing 1,4ubstituted triazole
linkers.

The reaction progress was monitored by TLC, wherein it wasamyaia necessary
to optimize the solvent system (in this case, 10% MeOH, 45% DCM, 45% hexanes) to give
adequate separation between the limiting readeratind the productd¢-g). Preliminary
purification protocols involved extraction followed ksilica coumn chromatography
(which was performed to purific), but this was found to be challenging for certain
products with very low solubility in our available extraction solvents (i.e. diethgreth
DCM, EtOAc, or 2MeTHF) as well as being insoluble in watAn alternative method of
purification was developed for products with low organic solubility: first the reaction
solvent was evaporated, then the residual solid was resuspended in watarexhdrtil
the copper and ascorbic acid were dissolved. Tuea@ussoluble material was removed
by filtration, and the collected solid was dried af@7 The material was then resuspended
in DCM, which served to dissolve any excess alkyne. The solsdonee again filtered,
washed with DCM, and dried under vacuubhis method gave clean product by NMR
analysis, and was less wasteful than purification by column chromatography. It, therefore,
became the standard for purification of all CUAAC reactionsovelucted in this way.
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Compoundgicf were synthesized as cooit compounds to probe the steric and
electronic effects of the constituent parts (scaffold and functional groupagofi5b. 4c
bears an unsubstituted phenyl group and thus serves to demonstrate how steric
contributions alone affect binding of, and ilmkion by, this series of substrates. This
compound was used in preliminary binding studies by WaterLOGSY NsdBChapter
3.3). Both4d and 4ebear an aldehyde, at either the metgpara positions of the aryl ring,
respectively, and were designed tentbnstrate how the electronic properties of the
aldehyde contribute to binding. Aldehydes may react with amines reversibly toriores
in the absence of a Lewis acid, but this interaction is known to be less stable than that of
an iminoboronaté® Finally, 4f, bearing a paraubstituted adboronic acid, was
synthesized in order to probe whether the boronic acid may interact with any polar residues
in the activesite, as in the formation of a Lesvacid-base pair with either of the lysine

residues.

2.2.2.Nitriles asElectrophiles

Smithetal. recently reported a modified arylomycin bearing a nitrile functionality which
reacts covalently with a lysine residue hiit its target enzyme, signal peptidase LépB.
Inspired by these results, we sought to synthesgmall series of nitrildunctionalized
thymidine derivatives which may react with either of the lysine residtigsire 2.4a)

within the active site of Cps2L. Nitriles are also stable to polar protic solvents whereas
aldehydes readily form acetals or haogtals, therefore substituting a nitrile may simplify
the synthetic process, as methanol and ethanol dissolve thymidine desivatinereadily

than aprotic solvent€€ompounddg (Scheme 2.3)a parasubstituted aryl nitrile, was the

first of these compands.

—>
Cat. acid

OH HO©_OH®
B

Figure2.4: General synthesis aimidines; a) catalyzed by an external acid, b) potential reaction catalyzed
by an internal boronic acid.
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Scheme2.4 shows the synthesi7, an alkyl nitrilebearing triazolylythymidine
derivative.Synthesis of7 from 1 proceeded in the same manner as fonpounds4c-g,
although the resulting solid, isolated after washing wi® ldnd DCM, was purified by

column chromatography.

N
3 O NH

N=
N OH 1 (091q) =N
z NN
CuSOQO,4e5H50 (45 mol %
Ascorbic acid (50 mol %) (36%)
THF:H,0, 3:1, 50°C, 4.5 hr

Scheme2.4: Synthesis of compound

In addition b the alkyl and aryl nitrile compounds, we were interested to see if a
proximal boronic acid could help catalyze the formation ofraidse from a nitrile and
lysine (Figure2.4b). An amidine can be accessed synthetically from a nitrile and an amine
in the presence of a Bransted or Lewis déitf,and a boronic acid may provide an
alternative, biocompatible cataly3this proposed reaction has not been reported to date,

and we considered it a reasonable avenue to explore.

Scheme2.5: Retrosynthesis of a thymidine derivative bearing a boronic acid andrtthe.
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Retrosynt hesis of a -fomogtoysidinke ddiivatrne idi no b o

shown in Scheme 2.5. When designihg synthesis of this compound, we were aware of
the protodeborylation caused by Cu, but had not yet discovered the solution of using
TBTA. We, therefore, planned to perform the CuAAC reaction prior to the installation of
boron.

The synthesis 08, the neta-substituted isomer otg, is shown in Schemg.6.
Synthesis of precursdi was performed as described above for compoGraigl4 (see
Scheme2.3). 8 was not the intended product whéimwas subjected to Miyaura borylation
conditions, though not endly unexpectedin preliminary experiments, we had observed
protodeborylation when orthimrmylaryl bromidecontaining thymidine derivatives were
subjected to various borylation conditions. We hoped that since the corresponding nitrile
bearing substrate grided less steric interference, the borylation reaction may proceed;
however, deborylation still occurred. This reaction indicated to us that the electron
withdrawing nature of both the nitrile, and the aforementioned aldehyde, may destabilize
the GB bord. Despite this8 was a valuable compound, and was collected. In future
studies, an analogous route to that described in ScBdnmweould be used to obtain the

target compound (i.e. the final compound shown in SchHe®)e

(0]
| NH
N3 N’go
Br _ Br | ;O: l
CN
CN Br /(1.5 eq.) by
—_— > 1 (0.91eq.)
K2CO3 (2 eq.) _
DMF, r.t., 3 hr = CuS0O,4e5H,0 (45 mol %)
OH O\/ Ascorbic acid (50 mol %)

THF:H,0, 3:1, 50°C, 1 hr

3h (72%)
o) Br
CN >
NH CN
| /& B,Pin, (3 eq.) | NH
o N=N NSO -——o-— ,g
\’Q\/l‘\l KOAG (3 eq.) o N=N N Yo
Pd,dbag (1 mol %) \-—Q\/,\\l
o XPhos (4 mol %)
8 (43%) Dioxane, 100°C, 48h ©
OH 4h (51%)

Scheme.6: Synthesis 08.
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To date, there has been only one substaitéhose we attemptdd borylate for
which installation of a BPin group was successful following @@®AAC reaction.
Compound9 was gnthesized fromdi according to Schem2.7, employing conditions
suggested by Dr. Craig Smith, a pdsitctoral fellow in the research group of Professor
Alison Thompson. Compoun® was successfully isolated by silica gel wuoh
chromatography, indicatindnat the GB bond of9 is more stable to silica than that of
compound4b, which bears an orthfmrmyl group. This result reinforced the hypothesis
that ortheelectronwithdrawing groups are detrimental to the formation aadikty of the
C-B bond. Althoug this serves mainly as a mechanistic proietoncept, comparing the
activity of 9 and4f (the former bearing a BPin group; the latter a B(§)ldyainst Cps2L

will aid in SAR studies and inform future directions for synthies
0

7 NH
N; N’go

Br | r:O: l
(1 5eq.)
OH
_— 1(0.91eq.)
K2CO3 2 eq. )
DMF, rt, 4d CuS0O,4e5H,0 (45 mol %)

A\

—
O\// Ascorbic acid (50 mol %)

3i (70%) THF:H,0, 3:1, 50°C, 10 min

(o]

0
\fLNH
B,Pin, (3 eq.)
/& e o} N=N N’go
N~
\—Q\/N Pd,dbas (1 mol %)
o XPhos (4 mol %) 0
Dioxane, 100°C, 1 hr f
9 (76%) 4i (90%)

OH
OH

Scheme.7: Synthesis 09€.

2.2.3.KetoneLinked Compounds

Scheme2.8 shows the synthesis b0a an alternative triazolylthymidine scaffold froin

with the same conditions for CUAAC as described fomgounds4c-g. This model
integrates a ketone into the linker, which may potentially react with lysine in the active site
of Cps2L.
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o}
O

9 0

|r \EJ\NH
Nj. oN o N |/go

o] :r\‘j N
OH 4 (0.91 eq.) \
o
>
CuSQO,e5H,0 (45 mol %.) OH
Ascorbic acid (50 mol %) 10a (76%)

THF:H,0, 3:1, 50°C, 3 hr

Scheme?.8: Synthesis ofl0a

Substitutionof anortho-boronic acid on the phenyl ring &0a may help autocatalyze the

potential reaction between the ketone and lysine, and stabilize the resulting imine if it were

to form. Retrosynthesis of s a compound is shown in Scher®®, however, we

attenpted synthesis dfOb according the slightly altered route described in Sch2dt

HO N=

10b

Br

0 o}

\fJ\NH NH
X -
- \S
0 — ° 5"«/'\1 | : - \
OH

& @@N:@&’:@&

Scheme2.9: Retrosynthesis dfOb from 2-bromobenzaldehyde.

We chose the latter routedaise at the time of synthesis, we were unaware of the

use of TBTA enabling the CuUAAC reaction in the presence eBabOnd. Alkynel2was

preparedn two steps from bromobenzaldehyde: a Grignard reaction with commercial

ethynylmagnesium bromide gaveathol1lin quantitative yield, which was then oxidized

to the corresponding ketong2) using DessMartin periodinane. Formation of triazdl&

was successful when catalyzed by the system of copper (ll) sulfate reduced by ascorbic

acid. However, when sudigted to either set of borylation conditions shown in Scheme
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2.10, protodeborylation occurred to gitéa instead ofLlOb. This is consistent with our
previous observations that a proximal carbonyl group may destabilize-Bhbadd. In
future studies, botgtion of the alkyne should be performed prior to the CUAAC reaction
(as suggested by the retrosynthetic analysis in Sct&®e using Cu(ACNyPF and
TBTA, which were successful in synthesizing compoutaland4b.

Br O 1) =—MgBr Br  OH Dess-Martin Br O

| ((;.%M ir; THF Periodinane S
5 eq. 1.3 eq. S
q \\ (1.3 eq )i N o
2) 1M NH,4CI DCM

11 (93%) 12 (78%) \ELNH
CuS0,e5H,0 | N3 N
(0.45¢€q.) ko >|

Ascorbic acid

(0.5 eq) OH
THF:H,0, 3:1 1(0.91 eq.)
o o
NH
o N=n | /g B,Pin, (3 eq.) N=N
= N KOAc (3 eq. ] 0
S l‘\l 6] ( ) N\ N
o) PdCIzdppf 10 mol %)
szdbag 1 mol %)
10a (61%)OH XPhos (4 mol %) 75°/)

D|oxane 100°C

Schene 2.10: Attempted synthesis dfOb. Protodeborylatioted to the accidental recovery bha

2.2.4.Dithymidine Compounds
RmIA-type enzymes have a tetrameric structtfftas shown in Figurg.5. The monomers

are orented such that each active site is pointed towards another. This inspired us to
synthesize symmetal compounds with two thymidyl units, which, we hypothesized, may
bind both active sites simultaneously and improve affinity. We built two such dithymidyl

compounds, as shown in Scher2disl and2.12.
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Figure2.5: Tetrameric structure of RmlIA fromlycobacterium tuberculost$

0
K
Ns o OH
o 0
L
= OH 1 (22eq) YN N Nan [ NH

] ' N\
> HN \EN N N
P CuS0,4e5H,0 (1 eq.) (0] °
=z Ascorbic acid (1.1 eq.) (e} 14a (96%)
THF:H,0 3:1, 50°C, 1hr

Scheme2.11: Synthesis ofl4a onetwo dithymidyl compounds.

Synthesis ofl4awas performed using analogous conditions as for compalmds
g (see Schem@.3 for reference). The product was found to be highly insoluble in most
solvents, making purificationybfiltration trivial. The residual solid was washed with
MeOH rather than DCM to remove excesszidothymidine, and4awas recovered in
nearquantitative yield. ThéH NMR spectrum ofl4ademonstrates the symmetry of this
compound about the central plyening (Figure2.6). The singlet at 7.92 ppm integrating
to 4H represents the phenyl ring protons, and the lack of splitting shows that each proton

is exactly equivalent.
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Figure2.6: 'H NMR spectrumds-DM SO, 500 MHz) ofl4a

Compoundl4b has a similar structure tigla but with an extended linker (bearing
ether linkages about the central phenyl ring). Synthesis was performed in 2 steps as shown
in Scheme2.12. Two alkynes were installed on igdhydroxybemzene using the same
conditions ador 3ai but doubling the proportions of reagents. Similarly, the CuAAC
reaction was performed with slightly over two equivalent$, @fs in the synthesis @#la
The product was once again isolated by filtration althabglhsolid was a fine precipitate
and some material was lost in the filtrate. The product that was recovered was fiire by
NMR analysis of the solid.

S
\/(3GQ)

Ko,CO3 (4 eq.) & NH
\

DMF, rt., 4 hr 3j (73% |
\ 3 (73%) N, o
o

OH 1 (22eq)

@) CuS0,e5H,0 (100 mol %)
NH Ascorbic acid (110 mol %)
THF:H,0 3:1, 50°C, 1 hr
e

(0]

14b (4 0%

Scheme2.12: Synthesiof 14b.
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2.2.5.SPAAC ReactionWith 5 -Ngidothymidine

Given the ease of synthesislopf we wanted to att-¢ypepeactiamn al t e

namely, SPAAC, the StraiRromoted AzideAlkyne Cycloaddition. In this reaction, a
cyclic alkyne reacts withn azide without catadys to form a bicyclic system. Synthesis of
such a compound,5, is shown in Schem2.13. We selected the cyclooctyne shown due

to its commercial availability, and the reaction proceeded as expected, though complete
conversion was ricmbserved by TLC anatys despite increasing time and equivalents of
alkyne. Compound5was purified by column chromatography rather than filtration, as the

material was more soluble in organic solvents than the other triazolylthymidine derivatives,

0
NH NH
. T&

N N’go N= ’go
NS \

andwas recovered in fairigld.

N N
\
N
0
H OH 4 (0.83eq) H
HO " ACN:1,0, 31, 40°C, 24 hr HO OH
H H20, 3:1, 40°C, H 15 (57%)

Scheme2.13: Synthesis oll5via SPAAC.

Since thahymidine precursor is chiral, and the cyclooctyne is progharatixture
of diastereomers waxbserved by NMR analysof 15, in a 1:1 mixture according to peak
integration(Figure2.7). By all chromatographic methods we attempted (TLC, preparative
chromatography, HPLC) the two diastereomers were inseparable, so we chose to assess the
binding andinhibitory capacity of these two compounds as a mixture. Binding of this
compound was asseed using WaterLOGSY NMR (S€aapter 3).
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Figure2.7: CroppedH NMR spectrumds-DMSO, 500 MHz) ofl5, showing al:1 mixture of
diastereomers a and telativestereochemistry not assigned)ihyegration.

2.2.3.Amide Scaffold
We were interested in preparing compounds with alternative linkers to determine whether

the triazole itself affects binding of the substsaté/e chose to pursue amililgked
compounds due to their purported ease of ®sithand biological stability. The most
common method of preparing amides is by combining an amine and a carboxylic acid in
the presence of a coupling agéht! Scheme2.14 shows the synthesis b8, an amide

linked thymidine derivative bearing an unsubstituted phenyl ring. Contributions of the
linker towards inhibitory capacity will be assessed by comparing the binding affirdig/ of

and4c, the insubstituted phempearing triazolylthymidine deriviae.

0
(0] H &
1.1 eq.
1) Br\)j\o/\( eq) ~N o O /’E
o
K,COs (g eq.) N7 o
DMF, 75°C, 1.5h
» 0 OH 17 (0 8eq.) N
2i) Ag. KOH/EtOH, RT, 16h o\)l\
OH ii) Ag. HCI, 10 min OH 157y (1 28 eq.)
16 (22%) DIPEA (2.8 eq.)
2-Me-THF, r.t., 3.5h 18(25%

Scheme?.14: Synthesis of amid&8.
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Acid 16 was prepared from phenol according to a reported procétiasewas
amine 1753 We screened several uing agents (DCC, EDC, SOgloxaly!l chloride,
HATU, TBTU, COMU) and found cleanest conversion by TLC analysis with the
benzotriazole derivatives (HATU and TBTU) when the reactions were performed on
analytical scale. The best method devised for the pmgpa of 18 was achieved by pre
stirring 16 with TBTU and DIPEA in 2MeTHF, followed by addition o117 after an hour.

18 showed greater solubility in organic solvents than the tridzdted compoundsand
was thus collected by extraction witiMeTHF ard subsequent purification by column
chromatography éther than filtration). ThéH NMR spectrum ofLl8 demonstrates the
apparent presence of two entities (Fig@r8). The two sets of signals represent two
rotational isomers caused by the barrier of rotatiue to resonance about the amide bond.
18was crystallized to confirm identity, and a crystal structure is shown in RRgur@nly

the Z isomer is apparent ihe crystal macrostructure (Figuzéb).
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Figure2.8: 'H NMR spectrumds-DMSO, 500 MHz) ofL8. Two sets of signals are observed, each with the
same pattern but different chemical shifts (e.g. the singtet<5 and 1.68 ppiwothcorrespond to the
thymine methyl group) indicating the presenceatétionalisomers.
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Figure2.9: X-ray crystallographic analysis &B. A) ORTEP diagram; B) crystal packing (wied along
the xaxis) indicating one rotational isomer participates in crystal packing.

2.3.Summary

We have synthesized 15 thymidine derivatives which potentially target Cps2L and other
RmlA-type thymidylyltransferase enzymes. Of these compounds, eight have the potential
to modify the enzyme covalently through reaction with a noncatalytic lysgiduethose
bearing aldehydedg, b, d, ande), ketone 104, or nitrile @g, 7, and8) functionalities.
Furthermore, we have synthesized two potential iminobordoat@ng compounds4@

and b) albeit bearing boronate esters rather than boronic aEigsire drections in
synthesis of inhibitors would seek to optimize a method for the deprotection of
pinacolboronate esters, use the alternative CUAAC conditions to synthesize analogues of
10aand8 with proximal boronic acids, and explore alternativééirs to pin the warhead

and thymidine moieties.
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Chapter 3. Results andDiscussionof WaterLOGS¥xperiments With
Synthesized Potential Inhibitors of Cps2L.

3.1.Introduction

WaterLOGSYNMR is a straightforward and convenient method of assessing the ability of
a ligand to bind a macromolecul&.aterLOGSY studies have previously begmmformed
successfullyin the Jakemagroup!®*4**and as such, we decided to use this method as a
preliminaryassessment of binding of our synthesized potential inhibitors to Cps2L.

WaterLOGSY is a proton observe experiment wherein bulk water is irradiated, and
magnetization is transferred to the lig&hdThe signal is amplified when rotational
relaxation pathways are limited due to binding interactions with the macromotécule;
therefore, even at low concentrations of the host (e.g. enzyme), signals corresponding to
the bound ligand are visible in the spectrum. The technique requires bulk water, and,
therefore, the sample is (unusually, for aMR experiment) made in 10%.0 in HO
(the former for the spectrometeroés solvent
water suppression sequence to ensure that the water signal does not obscure the ligand
peaks.

Despite the complex dynamics thfe system under observation, interpretation of
WaterLOGSY spectra is quite simple: the phasing of the ligand peaks in the spectrum
indicates whether or not that ligand binds the enzyme. This is usually achieved relative to
a reference compound, where thieasing (either above or below the baseline) of the
reference compound-bpeaak ng),i andefpiemkd fman
considered fibindingo. This technique is op
enzyme: if the associatios too weak, insufficient magnetization is transferred to the
ligand and signal enhancement is minimal. Conversely, if the compound has a very high
affinity for the enzyme, f absitn dei xncghda nsgieg ncaaln
residual compoundv er r i des t he ° Adsuahdfdlssmegative sdsmpmsesl|
mu st be taken into consideration, but a 0
degree of confidence: a signal phased opposite horbinding standard most likely
indicates binding.

As aforementioned, WaterLOGSY studies have been reported by the Jakeman

group on multiple occasions to probe binding interactions between enzymes and
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synthesized ligands. In 2013, sud#&-phosphonatanalogues and sugar nucleotides were
evaluated for binding of Cps2L in the presence and absence of dTTP, as well as binding
RmIB-D.>* Lorangeret al. determined that their phosphonate analogues demonstrated
binding to Cps2L, however, the rhamnd<g-phosphonate analogue did not bind in the
presence of dTTP. This suggests that the conformational change induced by the binding of
dTTP prevented access the binding site of the phosphonate analogue. They also
demonstrated that dTBDamnose bound RmIC imdition to its natural target, which may
suggest that similar analogues may indeed inhibit multiple enzymes within the rhamnose
pathway>* Another stidy, reported in 2015 by Forgettal, used WaterLOGSY to acquire

a dissociation constant for an etblybsphonate derivative of glucose, which demonstrated
inhibition against Cps2L. The compound, which bound only in the presence of dTTP, was
titrated intoan NMR sample containing a solution of dTTP and Cps2L. To a plot of signal
intensity (of two charactetic peaks) vs. concentration of the phosphonate was fitted a
binding model, which enabled the extraction dkmvalue for that compountf. These
examples demonstrate that WaterLOGSY is a powerful tool whichpoawide both
mechanistic insight and quantitative analysis of enzijigaend interactions, and may thus

serve as a valuable complement to inhibition stsiéh this project.

3.2.Analysis of Natural Cps2L Substrates by WaterLOGSY NMR

A full procedure for caducting WaterLOGSY experiments can be foun€hapter 5.2

The pH for all WaterLOGSY experiments was maintained at 7.5 using 100 mM deuterated

Tr i s BuHeE (dTris). Therefore the dTris residual signal, which appears at 3.67 ppm,

was used -biadsi nag 0fi sdamngn al in |ieu ofbindngi ki ng
standard compound. In all experiments performed for this project, the dTris signal was
phaed above the baseli-dewndbhpeakygy defindngat
Concentrations oénzyme (0.05 mM), MgGIl(2 mM) and ligand (2.5 mM) were chosen

based on previously reported WaterLOGSY experimérEperimentation with ligand
concentration determined that any sindigit millimolar concentrabn tested was
sufficient to acquire the binary Abinding
compound tested included samples in the absence esehge of dTTP. Each sample was

made separately (i,edTTP was not added to the NMR tube after acuision of a #fz.

28



dTTPO spectrum) and thus comparison of t
titration experiment.

The first set of WaterLOGSY erriments for this project were performed with
each of the two natural substrates for Cps2L: G1P amé dGiven the generally accepted
ordered BiBi mechanism of RmlAype enzyme$® G1P is known to bind Cps2L only in
the presence of dTTP. Therefore, a WaterLOGSY experiment with G1P and Cps2L alone
demonstrates nebinding signas. Figure3.1 shows the watesuppression proton NMR
and WaterLOGSY spectrum of G1P. As expeg signals corresponding to G1P phase
upward, indicating notbinding. Conversely, dTTP is known to bind Cps2L first, and will
therefore bind in the abace of G1PFigure3.2shows the protoNMR and WaterLOGSY
spectra of dTTP. The phagdewn peaks corgponding to dTTP indicate that it binds
Cps2L. These two sets of spectraigures3.1 and 3.2) are exemplary of the expected
finorb i ndi nfighdi nadnidn g 0 sNete that the sigrsals fprrd@TEhew broader
peaks relative to those of, for example,RGThis has been observed previoddlgnd is

likely due to interactions with the enzyme, whicheaft the relaxation time of the nuclei.

8 6 4 2 [Ppm]

Figure3.1: WaterLOGSY &periment with G1P and Cps2L. A) Water suppres$idpiNMR spectrum; B)

WaterLOGSY NMR spectrum (500 MHz, 9:31@: D,O) of G1P. Sample compitisn: 2.5 mM G1P, 2

mM MgCl, 0.05 mM Cps2L, 100 mM dTr i s Aufifichtion/Histag;s i d u a |
2HOD signal;’dTris residual.
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Figure3.2: WaterLOGSY experiment with dTTP and Cps2L.\ater suppressioiH NMR spectrum; B)
WaterLOGSY NMR spectrum (500 MHz, 9:L® : D,O) of dTTP. Sample compositio2.5 mM dTTP, 2
mM MgCly, 0.05 mM Cps2L, HODdgnal?dTrisareBiduials AHC | .

Many of the compounds synthesized had limited solubility in aqueous buffer, so
tolerance of the WaterLOGSY experiment to the presende@MSO was probed-igure
3.3 shows thetH and WaterLOGSY spectra of dTTP in the presence of 0, 5, analg0%
DMSO. At 10% de-DMSO, characteristic peaks are invigiblConversely, at 5%le-
DMSO, all dTTP peaks are identifiable, and appear at the same chemical shift as the
spectrum wh 0% ds-DMSO, indicating that a sample containing 84DMSO should be
permissible.

3
|

Figure 3.3: WaterLOGSY experiment with dTTP and Cps2L, and varying concentratid¢a@¥SO. A)

Water suppressiolH NMR spectrum; BD) WaterLOGSY NMR spectra (500 MHz, 9::®: D,0O) of

dTTPwith 0% (A, B), 5% (C) or 10% (DJs-DMSO. Sample composition: 2.5 mM dTTP, 2 mM MgCl
0.05 mM Cps2L, 100 mM WOD sigsa®dTGIresidual WSOResidualg n a | s ;
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3.3. Evaluation of SynthesizedCompounds ad.igands for Cps2Lby WaterLOGSY
NMR

NMR samples were prepared as describe@hapter 5.2.1As discussed above, a 5%
aqueous solution ofls-DMSO did not interfere with the WaterLOGSY experiment.
Therefore, 50 mMtsck solutions of eacpotential ligandvere made irds-DMSO, and
addedo the WaterLOGSY sample solution such that the final concentratialg<DdfISO

and ligand were 5% and 2.5 mM respectively. Four compounds were tested in this
experiment (seBigure3.4). Compoundd45, 18, and4cwere chosen to represent different
linker scaffolds (amide, fused triazole, and -bdbstituted triazole, respectively), a#l

was chosen to probe whether changes in the electronics of the warhead would influence

binding, whercompared talc.

HO,
B—OH Q
N=N [ NH
NN /g
0 R N No
0, O N:N R=
\_4 %| 0 N=N 0
N—R N< \——Q\/,‘\,
/ HO~ R N o
18 15 4c af

Figure3.4: Synthesized compounds evaluated by WaterLOGSY NMR.

Figure3.5shows theH and WaterLOGSY NMR spectra for compout®] in the
absence and presenof dTTP. The latter is a competition experiment, which has
previously been used to probe the mechanism of binding of ligands to €pis2the
absence of dTTP (Figurg.5B), 18 demonstrates binding, but in the presence of one
equivalent of dTTP (Figre 3.5C), signals corresponding &8 phase up, indicatingon-
binding. This could suggest thEg binds in a competitive manner, with a sufficiently lower
affinity for the active site than dTTP that it is outcompeted, or else that the binding of dTTP
induces a conformational changkthe enzyméhat precludes bding of18. It should also
be noted that the signal s il&agpear significangly finonk
weaker than those of dTTP (Figu8eaC), even though they are present in equimola
amounts. This is due to the signal enhancement througkas®d magnetization transfer
by the enzymdigand interaction, leading to an apparently larger signal for dTTP. While
WaterLOGSY can be used for quantitative measurements in certain casesheonly t

gualitative measurement (phase direction) is considartnils experiment
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Figure 3.6 showshe 'H and WaterLOGSY NMR spectra of compout once
again, in the absence (B) and presence (C) of 1 equivalent of dTTP. Like com@plhd

exhibits nonbinahg in the presence of dTTP, suggesting that the latter rtdyde binding
of 15.

~— g ot by Ao PSP

B
W ‘ b
o 0]
A \—4N—R
et 07
— il
R {aryl) 1 R (C1) Z R(c2) R (methyl)
T ] T T T | T T i T T T | T T T ‘ T
8 6 4 2 0

Figure3.5: WaterLOGSY experiment with8 and Cps2L. A)WatersuppressiodH NMR spectrum; B,C)
WaterLOGSY NMR spectra (50@Hz, 17:2:1 HO : D,O : ds-DMSO) of 18 with 0 (A, B), or 1 C)
equivalent of dTTP. Sample composition: 2.5 r&) 2 mM MgCh, 0.05 mM Cps2L, @r 2.5 mM dTTP,
100 mM dTr i s AHCHOD siymalPdTis residug®MIOgesidual.
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Figure3.6: WaterLOGSYexpeiment with15and Cps2L. A) Water suppressitih NMR spectrum; B,C)
WaterLOGSY NMR spectra (500 MHz, 17:2:3®: DO : ds-DMSO) of 15with 0 (A, B), or 1 C)
equivalent of dTTPSample composin: 2.5 mM15, 2 mM MgCh, 0.05 mM Cps2L, 0 or 2.5 mM dTTP,
100 mM d FdTTPssi§ral€HOD signal;’dTris residual®DMSO residual. The sample giving rise
to spectra A and B were prepared withd4DMSO.
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Figure3.7 shows théH and WaterLOGSY spé&@ of compoundicin the absence
(B) and presence of 1 eqaient (C) or 10 equivalents (D) of dTTP. In all cagehinds
Cps2L, suggesting that dTTP does not completely outcompete, or preclude, its binding.
Note that in Figure.7C, thesignals for dTP are larger thathose for4c, despite being
present at theame concentration. This may indicate that dTTP has a greater affinity for
Cps2L thardc does. However, the sigrsatlemonstrating binding dic in the presence of
a significant excess of dTTP idtes either a gnificantly higher affinity, or a different
binding mode than that d5or 18. Cps2L is tetrameric, with a total of four active and four
allosteric sites, so it is possible that, for examgtdhinds the allosteric site, enabling it to
bind without eithe binding event4cor dTTP with Cps2L) pr&duding the other.

BRI S B N 8

( b C
a o) N=n
.
LA J M A - MLMW“J Los
1 2 R (C1) R (methyl)
T } T T T [ T T T } T T T [ T T T
8 6 4 2

Figure3.7: WaterLOGSY experiment withc and Cps2L. AWatersuppressiodH NMR spectrum; BD)
WaterLOGSY NMR spectra (500 MH17:2:1 HO : D,O : ds-DMSO) of 4cwith O (A, B), 1 (C) orl0 (D)
equivalents of dTTP. Sample composition: 2.5 #¢/12 mM MgCh, 0.05 mM Cps2L, 0, 2.5, or 25 mM
dTTP, 100 mM dTr i s3HODGignal’dTris lesidRal‘BMS residua. ;

Given tis result, compaud 4f, with the same 1;4ubstituted triaze linker as4c,
was evaluatedFigure3.8showsthe'H and WaterLOGSY NMR spectra 4f which, like
4c, were acquired in the presence of 0 (B), 1 (C), and 10 (D) equivalents of dTTP. Similarly
to 4c, 4f gave a lmding signal both in the presence of ond 40 equivalents of dTTP,
reinforcing the possibility that th&,4-substituedtriazole scaffold has a unique binding
mechanism compared toe scaffoldgresent in compoundsb and18.
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Figure3.8: WaterLOGSY experiment witif and Cps2L. Water suppressitith NMR spectrum (A) and
WaterLOGSY NMR spectra @®) (500 MHz, 17:2:1 KO : D,O : de-DMSO) of 4f with 0 (A, B), 1 (C) or
10 (D) equivalents of @TP. Sample composition: 2.5 m#d, 2 mM MgChk, 0.05 mM Cps2l.0, 2.5, or 25

mM dTTP, 100 mM dTr i40bKighkl;°dTris @SidiiaPDMSO esidadl. s ;

3.4.Summary

WaterLOGSY NMR was used to assdour compoundd§, 18, 4c, and4f), represating

three different structural scaffolds, for their abititybind Cps2L. This study demonstrates

that while all of the tested compounds bind and are, therefore, reasonable candidates for
inhibitors, only he 1,4substituted triazole scaffolddqand4f) demonstrated binding in

the presence of dTTIFurthermorepoth 4c and4f demonstrate binding in the presence of

10 equivalents of dTTP. These results suggest that compounds wsthbituted triazole
saffolds may exhibit different modes of binditigan the other scaffolds. A plausible
explanation for this mabethatbinding of the 1,4ubstituted triazokearing compounds
occursat the allosteric site, which may permit simultaneous binding of dTTi atctive

site
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Chapter 4. Results andDiscussionof the Evaluation of Synthesized
Compounds aslnhibitors of Cps2L

4.1.Introduction

The reaction cataed by Cps2L has been studied extensively in the Jaki&baand as
such, severainhibitor evaluationmethods hee previously beerdevised*>4°85NMR
studies (fo example, using'P NMR) may be used to determiifi¢ghe desed reaction has
occurred?® but the methodis too slow to observe initial retion rates The reaction could
also be quenched at regular intervals and observed by integratitPL6f or3'P NMR
signals®® This method has merit in determigithe substrate scopef an enzyme, but is
inefficient in terms of time and solvent for detening kinetic parameters. Ideally, UWs
spectroscopy would be used for rapid data acquisitiorthbutaction catalyzed by Cps2L
does not produceng change m absorbance over time. Therefore, a coupled assay was
designed* wherein a chromophore is produced which absorbs at a unique wavelength

from that of tke reactants and produc&chemet.1shows the coupled enzymeaction.

Gle-1P + dTTP P2k 4tDPGIc 4+ PP, PP . 2P,
0]
N
oW 2
2
MOy o 7N PNP . 2 NH
Pi + —— > o-D-Ribose 1-P  + < | )
N N/
HO OH
Inosine (A7) Hypoxanthine (A250)

| x0

O
H

- N NH

Uric Acid o= || L

A2g0 N N® O
H H

Schemed.1: Coupled enzyme reactida produce the chromophore, uric acid, which absorbs uniquely at
290 nm!*

The reaction takes advantage of the préidacof inorganic pyrophosphate (P
which, in this coupled assaig hydrolysed to phosphat@) by inorganic pyrophosphatase
(IPP). R then reacts with inosine, catalyzed by human purineengte phosphorylase
(hPNP) to release hypoxanthinginally, hypoxanthine is oxidized to uric adg xanthine

oxidase (XO). Theoncentratiomf reagentsaind enzymes are chosen such that the reaction
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of Cps2L is ratdimiting, and an increase in absorbae at 290 nntorrelatesto the
production of dTDRjlucose oer time. This method was developed as aemobust
alternativé* to the commonljused MESGhased assay for detecting inorganic
phosphate.

This asay requires the use of four enzymes, two of which (XO afj HPe
commercially available, and two @fhich (Cps2L and hPNP) need to be overexpressed
and iolated in the lab. New stocks of Cps2L and hPNP were prepared for the evaluation
of the inhibitorssynthesized for this project, as well as new stock soluabaach reagent

required for the assay.

4.2.Substratel nhibition by dTTP
While the reaction catyzed by Cps2L involves two substrates, a psdidborder
reactionis achieved by maintaining eonstant high concentration of one substrate and
variable lav concentrations of the other substréieprevious studies, dTTP was kept at a
high concentradn and G1P was varied; however, given that the compounds for this project
are dTTP analogues, waase to vary dTTP instead. dTTP analogues are more likely to
mimic the binding of dTTP, which bindgp&2L before G1P does. Performing the assay in
this mannealsoprovides us with a I value for dTTP which can then be compare&ito
values for our inhibdrs.
Before the inhibitors were evaluated, the parametetiseofeaction with dTTP as
a limiting reaent were determined. As this assay is relatively comiegequired both
practice and method optimization in order to acquire consistent data. Theedtmethod
is described ilChapter 5.4.2It was essentiabtmake new 20 mM stock solutions of dTTP
every week, and new dilutions every day. Furthermops2C loses activity shortly after
dilution and therefore must be diluted within minutes of meaguimetics. Additionally,
given that manyf our synthesizethhibitors had low water solubility, st& solutions of
inhibitor were made in 70% DMSO/waterh®er ef or e, DMSO was adde
i nhibitoro assay at t he esanme thecimhibitoorassaysat i on
Finally, all solutions mustéincubated together prior to additioh@ps2L, so that any

excess phosphate from dTTP and GbRitionsis consumed.
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Figure4.1: Left: Michadis-Menten plot forthereaction rate of Cps2L with increagisoncentration of
dTTP. Right: Lineweasr-Burk plot of reciprocal rate vs. reciprocal concetitraof dTTP.

Figure 4.1 shows the MichaelisMenten plot of initial reaction ratev) vs.
concentréion of dTTP. In standard Michaelidenten kinetics, the ratsill increase with
increasing substratentil it plateaus at high concentrations. Howeves fiiot shows a
marked decrease in rate at high concentrations of dTTP. This pattern, which caisespo
to curvature in the corresponding LineweaBerk plot (Figure 4.1,right), suggests that
substrge inhibition is occuring® wherein a second substrate molecule binds the erzyme
substrate complex, most likely allostericdthand inhibits the reaction. This has not been
obsrved in previous studies with Cps2L where G1P was the limiting reagent, but
unpublished resultsdm a study performed by Dr. Ji&he Zhu from the Jakeman lab
provided further evidence that dTTP ibits Cps2L almost completely at high
concentrations. Fthermore, Cps2L is known to have an allosteric site which binds d TDP
rhamnose, which is structulalsimilar to dTTP and therefore would reasonably accept
dTTPas a guest molecule.

Given that we obseed substrate inhibition for this reaction, the datanca
accurately be described by the standard Michdééiaten equation (Equation 1). We
therefore sed a modified Michaelidenten equation which incorporates ehibition
constant for the substrat®uch an equation (Equation 2) has been reported pedyAdtt
and is derived il\ppendix Dbasedu p o n  a n f u aAypeimipitoh moddl, where
t he #Ai nhi bimblecal@maysbind thet allosterie site of the substrateund

enzyme.

b — (1)

O — ()
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Using Equation 2, we determinéa, (Michaelis constant)Ymax(maximum rate),
andKs (inhibition constant of the substrate) values by employing theeB&linction of
Excel, which optimizes the values so that the fit matches the datapoiokssaly as
possible. The method for this optimization can be faarppendix C Figure4.2 shows

the optimized fit for this dataset.
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Figure4.2: Comparison of mathematical models to fit rate data ftoeréaction of Cps2L with varying
dTTP.a) Data (points) with overlaid fit (line) according tqu&ation 1 with optimized parametersy Kk
25.7uM, Vmax= 29.8 mAu/min. Sum of absolute differences (SAD) = 8.6 mAu/min. b) Data (points) with
overlaid fit (line) according to Equation 2 with optineid parameters: \= 64.9uM, Vmax= 44.4
mAu/min, Ks= 704 uM. SAD = 6.2 mAu/min.

The relative @goodnedsusingdhfe Sdm df dbsotuen b e
Differences (SAD) between the fit values and data valuesafdr datapoint. This sum is
the value miimized in optimizing the fit. The smaller the SAD, thettbr the fit. This
methodcan only be used to compare different mesder the same dataset, but can provide
a quantitative measure of which model most acelyaescribes the system. The fit shown
in Figure 4.2a shows the fit for the standard Michaelitenten equation (Equation 1),
optimized by the Solver algorithm, whichas a SAD of 8.6 rate units (mAu/min).
Comparing this to the modified Michaeldenten dscribed by Equation,2he optimized
fit (Figure 4.2b) gives 8AD of 6.2 mAu/min The SAD of tke latter is lower than that of
the former, indicating that the lattisra better fit. It should be noted that the significance
of the difference (in this cage4 mAu/min) is itself qualitative: weaust decide on a case
to-case basis whether a small diffece in SAD constitutes a truly improved fit. Thigis
important onsideratiorwhen using the SAD to choose which inhibition model is most

probable.
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4.3.Evaluation of SynthesizedCompounds asReversiblelnhibitors of Cps2L
4.3.1. DatéAcquisitionUsingthe CoupledEnzymeAssay for Cps2L.

To determine inhibition constas{K;) for each inhibitor, the same procedure to the assay
discussedin Section 4.2 (abovg was followed, except that four assays were run
simultaneously: one with no inhibitor (as befprand three with differeninhibitor
concentrations (se€hapter 5.8f or f ul | met hod) . 't was nec
i nhi bitor o as sagwithanhilwtor gresend as the same ddudian of Cps2L
was used for all four assays, and &hsrvariation in activity between dilutions of Cps2L.
Therefore, théi i n hipbietsemt 6 data could not simply ¢k
the data shown ifigure 4.1 as the activity of that particular dilution of Cps2L may be
different.

The prelimirary evaluation of each compound was performed using 200, 400, and
800 uM of inhibitor. Based on the results from the first assay, the concentrations were
adjused iteratively, until clear separation between each series of datafommesponding
to eachconcentration of inhibitonvas observed when the entire dataset paied in a
MichaelisMenten type graph.

An important difference in the inhibition assagtimod was implemented partway
through the period when assays were being conducted. We disctivetréldis buffer,
which was used in the assay and in enzyme stokkimus, may react with -ABA
moieties? thus potentially inactivating some of our inhibitovée therefore dialyzed our
enzyme solutions i8-(N-morpholino)propanesulfonic acilfOPS),and ran future assays
in MOPS instead of Trigrigure4.3shows a comparison between inhibitimn4ain Tris
buffer and MOPS buffer. We found generally signifitanimproved data quality, and
apparently increased inhibition when MOPS buffer was usetlaliriuture assays were

performed in MOPS buffer for consistency.
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Figure4.3: Inhibition of Cps2L bydaat 0 @), 200 @), 400 (*) and 800 &) uM in a) Tris buffer and b)
MOPS buffer.

Unfortunately, highguality data was not acquired for each compound discussed in
Chapter Zor several reasons. Brarily among these is the technical challenge of running
the assay. &h well in the 9@vell plate (1 well = 1 datapointfontaired twelve
components, and asdhe was error associated with each addition and dilution, preparation
and execution of the assaere difficult and timeconsuming. Practice was required in
order tooptimize the timing of each addition, especially that of Cps2L. Secbndiue
to the vaiations in activity between each dilution of Cps2L as aforementioned, each
dataset, even withhé same concentrations of inhibitor, may produce drastically ditferen
results. Therefore, data could not be averaged (which would correstémsistenciesi
individual errant datapoints) and any individual dataset that gave low quality results could
not contribute to replicates. Finally, closure of labs due to the ©&M\d pandemic
interrupted data acquisition, and therefore not all comg@sweould be evalted. Even for
those compounds that were evaluated, the optimal range of concentrations wen®tfte
determined, and preliminary data could not be used to deteKnirsdues. Evaluation of
compound10a however, gave sufficiently highuality data and Wl be discussed
presentlyFigure4.4 shows the Michaeli#lenten plot for the inhibition of Cp&2by 10a
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4.3.2. MathematicdDetermination ofnhibition Mechanisms

There are four standard modes of reversible inhibition, which describ he i nhi bi t
affinity for the substrateinbound enzyme, substrdieund enzyme, botihgeally, or both

unequally. These modes are referred to as competitive, uncompetitive, nontoe) et

linearmixed inhibition respectively, and are mathematicdikscribed in Equations 3, 4,

5, and 6 respectively. Note that in Equation 6, there avdrthibition constantsKic and
Kwwhich refer to the i nhi bilcompetivetypeg indi ni t y

substratebound enzyme (uncompetitive type¥pectively.

b (3)
v — @)
v — ®)
0 (6)

However, as previously discussed, and as is evident in qualitative obsenfation

Figure4.4, inhibition by10adoes not preclude substrate inhibitiavhich is not considered
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in Equations 3. | therefore derived foucompound egaions which comprise both
substrate inhibition, and the mode of inhibition of interest. The derivations for equations
describing competitive, uncompetitive, noncompetiteved mixed inhibition, each in the
presence of substrate inhibitiorreafound inAppendix D. Equations 7, 8, 9, and 10,
describe the four compound inhibition modes, respectively. Note that the equations are
based on a scheme which assumes that the selistndiition occurs independently of the
inhibition by the compoundfanterest.To my knowledge, no such compound inhibition
expressions have yet been reported, although my mathematical method is consistent with

the derivation of equations expressing savgimultaneous inhibition events in the general

case®
v — — (7)
v —— (8)
0 — — 9)
0 (10)

The Solver algorithm was used to determf@ealues by fitting each model (i.e.
Equations 710) to the dataFigure4.5shows the data and each overlaid fit. | chios@st

determine values fori Vmaxand Kshby fitting onlyt h e flezielriot dmo dat aset

to the plot shown in figure cfrom each experiments this minimized unnecessary
variation between fitsAssuming independent substrate inhibitittrese values should be
the same regardless of the mode of intobitiThen,te v al ues obtained
i nhi bit or 0 diniotachwequat®n as oosstantd, &nd Bnhipr in the case of
mixed inhibition,Kic andKju) were varied.

It should beacknowledged that one standard method of estimating the ofode
inhibition is by producing a LB plot of reciprocal rate\ldgainsteciprocal concentration
(1/[dTTP]). Mathematically, the reciprocal of the Michaelis Menten equation gives a linear

relaionship between ¥/and 1/[S]. Consequently, Equations3vaiations upa the
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MichaelisMenten equation, give LB plotgherein inhilition alters theslope, yintercept,

or both relative to a nenhibitor curve Therefore, qualitative observation of th® plots

of inhibition data, if it follows MichaeligMenten knetics, cargive an indication as to
which mode of inhibition is beingxaibited by a given compound. For our data, however,
the presence of substrate inhibition leads to a seoatel dependeam® upon [S], leading

to nonlinearity in the LB plot (e.gFigure 4.1, ridnt). This confounds the convergence
point (or lack thereof)n the LB plots for inhibition by a given compound at different
concentrationsLB plots are included i\ppendix E wherelinear fits were applied by
excluding the nonlinear datapantHoweverthe analysis provided herein is based upon

nonlinear regressiowith Equations 710 as previously discussed.
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Figure4.5: Inhibition data oflOaat O @), 200 @), 400 (*) and 800 &) uM; andoverlaid opimized fits
(lines) for a) competitive, b) uncompetitive, ¢) noncompetitive, and d) mixed inhibition models.

Table4.1 showsthe K; value(s) and SAD for each inhibition model, basedhe
data from compouniOa, with preoptimized véues Vinax=43.7 mAu/nn; Ky = 98.9uM;
Ks=616.54M. Note that all of t heKico ncaohfi twihemr eg o
in competitive inhibition, only the competitive inhibition constaft is present in the
equation, and is thus generallgferred toas okld.y The samuinns tru

uncompetitive inhibition.
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Table4.1: Optimized inhibition constants according to each model of inhihifianthe inhibition of Cps2L

by 10a
Mode of inhibition  Kic (UM)  Kiu (UM) (SAD) (mAu/min)
Competitive (a) 332.3 - 34.3
Uncompetitive (b) - 339.9 37.7
Noncompetitive (c) 668.5 19.9
Mixed (d) 556.2 858.6 19.2

The relatively low SAD values indicateathnoncompetitive and mixed inhibition
modes give the closefts for this dataset. Observing thec andKiy values for the mixed
inhibition mode, it appears th&@ahas a slightly lgher affinity for the unbound enzyme,
but still binds the substratsmund enzyme, and therefore likely binds the allosteric site.

Based on thidype of analysis, the probable mode of inhibition was determined,
along with correspondinki values for each dthe synthesized compounds we were able
to evaluateTable4.2 provides a summary of the calculatédvalues and probable maxle
of inhibition. All plots, Ki values, and SAD values for each compound can be found
AppendixF, and Excel sheets containiati rawdataand calculatedonstantsre included

in AppendixG.
Table 4.2: Summaryof results ér all reversibleinhibition studies.
Compound Probable mode of inhibition Ki value(s) 4M)

4da Uncompetitive 503.3

4b Mixed 162.0 Kic) / 240.0 Kiu)
4d No fit <<25

4e Uncompetiive 272.3

4f No fit <<200

49 Noncompetitive 3429

7 Unconpetitive 2319

8 No inhibition at 80QuM >>800
10a Mixed 556.2 Kic) / 858.6(Kiu)

aThemixed model gives a very slightly improved fit but the differencigivalues is insignificanfThe
estimate provided is greater than the highest inhibitor cératem testd.°These compounds gave
apparent complete inactivation, and the estimateiged is less than the lowest concentration tested.

44



While only preliminary datavere obtainedcertain onclusions may be drawn from these
results. For example, nomé the nitrie-bearing compound</( the aliphatic nitrile, o8
and4g, the meta and paa-substituted aryl nitrilesyvere particularly potent inhibitors.
Indeed, 8 provided no observable inhibon whatsoever at the concentrations tested.
Therefore, thanitrile fundionality does not appear to improve binding, at least not within
the timesca of these measurements.

Compound10a demonstratesnoderate, but not notably potennhibition of
Cpsa.. According to themixed inhibitionmodel, it will bind eithe the free o substrate
bound enzymehut slightly prefers the competitive mechanism. Nbtd the structure of
10a, bearing a compound triazeketone linker, is different than most of the eth
compounds indicated imable4.2 and therefore, poses @allenge inperforming SAR
studies in this preliminary test.

Compound4f, bearing a paraubstituted arylboronic acidjdemonstrates high
potencyagainst Cps2lamong the tested compounds. This/raggest that electronics at
the para position are significat: note thathe two other triazolscaffold compounds
bearing parasubstituted aryl rings (compoundg and 4e) show lower inhibition, and
indeed as the electrateficiency of the paraubstitited group increases, so does the
appaent potency of the congpind (i.e. AB(OH). > ArCHO > ArCN). This may suggest
that in future studies, placing a highly electrophilic group at that position may improve
inhibition.

However, conclusions are difficult tdraw when comparing the four aldehyde
bearing compounds4a, 4b, 4d and 4e A summary of the data accrued for these
compounds can be found kgure4.6. Comparing compoundéa and 4b, which have
identical functional groups but at different positions, exdy show significantly different
poterty, but also differenapparent moeks of inhibition.4ademonstrates a high degree of
preference for thencompetitivemode| with a SAD of 17.5, compared to 21.8, 28.3, and
28.0 for competitive, noncompetitive, andixed models, respectively. Meanwhilh is
apparently more gent, but sbws mixed inhibition (SAD = 30.0 compared to 45.6, 38.6,
and 31.3 for competitive, uncompetitive, and noncompetitive models, respectivéhgt,
according to th&; values,4b shows a slightly higher affinity for thactive site(i.e. the
competitive nechanism)This suggests that the steric bulk afforded by the BPin group does
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not appear to dictate which site the compound prefers, addatid4b bear a BPin group.
Furthermorethereis no discernible pattern in bér potency or mode afihibition when
comparing the positioning of the aldehyde. For example, Bathnd 4d bear meta
functionalized aldehydes (relative to the ether group linking the aryl ring and the rest of
the nolecule) but have the lowest and highestency of the fourampounds irFigure

4.6, respectively. Additionally4b and4e both bear an ortheubstituted aldehyde, bdée
demonstrates uncompetitive inhibition (SAD = 48.4 compared to 80.9, 57.9, an®d®48.4 f
competitive, noncompetitive, and nact models respectively note thatin the mixed
model, Kic > 50 000uM, so the only true inhibition is coming from the uncompetitive

component) whereas, as aforementioddédjemonstrates mixed inhibition.

Inhibition mode: Inhibition mode:

>(,L uncompetitive Mixed
O\B—O %O A
0 . Kiu: 503 M Cg o Kic: 162uM
N= NH indi Ne NH .
o\’g/?q \f: ] Preferred binding 0\’&1 LA Kiu: 240uM

site: Allosteric Preferred binding

site: Active

Inhibition mode:

Ki: << 25uM

Preferred binding
site: Unknown

o Inhibition mode: =0
J o unknown
NH

NH

LA

N 6}

uncompetitive
Kiu: 272puM
Preferred binding

site: Allosteric

Figure4.6: Summary oK; values and presumed inhibition modesaldehydecontaining compounds

The size of the inhibitor also seems to have no bearingtsopotency. As
aforementioned4d is by far the most potennhibitor, but the seconémost potent is
compound4b, although the difference between potencies of compdbrashd4e may not
be significant, given the limited nature of our results. Therefarneist conclude only that
it is too early to conclude anythimag it pertans tostructureactivity relationship with this
set of molecules. Obtaining more consistent and higher quality data will be important future

steps in the analysis of these molecalgsnhibitors.
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It is evident that further studies need bef@ened in oder to draw firm
conclusions, but the following are some general observations. Wi, any amount of
inhibition is informativefrom these exploratory experimengspreliminarymeasure of the
Agoodnesso of an i nthcaldulatedsvalugssto theKmpfahe i s o n
limiting substrate (in this case, dTTP). TKe values were measured separately for each
experiment, but the average value and standard deviation ¢otatedKy values is 57.2
MM and 19.3uM respectively. Basednothis measte, only 4d, and possiblyf indicate
comparable or improved potencgecondly it is notable that none of the compounds
displayed selective, competitive inhibition. However, givea bbservation that dTTP
consistently demonstrates substrateibition ard is known to bind the allosteric sité,
along with the knowledge that thetnel feedbak-loop inhibitor, dTDRrhamnose, binds
allosterically, it is unsurprising that our thymidine derivatives have an affinity for the
allosteric site, sometimes even over the active. Stombined with the WaterLOGSY
studies discussed (@hapter 3thesedataprovide further evidence that the triazdiearing
thymidine derivatives bind at the allosteric site in preference to the active site. This may
indicate that future work may includ@entional targeting of the allosteric site to improve
the ®lectivity d the inhibitors Currently, the most potent inhibitors RfnlA thus far are
thymine derivatives that bind at the allosteric site (according-trysiallization with the
enzyme)’ supporting the possibility that this mechanism could be demonstrated by our
thymidine dewatives Furthermore, we only tested triazddearing compourslin kinetic
studies. Itis possible that the amide series or compounds bearing other linkers may
demonstrate competitive binding, as the amit®) énd fuseeriazole (L5 compounds
were fully displaced by dTTP in WaterLOGSY binding studies. Finally, eviwe were
unabde to synthesize target compourtels and 5b, the two most potent compounds we
tested4d and4f, bore the composite functional group$af suggesting that fiotentially
may be arery potent compound if it is synthetically accessible. Thoeee not oty will it
be valuable to determine thevalues and mechanisms of inhibitiondaf and4f, but also
to synthesize and evaluate compoubadand5hb.
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4.4.Exploration of Potential Covalent I nactivators Through Time-Dependent
Inhibition Studies

The inhibiton mechanisms discussed @hapter 4.3.2(above) only describe fully
reversible inhibition, where the interaction between the host and guest can be interrupted
by dilution. Some of or compounds (i.ealdehydegld and4e as well as BPhaldelyde
compoung4aand4b) are designed to react covalently with lysine residues to form imines
or iminoboronates, respectively. As such, this typenaf/ notbe observedeasily using

kinetic studes which rely on fast, reversible binding. Instegsldw-binding studiesare

used.

In slow-binding studies, the compound is allowed to interact with the enzyme for
an extended period of time, and increased inhibition, (ecrease@nzyme ativity) is
demonstrated over time. This may be done by preincubatinghki@tor with the enzyme,
then performing the coupled assay at several timepoints throughout the incubation (the
specific time period would vary based on how slow the binding was). In thisagais¢ of
reaction rate vs. time would show datapoints wiiebreased tier linearly or as a decay
function, and this method has previously been used successfully in the Jakemdit group.
However, due to the propensity of Cps2L to lose activity rapidly dftetion, we found
that even in thabsenc®f inhibitor, activity would decrease oveme.

We therefore opted for an alternatimethod to observe slow binding, which uses
not the rate data, but the raw data acquired from the assay, platismrbance
(proportional toproduct formatioh over time. Theoretically, in the presence of a slow,
At t-bgihndi ng o i nhi ldtidn evitl decreaseeover timeé, evhereds the same
reaction in theabsencef inhibitor should show no decrease in rate overgame period
of time 8 Naturdly, as the substrate is consumed, the reaction rate will begin to decrease;
so a relatively lgh concentration of substrateust ke chosen, as well as an appropriate
time period over which the reaction rate remains linear.

Jakeman group members Julie CamDr. Michael Beh and | began to conduct
the slowbinding assay prior to lab closures (thd procedure can be found @hapte
5.4.4, but no conclusive data Yeayet been collected. Most commonly, curvature in the
Azer o 1 nhi bi t ocatidg thattree tinee perioddsuao $ong, andthkisubstrate

is being consumed. We have also obxed immediate inhibition rather thanhibition over
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time (sed-igure4.7) which visually confounds the expected observation (curvature, or lack
thereof). Giverthe kinetic studies, we know that most of the compounds we test give some
degree of fast, revsible inhibition which explains thiresult. Future studies will determine
optimal parameters for this assay so that any covalent interactions can be idantfied

characterized.

[ f o
500 1000 1500 2000 2500
0.05

Time (s) Time (s)

Figure4.7: Formation of product (proportional to absorb3grime Cps2L over time in the presenceddfat

00),2(),4(),6(),8)and12.5¥K) uM over the course of (left) 203 and (right) 50G. Errant

datapoints due to artifacts during acquisition were removed for clarity. Immediate inhibitioneatdwd

the decreased initial slope at increasing concentrations of inhibitor. Additionally, curvature is evident at O
1M, confounding the expectegbsult. Data collected by Dr. Michael Beh.

4.5.Summary

Nine of the compounds synthesized for this projecevemalyzed for reversible inhibition

of Cps2L. Kinetic models were devised to incorporate multiple instances of inhillagion (
the substrate anthe compound of interest), for each of the four standard reversible
inhibition models. Preliminary data suggéisat all but one compound demonstrated at
least some inhibition at the concentrations tested, with particular potency stestexh by
compound4d. Exploratory work into probing slowinding inhibition was also performed.
Future work will involve acquirig consistenaind highquality kinetic data for each of the
compounds synthesized so that accukatetic parameters and meahisms of inhibition

can be determined.
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Chapter 5. ExperimentalProcedures
5.1.Procedures for theSynthesis oflnhibitor Compounds andlntermediates
5.1.1.GeneraRemarks

Reactions were conducted using oxiied glassware and stir bars. Reaction solvents were
purchased anhydrous ansed without further purification. All reagents were obtained
from commercial sources and used without furtperification except for bromob5-
hydroxybenzaldehyde, which was purified by column chromatography before use.
Reaction prgress was monitoredsing glassbacked silica TLC plates, and visualized
using UV light, or panisaldehyde, dinitrophenylhydrazina, potassium permanganate
stain. NMR spectra were acquired using a Bruker 500 MHz [INMR spectrometer at
Dalhousie Unt e r s i t y3dfacilityN NMR chemical shifts were reported in ppm
relative to TMS tH and*3C nuclei) or BGOEL (*!B nucleus) oCFCk (*°F nucleus)Mass
spectra were acquired by Xiao Feng usirgraker microTOF Focus Mass Spectrometer
using an ESI (sr -) or APCI (+ or-) ionization source.

5.1.2.GeneralProcedure 1GP1) for theAlkyne SubstitutionReactionof Phenols

Phenoll (1 equiv.) and potassium carbonate (2 equwere dissolved in anhydrovVIF

to a final concentration aipproxmately 0.75 M with respect to phenol, then propargyl
bromide (1.5 equiv.80% v/v solution indlueng was added. The reaction mixture was
coveredwith a septumand stirred at room temperature until complete as determined by
TLC analysis (eluent = 3:1 hexane : ethgktate) Upon completion, the reacti@olvent

was removedh vacuounder a 50nbar atmosphenehile maintained at 50C. The crale
material wasedissolved in ~20 mL ethyl acetate, then washed with wate2(@nL) and
saturated aqueous sodium sulfsddution(1 x 20 mL). The organic phase was dried with
anhydrous magnesium sulfate, filtered, and evaporated in vacuo to givedtuetpNo
further purification was required except where noted.

5.1.2.GeneralProcedure 2GP2) for the CUAAC ReactionWith CuSQ and Ascorbic
Acid

5-Nepoxy-5 -Bzidothymidine (1 equiv.) and alkyne (1.1 equiv.) were stirred in THF

(approx. 0.12 M with rgpect to azide) at 5@ until both were fully dissolved. Copper (II)
sulfate pentahydrate (0.5 equiv.) and ascorbic actib(@quiv.) were dissolved in water

(1/3 volume of THF), then the agueous solution was added to the THF solution. The
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reaction mixtue was purged with nmibgen, and stirred at 5. After consumption 0% -N;j
deoxy5 -Bzidothymidine as determined by TLC arsady(10% MeOH, 45% hexane, 45%
DCM), the reaction mixture was evaporated to dryness in vacuo. The residue was triturated
with H2O (510 mL) then filterecand washed several times with water to removeenp

salts and ascorbic acid. The solid was dried hedsvith DCM to remove excess alkyne,

and collected to give the product. No further purification was required except where noted.

5.1.3. Synthesis dtompounds
5 -Bieoxy-5 -Bridothymidine 1)
0 5 -t (p-Toluenesufonyl)thymidine (500 mg, 1.261 mmol) and

sodium azide (123 mg, 1.892 mmol) were solvated in-N,N

| /g dimethylformamide (DMF, 3 mL). Thesaction mixture was
N3 \ © stirred at 70°C for 3 h, and monitored by thitayer
chromatography (silica, 5% methanol in didmethane).
oH Upon completion, the solvent was removed in vacuo, then the
crude material was redissolved in a mixture of 1:DMaturatecaqueous N&5Qy. The
agueous solution was extracted 4x witm@thyltetrahydofuran (MeTHF). The organic
layers were ambined and dried with anhydrous Mg&@ltered, and evaporated in vacuo
to give the product as a crystalline white solid (333 mg, 99PhC: Rr = 0.46.

Characterization data acensistent with literature.

2-Formyl-4-hydroxyphenylboronic acid pinacol est@nl

2-Bromo-5-hydroxybenzaldehyde (1300 mg, 6.467  mmol),
% bis(pinacolato)diboron (2956 mg, 11.614 mmol) and 1(y 1 Nj

Sg” o Bis(diphenylphospimo)ferrocene]dichloropalladium(l1236 mg 0.323
I

mmol) were combined, followed by ps&um acetate (1904 mg, 19.401
mmol). The solids were dissolved in dioxane (10 mL), then the reaction
mixture was purged with nitrogen and sarat 100°C under nitrogen
OH atmosphere. The reaction was monitdigd LC (SiQ, 10% EtOAc, 45%
hexane, 45% DCMand found to be compete after 315 The reaction mixture was
evaporated to dryness in vacuo, then redissolved in EtOAc (50 mL) and trahsbeare

separatory funnel. The organic phase was washed with 8ateésqQ mL), then collected,
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dried with MgSQ, and filtered. The dissolved crude material was adsorbed directly onto
Celite®, dry-loaded onto a silica column, and purified by flash chrogragohy (010%

EtOAc in hexane) to give the product (1393g, 874)NMR (500 MHz,CDC}) G 10. 65
(s, 1H), 7.86 (dJ = 8.2 Hz, 1H), 7.51 (dJ = 2.6 Hz, 1H), 7.10 (dd] = 2.6, 8.2 Hz, 1H),

6.04 (s, 1H), 1.37 (s, 12HFC NMR (126 MHz, CDG) U 1 98345, 243.54138.53,

120.43, 113.22, 84.21, 24.8%B NMR (160 MHz, CDCl) Ui 30.78.HRMS - ESI+ (m/2)

calc'd forCizH17BNaQy: 271.1112found271.1109

2-Formyl-5-hydroxyphenylboronic acid pinacol est@b)
2-Bromo-4-hydroxybenzaldehyde (1000 mg, 4.97dmol),

/O (,) bis(pinacolato)diboron (2274 mg, 8.954 mmol) afd[ 1, 1 N;j
B\O Bis(diphenylphosphinogirrocene]dichloropalladium(lij182 mg,
0.249 mmol) were combined, followed by paiiasn acetate (1464
mg, 14.922 mmol). The solids were dissolved in dioxane (8 mL),
OH

then the reaction mixture was purged with nitrogen and stirred at
100 °C under nitrogen atosphere. The reaction was monitored by TLC §{SitW%
EtOAc, 45% hexane, 45% DCMpd found to be complete afteh5The reaction mixture

was evaporated to drynessvacuo, redissolved in EtOAc (40 mL), the organic phase
washed with water (8 40 mL), hen the agueous phases reextracted with EtOAc (20 mL).
The organic phases were comdul, washed with a solution of 1:2®t brine (20 mL),

then dried with MgSQ filtered, and evaporated. The residue was adsorbed onto&elite
dry-loaded onto a silica catan, and purified by flash chromatography2@% EtOAc in
hexane). Fractions contang product were evaporated to dryness, then the material was
washed with cold hexan& give the product as a white solid (1180 mg, 96%).

Characterization data acensistat with literature®®
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2-Formyl-4-(2-propyn1-yloxy)-phenylboronic acid pinacol est&d)

Compound3a was prepared according t&P1 with 1000 mg (4.031
% mmol) of 2a. The reaction was complete afteh.4Following extraction,
0 the organic material was filtered through a short plug ofasihod
evaporated to dryness to give anafiite solid (592 mg, 51%).RR= 0.42.
'HNMR (500 MHz, CDCJ) UG 10.67 (XB5=83HH)IH), 7. 89
o\/// 7.57 (d,J = 2.6 Hz, 1H), 7.19 (dd] = 2.7, 8.3 Hz, 1H), 4.77 (d, = 2.4
Hz, 2H), 2.53 (tJ = 2.4 Hz, 1H) 1.37(s, 12H)."*C NMR (126 MHz, CDGJ)) U 194 . 54,
159.82, 143.55, 137.97, 120.51, 111.57, 84.24 8{76.06, 55.82, 24.8TCharacterization

data areonsistent with literaturé®

2-Formyl-5-(2-propyn-1-yloxy)phenylboronic acid pinacol est&h)

Compound3b was prepared according @P1 with 1000 mg (4.031
0
- ?J% mmol) of 2b. The reaction was complete aften5The product was
B~o recovered as geddish crystalline solid (655 mg, 57%} NMR (500
MHz,CDCk) U 10. 39 (J=86HAIH),737.(DS5 (d,
= _ —
o\// 2.7 Hz, 1H), 7.11dd, J = 2.5, 8.5Hz, 1H), 4.78 (dJ = 2.4 Hz, 2H),

2.54 (t,J = 2.4 Hz, 1H), 1.39 (s,2H). °C NMR (126 MHz, CDQ) ug 192. 94, 16
135.32, 130.48, 121.1916.68, 84.48, 776 76.07, 55.89, 24.8HRMS i ESI+ (m/z)
calc'd for GeH19BNaQy: 309.1269 found309.1268

5 -I-((3-Formyl-4-(pinacolborono)phenoxy)methyl)H-1,2,3triazol1-yl)-5 -N;j
deoxythymiding(4a)

Tetrakis(acetonitrile)copper(l) hexafluorophosphdfiet

(}L'L mg, 0.037 mMmol) andTris[(1-benzyt1H-1,2,3triazol4-
B—O yl)methyllamine (24 mg, 0.045 mmol) were stirred in

(0]
/ Q anhydrous THF (24 mL)5 -Ng¢oxy5 -Bidothymidine
\fl\,ﬁ (200 mg, 0.748 mmol) argh (236 mg, 0.823 mmolyere
0]

\—'Q\/l\‘j N each dissolved in 6 mL THF, and added sequentially to
N l
o) the reaction mixture. The solution was purged with

nitrogen ad heated to 60C. After 1 hour, the azide
starting material was consumed by TLC analysis £SiO
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10% MeOH, 45% DCM, 45% hexane), ahe teaction mixture was evaporated to dryness

in vacuo. The ragting solid was stirred in DCM (20 mL) and the solid eoted by

filtration to give the product (160 mg, 9. *H NMR (500 MHz,desDMSO) U 11. 29
1H), 10.44 (s, 1H), 8.22 (s, 1H), 7.74 Jd= 8.3 Hz, 1H), 7.50 (d] = 2.6 Hz, 1H), 7.34

(m, 2H), 6.17 (tJ = 7.0 Hz, 1H), 5.49 (d) = 4.4 Hz, 1H), 5.26 (s, 2H4.73 (ddJ = 4.3,

14.3 Hz, 1H), 4.64 (dd] = 7.6, 14.3 Hz, 1H), 4.2&(J = 3.3 Hz, 1H), 4.09 (m]) = 3.8

Hz, 1H), 2.16 (m, 1H), 2.09 (m, 1H), 1.79 (M= 0.7 Hz, 3H), 1.33 (s, 12HC NMR

(126 MHz,d-DMSO) U0 193. 78, 163.15192.22,18724,138.00, 150 .
125.35, 119.94, 112.43, 109.82, 84.03, 83.9438B170.73, 61.19, 51.24, 37.86, 24.56,

24.44, 12.00"B NMR (160 MHz, ds-D M S 0 )32.39, 22.33HRMS ESI+ (m/z) calc'd

for CoeH32BNsNaGs: 576.2236; found 576.2241.

5 -Nf-((4-Formyl-3-(pinacolborono)phenoxy)methylH-1,2,3triazok1-yl) -5 -N;j
deoxythymidne (4b)

;é< Tetrakigacetonitrile)copper(hhexafluorophosphate
o—B'O A (14 mg, 0.037 mmol) andiris[(1-benzyt1H-1,2,3
* triazot4-yl)methyllamine (24 mg, 0.045 mmol)

\fj\/"ﬁ were stirred in anhydrous THF (24 mb):Ngoxy-5 -N;j
N° ~O azidothymidine (200 mg, 0.748 mmol) aBd (236

0 mg, 0.823 mmol) were each dissolved in 6 MHF
L and added sequentially to the reaction mixture. The
solution was purged with nitrogen and heated to°60 After 1 hour,5 -Ngoxy5 -Nj
azidothymidine was consumed by TLC analysis (Sith% MeOH, 45% DCM, 45%
hexane), and the reaction mixture was evaped to dryness in vacuo. The resulting solid
was stirred in DCM (20 mL) and the solid collected by filtration to give the product as a
red-brown solid (284 mg, ). 'H NMR (500 MHz,dsDMSO) &4 11. 29s,( s, 1%
1H), 8.23 (s, 1H), 7.90 (d, = 8.6 Hz, 1H), 7.35 (dJ = 0.9 Hz, 1H), 7.29 (qJ = 3.7 Hz,
1H), 7.24 (dJ) = 2.6 Hz, 1H), 6.17 (t) = 7.0 Hz, 1H), 5.49 (d] = 4.4 Hz, 1H), 5.28 (s,
2H), 4.74 (dd,) = 4.3, 14.3 Hz, 1H), 4.65 (dd,= 7.6, 14.3 Hz, H), 4.29 (m 1H), 4.09
(m, 1H), 2.17 (m1H), 2.10 (m, 1H), 1.80 (s, 3H), 1.34 (s, 12HB NMR (160 MHz,ds-
DMSO) 4 33.13.
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2-(Propyn-1-yloxy)benzene3c)

Compoundcwas prepared according®P1with 100 mg (1.06 mmol) of
© phenol. The reaion was comgte after 2h, and a&traction was performed
o \/// using diethyl ether as the organic phase instead of ethyl adétatproduct
was recovered as eolourlessoil (80 mg 57%). *H-NMR (500 MHz,
CDCls) G 2.51 (1H, tJ = 2.38 Hz), 4.70 (2H, d] = 2.15 Hz), 7.0qQ3H, m,J = 4.44 Hz),

7.31 (2H, tJ = 7.98 Hz).Characterization data acensistent with literatur&

3-(2-Propyn1-yloxy)benzaldayde(3d)
0 Compoundd was prepared according®P1 with 250mg (2.047mmol)

|
Q) of 3-hydroxybenzaldehydeThe reaction was complete afte&d h. The

_ product was recovered agale oil (316mg, 96%). R = 0.49 'H NMR
o] z

1.2, 8.1 Hz, 2H), 4.76 (d, = 2.4 Hz, 2H), 2.55 (t) = 2.4 Hz, 1H).Characteration data
areconsistent with literaturé

4-(2-Propyn-1-yloxy)benzaldehydé3e)

_O CompoundBewas prepared according @P1 with 250mg 2.047mmol) of
4-hydroxybenzaldehydeThe reactiorwas complete afte3 h. The product
was recovered as aff-white solid (307mg, 94%). *H NMR (500 MHz,

o\/// CDCkL) O 9.91 ( 9s578.8Hz2RH), 7210 (8J)6= 8.8 Hiz, 2H),

4.78 (d,J = 2.5 Hz, 2H), 2.56 (1) = 2.4 Hz, 1H)Characterization data acensistent with

literature®?

4-(2-Propyn-1-yloxy)phenylboronic acid3f)

HOL O Compourm 3f was prepared according®P1 using 200 mg (1.450 mmol)
of 4-hydroxyphenylboronic acid. The reaction waamplete after 1.
After workup, the product was collected as a light brown crystalline solid
O\/// (199 mg, 78%)!H NMR (500 MHz, CDC§) U 8J =18F HZ, 2H),
7.09 (d,J = 8.7Hz, 2H), 4.78 (d) = 2.4 Hz, 2H), 2.56 (t) = 2.4 Hz, 1H).
3C NMR (126 MHz,CDCk) & 161. 16, 137.47, 123%m8,
NMR (160 MHz, CDC}) 0  M6lecdar ionwas not fomd when analyzed by ass

spectrometry.
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4-(2-Propyn-1-yloxy)benzonitrile(3q)

CN Compoundgwas prepared according@P1 with 300mg (2.518mmol) of

4-hydroxybenzonitrileThe reation was complete aftert2 The product was

recovered aa tan solid (358ng, 90%).H NMR (500 MHz, CDCE) U0 7.

~Z
07 (d,J=8.9 Hz, 2H), 7.04 (d] = 8.9 Hz, 2H), 4.75 (d] = 2.4 Hz, 2H), 2.56

(t, J = 2.4 Hz 1H)). Characterization data acensistent with literatur&®

5 -Ni-Phenoxymethyl1 H-1,2,3triazol 1-yl)-5 -Ngoxythymidine 3c)
o Compound 4cwas prepared frorBc according tadGP2 with
Q \kaH 147 mg (0.550 mmol) obNjleoxy-5 -Bzidothymidine. The
o] N= N’g
\S

reaction was complete aftertf after which the reaction

z-Z

mixture was adsorbedirectly onto Celit®, dry-loaded
° onto a silica column and purified by flash chromatography
OH (0-10% MeOH in DCM). The product was recovered as a
light brown solid (163 mg, 73%) NMR (500 MHz,de-D MS O) 28 (s,1H),.8.19 (s,
1H), 7.35 (s, 1H), 7.29 (§ = 8.0 Hz, 2H), 7.02 (dJ = 8.0 Hz, 2H), 6.94 (t) = 7.3 Hz,
1H), 6.17 (tJ =7.0 Hz, 1H), 5.49 (d] = 4.3 Hz, 1H), 5.13 (s, 2H), 4.73 (dii= 4.4, 14.3

Hz, 1H), 4.63 (ddJ = 7.6, 14.3 Hz, 1H), 4.297, 1H), 4.09 (m1H), 2.17 (m, 1H), 2.09

(m, 1H), 1.79 (s, 3H)C NMR (126 MHzdsDMSO) & 164.09, 158.

136.49, 129.92, 125.65, 121.27, 115.10, 110.31, 84.51, 84.41, 81.32, 51.68, 38.31,
12.49.HRMS: APCI+ Calculatedd00.1615, found: 400.1622.

5 -IN-((3-Formylphenoxy)methyh H-1,2,3triazol1-yl) -5 -Neoxythymdine (4d)
Compoundtd was prepared fror@d according taGP2 with

QJ \f(NH 180 mg (0.674 mmol) ob -Ngoxy5 -Bgidothynidine. The
N | ’l\\o reaction was complete after 3fin. Following washing
\’ﬁ\/h steps, the product was recoveesda white soliq234 mg,
kOJ 54%) 'H NMR (500 MHz,d-DMSO) & 11. 29
OH (s, 1H), 8.22 (s, 1H), 7.54 (4,= 2.9 Hz, 2H), 7.52 (s, 1H),
7.36 (m,J = 3.9 Hz, 2H), 6.16 (t) = 7.0 Hz, 1H), 5.49 (d] = 4.4 Hz, 1H), 5.24 (s, 2H),

4.74 (ddJ = 4.4, 143 Hz, 1H), 4.64 (dd) = 7.6, 14.3 Hz, 1H), 42(m,J = 3.3 Hz, 1H),
4.09 (m,J = 3.8 Hz, 1H), 2.17 (mlH), 2.09 (m1H), 1.79 (s, 3H)*C NMR (126 MHz,
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ds-D MS O) u 193. 30, 158. 98, 142. 84, 138. 10,
114.64,110.3184.51, 84.40, 71.23, 61.76, 51.72, 38.33, 12#HMS - ESI+ (m/z) calc'd
for CooH21NsNaGs: 450.1384; found 450.1397.

5 -Ni-((4-Formylphenoxy)methyh H-1,2, 3triazol1-yl) -5 -Negoxythymiding4e€)
Compound4ewas prepared frorie according tadGP2 with
Q 180 mg (0.674 mmol) ob -Neoxy5 -Bzidothymidine. fe
\fl:g reaction was complete aftertb After washing steps, the
0

product was recovered as &ite solid (370 mg, 86%H
o NMR (500 MHz,de-DMSO) O 11. 33 (s, 1H),
- 8.25 (s, 1H), 7.87 (dl = 8.7 Hz, 2H), 7.36 (s, 1H), 7.23 (@,
= 8.7 Hz, 2H), 6.17t,J = 7.0 Hz, 1H), 5.52 (d) = 4.3 Hz, 1H), 5.27 (s, 2H), 4.74 (dd,
= 4.3, 14.3 Hz, 1H), 4.64 (dd,= 7.7, 14.3 Hz, 1H), 4.29 (g} = 3.2 Hz, 1H), 4.09 (q] =
3.8 Hz, 1H), 2.18 (m, 1H), 2.09 (m, 1H), 1.79 (s, 3H¥X NMR (126 MHz,ds-DMS O) U
191.8, 164.10, 163.37, 150.84, 142.3B6.53, 132.22, 130.29, 126.01, 115.62, 110.33,
84.48, 84.38, 71.20, 61.82,153, 38.28, 12.52HRMS - ESI+ (m/z) calc'd for
CooH21NsNaGs: 450.1384; found 450.1392.

5 -Ni-((4-Boronophenoxy)methwl H-1,2 3triazok1-yl)-5 -Neoxythymiding(4f)

HO, Compound4f was prepared from3f according toGP2 with
i 0 131 mg (0.490 mmol) ob -Neoxy-5MNazidothymidine. The
\fj\/rﬁ reaction was complete aftertb After washing steps, the
o) N:q N“ o product was stirred overnigin DCM, filtered, and collected
\’Q\’N o asa light brown solid (217 mg, 95%9H NMR (500 MHz,ds-

DMSO) U 11.29 (s, 12)773@J21 (s,
= 8.2 Hz,2H), 7.35 (s, 1H), 6.98 (d, = 8.2 Hz,2H), 6.17 (t,J = 6.9 Hz,1H), 5.49 (d,J =

3.9 Hz,1H), 5.14 (s, 2H), 4.73 (dd,= 4.2, 14.2 Hz,1H), 4.64 (dd,) = 7.6, 14.2 Hz1H),

4.29 (n, 1H), 4.09 (n, 1H), 2.18 (n, 1H), 2.10 (M, 1H), 1.79 (s3H). 13C NMR (126 MHz,
d-DMSO) U 164. 09, 1 gdetermiBed byl2b fata3.51, 1B&2F,. 3 3
126.46(determined by 2D spectra)25.73, 114.07, 110.32, 84.53, 84.41, 71.23, 61.22,
51.72,38.32, 12.49'B NMR (160 MHz,de-D MS O) i M@e@ulalicdwas not found

for this compoundvhen analyzed by massesjrometry
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5 -Ni-((4-Cyanophenoxy)methwylH-1,2 3triazol1-yl)-5 -Ngoxythynidine (4q)

CN Compound4g was prepared fror3g according toGP2
Q 1 with 100 mg (0.374 mmol} -Nigoxy-5 -Bzidothymidine.
\ \ﬁiﬁ The reaction mixture wastirred at 30°C for 6 days.
O\—QE Following full conversion, the reaction mixture was
o diluted in wate (~15 mL) and extreted 3x with equal
OH volumes of 2Me-THF. The organic phases were

combined, dried with MgS£filtered, and evaporated to give a white solide solid was
suspended in DCM (~10 mL), filtered, and collected to give the product (116 fg, 73

'H NMR (500 MHz,de-DMSO) 4 11.31 (s, 1 H388HR, 25 ( s,
7.36 (s, 1H), 7.23 (dl = 8.9 Hz, 2H), 6.18 (tJ = 7.0 Hz, 1H), 5.51 (d] = 4.3 Hz, 1H),

5.26 (s, 2H), 4.75 (ddl, = 4.3, 14.3 Hz, 1H), 4.65 (dd,= 7.6, 14.3 Hz, 1H), 4.30 (d,=

3.4 Hz,1H), 4.10 (mJ = 3.9 Hz, 1H), 2.20 (m, 1H), 2.11 (m, 1H), 1.80 (s, 3. NMR

(126 MHz,deDMSO) UG 164.08, 161.92, 150.84, 142.
116.26, 110.31103.61, 84.54, 84.38, 71.22, 61.86, 51.74, 38.31, 1PIRYS - APCI+
(m/2) calc'd for GoH21NeOs: 425.1568; found 425.1578.

5 -NI-(2-Cyanoethyl31H-1,2 3triazol1-y)-5 -Neoxythymiding 7)

0 Compound? was prepared from-gentynenitrile according
/’/‘l | NH to GP2 with 100 mg (0.374 mmol) of5-Neoxy5 -Nj
N=N N’go azidothymidine. The reaction was roplete after 4.5h.
\
N\_N

Following washing steps, the material was further purified
by column chromatography-0% MeOH in DCM) to give
OH the product as a white solid (47 mg, 36%). NMR (500
MHz,dss-DMSO) 0O 11.29 (s, 1H), 7J=%O6Hz &), %8 H) ,
(d,J =4.0 Hz, 1H), 4.70 (dd] = 4.3, 14.3 Hz, 1H), 4.60 (dd,= 7.4, 14.4 Hz, 1H), 4.27
(m, 1H), 4.05 (m, 1H), 2.95 (8,= 7.1 Hz,2H), 2.83 (t,J = 7.1 Hz,2H), 2.16 (m, 1H), 2.09
(m, 1H), 1.80 (s3H). 13C NMR (126 MHz,de-DMSO)Ul 1 6 4 . 0 944.47, $36.538 4 ,
123.67,120.54, 110.28, 84.45¢verlapping C signals71.16, 51.60, 38.34, 21.71, 16.92,
12.50.HRMS - APCI+ (m/z) calc'd forCisHi9NeO4: 347.1462 found347.1457
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2-Bromo-5-(2-propyn1-yloxy)benzonitrile 8h).

Br Compound 3h was prepared according @P1 with 200mg (1.010mmol)
CN  of 2-broma5-hydroxybenzonitrile The reation was complete after B.
After workup, purification by flash chromatography (9:1 hexane / ethyl
0 \/// acetate) was performetdhe product was recovered aswhite solid (172
mg, 72%.'H NMR (500 MHz, CDCY) U  7J.=9.0 Hz( 1¢H), 7.26 (d)
= 2.6 Hz,1H), 7.09 (dd,J = 3.0, 9.0 Hz 1H), 4.71 (d,) = 2.4 Hz, 2H), 2.57 (t) = 2.4 Hz,
1H). 1*C NMR (126 MHz, CDGJ) ua 156.50, 134. 05, 121.67,
116.36, 76.92, 56.34H4RMS - APCI+ (m/2) calc'd for CH10BrNO: 235.9706 found
235.9706.

5 -Ni-((4-Bromo-3-cyanophenoxy)methy)} H-1,2,3triazot 1-yl) -5 -Ngoxythymiding(4h)
Compoundth was prepared fror@h according tadGP2 with
Q 155 mg (0.578 mmol) ob -Nigoxy5 -Bridothymidine. The
Ne \f:\/’to reaction wasomplete after 1 hour. Following washing, the

N
\—-Q\/,'\l I product was collected as a light yellow solid (150 mg, 51%).

'HNMR (500 MHzde-DMSO) &G 11.29 (s, 1H)
7.75 (d,J = 9.0 Hz, 1H), 7.70 (dJ = 2.9 Hz, 1H), 7.34 (s,
1H), 7.32 (de =3.0, 9.0 Hz1H), 6.17 (tJ = 6.9 Hz, 1H), 5.50 (d] = 4.3 Hz, 1H), 5.22
(s, 2H), 4.74 (dd) = 4.2, 14.2 Hz, 1H), 4.64 (dd,= 7.6, 14.3 Hz, 1H), 4.29 (d,= 3.2
Hz, 1H), 4.08 (m)] = 3.8 Hz, 1H), 2.18 (m, 1H), 2.10 (m, 1H), 1.79 (s, 3HC NMR
(126 MHz,d-DMSO) U0 164. 10, 157.79, 150.84, 142. 2
120.87, 117.49, 115.57, 115.43, 110.32, 84.53, 84.38, 71.23, 62.20, 51.75, 38.34, 12.50.
HRMS - APCI+ (m/z) caltd for GoH20BrNsOs: 503.0673; found 503.0687.

5 -NI-((3-Cyanophenoxy)méity)-1H-1,2 3triazok 1-y1) -5 -Neoxythymiding8)
Compound  4h (1200 mg, 0.199 mmaol),

QCN \ﬁ‘\NH bis(pinacolato)diboron (151 mg, 0.596 mmol), potassium
I
,&O acetate (58 mg, 0.596 mmol),

o} N=N N
\’Q\/,'\, tris(dibenzylideneacetone)dipalladium(0)2 mg, 0.002
° mmol) and XPhos (4 mg, 0.008 mmavere stirred unde
OH vacuum for 5min, purged with nitrogen, then dissolved in
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dioxane (1.5 mL) and stirred at 100. After 48h, the temperature was reduced tc°’€3

and stirred for another 48until the starting material was consumed by TLC analy$i%o(1
MeOH, 45% hexanet5% DCM). The reaction mixture was diluted in water (~20 mL) and
washed twice with an equal volume oM&-THF. The organic phases were combined,
dried with MgSQ, filtered, and evaporated. The organic residue was adsorbed onto
Celite®, dry-loaded onto ailica column and purified by flash chromatographys¢@
MeOH in DCM/Hexane (1:1)). The product was collected as a white solid. Although the
reactionwas conducted with the intettt install a BPin group, NMR analysis revealed the
protadeborylated produdB6 mg, 43%)*H NMR (500 MHz,de-DMSO) & 11. 29
8.23 (s, 1H), 7.55 (dl = 1.4 Hz, 1H), 7.49 () = 8.0 Hz, 1H), 7.41 (d) = 7.6 Hz, 1H),

7.37 (ddJ = 2.5, 8.4 Hz, 1H), 7.35 (s, 1H), 6.17 Jt= 7.0 Hz, 1H), 5.50 (d] = 4.3 Hz,

1H), 5.22 (s, 2H), 4.74 (dd,= 4.4, 14.3 Hz, H), 4.64 (dd.J = 7.7, 14.3 Hz, 1H), 4.29
(q,J=3.2Hz, 1H), 4.09 (m] = 3.9 Hz, 1H), 2.18 (m, 1H), 2.10 (m, 1H), 1.79 (s, 3k.

NMR (126 MHz,d-DMS O) U 1 6 4 140.%5, 139128,136.8131.29, 125.95,
125.27, 121.04, 119.06, 118.10, 112.68).32, 84.53, 84.40, 71.23, 61.86, 51.74, 38.33,
12.49.HRMS - APCI+ (m/z) calc'd for @H21NsOs: 425.1568; found 425.1570.

1-Bromo-4-(2-propynyloxy)benzene3()

Br Compound3i was prepared according @P1 with 432 mg (2.500mmol)
of 1-bromo4-hydroxybenzee The reation was complete after 96 The
product was recovered agalow oil (368mg, 702). *H NMR (500 MHz,

o\/// CDCl) U4 7 J427, 10.8 Hz, 2H), 6.87 (td,= 2.8, 10.1 Hz, 2H),

4.67 (d,J =2.4 Hz, 2H), 2.52 (1) = 2.4 Hz, 1H) Characterization data acensistent with

literature®?

5 -NI-((4-Bromophenoxy)methyL H-1,2 3triazol-1-yl) -5 -Ngoxythymiding(4i)

Br Compound4i was prepared frori following GP2 with 334
Q I mg (L.250 mmol) 0§ -Mgoxy5 -Aizidothymidine. The reaction
4 Nen \ﬁtﬁ was complete after 1énin. Following washing steps, the
\—Q\/g‘ product was recovetleas a solid (537 mg, 90%)4 NMR
© (500 MHz,dsDMSO) & 11.29 (s, 1JH),
OH = 8.9 Hz, 2H)7.34 (s, 1H), 7.01 (dl = 8.9 Hz, 2H), 6.17 (1)
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= 7.0 Hz, 1H), 5.49 (d] = 4.3 Hz, 1H), 5.13 (s, 2H), 4.73 (dii= 4.4, 14.3 Hz, 1H), 4.63
(dd,J =7.6, 14.3 Hz, 1H), 4.28 (d,= 3.3 Hz, 1H), 4.08 (m] = 3.9 Hz, 1H), 2.17 (m1H),

2.10 (m,1H), 1. (s, 3H).*C NMR (126 MHz,dsDMSO) Ui 163.58, 157.

142.35, 135.99, 132.06, 125.28, 116.99, 112.22, 109.80, 84.01, 83.88, 70.71562Q21
37.81, 11.99HRMS - APCI+ (m/z) calc'd forC19H20BrNsOs: 478.0721 found478.0706.

5 -NI-((4-(Pinacolborono)phenoxy)methyl)H-1,2, 3triazok 1-yl) -5 -Ngoxythymiding(9)

>L'L Compound4i (86 mg, 0.180 mmol), bis(pinacolato)diboron
O\B_O (137 mg, 0.540 mmalpotassium acetate (53 mg, 0.540 mmol),
0 tris(dibenzylideneacetone)dipalladium(01.6 mg, 0.002

\fj\/'ﬁ mmol) and XPhos (3.3 mg, 0.007 mmol) were stirredar

o N=N N” N0

\,_Q\/'\q l vacuum for 5min, purged with nitrogen, then dissolved in
o

dioxane (1.25 mL) and stirred at 10C. Thereaction was
OH complete after 1 hour by TLC analysis (10% MeOH, 45%

hexane, 45% DCM), and was diluted in MeOH (5 mL) and filtered through ®elitee
resulting solution was adsorbed onto C@&litdry-loaded onto a silica column, and purified
by flash chromegraphy (610% MeOH in DCM/Hexane (1:1)). The product was

collected as an offvhite solid (72 mg, 76%)YH NMR (500 MHz,d-DMS O) U 1 1.

1H),8.21 (s, 1H), 7.60 (dl = 8.5 Hz, 2H), 7.34 (s, 1H), 7.02 (@= 8.5 Hz, 2H), 6.17 (1)
= 7.0 Hz, 1H), 1 (br. s, 1H), 5.17 (s, 2H), 4.73 (dik= 4.4, 14.3 Hz, 1H), 4.63 (dd,=
7.5, 14.3 Hz, 1H), 4.28 (W, = 3.3 Hz, 1H), 4.09 (m] = 3.9 Hz, 1H),2.16 (m,1H), 2.09
(m, 1H), 1.79 (s, 3H), 1.28 (s, 12H)

5-Ni-Benzoyt1H-1,2 3triazok1-yl)-5 -Neoxythymdine (10a)

0 Compoundl0a was prepared from-fhenylprop2-yn-1-

\ft'ﬁ one according t&P2with 120 mg (0.449 mmob -Ngoxy
O

8 N 5 -Bzidothymidine. Upon completion by TLC anabysihe

N

df& 1 :o: | reaction mixture was evaporated in vacuo, redissolved in
H20O (20 mL) and extractedith 2-Me-THF (3x20 mL).

The organic phases were combined, dried with Mg3ifered, and evaporated in vacuo.
The residue was adsorbed onto Ceélitdry-loaded ond a silica column, and purified by
flash chromatography (50 mL hexane, the@f00% MeOH inDCM). The product was
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recovered as a white solid (135 mg, 76%)NMR (500 MHzds-DMSO) G 11. 30 (s
8.85 (s, 1H), 8.23 (dl = 7.2 Hz, 2H), 7.70 (t) = 7.4 Hz, 1H), 7.58 (t) = 7.7 Hz, 2H),

7.33 (s, 1H), 6.18 (f] = 7.0 Hz, 1H), 5.52 (dJ = 4.1 Hz, 1H), 4.84 (dd] = 4.7, 14.2 Hz,

1H), 4.76 (dd,) = 7.2, 14.2 Hz, 1H), 4.32 (d,= 3.4 Hz, 1H), 4.17 (mlH), 2.23 (m1H),
2.12(m,1H), 1.74 (s, 3H)*C NMR (126 MHz,de-DMSO) U 184 . 96, 163.
146.40, 136.52, 135.99, 133.20, 130.64, 129.80, 128.47, 109.81, 84.01, 83.44, 70.59,
51.27, 37.70, 11.94HRMS - APCI+ (m/2) calcd for Ci1oH20NsOs: 398.1495% found

398.1467.

1-(2-BromophenyBprop-2-yn-1-ol (11)

Br OH To an overdried, sealed flask purged with nitrogen was added

@/\\\ ethynylmagnesium bromide solution (0.5 M in THF; 9 mL/4.5 mmol). The
solution was stirred on ice for 5min, following which, 2-Nj

bromobenzaldehyde (350 uB, mmol) was added to the THF solution dropwise. The
starting material was consumed aftemiid by TLC analysis (3:1 hexane : ethyl acetate).
The reaction mixture was quenched with 20 mL of 1M aqueous ammonium chloride, then
extracted with 20 mL EtOAc. Téorganic phase was washed twice with brine, dried with
MgSQ;, filtered, and evaporated in vacuo to give the product as a yellow oil (592 mg,
93%).'H NMR (500 MHz, CDCY) &G 7 JZ 06, 1.8Hd, 1H), 7.58 (dd,= 1.0, 80

Hz, 1H), 7.37 (tdJ = 11.3 0.9 Hz, 1H), 7.20 (td] = 1.6, 11.5 Hz, 1H), 5.81 (dd,= 2.2,

5.4 Hz, 1H), 2.67 (d) = 2.3 Hz, 1H), 2.47 (d]) = 5.5 Hz, 1H).Characterization data are

consistent with literatur.

1-(2-Bromophenylprop-2-yn-1-one (2)
Br O Compoundl1 (590 mg, 2.795 mmol) and DeB4artin periodinane (1541

©/\\\\ mg, 3.634 mmol) were dissolved in dichloromethane (10 mL) and stirred
at 23°C. The reaction was complete aftemin by TLC analysis (3:1

hexane : ethyl acetate). Theaction mixture was washed with water (3x10 mL), then the

organic phase was dried with Mgsand evaporated to dryness. The crude material was
adsorbed onto silica, then the silica was washed with hexane (50 mL) and the product eluted
(3:1 hexane : ethydcetate, 50 mL). The solution containing product was evaporated in
vacuo to give an orangeystalline solid (458 mg, 78%)H NMR (500 MHz, CDCJ) U
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8.11 (ddJ = 1.8, 7.7 Hz, 1H), 7.70 (dd,= 1.1, 7.9 Hz, 1H), 7.45q,J = 1.3, 7.5 Hz,
1H), 7.39({d, J = 1.8, 7.6 Hz, 1H), 3.47 (s, 1HEharacterization data acensistent with

literature®’

5 -Ni-((2-Bromophenyl)oxomethyiH-1,2, 3triazok1-yl) -5 -Neoxythymiding13)
o] CompoundL3was prepared frorh2 according taGP2
NH with - 300 mg (1.123 mmol) 5-Neoxy5-Nj

o azidothymidine. The reaction was complete aftdr 2

z—Z

by TLC analysis. Following washing thi H,O, the

organic material was dissolved in ME, adsorbed

onto Celit®, dry-loaded onto a column, and purified

by flash chromatography {00% MeOH in DCM/Hexane (1:1)). The product was
collected as a yellow foam (404 mg, 75%J. NMR (500 MHz,de-DMSO)tG 1 1. 30 ( s,
1H), 8.83 (s, 1H), 7.75 (dd,= 7.7, 1.1 Hz, 1H), 7.52 (n8H), 7.37 (d,J = 1.1 Hz, 1H),

6.17 (t,J = 7.0 Hz,1H), 5.51 (s, 1H), 4.81 (dd, = 4.5, 14.2 Hz, 2H), 4.72 (dd,= 7.6,

14.2 Hz, 1H), 4.30 (s, 1H), 4.15 (d= 3.9 Hz,1H), 2.21 (m 2H), 2.11 (m2H), 1.77 (d,)

= 0.7 Hz,3H). ®C NMR (126 MHzds-DMSO) & 187 .00, 163.56, 15|
136.02, 132.94, 132.00, 130.36, 129.41, 127.48, 118.55, 109.82, 84.10, 83.45, 70.67,
51.47, 37.71, 11.9HRMS was not acquired for this cpound.

1,4-Bis(1-(5 -Ngoxy5 -Niymidyl)-1H-1,2 3triazol-4-yl)benzeng14a)
OH 1,4Diethynylbenzene (43 mg,

‘ l 0.340 mmol) and 5-Ngoxy5-Nj
NWN \(U\ azidothymidine (200 mg, 0.748

mmol) were stirred in THF (4 mL) at

HO 50 °C until both reagents were
dissolved. Copper sulfatpentahydrate (85 mg, 0.340 mmol) astorbic acid (66 mg,
0.374 mmol) were dissolved in water (1.5 mL) and added to the THF solution. The reaction
mixture was sealed with a septum, purged withadd stirred under nitrogen atmosphere.
The reaction wasomplete by TLC analysis (3:1 hexanethyl acetate) and the produced
significant precipitation. The solid was collected by filtration, washed with water (~20 mL)
followed by MeOH (~20 mL) and dried to give the product as a light orange solid (216 mg,
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96%).'H NMR (500 MHz,ds-D MS O) (s, 2H), 8.601(s, 2H), 7.92 (s, 4H), 7.24 1d,

= 1.2 Hz, 2H), 6.19 (t) = 6.9 Hz, 2H), 5.53 (d] = 4.4 Hz, 2H), 4.77 (dd] = 4.6, 14.4

Hz, 2H), 4.69 (ddJ = 6.6, 14.4 Hz, 2H), 4.32 (m, 2H), 4.13 (&H), 2.18 (m2H), 2.13

(m, 2H), 1.69 (dJ = 1.0 Hz 6H). 13C NMR (126 MHz,deDMSO) i 164. 04,
146.52, 136.42, 130.52, 126.06, 122.76, 110.29, 84.31, 84.19, 71.00, 51.58, 38.36, 12.44.
HRMS' ESI (m/z) calc'd forCsoHs1N100s: 659.2332 found659.2327.

1,4-Bis(2-propyn1-yloxy)benzenedj)

\\ 1,4-Dihydroxybenzene (200 mg, 1.816 mmol) and potassium carbonate

x (1004 mg, 7.264 mmol) were stirred in DMF (2 mL), then propargy!
o~©—o bromide (80% w/w in toluene; 607 pL, 5.449 mmol) was added to the
x\ solution. The reaction wasomplete after h by TLC analysis (&

hexane: ethyl acetate), and the solvent was removed in vacuo. The crude
material was dissolved in ethyl acetate (20 mL) and washed with(Bk20 mL). The
organic material was adsorbed onto silica and the produetdelith a solution of 25%
EtOAc in rexane. The product was collected after evaporation as a pale yellow oil (248

mg, 73%. 'H NMR (500 MHz, CDC{) U 6. 93 ( 35244 ¥H), 2815 (d,

= 2.4 Hz, 2H).Characterization data acensistent witHiterature®®

1,4-Bis((1-(5 -Neoxy5 -Nijymidyl)-1H-1,2 3triazok4-yl)methoxy)benzenél4b)
3j (93 mg, 0.500 mmol) arel-Neoxy5 -Nj

HO
(0]
Q\\N\/i(\o \<\ENH azidothymidine (294 mg, 1.100 mmol)
N—
\
N

N>=O were stirred in THF (6 mL) at 5T until

= N=N, both dissolved
HN LN 0 oth reagents were dissolved. Copper
OH

© sulfate pentahydrate (125 mg, 0.501

mmol) and ascorbic acid (97 mg, 0.551 mmol) were dissolved in water (2 mL) and then
the aqueous solution was added to the THF solution. The reaction was complete after 1
hour by TLC analyis (3:1 EtOAc/hexane). The solution was diluted #®©H5 mL). The
precipitate was collected by filtration and washed with water (10 mL), then dried under
vacuum to give the product as a white solid (144 mg, 48BoINMR (500 MHz, ds-
DMSO) 0 2H),8.279s,2K)s7,34 (s2H), 6.94 (s4H), 6.17 (tJ = 7.0 Hz,2H),

5.50 (d,J = 4.3 Hz,2H), 5.06 (s4H), 4.73 (dd,J = 4.4, 14.3 Hz2H), 4.63 (dd,] = 7.5,
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14.3 Hz,2H), 4.28 (m2H), 4.09 (m,2H), 2.17 (m,2H), 2.10 (m,2H), 1.7 (s,6H). *C
andHRMS not available for this compouldie tolab closures as a result of the COVID

19 pandemic.

(5aR,6S,6aS)el-1,4,5,5a,6,6a,7;8ctahydrol-(5 -Neoxy5 -Nj
thymidyl)cyclopropa[5,6]cycloocta[1:8]-1,2,3triazole 6-methanol15)
o 5-Npoxy-5 -Hyidothymidine (50 mg, 0.187
ny  mmol) and (1R,8599)-Bicyclo[6.1.0]nor4-yn-

o 9-ylmethanol (34 mg, 0.224 mmol) were

\f(
N
dissolved in acetonitrile (1.5 mL) and water (0.5
o]
OH

N=
N\
H mL). The reaction was stirred at 4Q for 24h,
HO~, X after which the reaction mixture was adsamtb
directly onto Celit®, dry-loaded onto a silica column, and purified by flash
chromabgraphy (610% MeOH in DCM). The product was recovered as a clear residue,
and lyophilized to give a white, amorphous solid (45 mg, 57%). 2 diastereomers, 1:1 molar
ratio by *H NMR integration!H NMR (500 MHz,desDMS O) UG 11.29 (s, 2H)
7.27(s, 1H), 6.14 (app. td, = 2.6, 10.2 Hz, 2H), 5.76 (s, 2H), 5.47 (app. di¢;, 3.0, 4.3
Hz, 2H), 4.59 (app. tdl = 5.3, 14.7 Hz, 2H), 4.50 (app. ddbz= 2.7, 6.9, 14.7 Hz, 2H),
4.33 (m,2H), 4.27 (app. 9 = 5.3 Hz, 2H), 4.08 (q) = 5.3 Hz, 1H), 4.04s, 1H), 3.99
(m, 2H), 3.45 (app. q) = 4.2 Hz, 1H), 3.18 (app. d,= 5.3 Hz, 3H), 2.93 (m, 4H), 2.72
(m, 2H), 2.66 (m, 3H), 2.27 (m, 2H), 2.07 (m, 7H), 1.79 (app. d, 4.5 Hz, 6H) 1.49 (m, 5H),
0.96 (m, 2H), 0.79m, 4H).*C NMR (126 MHz,d-DMSO) & 164 . 07, 154.
143.94, 143.85, 136.51, 134.55, 129.03, 128.86.15, 98.90, 98.84, 84.79, 84.67, 84.27,
71.06, 57.77, 49.08, 49.04, 38.13, 26.00, 25.95, 22.92, 22.40, 22.28, 21.76, 21.63, 21.15,
19.31, 19.26, 18.90, 16, 12.47.HRMS i ESI+ (m/2) calc'd for CyoH27NsNaOs:
440.1904 found440.1898.

Phenoxyacetic acidLf)

Phenol (500 mg, 5.313 mmol) and potassium carbonate (2.2g, 15.939
o mmol) were dissolved in DMF (4 mL). To this solution was added ethyl
O\)LOH bromoacetate (648L, 5.844 mmol) and the mixture was stirred & °C.
The reaction was complete after hby TLC analysis, upon whictine reaction mixture
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was filtered The filtrate was stirred in 3 mL EtOH and 3 mL 7% aqueous KOH. Upon full
hydrolysis of the ester byLTC analysis, e ethanol was removed in vacuo, then 2M HCI
was added to the remaining aqueous solution dropwise until white crystals formed. Crystals
were collected by filtration to give the product (215 mg, 22¢4NMR (500 MHz, CDCJ)

a 7. B=28.0Hz, 2H), 7.03t,J = 7.4 Hz, 1H), 6.93 (d] = 7.9 Hz, 2H), 4.69 (s, 2H).

Characterization data acensistent with literaturé®

5 -Beoxy-5 -Blininothymidine 17)

0 5 -8} (p-Toluenesufonyl)thymiding(300 mg) was dissolved in a
NH  solution of methylamine (33% in EtOH). The reaction mixture was

INA

O purged with N and stirred, avered from light, for 48. The reaction

H
N \
d 0 was monitored by TLC (9:1 dioxane : MBH), and upon completion,

o the solvent was removedwacuo. The residue was dissolved in 5 mL
H-0O, filtered, and purified by column chromatography using achérged Dowes80ion
exchange resin (eluent =20% NHOH in HO). Fractions containing product were
concentrated in vacuo, then lyophilized to diveasafluffy, light yellow amorphous solid

(125 mg, 86%)Characterization data acensistent with literature®

5 -Ijl-(PhenoxyacetyDN-methylamino)s -Neoxy-thymidine(18)

A solution of phenoxyacetic acid (88 mg, 0.490 mm®l),
\fj\ (1H-benzotriazolel-yl)-1,1,3,3tetramethylaminium
©\O/Y ’&o tetrafluoroborate(TBTU) (200 mg, 0.627 mmol) and
diisopropylethylamine (DIPEA)239uL, 1.372 mmol) in
2-MeTHF (3 mL) and DMF (0.5 mL) was stirred at 23
oHt for 45 min, after which  5-Neoxy5 -Nj
methylaminothymidine (100 mg, 0.392 mmol) was added. The reaction was cobyplete
TLC analyss 3.5 h after addition of5 -Neoxy-5 -Blininothymidire, following which the
reaction mixture was poured into brine (20 mL) and extracted wile PHF (3% 20 mL).
The organic layers were combined, dried with MgSfiitered, and evaporated. The
residue wasidsorbed onto Celi® dry-loaded onto ailica column, and purified by flash
chromatography 00% MeOH in DCM) to give the product as a tan solid (38 mg, 25%).
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5.2. Procedure forConducting WaterLOGSY Experiments

5.2.1.Preparation of NMRSamples

Stock ®lutions of deuterated Tris buffer (1 MH adjusted to 7.5) and Mg{20 mM)

were made in distilled, deionized water. A stock solution of the compound to be tested (50
mM) was made ils-DMSO. A stock solution of Cps2L (1.44 mM in 50 mM Tris buffer)
waspreviously expressed and isolated (Seetion 5.3). NMR samples were prepared by

combining stock solutions in an Eppendorf tube along wi®,[and diluted in distilled,
deionized water to 65QL to the final concentrations: dTris: 100 mM, MgC2 mM,
Cps2L: 0.05 mM;de-DMSO: 5% v/v, compoundbttest: 2.5 mM, and #D: 10% v/v. For
solutions containing substrates dTTP or G1P, a stock solution of the substrate (50 mM)
was also added to a final concentration of 2.5 mM (1 equivalent) or 25 mM (10

equivalents)

5.2.2.DataAcquisitionandProcessing

Data was acquired using a Bruker 500 MHz NMR spectrometer. A-sapgaressionH

NMR spectrum of each sample was collected (16 scans) followed by a WaterLOGSY
spectrum (256 scans, mixing time = $)5Fourier trasformed data was phased such that
the dTis residual signal pointed upwards in all spectra, thus defining plhgspdaks as

Andn ndi ngd and phased down peaks as fAbindi

5.3. Microbiology Procedures
5.3.1.Preparation oBuffers andSolutions

LB media
Bio-tryptone (10 g/L), NaCl (1@/L), and yeast extract (5g/L) were dissolved in distilled,
deionized water. The pH was adjusted to 7.5 with NaOH (1 M) and HCI (1 M). The solution

was autoclaved before use.

LB agar
Agar (1.5 g) was dissolved in LB med0Q mL) and autoclaved. The sotut was cooled

to 50°C before 50 mg/mL kanamycin solution (100 pL) was added.

Lysis buffer
Glycerol (3 mL), Triton X100 (1 mL 10%) and wash buffer (16 mL) were combined in a

falcon tube and vortexed.

67



Wash buffer
NaHPQ; (20 mM), NaCl (300 mM) and imidazole (10 mM) were dissolved in distilled,
deionized water. The pH was adjusted to 7.5 with NaOH (1 M) and HCI (1 M).

Elution buffer
NaHPQ: (20 mM), NaCl (300 mM) and imidazole (250 mM) were dissolved in distilled,
deionizel water. The pH was adjusted to 7.5 with NaOH (1 M) and HCI (1 M).

Resolving buffer

Tris (1.5 M) was dissolved in distilled, deionized water. The pH was adjusted to 8.8 with
NaOH (1 M) and HCI (1 M).

Bis-acrylamide

Acrylamide (29 g) and N,hnethylenebisagtamide (1g) were dissolved in distilled,
deionized water (100 mL). The solution was protected from light and storé€at 4

Stacking buffer

Tris (0.5 M) was dissolved in distilled, deionized water. The pH was adjusted to 6.8 using
NaOH (1 M) and HCI (1 M

Tris-HCI
Tris (500 mM) was dissolved in distilled, deionized water. The pH was adjusted to 7.5
using NaOH (1 M) and HCI (1 M)olutions of TrisHCI at lower concentrationsere

diluted from this stockvith distilled, deionized water.

Loading dye
Glycerol (2 mL), SDS (6 ml.10%), stacking buffer (2.5 mL), andwepusBromophenol

blue( 4 2, 1% W/v) were combined and vortexed. The solution was separated into 100
eL aliquots and frozen. When rmezaptpethbnolr use.
(2%per 100 eL dye solution) was added.

SDS running buffer (10X)
SDS (10 g/L), Tris (300 g/L) and glycine (144 g/L) were dissolved in Millipore water. This
solution was diluted 10x to make the SDS running buffer (1X) used in gel electrophoresis.
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MOPS buffer

MOPS (500 mM) was dissolved in distilled, deionized water. The pH was adjusted to 7.5
using NaOH (1 M) and HCI (1 M). Lower concentrations of MOPS buffer were obtained
by diluting this solution in distilled, deionized water.

5.3.2.0verexpression of Cps2L

Cps2L wasproducedaccording to a previously reported procediira. glycerol stock of
BL21-DE3 competenE. coli harbouring plasmid pSK001 (coding for Cps2L) was grown
on LB agar plates containing kanamycin (50 pg/mL) at@7%or 18h. LBkan (LB media
coniining 50 pg/mL kanamycijr25 mL) was inoculated with a single culture isolated from
the agar platesing a stele loop, and the culture was grown overnight with shak2@0
rpm) at 37°C. Then,3 mL of the small growth solution was added to each ohSk#
containing 330 mL L& The large growths were incubated at°87with shaking, and
monitored by UWVis (600 nm) until an optical density (OD) of 8068 was observed
(approximately 3h) T h en, -iDsl-thpgalacppytanofide (IPTG) solutioBOQ
pL, 1 M) was added to each flagto a final IPTG concentration of 1 mM® induce
production of Cps2L. Thgrowths were incubated with shaki(@200 rpm)overnight at
18°C. The resulting solution was centrifuged (3700 rpm, 1 hot€)4and theesuting

cell pellet collected. The supernatant was discarded.

5.3.3.Cell Lysis
The cell pellet, isolated from the overexpression step, was added to a solution of lysis buffer

(20 mL),DNAse (1pg/mL, 20 yL)and lysozyme (10 mg). The mixture was stirred for 3
min at 0°C, and the resulting lysate sonicatec &s, 50% amplitude) usg a microprobe
sonicator (Autotune High Intensity Ultrasonic Processor, 750 W). The material was
centrifuged (13000 rpm, 1Bin, 4°C), and the supernatant collected. 200 uLthe

supernatant was set aside for analysis by gel electrophoresis.

5.3.4.Puification of Cps2L
A Hi-trap affinity HP column was primed by washing with 15 mL distilled water, then

charged with a aqueous solution of nickel (ll) sulfate (0.1, 15 mL) andwashed with
distilled water (15 mL). The column was loaded with the supanhatadlected from cell

lysis, then impurities removesith wash buffer(30 mL). The protein was eluted using a
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gradient of 10100% elution buffer in wash buffer. Fractions werdlexted and
concentrated using a Macrosep Advance centrifugal filtration deviced44Bmhin, 4 °C)
and stored at 2C.

5.3.5.Preparation of 0.1% SDBolyacrylamideGels (SDSPAGE) forProtein
Electrophores

Sodium dodecyl sulfate (SDS) polyacrylamidels were preparédising a 1 mm cast,
resolving gel solution, and stacking gel solution. The resolving gel solution was prepared
by combining distilled water (2.8 mL), resolving buff8{5 mL), SDS solution (100 yL

10% w/v), bisacrylamide solution (3. mL, 30% w/v), freshly prepared ammonium
persulfate (APS) solution (100 0% w/v) and tetramethylethylenediamine (TMEDA

15 pL). Immediately after addition of TMEDA, the solution vetisred briefly, then added

to the cast. The gel was covered withagelr of ethanol. The stacking gel solution was
prepared by combining distilled water (2.75 mL), stacking buffer (0.47 mL), SDS solution
(37.5 pL, 10% wl/v), bis-acrylamide solution (0.5 mL30% w/v), APS solution (20 pL
10%wi/v), and TMEDA (6 pL). Immediatly upon addition of TMEDA, the mixture was
stirred, the ethanol drained from the set resolving gel, and the stacking gel added to the
cast. A comb was inserted, and the stacking gelveliioto set at room temperature. The

compound gel was stored, sealedontain moisture, at 4C.

5.3.6.Analysis ofNickel ColumnFractions by SDPAGE
Fractions collected from the Nickel affinity chromatography column following addition of

elution buffer, as well as the aliquof cell lysatecollectedprior to enzymepurification,

were analyzed by SDBAGE to determine the presence and purity of the desired protein.
Samples were prepared in the following way: to a 500 uL Eppendorf tube was added a
sample of column fraction (2.5 uL), T+lCI buffer (20 uL, 10 mM) and preprepared
loading dye (5 pL). The tubes were vortexed briefly (a colour change from yellow to blue
was observed), then suspended in boiling water fanir8to promote denaturation of

proteins.

‘Acknowl edgement to Mr. Brendan Mc Keforhelp prgdingDr . Ker r

and running SD$AGE.
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The SDSPAGEgel was installed in the electrophoresis apparathsh was filled
with SDSPAGE running buffer (1X). Prepared fraction samples were loaded into the wells
of the gel (20 pL each), alongside commercially available prestained siapddein
ladder (New England Biolabs, 245 kDa). A voltage of 150V waapplied for 1 hour,
monitored by the progress of the bromophenol blue indicator. The gel was washed with
distilled water, and the bands visualized by overnight staining with coraiteevailable

EZBl ueE gel staining reagent.

5.3.7.Collection,Dialysis,Analysis, andstorage ofProteinContainingFractions

Clean fractions, as indicated by a single band in the corresponding lane of the
polyacrylamide gel, were combined and concemd using a Macrosep Advance
centrifugal filtration device (47@) 45min, 4 °C). The concentrated protein solution was
diluted to 15 mL with 25 mM Tri¢dCI buffer, then recentrifuged. The process was
repeated 3x to replace the phosphate buffer withH@$ buffer. Theconcentration of
Cps2L in TrisHCI bufferwas determined byV-Vis analysig280 nm) using areviously
determineckxtinction coefficient of 29300 Ncm.%8 The protein solution was separated
into 400 pL aliquots and stored -at0 °C. When inuse, an aliquot was thawestored at

4 °C, and used for up to a monthliquots were not refrozen once thawed.
5.3.8.0verexpressiorRurification, andAnalysis ofHumanPurine Nucleoside
Phosphorylase (hPNP)

The enzyme, hPNP, was obtained following skaene general procedure as with Cps2L,

but using an extinction coefficienf 89800 Mlcm® to determine final concentratich.

The concentted solution of hPNP contained excesssPQvhich interfered with the
coupled enzyme assay, and was repurified by nickel affinity column chromatography using
wash buffer and elution buffer prepared from G| instead of phosphate buffeéfter
concentation by centrifugation, the concentration of protein was once again determined,
then the solutiomvas separated into 400 L aliquots and stored@tC. When in use, an
aliquot was thawed and stored &Gl Aliquots were not refrozen once thawed.

5.39. Preparation of Xanthine Oxidase (XO) and Inorganic Pyrophosphatase (IPP)

Microbial XO and recombinant IPP were obtained from Sigma Aldrich. Stock solutions of

IPP were made in Millipore watdrom a lyophilized powder containing buffer safis
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EU/uL) and were stored in 400 pL aliquots-&0°C. XO stock solutions (591 uM) were
made in 25 mM TriddCl from lyophilized powder containing BSA and glutamate as
stabilizersand were stored in 400 pL aliquots&® °C. Once thawed, aliquots were stored
at 4°C and used for up to a month after thawing. IPP was diluted to O dLER 25 mM

Tris-HCI before use in the coupled assay.

5.3.10.Dialysis ofEnzymes in {N-morpholino)propanesulfonic acid (MOPBuffer
Cps2L, IPP, XO and hPNP were dialyzed in MOPSdpuftie to the potential interference
of Tris-HCI with binding of iminoboronates. A P&-Ly zer E  Ma X | Di al ysi

utilized, with PURX60015 dialysis tubes. The tubes were primed by soaking in distilled
water for 5min, then each tube was loaded withheitCps2L, IPP, XO, or hPNP enzyme
solutions in TrisHCI (approx. 2 mL). The tubes were suspended in stirred MOPS buffer
(1 L, 50 mM) for 3h. Each solution was analyzed by WS before and after dialysis (280
nm for Cps2L, IPP and hPNP, 450 nm for XOgtesure no change in concentration had
occurred. Each enzyme solution was separated into 400 pL aliquots and st@@tCat
When used for enzyme assays, the solutions were storé€artl used for up to a month

after thawing.

5.4. Procedure forConducting the Coupled Enzyme Assay
5.4.1.GeneralNotes forthe UV-vis Assay

Assays were performed in 9%ell plates, monitored spectrophotometrically using a
SPECTRAmMax Plus Microplate Reader spectrometer, with SoftMax Pro version 4.8
software. Measurementsexe acquired with irradiation of the wells at 290 nm, and data
was acquired every 5 for 300 s. Nortlinear regression analysis was performed with
Microsoft Excel, using the Solver plugin.

Stock solutions of MgGI(500 mM), inosine (20 mM), G1P (20 mM) abdffer
(Tris-HCI or MOPS) (500 mM) were prepared from distilled, deionized water Q¥
solution of 70% DMSO in water was also prepared inzZdtbolutions of enzymes Cps2L
(351 uM), hPNP (163 pM), XO (591 pMand IPP (0.1 EU/uL) were prepared ascdesd
in Chapter 5.3All solutions were stored at°L.

2 -Ngoxythymidines -Njphosphate (dTTP) stock solution (20 mM) was prepared in
ddH0 and the pH adjusted to 7.5. This solution was stored@tfdr up b a week. From
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this stock solution were ppared dilutions (either 20, 40, 60, 80, 100, 200, 300,880
or 15, 18, 24, 35, 60, 100, 200, 300 uM) in d@HFresh dilutions were prepared daily.

5.4.2.Determination of Cps2Kinetic ParameterdVith Varying[dTTP]

To an Eppendorf tube was added steolutions of buffer (TrigHCl or MOPS) (60 pL),
inosine (60 pL), G1P (60 pL), Mgel14 pL), IPP (15 pL), hPNP (7.5 pL), XO (3 uL)
70% DMSO solution (96 pL) and ddB (134 pL). The tube was sealed and inverted

several times, then 45 pL of this solution svadded to each of 8 wells containing 60 pL

of dTTP at different dilutions. The resulting solutions wereipceibated for Smin. An
intermediate, 10@old dilution of Cps2L stock was made in 25 mM buffer (€Il or
MOPS), then from the intermediate ditn, a further 4€fold dilute solution was made in
25 mM buffer. This solution (406fdld dilute overall) was added to the 8 wells (15 pL
each) using an Eppendorf Repeater M4 Pipette. Immediately upon addi@pszif, UV
measurements were acquired. Tinal concentration of each component in each well was
as follows: buffer: 25 mM, inosine: 1 mM, G1P: 1 mM, Mg®&.8 mM, IPP: 1.25 EU/mL,
hPNP: 1 uM, XO: 1.5 uM, DMSO: 5.6%, dTTP (varied) and Cps2L: O\l

The data acquired gave curves of increasiogpebance over time. The slopes of
the initial, linear regions of these curves were recorded as the rate of reaction (mAu/min).
A MichaelisMenten curve was produced by plotting the measured rates against the
corresponding concentration of dTTP, and theielisMenten equation was fit to the

data in order to extract kinetic parameters.

5.4.3.Determination ofnhibition Parameters oBynthesizedCompoundsAgainst Cps2L

Inhibitor compounds were dissolved in a san of 70% DMSO in ddbD to make stock
solutions (10 mM).

The assay was run in the same way as in the determination of Cps2L kinetic
parameters, except that inhibitor was added to the initial mixture of stock solutions (see
Table 5.1). Generally, 4 assays were run simultaneously, measuring teesetif 3
different inhibitor concentrations, plus an assay where zero inhibitor is present.

All rate data were plotted against the corresponding concentration of dTTP. Models
were fit to the dia to estimate the mode of inhibition (Excel sheets are iedlual

appendices for each compound and inhibition model).
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Table5.1: Volume of inhibitor stock solution added to effect a corresponding findbitehiconcentration
in enzyme assays.

Final concentration (inhibitor) (uM) Volume (inhibitor) Volume (70% DMSOQO)
(L) (L)
800 96 0
600 72 24
400 48 48
300 36 60
200 24 72
100 12 84
50 6 90
25 3 93
10 1.2 95

5.4.4.Determination offime-Dependentnhibition by PotentiatCovalentl nhibitors

Dilutions of 10 nM stock inhibitor were prepared accordingTable5.2 60 pL of each
solution were added to wells.
To an Eppendorf tube was added MOPS buffenu6) inosine (60uL), G1P (60
uL), MgClz (14 pL), IPP (15 pL), XO (3 pL), hPNP (7.5 pL), dTTP (9 pL), andHd®
(221 pL). 45 pL of this solution was added to each well, and the resulting solutions were
incubated for Gmin. A 4000fold dilution of Cps2L in MOPS buffer wagrepared as
described above, through an intermediate-fodd® dilution. 15 pL of this solutn was
added to each well using a repeater pipette. Measurements were acquired for an extended

period (730 min, depending on the individual experiment).
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Table5.2: Standard dilutions of stock inhibitor pr@pd to evaluate the tirgependent inhibition of

Cps2L.
Ct (stock) Crassay) Vinh £08 & V70%DMSO/H20 VH20 Vit (€L
(e M) (e M) (el) (el)
0 0 0 20 480 500
40 20 2 18 480 500
80 40 4 16 480 500
120 60 6 14 480 500
160 80 8 12 480 500
200 100 10 10 480 500
300 150 15 5 480 500
400 200 20 0 480 500
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Chapter 6. Conclusion

The work reported in this thesis has represented the first deliberate effort by the Jakeman
group to synthesize and evaluate a library of thymidine derivatives as potential inhibitors
of Cps2L. We have successfully synthesized 15 compounds, comprisiad saaffolds
(bearing triazole and amide linker moieties), and varied warhead functionalities (bearing
aldehyde, nitrile, and-6ABA groups). The major goal of this project was to bgsize
thymidine derivatives which covalently modify lysine residuesugh formation of an
iminoboronate. Two compoundéa and 4b, have the theoretical potential to react with
lysine in this manner, although they bear BPin groups rather than boratsc aci

Of the synthesized molecules, four were evaluated for their atailiynd Cps2L
using WaterLOGSY NMR. This experiment indicated that each of the evaluated
compounds4c, 4f, 15 and 18) bound Cps2L in the absence of the substrate, dTTP. Of
those 4cand 4f both bound in the presence of both equimolar and excess dTTst8ngg
that the scaffold that both compounds bear (i.e. thesubétituted triazole) allows the
compounds to participate in a uniqgue mode of binding compared to the other two.

Of the synthesized molecules, nine were evaluated for reversible inhibition of
Cps2L @a, 4b, 4d, 4¢, 4f, 4q, 7, 8, and10q). Of these, all but nitrildearing compoun8
demonstrated inhibition against Cps2L, although nitvéaring compoundég and7 gave
weakinhibition relative to the other tested compounds. The most potentocoug tested
were 4f, bearing a paraubstituted arylboronic acid warhead, atd] bearing a meta
substituted aryl aldehyde warhead. Kinetic models representing four modes of reversibl
inhibition were developed to account for the subsirdtdition by dTTP, and using these
models, preliminary estimates of binding modes were determined for each compound.

This work is exploratory in nature, and begins to probe the complex system that i
the reaction of thymidylyltransferase enzymes; as sucbncludes little but provides
much direction for future research. Due to the current global pandemic and halting of
research efforts, we were unable to complete the synthesis of the initiactargeiunds,
5aand5h. Kinetic assay results suggest tbatnpoundamay be a highly potent inhibitor,
as the two highegiotency inhibitors tested{ and4f) bore the constituent functionalities
present in5a. Similarly, our data acquisition of WaterL@&% and kinetic assaywas
incomplete, leading to gaps our understanding of whether and how the compounds of
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interest bind. For example, there was no overlap in compounds tested by WaterLOGSY
NMR and those evaluated for kinetic inhibition, except4bwhose kinetic parameters
and thus mechanism of binding menot ascertained.

As mentioned, the reaction (and inhibition) of Cps2L is a complex system. Natural
thymidine derivatives are known to bind both the active and allosteric sites of the enzyme,
giving rise to substrate inhibition among other effects, winiely explain our conflicting
WaterLOGSY and kinetic assay data. While all compounds bind Cps2L in the absence of
dTTP according to WaterLOGSY studiegdicating a potential competitive mode of
inhibition, none of the compounds assayed for reversibleitidribndicated a preference
for competitive inhibition Instead, some compoundsgave a strong preference for
uncompetitive inhibition, which should theoretically preclude binding of the substrate
unbound enzyme. In order to elucidate the mechanism obractf these compounds,
further studies by WaterLOGSY NMR and acquisition of consistent kinetic data will be
necessary. Future work may include mutation of certain residues within the active or
alloseric sites of Cps2L, which may influence binding at eittsite and aid in
determination of binding mechanisms. Further studies may also incluztgstallization
of the inhibitors with Cps2L. We are curre
resarch group at the University of Wisconditadison, who hae previously reported
crystal structures of RmIA frorvlycobacterium tuberculosiand whom we have sent
several synthesized compounds, (4g, 7, 8, 10a 14a 14b, and15). Once university
operatiors reopen, obtaining the crystal structures of our comgsifhopefully) binding
RmIA will certainly elucidate the binding modes.

Finally, developing a robust method for probing covalent modification of the
enzyme will be valuable for future compounds whigtay exhibit timedependent
inactivation of Cps2L. Currely, all of the inhibitors with the potential to covalently
modify the lysine residues of Cps2L (i.e. aldehyde as#i€ABA bearing compounds
demonstrate fast, reversible inhibition. It will be impottto distinguish this alternative
mode of covalent indiwation, if it is present, in order to fully understand the system.
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APPENDIX Atdentity Matrix Comparing Peptide SequencesHom Various
RmIA Homologues

Percent Identity Matrix created by Clustal2.1

Number GenBank % identity % identity % identity % identity

no. ) (2) 3) (4)
1. CRH14180.1 100.00 58.68 58.33 61.11
2. ADR74236.1 58.68 100.00 66.44 63.45
3. AVN85499.1 58.33 66.44 100.00 67.13
4. ARU35951.1 61.11 63.45 67.13 100.00

Legend: 1. RmIA fromMycobacterium tuberculosi®: RmIA from Escherichia coli 3:
Cps2L fromStreptococcus pneumonjae RmIA fromPseudomonaaeruginosa
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APPENDDB: CharacterizatiorData for Final Compounds andCertain
SynthesizedIntermediates

D@ A o -

Lol sl ol ol el ol ol o o -

NN N |

10.6

! © © 0 0 4238
NN
| |
[\
o_ o
B 0
I | H
“ ] I I ‘ I
l .
OH
N 7.8 7.6 7.4 7.2 ppm

105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 ppm

H NMR spectrum(500 MHz,CDCls) of 2-formyl-4-hydroxyphenylboronic acid pinacol
ester a)

o ) - m o o
o -« n -« - o ~ 0
. : 3 ™ ®
I ® ” © o m . .
o n - ™M § -« -
= = - s @ o
|
/ \
(s} (o]
Fli o
OH
cpcl3
L ‘ ‘ ’
T T T T T T T T T T T T T T
220 200 180 160 140 120 100 80 60 40 20 o ppm

86



13C NMR spectrum(126 MHz, CDC$) of 2-formyl-4-hydroxyphenylboronic acid pinacol
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H NMR spectrum (500 MHzZJs-DMSO) of4d.

13C NMR spectrum (126 MHzs-DMSO) of4d.
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