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Abstract 

The inhibition of thymidylyltransferase enzymes has long been studied as a potential 

avenue for antibiotic development. Several thymidine derivatives were designed, 

synthesized, and evaluated for binding and inhibition against Cps2L, a 

thymidylyltransferase enzyme present in the bacteria Streptococcus pneumoniae. 

Compounds that were evaluated via WaterLOGSY binding studies indicated binding. 

Furthermore, most compounds demonstrated reversible inhibition, with many of those 

displaying Ki values within micromolar ranges. Compounds 4d and 4e bearing aldehydes, 

and compounds 4a and 4b bearing ortho-formylarylboronic acid pinacol esters, have the 

potential to covalently modify lysine residues at the active site of Cps2L. Particular potency 

was observed from compounds 4d and 4f; structure-activity relationship studies with these 

compounds may provide future directions for the iterative design of these inhibitors. 
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Chapter 1. Introduction 

1.1. Background 

Streptococcus pneumoniae is an infectious Gram-positive 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 meningitis, depending on its location of 

residence within the human body.1 S. pneumoniae has been long known as an antibiotic-

resistant strain,2 with clinical resistance to penicillin reported as early as 1965.3 This 

antibiotic resistance is likely due in part to its natural competence,1 i.e., its ability to uptake 

external plasmids in order to modify its own genome. S. pneumoniae has evolved a vast 

arsenal of mechanisms to deal with a variety of antimicrobials, including modifying target 

proteins to decrease their affinity for the antibiotic (as in ɓ-lactams), or developing 

improved efflux mechanisms to flush out the undesirable compound (as in macrolides).4
 

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 streptococci.4 

Antibiotic resistance is a force to be reckoned with, and appears at the forefront of 

modern medical research.5 The issue has been exacerbated by misuse of antibiotics, both 

in medical cases such as over- and mis-prescribing6 and in agriculture, where resistant 

bacteria are spread to soil, water, and humans through consumption and waste run-off.7  

The World Health Organization now considers antibiotic resistance to be one of the overall 

greatest threats to human health.8 It is, therefore, essential that new antibiotics are 

developed with novel targeting strategies and mechanisms of action.9 

1.2. Rhamnose Biosynthesis as a Therapeutic Target 

Rhamnose is a sugar commonly found in bacteria, serving varied functions dependent upon 

the bacterial species. Rhamnose is biosynthesized from glucose and is responsible for the 

viability and virulence of several pathogens, including S. pneumoniae, strains within the 

Pseudomonas and Mycobacterium genera, and others.10 In streptococci, rhamnose plays a 

significant structural role in the capsular polysaccharide, which replaces teichoic acid 

polymers in the cell wall.10 Critically, while rhamnose is found in bacteria and plants, it is 

not known to be produced, used, or metabolized by humans.11 The rhamnose biosynthesis 
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pathway is, therefore, an attractive target for new antibiotics, as sufficiently selective drugs 

are less likely to interfere with human metabolic processes. 

Biosynthesis of rhamnose from Ŭ-D-glucose-1-phosphate (G1P) follows a 4-step 

process (Scheme 1.1),12 catalyzed by enzymes generally named RmlA-D. In the first step, 

RmlA catalyzes the transfer of thymidine monophosphate (dTMP) onto G1P to form 

dTDP-Ŭ-D-glucose (dTDP-glucose) with the release of pyrophosphate from the thymidine 

triphosphate (dTTP) substrate. RmlB, in conjunction with coenzyme NAD+, oxidizes the 

4ǋ-hydroxyl to the corresponding ketone, followed by dehydration at the 6ǋ carbon. RmlC 

performs a double-epimerization to obtain the ring-flipped sugar with opposite 

stereochemistry at the 3ǋ and 5ǋ carbons, then RmlD reduces the ketone at the 4ǋ position to 

afford dTDP-ɓ-L-rhamnose (dTDP-rhamnose), the formal building block of rhamose-

containing polymers in bacteria.9 dTDP-rhamnose performs a secondary function, acting 

as a feedback-loop inhibitor of RmlA by binding at its allosteric site. 

 

Scheme 1.1: Biosynthesis of dTDP-ɓ-L-rhamnose. 

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

inhibit the biosynthesis of rhamnose; in fact, substrate analogues may well inhibit more 
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than one simultaneously. We have chosen to direct our focus to RmlA; specifically, the 

homologue of RmlA found in S. pneumoniae, named Cps2L. Cps2L has been the subject 

of in-depth study in the Jakeman lab in the past,13ï15 and therefore serves as a reasonable 

starting point for this project. Furthermore, Cps2L has a high degree of homology with 

corresponding RmlA enzymes from other bacterial strains, demonstrating, for example, 

67% amino acid identity with RmlA from Pseudomonas aeruginosa.a Therefore, potent 

inhibitors of Cps2L may also inhibit RmlA enzymes from other pathogens, thus acting as 

broad-spectrum antibiotics.  

 

Scheme 1.2: Mechanism of the physiological reaction catalyzed by Cps2L. 

1.3. Targeting Cps2L 

The mechanism for the reaction catalyzed by Cps2L is shown in Scheme 1.2. A logical 

first step in designing inhibitors of an enzyme is to derivatize one of the natural substrates 

(and/or, as the case may be, natural inhibitors) of the enzyme. The Jakeman group has thus 

far focused largely on developing analogues of G1P13ï15 but has only done preliminary 

work in determining the inhibition of Cps2L by molecules bearing a thymidine moiety.16 

In the latter study, analogues of the product, dTDP-glucose, were synthesized with a 

varying number of phosphate units (see Figure 1.1). They determined that a 4-phosphate 

linker led to the most potent inhibitor, which informs us that the enzyme will accept, and 

potentially prefer, a larger molecule than the product, dTDP-glucose. With this in mind, 

herein we report the first in-depth study focusing on thymidine derivatives as inhibitors of 

 
a The amino acid sequences from Cps2L from S. pneumoniae (GenBank no. AVN85499.1) and RmlA from 

P. aeruginosa (GenBank no. ARU35951.1) were accessed from the NCBI Protein Database and compared 

using Clustal Omega alongside those of RmlA from E. coli and M. tuberculosis.70 See Appendix A. 
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Cps2L, which are expected to impart improved selectivity for thymidylyltransferases (i.e. 

RmlA) over other enzymes.  

 

Figure 1.1: Inhibitors previously synthesized by the Jakeman group. Compounds 2, 3, and 4 bear a thymine 

base. Figure adapted from Smithen et al. 2015.16 

Cps2L, as well as all other RmlA homologues, has a tetrameric quaternary structure 

(see Figure 1.2), where each monomer bears an active site and an allosteric site (where the 

aforementioned dTDP-rhamnose binds as a feedback inhibitor). Cps2L has been 

sequenced, and through comparison with RmlA of Pseudomonas aeruginosa,17 the amino 

acid residues present in the active site that are relevant for binding of substrates have been 

determined. The thymidine imide moiety participates in H-bonding with a proximal 

glutamine residue,18 but no residues directly participate in catalysis. Therefore, when 

designing active site inhibitors, we seek to optimize interactions between the inhibitor and 

noncatalytic residues, with the hope that this will produce a molecule with a higher binding 

affinity than the substrate for which it is an analogue, dTTP. 

One way to increase the binding affinity is to incorporate a functional group 

ñwarheadò, a moiety on the inhibitor which can covalently modify a residue of interest. 

Covalent protein modification has been used extensively not only for inhibition studies, 

but also for tagging proteins (with, for instance, fluorophores for observation using 

fluorescence microscopy). The most common amino acid target is cysteine, a residue with 

a highly nucleophilic methanethiol sidechain, which will readily undergo reactions with 

soft electrophiles such as maleimides,19 alkyl halides20 or acrylamides.21 Cysteine targeting 

has been used to great effect in some cancer drugs, where mutations often lead to acquired 

cysteine residues in proteins.22 However, cysteine has a low natural abundance (<2%)19 
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and electrophiles that interact with cysteine may also be subject to nucleophilic attack by 

glutathione, which is ubiquitous in living systems.19 

  

Figure 1.2: Crystal structures of RmlA homologues. Left: ribbon structure of RmlA,(P. aeruginosa) 

binding dTTP (green) and G1P (black) at the active sites, and dTDP-rhamnose (magenta) at the allosteric 

sites.18 Each monomeric unit is indicated in red, dark blue, yellow, and light blue. Right: active site of 

RmlA (M. tuberculosis) binding dTDP-glucose. The location of the active site lysine residues are indicated 

(note the specific residue numbers vary between homologues).b 

The active site of our enzyme of interest, Cps2L, does not contain cysteine residues, 

but fortunately does contain another nucleophilic residue: the alkyl amine, lysine. There 

are two lysine residues (K23 and K160) in the active site of Cps2L, which are conserved 

across RmlA homologues (albeit in slightly different positions, see Figure 1.2).  Lysine is 

a harder nucleophile than cysteine,21 and is known to interact preferentially with harder 

electrophiles such as sulfonyl chlorides or isothiocyanates.19 Lysine is basic (pKa~10.5), 

and is thus usually protonated under physiological conditions. It is only nucleophilic when 

neutral, as in an enzyme binding pocket where bulk water may be excluded; therefore, 

electrophiles targeting lysine may be less likely to experience off-target binding events, as 

covalent modification is more likely to occur within the site of interest. Several studies 

have been performed to assess the reactivity of lysine with various electrophiles such as 

sulfonyl fluorides, acrylates and acrylamides, dichlorotriazines, and others.23 Many of 

 
b Figure generated by Dr. David Jakeman using ICMbrowser from RSCB Protein DataBank entry no. 

6B5E.71 Crystal structure acquired by Holden et al.49 
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these functional groups have been used in the synthesis of potent irreversible enzyme 

inhibitors.24 

While irreversible covalent modification is a powerful tool for enzyme inhibition, 

it comes with a significant drawback, which is that off-target binding is also irreversible, 

and may lead to more severe side-effects in a drug.25 It is thus desirable to maintain a degree 

of reversibility in the binding mechanism. In that case, theoretically, a selective reversible-

covalent inhibitor will bind the target enzyme with a high degree of affinity due to non-

covalent interactions, and the covalent modification will strengthen the association. 

Conversely, in an off-target binding event, a lower affinity between the inhibitor and 

enzyme, due to the absence of specific noncovalent interactions, would promote 

dissociation via reversal of the covalent reaction. One such covalent interaction could be 

achieved through conjugation of lysine with a ketone or aldehyde, to form an imine26 (see 

Figure 1.3a). In an aqueous environment, this interaction is easily hydrolyzed, making it 

effectively reversible. Despite this, a study performed by Neri et al. demonstrated that high 

affinities can be achieved between lysine and aryl aldehydes if the electronic properties of 

the aryl aldehyde are appropriately tuned.27 However, as aforementioned, lysine 

nucleophilicity can vary in aqueous environments, and in some cases the reaction may 

favour the reverse direction (hydrolysis), negating the benefits of the covalent interaction. 

Improved binding and stability of the adduct28 has been observed when a proximal boronic 

acid is installed in range of the carbonyl,26 such that the imine is stabilized by a dative bond 

into the boronic acidôs empty p-orbital (see Figure 1.3b). Such an interaction, termed an 

ñiminoboronateò, is the only prominently employed reversible covalent modifier of lysine 

in the literature today,26ï28 and is the subject of this study. 

 

Figure 1.3: a) Reversible formation of an imine by reaction of an amine and a carbonyl. b) An example of 

an iminoboronate (boron-stabilized imine) formed from an amine and 2-formylphenylboronic acid. 
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1.4. Research Aims 

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 achieved by linking an ortho-formylarylboronic acid warhead to thymidine 

through various linker functionalities. 

2) Evaluate the binding potential of these molecules through WaterLOGSY NMR, an 

NMR technique which can be used to characterize ligand-macromolecule 

interactions. 

3) Evaluate the inhibitory activity of these molecules against Cps2L by employing a 

coupled enzyme assay previously reported by the Jakeman group.29 

4) Confirm proposed binding events using X-ray crystallographic studies. 
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Chapter 2. Results and Discussion of the Synthesis of Inhibitors 

2.1. Targeting Iminoboronate-Forming Thymidine Derivatives 

The target compound for reversible covalent inhibition of Cps2L is shown in a general 

form in Figure 2.1a, where X represents the linker between the ortho-formylarylboronic 

acid (o-FABA) and thymidyl moieties. We considered several options for X, and decided 

to pursue linkage via 1,4-substituted 1,2,3-triazole (Figure 2.1b) due to its ease of synthesis 

from the correspondingly substituted azide and alkyne. The retrosynthesis for this type of 

compound is shown in Scheme 2.1, where the azide is first installed at the 5ǋ-position of 

thymidine, and the alkyne on the o-FABA.  

 

Figure 2.1: a) General structure of iminoboronate-forming target compounds, where X = various linker 

functionalities; b) iminoboronate-forming compound with a 1,4-substituted triazole linker. 

 

Scheme 2.1: Retrosynthetic analysis for triazole-linked compounds. 
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Scheme 2.2 shows the synthesis of two constitutional isomers we targeted with this 

strategy. The first step involved the installation of a pinacolboronate (BPin) group through 

a Miyaura-type cross-coupling based on conditions reported by Sella et al.30 to make 

compound 2. This was first performed on a to prepare compound 2a. Prior to optimization 

of the reaction, we observed poor conversion to the desired product by NMR analysis of 

reaction mixtures, in addition to low isolated yields, indicating that the reaction was 

inefficient under the reported conditions. Furthermore, monitoring the reaction by TLC 

proved challenging due to overlapping spots and streaking on the TLC plate with simple 

eluent systems (e.g. ethyl acetate / hexanes). I determined that a solvent system of 10% 

EtOAc, 45% hexanes, and 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 excess of B2Pin2 (1.8 equivalents) led to cleaner conversion. After 

optimization of reaction conditions and purification steps, compounds 2a and 2b were 

acquired reliably in excellent yields.  

 

Scheme 2.2: Synthesis of triazole-linked iminoboronate-forming inhibitors 4a and 4b, en route to target 

compounds 5a and 5b. 
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The next step, the SN2 reaction of compounds 2a and 2b with propargyl bromide, 

has been well-reported,31ï33 and following the reported methods gave compounds 3a and 

3b in fair yields, although complete conversion to the ether was observed by TLC analysis. 

Loss of material was attributed to the workup by extraction, wherein the Lewis-acidic 

boron has an affinity for the aqueous phase, made basic by residual K2CO3. This was the 

case even after back-extraction of the aqueous phase with organic solvent. Preliminary 

attempts to improve the yield of 3a/b by neutralizing the aqueous layer led to some 

decomposition of the material as observed by TLC analysis, and, therefore, was not further 

pursued.  

5ǋ-Azido-5ǋ-deoxythymidine (1) was used as the azide component for the triazole-

formation reaction, and was synthesized from 5ǋ-tosylthymidine, a commercially available 

electrophilic thymidine species, based on literature procedures.34,35 Some optimization of 

the purification method was required to improve the yield of this reaction. The reaction 

solvent, DMF, needed to be removed in vacuo prior to extraction, as the product is partially 

water-soluble and would partition into the aqueous phase if any residual DMF was present 

during the extraction step. 2-Methyltetrahydrofuran (2-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 solubility of 1, the 

aqueous phase was supplemented with sodium sulfate to promote salting out of the 

product,36 and was thoroughly extracted in order to optimize the yield. Using this method 

provided 1 reliably, cleanly, and in near-quantitative yield without further purification.  

The Copper-catalyzed Azide-Alkyne Cycloaddition (CuAAC) reaction (to convert 

3 to 4, see Scheme 2.2) is often employed for the selective formation of 1,4-substituted 

triazoles, from correspondingly substituted azides and alkynes.37 The active copper (I) 

species is usually obtained by combining a copper (II) species with a 1-electron reducing 

agent such as sodium ascorbate, and these conditions have been used to great effect with 

5ǋ-azidothymidine and various alkynes.35,38,39 We employed these conditions successfully 

on several aryloxy-substituted terminal alkynes (to be discussed later), and attempted to 

use them to react 1 with 3a or 3b to make compound 4a/b. Under those conditions, the 

triazole was formed as intended, but the BPin was lost through protodeborylation. This 

result was attributed to the propensity of copper to cleave C-B bonds through insertion.40 
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Teichert et al.41 circumvented this issue through the use of 

tris(benzyltriazolylmethyl)amine (TBTA), a coordinating ligand42 which inhibits C-B 

insertion by copper (I) due to steric bulk of the coordination complex. The presence of 

TBTA also provides the benefit of requiring less copper, as the coordination complex helps 

stabilize the copper (I) species43 (Figure 2.2), and increases the rate of catalysis due to 

electron donation from the tertiary amine nitrogen.44 We were successful in applying the 

conditions of Teichert et al. to the reaction of 3a/b and 1 to form 4a/b, and although several 

new spots were observed when the reaction was monitored by TLC, 1H NMR analysis of 

the crude material showed complete and exclusive conversion to the desired product. 

However, purification by silica gel chromatography (0-20% acetonitrile in DCM) provided 

the protodeborylated product (i.e. compound 4d, see Scheme 2.3) which suggested that the 

product was unstable on silica. Fortunately, we determined that the product could be 

purified by precipitation from DCM, and consequently, this method was used to access 4a 

and 4b (Scheme 2.2). 

 

Figure 2.2: Copper (I) ï TBTA coordination complex. 

The final step to access the target compound (5a or 5b) involves hydrolysis of the 

BPin ester to its corresponding boronic acid. The Jakeman group has previously had 

success deprotecting a BPin group (unpublished results) using methylboronic acid through 

a transesterification reaction reported by Hinkes et al.45 The volatility of the reagents and 

byproducts theoretically removes the necessity for chromatographic purification which, as 

previously mentioned, leads to protodeborylation of these products. We applied the 

reported conditions to 4b with 5% trifluoroacetic acid (TFA) relative to the solvent, THF, 

and increasing the proportion of MeB(OH)2 from 5 to 10 equivalents. Consumption of the 

starting material was observed after 3 days by 1H NMR analysis of the reaction mixture, 

although some side products were present as indicated by several peaks in the aldehyde 

region of the spectrum. Therefore, unfortunately, purification could not be performed 

simply through evaporation of volatiles. However, a single product (as indicated by 1H 
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NMR analysis) was isolated from the mixture with relative ease by washing the solid with 

THF followed by DCM, as the boronic acid is less soluble in organic solvents than the ester 

precursor. However, the expected 3ǋ-hydroxyl signal of the deoxyribose ring was not 

observed in the 1H NMR spectrum of the purified material (Figure 2.3a). Given that the 

reaction is acid-catalyzed, a plausible outcome was that the 3ǋ-alcohol had reacted with 

TFA to form a trifluoroacetate ester. To confirm this hypothesis, a 19F NMR spectrum was 

acquired (d6-DMSO, 500 MHz), and a singlet was observed at -74.4 ppm (Figure 2.3b), 

which is a chemical shift consistent incorporation of the proposed trifluoroacetate ester. 

Comparison to a standard sample of TFA in d6-DMSO showed a difference in chemical 

shift of -1.1 ppm, indicating that the signal was not merely residual TFA.  

Due to this result, we sought alternative reaction conditions to cleave the BPin 

esters of 4a and 4b, as an additional deprotection step to remove the TFA ester was not 

desirable. The work by Hinkes et al. demonstrates that aqueous base can be used instead 

of TFA for the BPin deprotection.45 These conditions, when applied to compound 4b, 

showed some conversion to the desired product, 5b (as observed by NMR analysis of the 

reaction mixture) however, at the time of writing, neither of the target compounds 5a or 5b 

have been isolated. 

 

Figure 2.3: a) Comparison by 1H NMR (d6-DMSO, 500 MHz) of 4b (lower spectrum) and 6b (upper 

spectrum). b) 19F NMR spectrum (d6-DMSO, 471 MHz) of 6b. 
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2.2. Synthesis of Other Thymidine Derivatives for Cps2L Targeting 

During optimization of the synthesis of iminoboronate-forming targets, we were successful 

in developing a library of compounds for a preliminary structure-activity relationship 

(SAR) study. Synthesis of these compounds will be discussed here. 

2.2.1. Aryloxy-Substituted Triazolylthymidine Compounds 

Compounds 4c-g were synthesized as shown in Scheme 2.3. Substituted phenols c-g were 

subjected to the same reaction conditions as in the synthesis of 3a and 3b (Scheme 2.2) to 

give 3c-g in fair to excellent yields, and required no further purification as determined by 

1H NMR analysis following aqueous-organic extraction.  

Reaction of alkynes 3c-g with 1 were carried out successfully using classical 

CuAAC conditions: namely, in the presence of a catalytic amount of copper (II) and 

reducing agent. CuSO4 and ascorbic acid were chosen as they are both inexpensive, easy 

to handle, and easy to remove in workup steps due to their high aqueous solubility. The 

reaction conditions were optimized for these substrates in the following ways: first, we 

experimented with proportions relative to the limiting reagent, azide 1. We determined that 

0.5 equivalents of CuSO4 and 0.55 equivalents of ascorbic acid demonstrated high rates of 

reaction with most alkyne substrates, and that a slight excess of alkyne (1.1 equivalents 

relative to 1) ensured complete conversion. Secondly, the solvent system (3:1 THF:H2O) 

was chosen to solubilize both organic compounds and inorganic salts. Reactions were also 

tested in methanol/water and neat methanol due to the desirable solvation properties of the 

alcohol, but aldehyde-containing alkynes were subject to acetal formation, and THF 

mitigated this issue. Thirdly, the reaction was found to proceed somewhat inefficiently 

when all reagents were combined at the same time. Instead, alkyne 3 and azide 1 were 

combined and dissolved in THF. Separately, CuSO4 and ascorbic acid were dissolved 

together in H2O, then the aqueous solution added to the organic solution to initiate the 

reaction. This ensured that all copper was dissolved, and the colour change from blue to 

green gave a qualitative indicator that copper (II) was reduced to copper (I) by ascorbic 

acid. Additionally, compound 1 is soluble in THF but benefits from gentle heating to fully 

dissolve. Initially, the azide and alkyne were dissolved at 50 °C but the reaction run at room 

temperature; however, the reaction was found to proceed more smoothly if conducted at 

50 °C throughout. Finally the reaction was found to proceed best under anaerobic 
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conditions, as can be expected due to the oxidative conversion of active copper (I) to 

inactive copper (II), and correspondingly the reaction vessel was purged with nitrogen once 

all reagents were combined.  

 

Scheme 2.3: Synthesis of aryloxy-substituted thymidine derivatives 4c-g, bearing 1,4-substituted triazole 

linkers. 

The reaction progress was monitored by TLC, wherein it was once again necessary 

to optimize the solvent system (in this case, 10% MeOH, 45% DCM, 45% hexanes) to give 

adequate separation between the limiting reagent, 1, and the product (4c-g). Preliminary 

purification protocols involved extraction followed by silica column chromatography 

(which was performed to purify 4c), but this was found to be challenging for certain 

products with very low solubility in our available extraction solvents (i.e. diethyl ether, 

DCM, EtOAc, or 2-MeTHF) as well as being insoluble in water. An 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 water and stirred until 

the copper and ascorbic acid were dissolved. The aqueous-soluble material was removed 

by filtration, and the collected solid was dried at 37 °C. The material was then resuspended 

in DCM, which served to dissolve any excess alkyne. The solid was once again filtered, 

washed with DCM, and dried under vacuum. This 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 reactions we conducted in this way.  
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Compounds 4c-f were synthesized as control compounds to probe the steric and 

electronic effects of the constituent parts (scaffold and functional groups) of 5a and 5b. 4c 

bears an unsubstituted phenyl group and thus serves to demonstrate how steric 

contributions alone affect binding of, and inhibition by, this series of substrates. This 

compound was used in preliminary binding studies by WaterLOGSY NMR (see Chapter 

3.3). Both 4d and 4e bear an aldehyde, at either the meta- or para- positions of the aryl ring, 

respectively, and were designed to demonstrate how the electronic properties of the 

aldehyde contribute to binding. Aldehydes may react with amines reversibly to form imines 

in the absence of a Lewis acid, but this interaction is known to be less stable than that of 

an iminoboronate.28 Finally, 4f, bearing a para-substituted arylboronic acid, was 

synthesized in order to probe whether the boronic acid may interact with any polar residues 

in the active site, as in the formation of a Lewis acid-base pair with either of the lysine 

residues. 

2.2.2. Nitriles as Electrophiles 

Smith et al. recently reported a modified arylomycin bearing a nitrile functionality which 

reacts covalently with a lysine residue within its target enzyme, signal peptidase LepB.46 

Inspired by these results, we sought to synthesize a small series of nitrile-functionalized 

thymidine derivatives which may react with either of the lysine residues (Figure 2.4a) 

within the active site of Cps2L. Nitriles are also stable to polar protic solvents whereas 

aldehydes readily form acetals or hemiacetals, therefore substituting a nitrile may simplify 

the synthetic process, as methanol and ethanol dissolve thymidine derivatives more readily 

than aprotic solvents. Compound 4g (Scheme 2.3), a para-substituted aryl nitrile, was the 

first of these compounds.  

 

Figure 2.4: General synthesis of amidines; a) catalyzed by an external acid, b) potential reaction catalyzed 

by an internal boronic acid. 
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Scheme 2.4 shows the synthesis 7, an alkyl nitrile-bearing triazolylythymidine 

derivative. Synthesis of 7 from 1 proceeded in the same manner as for compounds 4c-g, 

although the resulting solid, isolated after washing with H2O and DCM, was purified by 

column chromatography. 

 

Scheme 2.4: Synthesis of compound 7. 

In addition to the alkyl and aryl nitrile compounds, we were interested to see if a 

proximal boronic acid could help catalyze the formation of an amidine from a nitrile and 

lysine (Figure 2.4b). An amidine can be accessed synthetically from a nitrile and an amine 

in the presence of a Brønsted or Lewis acid,47,48 and a boronic acid may provide an 

alternative, biocompatible catalyst. This proposed reaction has not been reported to date, 

and we considered it a reasonable avenue to explore.  

 

Scheme 2.5: Retrosynthesis of a thymidine derivative bearing a boronic acid and ortho-nitrile. 
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Retrosynthesis of a proposed ñamidinoboronateò-forming thymidine derivative is 

shown in Scheme 2.5. When designing the 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 of 8, the meta-substituted isomer of 4g, is shown in Scheme 2.6. 

Synthesis of precursor 4h was performed as described above for compounds 3 and 4 (see 

Scheme 2.3). 8 was not the intended product when 4h was subjected to Miyaura borylation 

conditions, though not entirely unexpected. In preliminary experiments, we had observed 

protodeborylation when ortho-formylaryl bromide-containing thymidine derivatives were 

subjected to various borylation conditions. We hoped that since the corresponding nitrile-

bearing substrate provided 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 C-B bond. Despite this, 8 was a valuable compound, and was collected. In future 

studies, an analogous route to that described in Scheme 2.1 would be used to obtain the 

target compound (i.e. the final compound shown in Scheme 2.5). 

 

Scheme 2.6: Synthesis of 8. 
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To date, there has been only one substrate, of those we attempted to borylate, for 

which installation of a BPin group was successful following the CuAAC reaction. 

Compound 9 was synthesized from 4i according to Scheme 2.7, employing conditions 

suggested by Dr. Craig Smith, a post-doctoral fellow in the research group of Professor 

Alison Thompson. Compound 9 was successfully isolated by silica gel column 

chromatography, indicating that the C-B bond of 9 is more stable to silica than that of 

compound 4b, which bears an ortho-formyl group. This result reinforced the hypothesis 

that ortho-electron-withdrawing groups are detrimental to the formation and stability of the 

C-B bond. Although this serves mainly as a mechanistic proof-of-concept, comparing the 

activity of 9 and 4f (the former bearing a BPin group; the latter a B(OH)2) against Cps2L 

will aid in SAR studies and inform future directions for synthesis. 

 

Scheme 2.7: Synthesis of 9. 

2.2.3. Ketone-Linked Compounds 

Scheme 2.8 shows the synthesis of 10a, an alternative triazolylthymidine scaffold from 1 

with the same conditions for CuAAC as described for compounds 4c-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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Scheme 2.8: Synthesis of 10a. 

Substitution of an ortho-boronic acid on the phenyl ring of 10a may help autocatalyze the 

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

to form. Retrosynthesis of such a compound is shown in Scheme 2.9, however, we 

attempted synthesis of 10b according the slightly altered route described in Scheme 2.10.  

 

Scheme 2.9: Retrosynthesis of 10b from 2-bromobenzaldehyde. 

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

use of TBTA enabling the CuAAC reaction in the presence of a C-B bond. Alkyne 12 was 

prepared in two steps from 2-bromobenzaldehyde: a Grignard reaction with commercial 

ethynylmagnesium bromide gave alcohol 11 in quantitative yield, which was then oxidized 

to the corresponding ketone (12) using Dess-Martin periodinane. Formation of triazole 13 

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

acid. However, when subjected to either set of borylation conditions shown in Scheme 
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2.10, protodeborylation occurred to give 10a instead of 10b. This is consistent with our 

previous observations that a proximal carbonyl group may destabilize the C-B bond. In 

future studies, borylation of the alkyne should be performed prior to the CuAAC reaction 

(as suggested by the retrosynthetic analysis in Scheme 2.9), using Cu(ACN)4PF6 and 

TBTA, which were successful in synthesizing compounds 4a and 4b. 

 

Scheme 2.10: Attempted synthesis of 10b. Protodeborylation led to the accidental recovery of 10a. 

2.2.4. Dithymidine Compounds 

RmlA-type enzymes have a tetrameric structure17,49 as shown in Figure 2.5. The monomers 

are oriented such that each active site is pointed towards another. This inspired us to 

synthesize symmetrical 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 Schemes 2.11 and 2.12. 
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Figure 2.5: Tetrameric structure of RmlA from Mycobacterium tuberculosis.50 

 

Scheme 2.11: Synthesis of 14a, one two dithymidyl compounds. 

Synthesis of 14a was performed using analogous conditions as for compounds 4c-

g (see Scheme 2.3 for reference). The product was found to be highly insoluble in most 

solvents, making purification by filtration trivial. The residual solid was washed with 

MeOH rather than DCM to remove excess 5ǋ-azidothymidine, and 14a was recovered in 

near-quantitative yield. The 1H NMR spectrum of 14a demonstrates the symmetry of this 

compound about the central phenyl ring (Figure 2.6). 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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Figure 2.6: 1H NMR spectrum (d6-DMSO, 500 MHz) of 14a. 

Compound 14b has a similar structure to 14a, but with an extended linker (bearing 

ether linkages about the central phenyl ring). Synthesis was performed in 2 steps as shown 

in Scheme 2.12. Two alkynes were installed on 1,4-dihydroxybenzene using the same 

conditions as for 3a-i but doubling the proportions of reagents. Similarly, the CuAAC 

reaction was performed with slightly over two equivalents of 1, as in the synthesis of 14a. 

The product was once again isolated by filtration although the solid was a fine precipitate 

and some material was lost in the filtrate. The product that was recovered was pure by 1H 

NMR analysis of the solid. 

 

 Scheme 2.12: Synthesis of 14b. 
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2.2.5. SPAAC Reaction With 5ǋ-Azidothymidine 

Given the ease of synthesis of 1, we wanted to attempt an alternative ñclickò-type reaction: 

namely, SPAAC, the Strain-Promoted Azide-Alkyne Cycloaddition. In this reaction, a 

cyclic alkyne reacts with an azide without catalysis to form a bicyclic system. Synthesis of 

such a compound, 15, is shown in Scheme 2.13. We selected the cyclooctyne shown due 

to its commercial availability, and the reaction proceeded as expected, though complete 

conversion was not observed by TLC analysis despite increasing time and equivalents of 

alkyne. Compound 15 was purified by column chromatography rather than filtration, as the 

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

and was recovered in fair yield. 

 

Scheme 2.13: Synthesis of 15 via SPAAC. 

Since the thymidine precursor is chiral, and the cyclooctyne is prochiral, a mixture 

of diastereomers was observed by NMR analysis of 15, in a 1:1 mixture according to peak 

integration (Figure 2.7). By all chromatographic methods we attempted (TLC, preparative 

chromatography, HPLC) the two diastereomers were inseparable, so we chose to assess the 

binding and inhibitory capacity of these two compounds as a mixture. Binding of this 

compound was assessed using WaterLOGSY NMR (See Chapter 3.3). 
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Figure 2.7: Cropped 1H NMR spectrum (d6-DMSO, 500 MHz) of 15, showing a 1:1 mixture of 

diastereomers a and b (relative stereochemistry not assigned) by integration. 

2.2.3. Amide Scaffold 

We were interested in preparing compounds with alternative linkers to determine whether 

the triazole itself affects binding of the substrates. We chose to pursue amide-linked 

compounds due to their purported ease of synthesis and biological stability. The most 

common method of preparing amides is by combining an amine and a carboxylic acid in 

the presence of a coupling agent.50,51 Scheme 2.14 shows the synthesis of 18, an amide-

linked thymidine derivative bearing an unsubstituted phenyl ring. Contributions of the 

linker towards inhibitory capacity will be assessed by comparing the binding affinity of 18 

and 4c, the unsubstituted phenyl-bearing triazolylthymidine derivative. 

 

Scheme 2.14: Synthesis of amide 18. 
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Acid 16 was prepared from phenol according to a reported procedure,52 as was 

amine 17.53 We screened several coupling agents (DCC, EDC, SOCl2, oxalyl 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 preparation of 18 was achieved by pre-

stirring 16 with TBTU and DIPEA in 2-MeTHF, followed by addition of 17 after an hour. 

18 showed greater solubility in organic solvents than the triazole-linked compounds, and 

was thus collected by extraction with 2-MeTHF and subsequent purification by column 

chromatography (rather than filtration). The 1H NMR spectrum of 18 demonstrates the 

apparent presence of two entities (Figure 2.8). The two sets of signals represent two 

rotational isomers caused by the barrier of rotation due to resonance about the amide bond. 

18 was crystallized to confirm identity, and a crystal structure is shown in Figure 2.9. Only 

the Z isomer is apparent in the crystal macrostructure (Figure 2.9b). 

 

Figure 2.8: 1H NMR spectrum (d6-DMSO, 500 MHz) of 18. Two sets of signals are observed, each with the 

same pattern but different chemical shifts (e.g. the singlets at 1.65 and 1.68 ppm both correspond to the 

thymine methyl group) indicating the presence of rotational isomers. 
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Figure 2.9: X-ray crystallographic analysis of 18. A) ORTEP diagram; B) crystal packing (viewed along 

the x-axis) 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 lysine residue: those 

bearing aldehyde (4a, b, d, and e), ketone (10a), or nitrile (4g, 7, and 8) functionalities. 

Furthermore, we have synthesized two potential iminoboronate-forming compounds (4a 

and b) albeit bearing boronate esters rather than boronic acids. Future directions 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 

10a and 8 with proximal boronic acids, and explore alternative linkers to join the warhead 

and thymidine moieties. 
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Chapter 3. Results and Discussion of WaterLOGSY Experiments With 
Synthesized Potential Inhibitors of Cps2L. 

3.1. Introduction  

WaterLOGSY NMR is a straightforward and convenient method of assessing the ability of 

a ligand to bind a macromolecule. WaterLOGSY studies have previously been performed 

successfully in the Jakeman group,13,14,54 and as such, we decided to use this method as a 

preliminary assessment 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 ligand.55 The signal is amplified when rotational 

relaxation pathways are limited due to binding interactions with the macromolecule;56 

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 an NMR experiment) made in 10% D2O in H2O 

(the former for the spectrometerôs solvent lock). The experiment, consequently, includes a 

water suppression sequence to ensure that the water signal does not obscure the ligand 

peaks.  

Despite the complex dynamics of the 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 the phasing (either above or below the baseline) of the 

reference compound peak(s) is defined ñnon-bindingò, and peaks that phase opposite are 

considered ñbindingò. This technique is optimal for ligands with moderate affinity for the 

enzyme: if the association is 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, fast exchange cannot occur and the ñnon-bindingò signal for the 

residual compound overrides the ñbindingò signal.57 As such, false-negative responses 

must be taken into consideration, but a ñpositiveò result can be claimed with a greater 

degree of confidence: a signal phased opposite to a non-binding 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, sugar-1C-phosphonate analogues and sugar nucleotides were 

evaluated for binding of Cps2L in the presence and absence of dTTP, as well as binding 

RmlB-D.54 Loranger et al. determined that their phosphonate analogues demonstrated 

binding to Cps2L, however, the rhamnose-1C-phosphonate analogue did not bind in the 

presence of dTTP. This suggests that the conformational change induced by the binding of 

dTTP prevented access to the binding site of the phosphonate analogue. They also 

demonstrated that dTDP-rhamnose bound RmlC in addition to its natural target, which may 

suggest that similar analogues may indeed inhibit multiple enzymes within the rhamnose 

pathway.54 Another study, reported in 2015 by Forget et al., used WaterLOGSY to acquire 

a dissociation constant for an ethylphosphonate derivative of glucose, which demonstrated 

inhibition against Cps2L. The compound, which bound only in the presence of dTTP, was 

titrated into an NMR sample containing a solution of dTTP and Cps2L. To a plot of signal 

intensity (of two characteristic peaks) vs. concentration of the phosphonate was fitted a 

binding model, which enabled the extraction of a KD value for that compound.14 These 

examples demonstrate that WaterLOGSY is a powerful tool which can provide both 

mechanistic insight and quantitative analysis of enzyme-ligand interactions, and may thus 

serve as a valuable complement to inhibition studies in this project. 

3.2. Analysis of Natural Cps2L Substrates by WaterLOGSY NMR 

A full procedure for conducting WaterLOGSY experiments can be found in Chapter 5.2. 

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

TrisÅHCl buffer (dTris). Therefore the dTris residual signal, which appears at 3.67 ppm, 

was used as a ñnon-bindingò signal in lieu of spiking the sample with a non-binding 

standard compound. In all experiments performed for this project, the dTris signal was 

phased above the baseline, thereby defining ñphase-downò peaks as indicative of binding. 

Concentrations of enzyme (0.05 mM), MgCl2 (2 mM) and ligand (2.5 mM) were chosen 

based on previously reported WaterLOGSY experiments.14 Experimentation with ligand 

concentration determined that any single-digit millimolar concentration tested was 

sufficient to acquire the binary ñbinding/no bindingò signal. Experiments with each 

compound tested included samples in the absence and presence of dTTP. Each sample was 

made separately (i.e., dTTP was not added to the NMR tube after acquisition of a ñzero-
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dTTPò spectrum) and thus comparison of the two spectra should not be considered as a 

titration experiment. 

The first set of WaterLOGSY experiments for this project were performed with 

each of the two natural substrates for Cps2L: G1P and dTTP. Given the generally accepted 

ordered Bi-Bi mechanism of RmlA-type enzymes,18 G1P is known to bind Cps2L only in 

the presence of dTTP. Therefore, a WaterLOGSY experiment with G1P and Cps2L alone 

demonstrates non-binding signals. Figure 3.1 shows the water-suppression proton NMR 

and WaterLOGSY spectrum of G1P. As expected, signals corresponding to G1P phase 

upward, indicating non-binding. Conversely, dTTP is known to bind Cps2L first, and will 

therefore bind in the absence of G1P. Figure 3.2 shows the proton NMR and WaterLOGSY 

spectra of dTTP. The phase-down peaks corresponding to dTTP indicate that it binds 

Cps2L. These two sets of spectra (Figures 3.1 and 3.2) are exemplary of the expected 

ñnonbindingò and ñbindingò sets of signals. Note that the signals for dTTP show broader 

peaks relative to those of, for example, G1P. This has been observed previously,14 and is 

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

 

Figure 3.1: WaterLOGSY experiment with G1P and Cps2L. A) Water suppression 1H NMR spectrum; B) 

WaterLOGSY NMR spectrum  (500 MHz, 9:1 H2O : D2O) of G1P. Sample composition: 2.5 mM G1P, 2 

mM MgCl2, 0.05 mM Cps2L, 100 mM dTrisÅHCl. *residual imidazole from protein purification/His-tag; 
aHOD signal; bdTris residual. 
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Figure 3.2: WaterLOGSY experiment with dTTP and Cps2L. A) Water suppression 1H NMR spectrum; B) 

WaterLOGSY NMR spectrum (500 MHz, 9:1 H2O : D2O) of dTTP. Sample composition: 2.5 mM dTTP, 2 

mM MgCl2, 0.05 mM Cps2L, 100 mM dTrisÅHCl. aHOD signal; bdTris residual. 

Many of the compounds synthesized had limited solubility in aqueous buffer, so 

tolerance of the WaterLOGSY experiment to the presence of d6-DMSO was probed. Figure 

3.3 shows the 1H and WaterLOGSY spectra of dTTP in the presence of 0, 5, and 10% d6-

DMSO. At 10% d6-DMSO, characteristic peaks are invisible. Conversely, at 5% d6-

DMSO, all dTTP peaks are identifiable, and appear at the same chemical shift as the 

spectrum with 0% d6-DMSO, indicating that a sample containing 5% d6-DMSO should be 

permissible. 

 

Figure 3.3: WaterLOGSY experiment with dTTP and Cps2L, and varying concentration of d6-DMSO. A) 

Water suppression 1H NMR spectrum; B-D) WaterLOGSY NMR spectra (500 MHz, 9:1 H2O : D2O) of 

dTTP with 0% (A, B), 5% (C) or 10% (D) d6-DMSO. Sample composition: 2.5 mM dTTP, 2 mM MgCl2, 

0.05 mM Cps2L, 100 mM dTrisÅHCl. *dTTP signals; aHOD signal; bdTris residual; cDMSO residual. 
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3.3. Evaluation of Synthesized Compounds as L igands for Cps2L by WaterLOGSY 

NMR 

NMR samples were prepared as described in Chapter 5.2.1. As discussed above, a 5% 

aqueous solution of d6-DMSO did not interfere with the WaterLOGSY experiment. 

Therefore, 50 mM stock solutions of each potential ligand were made in d6-DMSO, and 

added to the WaterLOGSY sample solution such that the final concentrations of d6-DMSO 

and ligand were 5% and 2.5 mM respectively. Four compounds were tested in this 

experiment (see Figure 3.4). Compounds 15, 18, and 4c were chosen to represent different 

linker scaffolds (amide, fused triazole, and 1,4-substituted triazole, respectively), and 4f 

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

binding, when compared to 4c. 

 

Figure 3.4: Synthesized compounds evaluated by WaterLOGSY NMR. 

Figure 3.5 shows the 1H and WaterLOGSY NMR spectra for compound 18, in the 

absence and presence of dTTP. The latter is a competition experiment, which has 

previously been used to probe the mechanism of binding of ligands to Cps2L.54 In the 

absence of dTTP (Figure 3.5B), 18 demonstrates binding, but in the presence of one 

equivalent of dTTP (Figure 3.5C), signals corresponding to 18 phase up, indicating non-

binding. This could suggest that 18 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 change of the enzyme that precludes binding of 18. It should also 

be noted that the signals indicating ñnonbindingò for compound 18 appear significantly 

weaker than those of dTTP (Figure 3.5C), even though they are present in equimolar 

amounts. This is due to the signal enhancement through increased magnetization transfer 

by the enzyme-ligand interaction, leading to an apparently larger signal for dTTP. While 

WaterLOGSY can be used for quantitative measurements in certain cases, only the 

qualitative measurement (phase direction) is considered in this experiment. 
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Figure 3.6 shows the 1H and WaterLOGSY NMR spectra of compound 15, once 

again, in the absence (B) and presence (C) of 1 equivalent of dTTP. Like compound 18, 15 

exhibits nonbinding in the presence of dTTP, suggesting that the latter may exclude binding 

of 15. 

 

Figure 3.5: WaterLOGSY experiment with 18 and Cps2L. A) Water suppression 1H NMR spectrum; B,C) 

WaterLOGSY NMR spectra (500 MHz, 17:2:1 H2O : D2O : d6-DMSO) of 18 with 0 (A, B), or 1 (C) 

equivalent of dTTP. Sample composition: 2.5 mM 18, 2 mM MgCl2, 0.05 mM Cps2L, 0 or 2.5 mM dTTP, 

100 mM dTrisÅHCl. *dTTP signals; aHOD signal; bdTris residual; cDMSO residual. 

 

Figure 3.6: WaterLOGSY experiment with 15 and Cps2L. A) Water suppression 1H NMR spectrum; B,C) 

WaterLOGSY NMR spectra  (500 MHz, 17:2:1 H2O : D2O : d6-DMSO) of 15 with 0 (A, B), or 1 (C) 

equivalent of dTTP. Sample composition: 2.5 mM 15, 2 mM MgCl2, 0.05 mM Cps2L, 0 or 2.5 mM dTTP, 

100 mM dTrisÅHCl. *dTTP signals; aHOD signal; bdTris residual; cDMSO residual. The sample giving rise 

to spectra A and B were prepared without d6-DMSO. 
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Figure 3.7 shows the 1H and WaterLOGSY spectra of compound 4c in the absence 

(B) and presence of 1 equivalent (C) or 10 equivalents (D) of dTTP. In all cases, 4c binds 

Cps2L, suggesting that dTTP does not completely outcompete, or preclude, its binding. 

Note that in Figure 3.7C, the signals for dTTP are larger than those for 4c, despite being 

present at the same concentration. This may indicate that dTTP has a greater affinity for 

Cps2L than 4c does. However, the signals demonstrating binding of 4c in the presence of 

a significant excess of dTTP indicates either a significantly higher affinity, or a different 

binding mode than that of 15 or 18. Cps2L is tetrameric, with a total of four active and four 

allosteric sites, so it is possible that, for example, 4c binds the allosteric site, enabling it to 

bind without either binding event (4c or dTTP with Cps2L) precluding the other. 

 

Figure 3.7: WaterLOGSY experiment with 4c and Cps2L. A) Water suppression 1H NMR spectrum; B-D) 

WaterLOGSY NMR spectra (500 MHz, 17:2:1 H2O : D2O : d6-DMSO) of 4c with 0 (A, B), 1 (C) or 10 (D) 

equivalents of dTTP. Sample composition: 2.5 mM 4c, 2 mM MgCl2, 0.05 mM Cps2L, 0, 2.5, or 25 mM 

dTTP, 100 mM dTrisÅHCl. *dTTP signals; aHOD signal; bdTris residual; cDMSO residual. 

Given this result, compound 4f, with the same 1,4-substituted triazole linker as 4c, 

was evaluated. Figure 3.8 shows the 1H and WaterLOGSY NMR spectra of 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 binding signal both in the presence of one and 10 equivalents of dTTP, 

reinforcing the possibility that the 1,4-substitued triazole scaffold has a unique binding 

mechanism compared to the scaffolds present in compounds 15 and 18.  
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Figure 3.8: WaterLOGSY experiment with 4f and Cps2L. Water suppression 1H NMR spectrum (A) and 

WaterLOGSY NMR spectra (B-D) (500 MHz, 17:2:1 H2O : D2O : d6-DMSO) of 4f with 0 (A, B), 1 (C) or 

10 (D) equivalents of dTTP. Sample composition: 2.5 mM 4f, 2 mM MgCl2, 0.05 mM Cps2L, 0, 2.5, or 25 

mM dTTP, 100 mM dTrisÅHCl. *dTTP signals; aHOD signal; bdTris residual; cDMSO residual. 

3.4. Summary 

WaterLOGSY NMR was used to assess four compounds (15, 18, 4c, and 4f), representing 

three different structural scaffolds, for their ability to bind Cps2L. This study demonstrates 

that while all of the tested compounds bind and are, therefore, reasonable candidates for 

inhibitors, only the 1,4-substituted triazole scaffolds (4c and 4f) demonstrated binding in 

the presence of dTTP. Furthermore, both 4c and 4f demonstrate binding in the presence of 

10 equivalents of dTTP. These results suggest that compounds with 1,4-substituted triazole 

scaffolds may exhibit different modes of binding than the other scaffolds. A plausible 

explanation for this may be that binding of the 1,4-substituted triazole-bearing compounds 

occurs at the allosteric site, which may permit simultaneous binding of dTTP at the active 

site.  
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Chapter 4. Results and Discussion of the Evaluation of Synthesized 
Compounds as Inhibitors of Cps2L. 

4.1. Introduction  

The reaction catalyzed by Cps2L has been studied extensively in the Jakeman lab, and as 

such, several inhibitor evaluation methods have previously been devised.14,54,58,59 NMR 

studies (for example, using 31P NMR) may be used to determine if the desired reaction has 

occurred,59 but the method is too slow to observe initial reaction rates. The reaction could 

also be quenched at regular intervals and observed by integration of HPLC or 31P NMR 

signals.58 This method has merit in determining the substrate scope of an enzyme, but is 

inefficient in terms of time and solvent for determining kinetic parameters. Ideally, UV-vis 

spectroscopy would be used for rapid data acquisition, but the reaction catalyzed by Cps2L 

does not produce any change in absorbance over time. Therefore, a coupled assay was 

designed,14 wherein a chromophore is produced which absorbs at a unique wavelength 

from that of the reactants and products. Scheme 4.1 shows the coupled enzyme reaction. 

 

Scheme 4.1: Coupled enzyme reaction to produce the chromophore, uric acid, which absorbs uniquely at 

290 nm.14 

The reaction takes advantage of the production of inorganic pyrophosphate (PPi) 

which, in this coupled assay, is hydrolysed to phosphate (Pi) by inorganic pyrophosphatase 

(IPP). Pi then reacts with inosine, catalyzed by human purine nucleoside phosphorylase 

(hPNP), to release hypoxanthine. Finally, hypoxanthine is oxidized to uric acid by xanthine 

oxidase (XO). The concentration of reagents and enzymes are chosen such that the reaction 
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of Cps2L is rate-limiting, and an increase in absorbance at 290 nm correlates to the 

production of dTDP-glucose over time. This method was developed as a more robust 

alternative14 to the commonly-used MESG-based assay54 for detecting inorganic 

phosphate.  

This assay requires the use of four enzymes, two of which (XO and IPP) are 

commercially available, and two of which (Cps2L and hPNP) need to be overexpressed 

and isolated in the lab. New stocks of Cps2L and hPNP were prepared for the evaluation 

of the inhibitors synthesized for this project, as well as new stock solutions of each reagent 

required for the assay. 

4.2. Substrate Inhibition by dTTP  

While the reaction catalyzed by Cps2L involves two substrates, a pseudo-first-order 

reaction is achieved by maintaining a constant high concentration of one substrate and 

variable low concentrations of the other substrate. In previous studies, dTTP was kept at a 

high concentration and G1P was varied; however, given that the compounds for this project 

are dTTP analogues, we chose to vary dTTP instead. dTTP analogues are more likely to 

mimic the binding of dTTP, which binds Cps2L before G1P does. Performing the assay in 

this manner also provides us with a KM value for dTTP which can then be compared to Ki 

values for our inhibitors. 

Before the inhibitors were evaluated, the parameters of the reaction with dTTP as 

a limiting reagent were determined. As this assay is relatively complex, it required both 

practice and method optimization in order to acquire consistent data. The optimized method 

is described in Chapter 5.4.2. It was essential to make new 20 mM stock solutions of dTTP 

every week, and new dilutions every day. Furthermore, Cps2L loses activity shortly after 

dilution and therefore must be diluted within minutes of measuring kinetics. Additionally, 

given that many of our synthesized inhibitors had low water solubility, stock solutions of 

inhibitor were made in 70% DMSO/water. Therefore, DMSO was added to this ñzero 

inhibitorò assay at the same concentration as it would be present in the inhibition assays. 

Finally, all solutions must be incubated together prior to addition of Cps2L, so that any 

excess phosphate from dTTP and G1P solutions is consumed.  
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Figure 4.1: Left: Michaelis-Menten plot for the reaction rate of Cps2L with increasing concentration of 

dTTP. Right: Lineweaver-Burk plot of reciprocal rate vs. reciprocal concentration of dTTP. 

Figure 4.1 shows the Michaelis-Menten plot of initial reaction rate (v) vs. 

concentration of dTTP. In standard Michaelis-Menten kinetics, the rate will increase with 

increasing substrate, until it plateaus at high concentrations. However, this plot shows a 

marked decrease in rate at high concentrations of dTTP. This pattern, which corresponds 

to curvature in the corresponding Lineweaver-Burk plot (Figure 4.1, right), suggests that 

substrate inhibition is occuring,60 wherein a second substrate molecule binds the enzyme-

substrate complex, most likely allosterically,61 and inhibits the reaction. This has not been 

observed in previous studies with Cps2L where G1P was the limiting reagent, but 

unpublished results from a study performed by Dr. Jian-She Zhu from the Jakeman lab 

provided further evidence that dTTP inhibits Cps2L almost completely at high 

concentrations. Furthermore, Cps2L is known to have an allosteric site which binds dTDP-

rhamnose, which is structurally similar to dTTP and therefore would reasonably accept 

dTTP as a guest molecule. 

Given that we observed substrate inhibition for this reaction, the data cannot 

accurately be described by the standard Michaelis-Menten equation (Equation 1). We 

therefore used a modified Michaelis-Menten equation which incorporates an inhibition 

constant for the substrate. Such an equation (Equation 2) has been reported previously60,61 

and is derived in Appendix D based upon an ñuncompetitiveò-type inhibition model, where 

the ñinhibitorò substrate molecule may bind the allosteric site of the substrate-bound 

enzyme. 

ὺ        (1) 

ὺ       (2) 
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Using Equation 2, we determined KM (Michaelis constant), Vmax (maximum rate), 

and KS (inhibition constant of the substrate) values by employing the Solver function of 

Excel, which optimizes the values so that the fit matches the datapoints as closely as 

possible. The method for this optimization can be found in Appendix C. Figure 4.2 shows 

the optimized fit for this dataset. 

 

Figure 4.2: Comparison of mathematical models to fit rate data from the reaction of Cps2L with varying 

dTTP. a) Data (points) with overlaid fit (line) according to Equation 1 with optimized parameters: KM = 

25.7 µM, 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 optimized parameters: KM = 64.9 µM, Vmax = 44.4 

mAu/min, KS = 704 µM. SAD = 6.2 mAu/min. 

The relative ñgoodness of fitò can be assessed using the Sum of Absolute 

Differences (SAD) between the fit values and data values for each datapoint. This sum is 

the value minimized in optimizing the fit. The smaller the SAD, the better the fit. This 

method can only be used to compare different models for the same dataset, but can provide 

a quantitative measure of which model most accurately describes the system. The fit shown 

in Figure 4.2a shows the fit for the standard Michaelis-Menten equation (Equation 1), 

optimized by the Solver algorithm, which has a SAD of 8.6 rate units (mAu/min). 

Comparing this to the modified Michaelis-Menten described by Equation 2, the optimized 

fi t (Figure 4.2b) gives a SAD of 6.2 mAu/min. The SAD of the latter is lower than that of 

the former, indicating that the latter is a better fit. It should be noted that the significance 

of the difference (in this case 2.4 mAu/min) is itself qualitative: we must decide on a case-

to-case basis whether a small difference in SAD constitutes a truly improved fit. This is an 

important consideration when using the SAD to choose which inhibition model is most 

probable. 
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4.3. Evaluation of Synthesized Compounds as Reversible Inhibitors of Cps2L 

4.3.1. Data Acquisition Using the Coupled Enzyme Assay for Cps2L. 

To determine inhibition constants (Ki) for each inhibitor, the same procedure to the assay 

discussed in Section 4.2 (above) was followed, except that four assays were run 

simultaneously: one with no inhibitor (as before), and three with different inhibitor 

concentrations (see Chapter 5.4.3 for full method). It was necessary to perform a ñzero 

inhibitorò assay alongside the assays with inhibitor present, as the same dilution of Cps2L 

was used for all four assays, and there is variation in activity between dilutions of Cps2L. 

Therefore, the ñinhibitor-presentò data could not simply be combined with, for example, 

the data shown in Figure 4.1, as the activity of that particular dilution of Cps2L may be 

different. 

The preliminary evaluation of each compound was performed using 200, 400, and 

800 µM of inhibitor. Based on the results from the first assay, the concentrations were 

adjusted iteratively, until clear separation between each series of datapoints (corresponding 

to each concentration of inhibitor) was observed when the entire dataset was plotted in a 

Michaelis-Menten type graph. 

An important difference in the inhibition assay method was implemented partway 

through the period when assays were being conducted. We discovered that Tris buffer, 

which was used in the assay and in enzyme stock solutions, may react with o-FABA 

moieties,62 thus potentially inactivating some of our inhibitors. We therefore dialyzed our 

enzyme solutions in 3-(N-morpholino)propanesulfonic acid (MOPS), and ran future assays 

in MOPS instead of Tris. Figure 4.3 shows a comparison between inhibition by 4a in Tris 

buffer and MOPS buffer. We found generally significantly improved data quality, and 

apparently increased inhibition when MOPS buffer was used, and all future assays were 

performed in MOPS buffer for consistency. 
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Figure 4.3: Inhibition of Cps2L by 4a at 0 ( ), 200 ( ), 400 ( ) and 800 ( ) µM in a) Tris buffer and b) 

MOPS buffer. 

Unfortunately, high quality data was not acquired for each compound discussed in 

Chapter 2 for several reasons. Primarily among these is the technical challenge of running 

the assay. Each well in the 96-well plate (1 well = 1 datapoint) contained twelve 

components, and as there was error associated with each addition and dilution, preparation 

and execution of the assay were difficult and time-consuming. Practice was required in 

order to optimize the timing of each addition, especially that of Cps2L. Secondarily, due 

to the variations in activity between each dilution of Cps2L as aforementioned, each 

dataset, even with the same concentrations of inhibitor, may produce drastically different 

results. Therefore, data could not be averaged (which would correct for inconsistencies in 

individual errant datapoints) and any individual dataset that gave low quality results could 

not contribute to replicates. Finally, closure of labs due to the COVID-19 pandemic 

interrupted data acquisition, and therefore not all compounds could be evaluated. Even for 

those compounds that were evaluated, the optimal range of concentrations were often not 

determined, and preliminary data could not be used to determine Ki values. Evaluation of 

compound 10a, however, gave sufficiently high-quality data and will be discussed 

presently. Figure 4.4 shows the Michaelis-Menten plot for the inhibition of Cps2L by 10a.  



41 

 

 

Figure 4.4: Reaction rate of Cps2L at varying dTTP concentration in the presence of 0 ( ), 200 ( ), 400      

( ) and 800 ( ) µM of 10a. 

4.3.2. Mathematical Determination of Inhibition Mechanisms 

There are four standard modes of reversible inhibition, which describe the inhibitorôs 

affinity for the substrate-unbound enzyme, substrate-bound enzyme, both equally, or both 

unequally. These modes are referred to as competitive, uncompetitive, noncompetitive, and 

linear-mixed inhibition respectively, and are mathematically described in Equations 3, 4, 

5, and 6 respectively. Note that in Equation 6, there are two inhibition constants: KiC and 

KiU which refer to the inhibitorôs affinity for the free enzyme (competitive-type) and 

substrate-bound enzyme (uncompetitive type) respectively. 

ὺ       (3) 

ὺ       (4) 

ὺ      (5) 

ὺ      (6) 

However, as previously discussed, and as is evident in qualitative observation of 

Figure 4.4, inhibition by 10a does not preclude substrate inhibition, which is not considered 
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in Equations 3-6. I therefore derived four compound equations which comprise both 

substrate inhibition, and the mode of inhibition of interest. The derivations for equations 

describing competitive, uncompetitive, noncompetitive, and mixed inhibition, each in the 

presence of substrate inhibition, are found in Appendix 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 substrate inhibition occurs independently of the 

inhibition by the compound of interest. To my knowledge, no such compound inhibition 

expressions have yet been reported, although my mathematical method is consistent with 

the derivation of equations expressing several simultaneous inhibition events in the general 

case.63 

ὺ      (7) 

ὺ       (8) 

ὺ      (9) 

ὺ      (10) 

The Solver algorithm was used to determine Ki values by fitting each model (i.e. 

Equations 7-10) to the data. Figure 4.5 shows the data and each overlaid fit. I chose to first 

determine values for KM, Vmax and KS by fitting only the ñzero inhibitorò dataset (similarly 

to the plot shown in figure c) from each experiment, as this minimized unnecessary 

variation between fits. Assuming independent substrate inhibition, these values should be 

the same regardless of the mode of inhibition. Then, the values obtained from the ñzero 

inhibitorò fit were inserted into each equation as constants, and only Ki (or in the case of 

mixed inhibition, KiC and KiU) were varied. 

It should be acknowledged that one standard method of estimating the mode of 

inhibition is by producing a LB plot of reciprocal rate (1/v) against reciprocal concentration 

(1/[dTTP]). Mathematically, the reciprocal of the Michaelis Menten equation gives a linear 

relationship between 1/v and 1/[S]. Consequently, Equations 3-6, variations upon the 
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Michaelis-Menten equation, give LB plots wherein inhibition alters the slope, y-intercept, 

or both, relative to a no-inhibitor curve. Therefore, qualitative observation of the LB plots 

of inhibition data, if it follows Michaelis-Menten kinetics, can give an indication as to 

which mode of inhibition is being exhibited by a given compound. For our data, however, 

the presence of substrate inhibition leads to a second-order dependence upon [S], leading 

to non-linearity in the LB plot (e.g. Figure 4.1, right). This confounds the convergence 

point (or lack thereof) in the LB plots for inhibition by a given compound at different 

concentrations. LB plots are included in Appendix E, where linear fits were applied by 

excluding the nonlinear datapoints. However, the analysis provided herein is based upon 

nonlinear regression with Equations 7-10 as previously discussed. 

 

Figure 4.5: Inhibition data of 10a at 0 ( ), 200 ( ), 400 ( ) and 800 ( ) µM; and overlaid optimized fits 

(lines) for a) competitive, b) uncompetitive, c) noncompetitive, and d) mixed inhibition models. 

Table 4.1 shows the Ki value(s) and SAD for each inhibition model, based on the 

data from compound 10a, with pre-optimized values Vmax = 43.7 mAu/min; KM = 98.9 µM; 

KS = 616.5 µM. Note that all of the inhibition constants are denoted ñKiCò or ñKiUò, where, 

in competitive inhibition, only the competitive inhibition constant, KiC is present in the 

equation, and is thus generally referred to as only ñKiò. The same is true of KiU in 

uncompetitive inhibition. 
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Table 4.1: Optimized inhibition constants according to each model of inhibition, for the inhibition of Cps2L 

by 10a. 

Mode of inhibition KiC (µM) KiU (µM)  (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 indicate that noncompetitive and mixed inhibition 

modes give the closest fits for this dataset. Observing the KiC and KiU values for the mixed 

inhibition mode, it appears that 10a has a slightly higher affinity for the unbound enzyme, 

but still binds the substrate-bound enzyme, and therefore likely binds the allosteric site. 

Based on this type of analysis, the probable mode of inhibition was determined, 

along with corresponding Ki values, for each of the synthesized compounds we were able 

to evaluate. Table 4.2 provides a summary of the calculated Ki values and probable modes 

of inhibition. All plots, Ki values, and SAD values for each compound can be found in 

Appendix F, and Excel sheets containing all raw data and calculated constants are included 

in Appendix G. 

Table 4.2: Summary of results for all reversible inhibition studies. 

Compound Probable mode of inhibition Ki value(s) (µM) 

4a Uncompetitive 503.3 

4b Mixed 162.0 (KiC) / 240.0 (KiU) 

4d No fit <<25c 

4e Uncompetitive 272.3 

4f No fit <<200c 

4g Noncompetitive 3429a 

7 Uncompetitive 2319 

8 No inhibition at 800 µM >>800b 

10a Mixed 556.2 (KiC) / 858.6 (KiU) 

aThe mixed model gives a very slightly improved fit but the difference in KIi values is insignificant. bThe 

estimate provided is greater than the highest inhibitor concentration tested. cThese compounds gave 

apparent complete inactivation, and the estimate provided is less than the lowest concentration tested. 
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While only preliminary data were obtained, certain conclusions may be drawn from these 

results. For example, none of the nitrile-bearing compounds (7, the aliphatic nitrile, or 8 

and 4g, the meta- and para-substituted aryl nitriles) were particularly potent inhibitors. 

Indeed, 8 provided no observable inhibition whatsoever at the concentrations tested. 

Therefore, the nitrile functionality does not appear to improve binding, at least not within 

the timescale of these measurements.  

Compound 10a demonstrates moderate, but not notably potent, inhibition of 

Cps2L. According to the mixed inhibition model, it will bind either the free or substrate-

bound enzyme, but slightly prefers the competitive mechanism. Note that the structure of 

10a, bearing a compound triazole-ketone linker, is different than most of the other 

compounds indicated in Table 4.2, and, therefore, poses a challenge in performing SAR 

studies in this preliminary test. 

Compound 4f, bearing a para-substituted arylboronic acid, demonstrates high 

potency against Cps2L among the tested compounds. This may suggest that electronics at 

the para- position are significant: note that the two other triazole-scaffold compounds 

bearing para-substituted aryl rings (compounds 4g and 4e) show lower inhibition, and 

indeed as the electron-deficiency of the para-substituted group increases, so does the 

apparent potency of the compound (i.e. ArB(OH)2 > ArCHO > ArCN). This may suggest 

that in future studies, placing a highly electrophilic group at that position may improve 

inhibition. 

However, conclusions are difficult to draw when comparing the four aldehyde-

bearing compounds, 4a, 4b, 4d and 4e. A summary of the data accrued for these 

compounds can be found in Figure 4.6. Comparing compounds 4a and 4b, which have 

identical functional groups but at different positions, not only show significantly different 

potency, but also different apparent modes of inhibition. 4a demonstrates a high degree of 

preference for the uncompetitive model, with a SAD of 17.5, compared to 21.8, 28.3, and 

28.0 for competitive, noncompetitive, and mixed models, respectively. Meanwhile, 4b is 

apparently more potent, but shows mixed inhibition (SAD = 30.0 compared to 45.6, 38.6, 

and 31.3 for competitive, uncompetitive, and noncompetitive models, respectively). In fact, 

according to the Ki values, 4b shows a slightly higher affinity for the active site (i.e. the 

competitive mechanism). 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, as both 4a and 4b bear a BPin group. 

Furthermore, there is no discernible pattern in either potency or mode of inhibition when 

comparing the positioning of the aldehyde. For example, both 4a and 4d bear meta-

functionalized aldehydes (relative to the ether group linking the aryl ring and the rest of 

the molecule) but have the lowest and highest potency of the four compounds in Figure 

4.6, respectively. Additionally, 4b and 4e both bear an ortho-substituted aldehyde, but 4e 

demonstrates uncompetitive inhibition (SAD = 48.4 compared to 80.9, 57.9, and 48.4 for 

competitive, noncompetitive, and mixed models respectively ï note that in the mixed 

model, KiC > 50 000 µM, so the only true inhibition is coming from the uncompetitive 

component) whereas, as aforementioned, 4b demonstrates mixed inhibition.  

Figure 4.6: Summary of Ki values and presumed inhibition modes for aldehyde-containing compounds. 

The size of the inhibitor also seems to have no bearing on its potency. As 

aforementioned, 4d is by far the most potent inhibitor, but the second-most potent is 

compound 4b, although the difference between potencies of compound 4b and 4e may not 

be significant, given the limited nature of our results. Therefore, I must conclude only that 

it is too early to conclude anything as it pertains to structure-activity relationship with this 

set of molecules. Obtaining more consistent and higher quality data will be important future 

steps in the analysis of these molecules as inhibitors. 
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uncompetitive 
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site: Al losteric 

 

Inhibition mode: 

Mixed 

KiC: 162 µM  

KIU: 240 µM 
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It is evident that further studies need be performed in order to draw firm 

conclusions, but the following are some general observations. First, while any amount of 

inhibition is informative from these exploratory experiments, a preliminary measure of the 

ñgoodnessò of an inhibitor is comparison of its calculated Ki value(s) to the KM of the 

limiting substrate (in this case, dTTP). The KM values were measured separately for each 

experiment, but the average value and standard deviation for calculated KM values is 57.2 

µM and 19.3 µM respectively. Based on this measure, only 4d, and possibly 4f indicate 

comparable or improved potency. Secondly, it is notable that none of the compounds 

displayed selective, competitive inhibition. However, given the observation that dTTP 

consistently demonstrates substrate inhibition and is known to bind the allosteric site,17 

along with the knowledge that the natural feedback-loop inhibitor, dTDP-rhamnose, binds 

allosterically, it is unsurprising that our thymidine derivatives have an affinity for the 

allosteric site, sometimes even over the active site. Combined with the WaterLOGSY 

studies discussed in Chapter 3, these data provide further evidence that the triazole-bearing 

thymidine derivatives bind at the allosteric site in preference to the active site. This may 

indicate that future work may include intentional targeting of the allosteric site to improve 

the selectivity of the inhibitors. Currently, the most potent inhibitors of RmlA thus far are 

thymine derivatives that bind at the allosteric site (according to co-crystallization with the 

enzyme)17 supporting the possibility that this mechanism could be demonstrated by our 

thymidine derivatives. Furthermore, we only tested triazole-bearing compounds in kinetic 

studies. It is possible that the amide series or compounds bearing other linkers may 

demonstrate competitive binding, as the amide (18) and fused-triazole (15) compounds 

were fully displaced by dTTP in WaterLOGSY binding studies. Finally, while we were 

unable to synthesize target compounds 5a and 5b, the two most potent compounds we 

tested, 4d and 4f, bore the composite functional groups of 5a, suggesting that it potentially 

may be a very potent compound if it is synthetically accessible. Therefore, not only will it 

be valuable to determine the Ki values and mechanisms of inhibition of 4d and 4f, but also 

to synthesize and evaluate compounds 5a and 5b. 
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4.4. Exploration of Potential Covalent Inactivators Through Time-Dependent 

Inhibition Studies 

The inhibition mechanisms discussed in Chapter 4.3.2 (above) only describe fully 

reversible inhibition, where the interaction between the host and guest can be interrupted 

by dilution. Some of our compounds (i.e., aldehydes 4d and 4e, as well as BPin-aldehyde 

compounds 4a and 4b) are designed to react covalently with lysine residues to form imines 

or iminoboronates, respectively. As such, this type of may not be observed easily using 

kinetic studies which rely on fast, reversible binding. Instead, slow-binding studies are 

used. 

In slow-binding studies, the compound is allowed to interact with the enzyme for 

an extended period of time, and increased inhibition (i.e., decreased enzyme activity) is 

demonstrated over time. This may be done by preincubating the inhibitor 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 this case, a plot of 

reaction rate vs. time would show datapoints which decreased either linearly or as a decay 

function, and this method has previously been used successfully in the Jakeman group.64 

However, due to the propensity of Cps2L to lose activity rapidly after dilution, we found 

that even in the absence of inhibitor, activity would decrease over time. 

We therefore opted for an alternative method to observe slow binding, which uses 

not the rate data, but the raw data acquired from the assay, plotting absorbance 

(proportional to product formation) over time. Theoretically, in the presence of a slow, 

ñtight-bindingò inhibitor, the rate of reaction will decrease over time, whereas the same 

reaction in the absence of inhibitor should show no decrease in rate over the same period 

of time.65 Naturally, as the substrate is consumed, the reaction rate will begin to decrease; 

so a relatively high concentration of substrate must be chosen, as well as an appropriate 

time period over which the reaction rate remains linear. 

Jakeman group members Julie Cormier, Dr. Michael Beh and I began to conduct 

the slow-binding assay prior to lab closures (the full procedure can be found in Chapter 

5.4.4), but no conclusive data have yet been collected. Most commonly, curvature in the 

ñzero inhibitorò trace occurs, indicating that the time period is too long, and the substrate 

is being consumed. We have also observed immediate inhibition rather than inhibition over 
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time (see Figure 4.7) which visually confounds the expected observation (curvature, or lack 

thereof). Given the kinetic studies, we know that most of the compounds we test give some 

degree of fast, reversible inhibition which explains this result. Future studies will determine 

optimal parameters for this assay so that any covalent interactions can be identified and 

characterized. 

 

Figure 4.7: Formation of product (proportional to absorbance) by Cps2L over time in the presence of 4d at 

0 ( ), 2 ( ), 4 ( ), 6 ( ), 8 ( ) and 12.5 ( ) µM over the course of (left) 2700 s and (right) 500 s. Errant 

datapoints due to artifacts during acquisition were removed for clarity. Immediate inhibition is evident by 

the decreased initial slope at increasing concentrations of inhibitor. Additionally, curvature is evident at 0 

µM, confounding the expected result. Data collected by Dr. Michael Beh. 

4.5. Summary 

Nine of the compounds synthesized for this project were analyzed for reversible inhibition 

of Cps2L. Kinetic models were devised to incorporate multiple instances of inhibition (by 

the substrate and the compound of interest), for each of the four standard reversible 

inhibition models. Preliminary data suggest that all but one compound demonstrated at 

least some inhibition at the concentrations tested, with particular potency demonstrated by 

compound 4d. Exploratory work into probing slow-binding inhibition was also performed. 

Future work will involve acquiring consistent and high-quality kinetic data for each of the 

compounds synthesized so that accurate kinetic parameters and mechanisms of inhibition 

can be determined. 
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Chapter 5. Experimental Procedures 

5.1. Procedures for the Synthesis of Inhibitor Compounds and Intermediates 

5.1.1. General Remarks 

Reactions were conducted using oven-dried glassware and stir bars. Reaction solvents were 

purchased anhydrous and used without further purification. All reagents were obtained 

from commercial sources and used without further purification except for 2-bromo-5-

hydroxybenzaldehyde, which was purified by column chromatography before use. 

Reaction progress was monitored using glass-backed silica TLC plates, and visualized 

using UV light, or p-anisaldehyde, dinitrophenylhydrazine, or potassium permanganate 

stain. NMR spectra were acquired using a Bruker 500 MHz (11.7 T) NMR spectrometer at 

Dalhousie Universityôs NMR-3 facility. NMR chemical shifts were reported in ppm 

relative to TMS (1H and 13C nuclei) or BF3OEt2 (
11B nucleus) or CFCl3 (

19F nucleus). Mass 

spectra were acquired by Xiao Feng using a Bruker microTOF Focus Mass Spectrometer, 

using an ESI (+ or -) or APCI (+ or -) ionization source. 

5.1.2. General Procedure 1 (GP1) for the Alkyne Substitution Reaction of Phenols 

Phenol 1 (1 equiv.) and potassium carbonate (2 equiv.) were dissolved in anhydrous DMF 

to a final concentration of approximately 0.75 M with respect to phenol, then propargyl 

bromide (1.5 equiv., 80% v/v solution in toluene) was added. The reaction mixture was 

covered with a septum and stirred at room temperature until complete as determined by 

TLC analysis (eluent = 3:1 hexane : ethyl acetate). Upon completion, the reaction solvent 

was removed in vacuo under a 50 mbar atmosphere while maintained at 50 °C. The crude 

material was redissolved in ~20 mL ethyl acetate, then washed with water (2 × 20 mL) and 

saturated aqueous sodium sulfate solution (1 × 20 mL). The organic phase was dried with 

anhydrous magnesium sulfate, filtered, and evaporated in vacuo to give the product. No 

further purification was required except where noted.  

5.1.2. General Procedure 2 (GP2) for the CuAAC Reaction With CuSO4 and Ascorbic 

Acid 

5ǋ-Deoxy-5ǋ-azidothymidine (1 equiv.) and alkyne (1.1 equiv.) were stirred in THF 

(approx. 0.12 M with respect to azide) at 50 °C until both were fully dissolved. Copper (II) 

sulfate pentahydrate (0.5 equiv.) and ascorbic acid (0.55 equiv.) were dissolved in water 

(1/3 volume of THF), then the aqueous solution was added to the THF solution. The 
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reaction mixture was purged with nitrogen, and stirred at 50 °C. After consumption of 5ǋ-

deoxy-5ǋ-azidothymidine as determined by TLC analysis (10% MeOH, 45% hexane, 45% 

DCM), the reaction mixture was evaporated to dryness in vacuo. The residue was triturated 

with H2O (5-10 mL) then filtered and washed several times with water to remove copper 

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

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

5.1.3. Synthesis of Compounds 

5ǋ-Deoxy-5ǋ-azidothymidine (1) 

5ǋ-O-(p-Toluenesufonyl)thymidine (500 mg, 1.261 mmol) and 

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

dimethylformamide (DMF, 3 mL). The reaction mixture was 

stirred at 70 °C for 3 h, and monitored by thin-layer 

chromatography (silica, 5% methanol in dichloromethane). 

Upon completion, the solvent was removed in vacuo, then the 

crude material was redissolved in a mixture of 1:1 H2O/saturated aqueous Na2SO4. The 

aqueous solution was extracted 4x with 2-methyltetrahydrofuran (Me-THF). The organic 

layers were combined and dried with anhydrous MgSO4, filtered, and evaporated in vacuo 

to give the product as a crystalline white solid (333 mg, 99%). TLC: RF = 0.46. 

Characterization data are consistent with literature.35 

2-Formyl-4-hydroxyphenylboronic acid pinacol ester (2a) 

2-Bromo-5-hydroxybenzaldehyde (1300 mg, 6.467 mmol), 

bis(pinacolato)diboron (2956 mg, 11.614 mmol) and ([1,1ǋ-

Bis(diphenylphosphino)ferrocene]dichloropalladium(II) (236 mg, 0.323 

mmol) were combined, followed by potassium acetate (1904 mg, 19.401 

mmol). The solids were dissolved in dioxane (10 mL), then the reaction 

mixture was purged with nitrogen and stirred at 100 °C under nitrogen 

atmosphere. The reaction was monitored by TLC (SiO2, 10% EtOAc, 45% 

hexane, 45% DCM) and found to be compete after 3.5 h. The reaction mixture was 

evaporated to dryness in vacuo, then redissolved in EtOAc (50 mL) and transferred to a 

separatory funnel. The organic phase was washed with water (3 × 50 mL), then collected, 
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dried with MgSO4, and filtered. The dissolved crude material was adsorbed directly onto 

Celite®, dry-loaded onto a silica column, and purified by flash chromatography (0-10% 

EtOAc in hexane) to give the product (1393g, 87%). 1H NMR (500 MHz, CDCl3) ŭ 10.65 

(s, 1H), 7.86 (d, J = 8.2 Hz, 1H), 7.51 (d, J = 2.6 Hz, 1H), 7.10 (dd, J = 2.6, 8.2 Hz, 1H), 

6.04 (s, 1H), 1.37 (s, 12H). 13C NMR (126 MHz, CDCl3) ŭ 195.22, 158.45, 143.54, 138.43, 

120.43, 113.22, 84.21, 24.85. 11B NMR (160 MHz, CDCl3) ŭ 30.78. HRMS - ESI+ (m/z) 

calc'd for C13H17BNaO4: 271.1112; found 271.1109. 

2-Formyl-5-hydroxyphenylboronic acid pinacol ester (2b) 

2-Bromo-4-hydroxybenzaldehyde (1000 mg, 4.974 mmol), 

bis(pinacolato)diboron (2274 mg, 8.954 mmol) and ([1,1ǋ-

Bis(diphenylphosphino)ferrocene]dichloropalladium(II) (182 mg, 

0.249 mmol) were combined, followed by potassium acetate (1464 

mg, 14.922 mmol). The solids were dissolved in dioxane (8 mL), 

then the reaction mixture was purged with nitrogen and stirred at 

100 °C under nitrogen atmosphere. The reaction was monitored by TLC (SiO2, 10% 

EtOAc, 45% hexane, 45% DCM) and found to be complete after 5 h. The reaction mixture 

was evaporated to dryness in vacuo, redissolved in EtOAc (40 mL), the organic phase 

washed with water (2 × 40 mL), then the aqueous phases reextracted with EtOAc (20 mL). 

The organic phases were combined, washed with a solution of 1:1 H2O: brine (20 mL), 

then dried with MgSO4, filtered, and evaporated. The residue was adsorbed onto Celite®, 

dry-loaded onto a silica column, and purified by flash chromatography (0-20% EtOAc in 

hexane). Fractions containing product were evaporated to dryness, then the material was 

washed with cold hexane to give the product as a white solid (1180 mg, 96%). 

Characterization data are consistent with literature.66 
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 2-Formyl-4-(2-propyn-1-yloxy)-phenylboronic acid pinacol ester (3a) 

Compound 3a was prepared according to GP1 with 1000 mg (4.031 

mmol) of 2a. The reaction was complete after 4 h. Following extraction, 

the organic material was filtered through a short plug of silica and 

evaporated to dryness to give an off-white solid (592 mg, 51%). RF = 0.42. 

1H NMR (500 MHz, CDCl3) ŭ 10.67 (s, 1H), 7.89 (d, J = 8.3 Hz, 1H), 

7.57 (d, J = 2.6 Hz, 1H), 7.19 (dd, J = 2.7, 8.3 Hz, 1H), 4.77 (d, J = 2.4 

Hz, 2H), 2.53 (t, J = 2.4 Hz, 1H), 1.37 (s, 12H). 13C NMR (126 MHz, CDCl3) ŭ 194.54, 

159.82, 143.55, 137.97, 120.51, 111.57, 84.24, 77.78, 76.06, 55.82, 24.87. Characterization 

data are consistent with literature.66 

2-Formyl-5-(2-propyn-1-yloxy)phenylboronic acid pinacol ester (3b) 

Compound 3b was prepared according to GP1 with 1000 mg (4.031 

mmol) of 2b. The reaction was complete after 5 h. The product was 

recovered as a reddish crystalline solid (655 mg, 57%). 1H NMR (500 

MHz, CDCl3) ŭ 10.39 (s, 1H), 7.95 (d, J = 8.6 Hz, 1H), 7.37 (d, J = 

2.7 Hz, 1H), 7.11 (dd, J = 2.5, 8.5 Hz, 1H), 4.78 (d, J = 2.4 Hz, 2H), 

2.54 (t, J = 2.4 Hz, 1H), 1.39 (s, 12H). 13C NMR (126 MHz, CDCl3) ŭ 192.94, 161.14, 

135.32, 130.48, 121.19, 116.68, 84.48, 77.66, 76.07, 55.89, 24.83. HRMS ï ESI+ (m/z) 

calc'd for C16H19BNaO4: 309.1269; found 309.1268. 

5ǋ-(4-((3-Formyl-4-(pinacolborono)phenoxy)methyl)-1H-1,2,3-triazol-1-yl)-5ǋ-

deoxythymidine (4a) 

Tetrakis(acetonitrile)copper(I) hexafluorophosphate (14 

mg, 0.037 mmol) and Tris[(1-benzyl-1H-1,2,3-triazol-4-

yl)methyl]amine (24 mg, 0.045 mmol) were stirred in 

anhydrous THF (24 mL). 5ǋ-deoxy-5ǋ-azidothymidine 

(200 mg, 0.748 mmol) and 3a (236 mg, 0.823 mmol) were 

each dissolved in 6 mL THF, and added sequentially to 

the reaction mixture. The solution was purged with 

nitrogen and heated to 60 °C. After 1 hour, the azide 

starting material was consumed by TLC analysis (SiO2, 
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10% MeOH, 45% DCM, 45% hexane), and the reaction mixture was evaporated to dryness 

in vacuo. The resulting solid was stirred in DCM (20 mL) and the solid collected by 

filtration to give the product (160 mg, 39%). 1H NMR (500 MHz, d6-DMSO) ŭ 11.29 (s, 

1H), 10.44 (s, 1H), 8.22 (s, 1H), 7.74 (d, J = 8.3 Hz, 1H), 7.50 (d, J = 2.6 Hz, 1H), 7.34 

(m, 2H), 6.17 (t, J = 7.0 Hz, 1H), 5.49 (d, J = 4.4 Hz, 1H), 5.26 (s, 2H), 4.73 (dd, J = 4.3, 

14.3 Hz, 1H), 4.64 (dd, J = 7.6, 14.3 Hz, 1H), 4.28 (q, J = 3.3 Hz, 1H), 4.09 (m, J = 3.8 

Hz, 1H), 2.16 (m, 1H), 2.09 (m, 1H), 1.79 (d, J = 0.7 Hz, 3H), 1.33 (s, 12H). 13C NMR 

(126 MHz, d6-DMSO) ŭ 193.78, 163.59, 160.12, 150.35, 142.81, 142.22, 137.24, 136.00, 

125.35, 119.94, 112.43, 109.82, 84.03, 83.94, 81.31, 70.73, 61.19, 51.24, 37.86, 24.56, 

24.44, 12.00. 11B NMR (160 MHz, d6-DMSO) ŭ 32.39, 22.33. HRMS ï ESI+ (m/z) calc'd 

for C26H32BN5NaO8: 576.2236; found 576.2241.  

5ǋ-(4-((4-Formyl-3-(pinacolborono)phenoxy)methyl)-1H-1,2,3-triazol-1-yl)-5ǋ-

deoxythymidine (4b) 

Tetrakis(acetonitrile)copper(I) hexafluorophosphate 

(14 mg, 0.037 mmol) and Tris[(1-benzyl-1H-1,2,3-

triazol-4-yl)methyl]amine (24 mg, 0.045 mmol) 

were stirred in anhydrous THF (24 mL). 5ǋ-deoxy-5ǋ-

azidothymidine (200 mg, 0.748 mmol) and 3b (236 

mg, 0.823 mmol) were each dissolved in 6 mL THF 

and added sequentially to the reaction mixture. The 

solution was purged with nitrogen and heated to 60 °C. After 1 hour, 5ǋ-deoxy-5ǋ-

azidothymidine was consumed by TLC analysis (SiO2, 10% MeOH, 45% DCM, 45% 

hexane), and the reaction mixture was evaporated 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, 69%). 1H NMR (500 MHz, d6-DMSO) ŭ 11.29 (s, 1H), 10.14 (s, 

1H), 8.23 (s, 1H), 7.90 (d, J = 8.6 Hz, 1H), 7.35 (d, J = 0.9 Hz, 1H), 7.29 (q, J = 3.7 Hz, 

1H), 7.24 (d, J = 2.6 Hz, 1H), 6.17 (t, J = 7.0 Hz, 1H), 5.49 (d, J = 4.4 Hz, 1H), 5.28 (s, 

2H), 4.74 (dd, J = 4.3, 14.3 Hz, 1H), 4.65 (dd, J = 7.6, 14.3 Hz, 1H), 4.29 (m, 1H), 4.09 

(m, 1H), 2.17 (m, 1H), 2.10 (m, 1H), 1.80 (s, 3H), 1.34 (s, 12H). 11B NMR (160 MHz, d6-

DMSO) ŭ 33.13. 
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2-(Propyn-1-yloxy)benzene (3c) 

Compound 3c was prepared according to GP1 with 100 mg (1.06 mmol) of 

phenol. The reaction was complete after 2 h, and extraction was performed 

using diethyl ether as the organic phase instead of ethyl acetate. The product 

was recovered as a colourless oil (80 mg, 57%). 1H-NMR (500 MHz, 

CDCl3) ŭ 2.51 (1H, t, J = 2.38 Hz), 4.70 (2H, d, J = 2.15 Hz), 7.00 (3H, m, J = 4.44 Hz), 

7.31 (2H, t, J = 7.98 Hz). Characterization data are consistent with literature.31 

3-(2-Propyn-1-yloxy)benzaldehyde (3d) 

Compound 3d was prepared according to GP1 with 250 mg (2.047 mmol) 

of 3-hydroxybenzaldehyde. The reaction was complete after 3 h. The 

product was recovered as a pale oil (316 mg, 96%). RF = 0.49. 1H NMR 

(500 MHz, CDCl3) ŭ 9.99 (s, 1H), 7.50 (m, J = 8.1 Hz, 3H), 7.26 (qd, J = 

1.2, 8.1 Hz, 2H), 4.76 (d, J = 2.4 Hz, 2H), 2.55 (t, J = 2.4 Hz, 1H). Characterization data 

are consistent with literature.32 

4-(2-Propyn-1-yloxy)benzaldehyde (3e) 

Compound 3e was prepared according to GP1 with 250 mg (2.047 mmol) of 

4-hydroxybenzaldehyde. The reaction was complete after 3 h. The product 

was recovered as an off-white solid (307 mg, 94%). 1H NMR (500 MHz, 

CDCl3) ŭ 9.91 (s, 1H), 7.86 (d, J = 8.8 Hz, 2H), 7.10 (d, J = 8.8 Hz, 2H), 

4.78 (d, J = 2.5 Hz, 2H), 2.56 (t, J = 2.4 Hz, 1H).Characterization data are consistent with 

literature.32  

4-(2-Propyn-1-yloxy)phenylboronic acid (3f) 

Compound 3f was prepared according to GP1 using 200 mg (1.450 mmol) 

of 4-hydroxyphenylboronic acid. The reaction was complete after 16 h. 

After workup, the product was collected as a light brown crystalline solid 

(199 mg, 78%). 1H NMR (500 MHz, CDCl3) ŭ 8.18 (d, J = 8.7 Hz, 2H), 

7.09 (d, J = 8.7 Hz, 2H), 4.78 (d, J = 2.4 Hz, 2H), 2.56 (t, J = 2.4 Hz, 1H). 

13C NMR (126 MHz, CDCl3) ŭ 161.16, 137.47, 123.08, 114.38, 78.24, 75.77, 55.63. 11B 

NMR (160 MHz, CDCl3) ŭ 29.27. Molecular ion was not found when analyzed by mass 

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

Compound 3g was prepared according to GP1 with 300 mg (2.518 mmol) of 

4-hydroxybenzonitrile. The reaction was complete after 2 h. The product was 

recovered as a tan solid (358 mg, 90%). 1H NMR (500 MHz, CDCl3) ŭ 7.61 

(d, J = 8.9 Hz, 2H), 7.04 (d, J = 8.9 Hz, 2H), 4.75 (d, J = 2.4 Hz, 2H), 2.56 

(t, J = 2.4 Hz, 1H).). Characterization data are consistent with literature.33 

5ǋ-(4-Phenoxymethyl-1H-1,2,3-triazol-1-yl)-5ǋ-deoxythymidine (3c) 

Compound 4c was prepared from 3c according to GP2 with 

147 mg (0.550 mmol) of 5ǋ-deoxy-5ǋ-azidothymidine. The 

reaction was complete after 2 h, after which the reaction 

mixture was adsorbed directly onto Celite®, dry-loaded 

onto a silica column and purified by flash chromatography 

(0-10% MeOH in DCM). The product was recovered as a 

light brown solid (163 mg, 73%). 1H NMR (500 MHz, d6-DMSO) ŭ 11.29 (s, 1H), 8.19 (s, 

1H), 7.35 (s, 1H), 7.29 (t, J = 8.0 Hz, 2H), 7.02 (d, J = 8.0 Hz, 2H), 6.94 (t, J = 7.3 Hz, 

1H), 6.17 (t, J = 7.0 Hz, 1H), 5.49 (d, J = 4.3 Hz, 1H), 5.13 (s, 2H), 4.73 (dd, J = 4.4, 14.3 

Hz, 1H), 4.63 (dd, J = 7.6, 14.3 Hz, 1H), 4.29 (m, 1H), 4.09 (m, 1H), 2.17 (m, 1H), 2.09 

(m, 1H), 1.79 (s, 3H). 13C NMR (126 MHz, d6-DMSO) ŭ 164.09, 158.47, 150.84, 143.24, 

136.49, 129.92, 125.65, 121.27, 115.10, 110.31, 84.51, 84.41, 71.22, 61.37, 51.68, 38.31, 

12.49. HRMS: APCI+ Calculated: 400.1615, found: 400.1622. 

5ǋ-(4-((3-Formylphenoxy)methyl)-1H-1,2,3-triazol-1-yl)-5ǋ-deoxythymidine (4d) 

Compound 4d was prepared from 3d according to GP2 with 

180 mg (0.674 mmol) of 5ǋ-deoxy-5ǋ-azidothymidine. The 

reaction was complete after 30 min. Following washing 

steps, the product was recovered as a white solid (234 mg, 

54%). 1H NMR (500 MHz, d6-DMSO) ŭ 11.29 (s, 1H), 9.97 

(s, 1H), 8.22 (s, 1H), 7.54 (q, J = 2.9 Hz, 2H), 7.52 (s, 1H), 

7.36 (m, J = 3.9 Hz, 2H), 6.16 (t, J = 7.0 Hz, 1H), 5.49 (d, J = 4.4 Hz, 1H), 5.24 (s, 2H), 

4.74 (dd, J = 4.4, 14.3 Hz, 1H), 4.64 (dd, J = 7.6, 14.3 Hz, 1H), 4.29 (m, J = 3.3 Hz, 1H), 

4.09 (m, J = 3.8 Hz, 1H), 2.17 (m, 1H), 2.09 (m, 1H), 1.79 (s, 3H). 13C NMR (126 MHz, 
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d6-DMSO) ŭ 193.30, 158.98, 142.84, 138.10, 136.49, 130.84, 125.81, 123.08, 121.97, 

114.64, 110.31, 84.51, 84.40, 71.23, 61.76, 51.72, 38.33, 12.48. HRMS - ESI+ (m/z) calc'd 

for C20H21N5NaO6: 450.1384; found 450.1397. 

5ǋ-(4-((4-Formylphenoxy)methyl)-1H-1,2,3-triazol-1-yl)-5ǋ-deoxythymidine (4e) 

Compound 4e was prepared from 3e according to GP2 with 

180 mg (0.674 mmol) of 5ǋ-deoxy-5ǋ-azidothymidine. The 

reaction was complete after 5 h. After washing steps, the 

product was recovered as a white solid (370 mg, 86%). 1H 

NMR (500 MHz, d6-DMSO) ŭ 11.33 (s, 1H), 9.87 (s, 1H), 

8.25 (s, 1H), 7.87 (d, J = 8.7 Hz, 2H), 7.36 (s, 1H), 7.23 (d, J 

=  8.7 Hz, 2H), 6.17 (t, J = 7.0 Hz, 1H), 5.52 (d, J = 4.3 Hz, 1H), 5.27 (s, 2H), 4.74 (dd, J 

=  4.3, 14.3 Hz, 1H), 4.64 (dd, J = 7.7, 14.3 Hz, 1H), 4.29 (q, J = 3.2 Hz, 1H), 4.09 (q, J = 

3.8 Hz, 1H), 2.18 (m, 1H), 2.09 (m, 1H), 1.79 (s, 3H). 13C NMR (126 MHz, d6-DMSO) ŭ 

191.78, 164.10, 163.37, 150.84, 142.51, 136.53, 132.22, 130.29, 126.01, 115.62, 110.33, 

84.48, 84.38, 71.20, 61.82, 51.73, 38.28, 12.52. HRMS - ESI+ (m/z) calc'd for 

C20H21N5NaO6: 450.1384; found 450.1392. 

5ǋ-(4-((4-Boronophenoxy)methyl)-1H-1,2,3-triazol-1-yl)-5ǋ-deoxythymidine (4f) 

Compound 4f was prepared from 3f according to GP2 with 

131 mg (0.490 mmol) of 5ǋ-deoxy-5ǋ-azidothymidine. The 

reaction was complete after 5 h. After washing steps, the 

product was stirred overnight in DCM, filtered, and collected 

as a light brown solid (217 mg, 95%). 1H NMR (500 MHz, d6-

DMSO) ŭ 11.29 (s, 1H), 8.21 (s, 1H), 7.82 (s, 2H), 7.73 (d, J 

=  8.2 Hz, 2H), 7.35 (s, 1H), 6.98 (d, J = 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, J = 4.2, 14.2 Hz, 1H), 4.64 (dd, J = 7.6, 14.2 Hz, 1H), 

4.29 (m, 1H), 4.09 (m, 1H), 2.18 (m, 1H), 2.10 (m, 1H), 1.79 (s, 3H). 13C NMR (126 MHz, 

d6-DMSO) ŭ 164.09, 160.18, 150.85, 143.33 (determined by 2D data), 136.51, 136.27, 

126.46 (determined by 2D spectra), 125.73, 114.07, 110.32, 84.53, 84.41, 71.23, 61.22, 

51.72, 38.32, 12.49. 11B NMR (160 MHz, d6-DMSO) ŭ 30.28. Molecular ion was not found 

for this compound when analyzed by mass spectrometry. 
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5ǋ-(4-((4-Cyanophenoxy)methyl)-1H-1,2,3-triazol-1-yl)-5ǋ-deoxythymidine (4g) 

Compound 4g was prepared from 3g according to GP2 

with 100 mg (0.374 mmol) 5ǋ-deoxy-5ǋ-azidothymidine. 

The reaction mixture was stirred at 30 °C for 6 days. 

Following full conversion, the reaction mixture was 

diluted in water (~15 mL) and extracted 3x with equal 

volumes of 2-Me-THF. The organic phases were 

combined, dried with MgSO4, filtered, and evaporated to give a white solid. The solid was 

suspended in DCM (~10 mL), filtered, and collected to give the product (116 mg, 73%). 

1H NMR (500 MHz, d6-DMSO) ŭ 11.31 (s, 1H), 8.25 (s, 1H), 7.79 (d, J = 8.8 Hz, 2H), 

7.36 (s, 1H), 7.23 (d, J = 8.9 Hz, 2H), 6.18 (t, J = 7.0 Hz, 1H), 5.51 (d, J = 4.3 Hz, 1H), 

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

3.4 Hz, 1H), 4.10 (m, J = 3.9 Hz, 1H), 2.20 (m, 1H), 2.11 (m, 1H), 1.80 (s, 3H). 13C NMR 

(126 MHz, d6-DMSO) ŭ 164.08, 161.92, 150.84, 142.39, 136.53, 134.62, 126.01, 119.50, 

116.26, 110.31, 103.61, 84.54, 84.38, 71.22, 61.86, 51.74, 38.31, 12.49. HRMS - APCI+ 

(m/z) calc'd for C20H21N6O5: 425.1568; found 425.1578. 

5ǋ-(4-(2-Cyanoethyl)-1H-1,2,3-triazol-1-yl)-5ǋ-deoxythymidine (7) 

Compound 7 was prepared from 4-pentynenitrile according 

to GP2 with 100 mg (0.374 mmol) of 5ǋ-deoxy-5ǋ-

azidothymidine. The reaction was complete after 4.5 h. 

Following washing steps, the material was further purified 

by column chromatography (0-10% MeOH in DCM) to give 

the product as a white solid (47 mg, 36%). 1H NMR (500 

MHz, d6-DMSO) ŭ 11.29 (s, 1H), 7.96 (s, 1H), 7.35 (s, 1H), 6.16 (t, J =  7.0 Hz, 1H), 5.48 

(d, J = 4.0 Hz, 1H), 4.70 (dd, J = 4.3, 14.3 Hz, 1H), 4.60 (dd, J = 7.4, 14.4 Hz, 1H), 4.27 

(m, 1H), 4.05 (m, 1H), 2.95 (t, J = 7.1 Hz, 2H), 2.83 (t, J = 7.1 Hz, 2H), 2.16 (m, 1H), 2.09 

(m, 1H), 1.80 (s, 3H). 13C NMR (126 MHz, d6-DMSO) ŭ 164.09, 150.84, 144.47, 136.53, 

123.67, 120.54, 110.28, 84.46 (2 overlapping C signals), 71.16, 51.60, 38.34, 21.71, 16.92, 

12.50. HRMS - APCI+ (m/z) calc'd for C15H19N6O4: 347.1462; found 347.1457. 
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2-Bromo-5-(2-propyn-1-yloxy)benzonitrile (3h). 

Compound 3h was prepared according to GP1 with 200 mg (1.010 mmol) 

of 2-bromo-5-hydroxybenzonitrile. The reaction was complete after 3 h. 

After workup, purification by flash chromatography (9:1 hexane / ethyl 

acetate) was performed. The product was recovered as a white solid (172 

mg, 72%). 1H NMR (500 MHz, CDCl3) ŭ 7.57 (d, J = 9.0 Hz, 1H), 7.26 (d, J 

=  2.6 Hz, 1H), 7.09 (dd, J = 3.0, 9.0 Hz, 1H), 4.71 (d, J = 2.4 Hz, 2H), 2.57 (t, J = 2.4 Hz, 

1H). 13C NMR (126 MHz, CDCl3) ŭ 156.50, 134.05, 121.67, 120.13, 116.89, 116.71, 

116.36, 76.92, 56.34. HRMS - APCI+ (m/z) calc'd for C7H10BrNO: 235.9706; found 

235.9706. 

5ǋ-(4-((4-Bromo-3-cyanophenoxy)methyl)-1H-1,2,3-triazol-1-yl)-5ǋ-deoxythymidine (4h) 

Compound 4h was prepared from 3h according to GP2 with 

155 mg (0.578 mmol) of 5ǋ-deoxy-5ǋ-azidothymidine. The 

reaction was complete after 1 hour. Following washing, the 

product was collected as a light yellow solid (150 mg, 51%). 

1H NMR (500 MHz, d6-DMSO) ŭ 11.29 (s, 1H), 8.23 (s, 1H), 

7.75 (d, J = 9.0 Hz, 1H), 7.70 (d, J = 2.9 Hz, 1H), 7.34 (s, 

1H), 7.32 (dd, J = 3.0, 9.0 Hz, 1H), 6.17 (t, J = 6.9 Hz, 1H), 5.50 (d, J = 4.3 Hz, 1H), 5.22 

(s, 2H), 4.74 (dd, J = 4.2, 14.2 Hz, 1H), 4.64 (dd, J = 7.6, 14.3 Hz, 1H), 4.29 (q, J = 3.2 

Hz, 1H), 4.08 (m, J = 3.8 Hz, 1H), 2.18 (m, 1H), 2.10 (m, 1H), 1.79 (s, 3H). 13C NMR 

(126 MHz, d6-DMSO) ŭ 164.10, 157.79, 150.84, 142.27, 136.49, 134.55, 126.05, 122.94, 

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) calc'd for C20H20BrN6O5: 503.0673; found 503.0687. 

5ǋ-(4-((3-Cyanophenoxy)methyl)-1H-1,2,3-triazol-1-yl)-5ǋ-deoxythymidine (8) 

Compound 4h (100 mg, 0.199 mmol), 

bis(pinacolato)diboron (151 mg, 0.596 mmol), potassium 

acetate (58 mg, 0.596 mmol), 

tris(dibenzylideneacetone)dipalladium(0) (2 mg, 0.002 

mmol) and XPhos (4 mg, 0.008 mmol) were stirred under 

vacuum for 5 min, purged with nitrogen, then dissolved in 
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dioxane (1.5 mL) and stirred at 100 °C. After 48 h, the temperature was reduced to 23 °C 

and stirred for another 48 h until the starting material was consumed by TLC analysis (10% 

MeOH, 45% hexane, 45% DCM). The reaction mixture was diluted in water (~20 mL) and 

washed twice with an equal volume of 2-Me-THF. The organic phases were combined, 

dried with MgSO4, filtered, and evaporated. The organic residue was adsorbed onto 

Celite®, dry-loaded onto a silica column and purified by flash chromatography (0-5% 

MeOH in DCM/Hexane (1:1)). The product was collected as a white solid. Although the 

reaction was conducted with the intent to install a BPin group, NMR analysis revealed the 

protodeborylated product (36 mg, 43%). 1H NMR (500 MHz, d6-DMSO) ŭ 11.29 (s, 1H), 

8.23 (s, 1H), 7.55 (d, J = 1.4 Hz, 1H), 7.49 (t, J = 8.0 Hz, 1H), 7.41 (d, J = 7.6 Hz, 1H), 

7.37 (dd, J = 2.5, 8.4 Hz, 1H), 7.35 (s, 1H), 6.17 (t, J = 7.0 Hz, 1H), 5.50 (d, J = 4.3 Hz, 

1H), 5.22 (s, 2H), 4.74 (dd, J = 4.4, 14.3 Hz, 1H), 4.64 (dd, J = 7.7, 14.3 Hz, 1H), 4.29 

(q, J = 3.2 Hz, 1H), 4.09 (m, J = 3.9 Hz, 1H), 2.18 (m, 1H), 2.10 (m, 1H), 1.79 (s, 3H). 13C 

NMR (126 MHz, d6-DMSO) ŭ 164.09, 150.84, 142.55, 139.28, 136.50, 131.29, 125.95, 

125.27, 121.04, 119.06, 118.10, 112.68, 110.32, 84.53, 84.40, 71.23, 61.86, 51.74, 38.33, 

12.49. HRMS - APCI+ (m/z) calc'd for C20H21N6O5: 425.1568; found 425.1570. 

1-Bromo-4-(2-propynyloxy)benzene (3i) 

Compound 3i was prepared according to GP1 with 432 mg (2.500 mmol) 

of 1-bromo-4-hydroxybenzene. The reaction was complete after 96 h. The 

product was recovered as a yellow oil (368 mg, 70%). 1H NMR (500 MHz, 

CDCl3) ŭ 7.40 (td, J = 2.7, 10.3 Hz, 2H), 6.87 (td, J = 2.8, 10.1 Hz, 2H), 

4.67 (d, J = 2.4 Hz, 2H), 2.52 (t, J = 2.4 Hz, 1H). Characterization data are consistent with 

literature.32 

5ǋ-(4-((4-Bromophenoxy)methyl)-1H-1,2,3-triazol-1-yl)-5ǋ-deoxythymidine (4i) 

Compound 4i was prepared from 3i following GP2 with 334 

mg (1.250 mmol) of 5ǋ-deoxy-5ǋ-azidothymidine. The reaction 

was complete after 10 min. Following washing steps, the 

product was recovered as a solid (537 mg, 90%). 1H NMR 

(500 MHz, d6-DMSO) ŭ 11.29 (s, 1H), 8.20 (s, 1H), 7.45 (d, J 

=  8.9 Hz, 2H), 7.34 (s, 1H), 7.01 (d, J = 8.9 Hz, 2H), 6.17 (t, J 
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=  7.0 Hz, 1H), 5.49 (d, J = 4.3 Hz, 1H), 5.13 (s, 2H), 4.73 (dd, J = 4.4, 14.3 Hz, 1H), 4.63 

(dd, J = 7.6, 14.3 Hz, 1H), 4.28 (q, J = 3.3 Hz, 1H), 4.08 (m, J = 3.9 Hz, 1H), 2.17 (m, 1H), 

2.10 (m, 1H), 1.79 (s, 3H). 13C NMR (126 MHz, d6-DMSO) ŭ 163.58, 157.26, 150.33, 

142.35, 135.99, 132.06, 125.28, 116.99, 112.22, 109.80, 84.01, 83.88, 70.71, 61.21, 51.20, 

37.81, 11.99. HRMS - APCI+ (m/z) calc'd for C19H20BrN5O5: 478.0721; found 478.0706. 

5ǋ-(4-((4-(Pinacolborono)phenoxy)methyl)-1H-1,2,3-triazol-1-yl)-5ǋ-deoxythymidine (9) 

Compound 4i (86 mg, 0.180 mmol), bis(pinacolato)diboron 

(137 mg, 0.540 mmol), potassium acetate (53 mg, 0.540 mmol), 

tris(dibenzylideneacetone)dipalladium(0) (1.6 mg, 0.002 

mmol) and XPhos (3.3 mg, 0.007 mmol) were stirred under 

vacuum for 5 min, purged with nitrogen, then dissolved in 

dioxane (1.25 mL) and stirred at 100 °C. The reaction was 

complete after 1 hour by TLC analysis (10% MeOH, 45% 

hexane, 45% DCM), and was diluted in MeOH (5 mL) and filtered through Celite®. The 

resulting solution was adsorbed onto Celite®, dry-loaded onto a silica column, and purified 

by flash chromatography (0-10% MeOH in DCM/Hexane (1:1)). The product was 

collected as an off-white solid (72 mg, 76%). 1H NMR (500 MHz, d6-DMSO) ŭ 11.28 (s, 

1H), 8.21 (s, 1H), 7.60 (d, J = 8.5 Hz, 2H), 7.34 (s, 1H), 7.02 (d, J = 8.5 Hz, 2H), 6.17 (t, J 

=  7.0 Hz, 1H), 5.51 (br. s, 1H), 5.17 (s, 2H), 4.73 (dd, J = 4.4, 14.3 Hz, 1H), 4.63 (dd, J = 

7.5, 14.3 Hz, 1H), 4.28 (m, J = 3.3 Hz, 1H), 4.09 (m, J = 3.9 Hz, 1H), 2.16 (m, 1H), 2.09 

(m, 1H), 1.79 (s, 3H), 1.28 (s, 12H). 

5ǋ-(4-Benzoyl-1H-1,2,3-triazol-1-yl)-5ǋ-deoxythymidine (10a) 

Compound 10a was prepared from 1-phenylprop-2-yn-1-

one according to GP2 with 120 mg (0.449 mmol) 5ǋ-deoxy-

5ǋ-azidothymidine. Upon completion by TLC analysis, the 

reaction mixture was evaporated in vacuo, redissolved in 

H2O (20 mL) and extracted with 2-Me-THF (3x20 mL). 

The organic phases were combined, dried with MgSO4, filtered, and evaporated in vacuo. 

The residue was adsorbed onto Celite®, dry-loaded onto a silica column, and purified by 

flash chromatography (50 mL hexane, then 0-10% MeOH in DCM). The product was 
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recovered as a white solid (135 mg, 76%). 1H NMR (500 MHz, d6-DMSO) ŭ 11.30 (s, 1H), 

8.85 (s, 1H), 8.23 (d, J = 7.2 Hz, 2H), 7.70 (t, J = 7.4 Hz, 1H), 7.58 (t, J = 7.7 Hz, 2H), 

7.33 (s, 1H), 6.18 (t, J = 7.0 Hz, 1H), 5.52 (d, J = 4.1 Hz, 1H), 4.84 (dd, J = 4.7, 14.2 Hz, 

1H), 4.76 (dd, J = 7.2, 14.2 Hz, 1H), 4.32 (q, J = 3.4 Hz, 1H), 4.17 (m, 1H), 2.23 (m, 1H), 

2.12 (m, 1H), 1.74 (s, 3H). 13C NMR (126 MHz, d6-DMSO) ŭ 184.96, 163.54, 150.35, 

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, 11.94. HRMS - APCI+ (m/z) calc'd for C19H20N5O5: 398.1495; found 

398.1467. 

1-(2-Bromophenyl)-prop-2-yn-1-ol (11) 

To an oven-dried, 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 5 min, following which, 2ǋ-

bromobenzaldehyde (350 µL, 3 mmol) was added to the THF solution dropwise. The 

starting material was consumed after 10 min 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. The organic phase was washed twice with brine, dried with 

MgSO4, filtered, and evaporated in vacuo to give the product as a yellow oil (592 mg, 

93%). 1H NMR (500 MHz, CDCl3) ŭ 7.79 (dd, J = 1.6, 7.8 Hz, 1H), 7.58 (dd, J = 1.0, 8.0 

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

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

consistent with literature.67 

1-(2-Bromophenyl)prop-2-yn-1-one (12) 

Compound 11 (590 mg, 2.795 mmol) and Dess-Martin periodinane (1541 

mg, 3.634 mmol) were dissolved in dichloromethane (10 mL) and stirred 

at 23 °C. The reaction was complete after 5 min by TLC analysis (3:1 

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

organic phase was dried with MgSO4 and 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 : ethyl acetate, 50 mL). The solution containing product was evaporated in 

vacuo to give an orange crystalline solid (458 mg, 78%). 1H NMR (500 MHz, CDCl3) ŭ 
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8.11 (dd, J = 1.8, 7.7 Hz, 1H), 7.70 (dd, J = 1.1, 7.9 Hz, 1H), 7.45 (td, J = 1.3, 7.5 Hz, 

1H), 7.39 (td, J = 1.8, 7.6 Hz, 1H), 3.47 (s, 1H). Characterization data are consistent with 

literature.67 

5ǋ-(4-((2-Bromophenyl)oxomethyl)-1H-1,2,3-triazol-1-yl)-5ǋ-deoxythymidine (13) 

Compound 13 was prepared from 12 according to GP2 

with 300 mg (1.123 mmol) 5ǋ-deoxy-5ǋ-

azidothymidine. The reaction was complete after 2 h 

by TLC analysis. Following washing with H2O, the 

organic material was dissolved in MeOH, adsorbed 

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

by flash chromatography (0-10% MeOH in DCM/Hexane (1:1)). The product was 

collected as a yellow foam (404 mg, 75%). 1H NMR (500 MHz, d6-DMSO) ŭ 11.30 (s, 

1H), 8.83 (s, 1H), 7.75 (dd, J = 7.7, 1.1 Hz, 1H), 7.52 (m, 3H), 7.37 (d, J = 1.1 Hz, 1H), 

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

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

=  0.7 Hz, 3H). 13C NMR (126 MHz, d6-DMSO) ŭ 187.00, 163.56, 150.34, 145.77, 139.81, 

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, 11.97. HRMS was not acquired for this compound.  

1,4-Bis(1-(5ǋ-deoxy-5ǋ-thymidyl)-1H-1,2,3-triazol-4-yl)benzene (14a) 

1,4-Diethynylbenzene (43 mg, 

0.340 mmol) and 5ǋ-deoxy-5ǋ-

azidothymidine (200 mg, 0.748 

mmol) were stirred in THF (4 mL) at 

50 °C until both reagents were 

dissolved. Copper sulfate pentahydrate (85 mg, 0.340 mmol) and ascorbic 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 with N2, and stirred under nitrogen atmosphere. 

The reaction was complete by TLC analysis (3:1 hexanes : ethyl 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%). 1H NMR (500 MHz, d6-DMSO) ŭ 11.01 (s, 2H), 8.60 (s, 2H), 7.92 (s, 4H), 7.24 (d, J 

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

Hz, 2H), 4.69 (dd, J = 6.6, 14.4 Hz, 2H), 4.32 (m, 2H), 4.13 (m, 2H), 2.18 (m, 2H), 2.13 

(m, 2H), 1.69 (d, J = 1.0 Hz, 6H). 13C NMR (126 MHz, d6-DMSO) ŭ 164.04, 150.85, 

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 ï ESI- (m/z) calc'd for C30H31N10O8: 659.2332; found 659.2327. 

1,4-Bis(2-propyn-1-yloxy)benzene (3j) 

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

(1004 mg, 7.264 mmol) were stirred in DMF (2 mL), then propargyl 

bromide (80% w/w in toluene; 607 µL, 5.449 mmol) was added to the 

solution. The reaction was complete after 4 h by TLC analysis (3:1 

hexane: ethyl acetate), and the solvent was removed in vacuo. The crude 

material was dissolved in ethyl acetate (20 mL) and washed with H2O (3x20 mL). The 

organic material was adsorbed onto silica and the product eluted with a solution of 25% 

EtOAc in hexane. The product was collected after evaporation as a pale yellow oil (248 

mg, 73%). 1H NMR (500 MHz, CDCl3) ŭ 6.93 (s, 4H), 4.65 (d, J = 2.4 Hz, 4H), 2.51 (t, J 

=  2.4 Hz, 2H). Characterization data are consistent with literature.68 

1,4-Bis((1-(5ǋ-deoxy-5ǋ-thymidyl)-1H-1,2,3-triazol-4-yl)methoxy)benzene (14b) 

3j (93 mg, 0.500 mmol) and 5ǋ-deoxy-5ǋ-

azidothymidine (294 mg, 1.100 mmol) 

were stirred in THF (6 mL) at 50 °C until 

both reagents were dissolved. Copper 

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 analysis (3:1 EtOAc/hexane). The solution was diluted in H2O (5 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, 40%). 1H NMR (500 MHz, d6-

DMSO) ŭ 11.29 (s, 2H), 8.17 (s, 2H), 7.34 (s, 2H), 6.94 (s, 4H), 6.17 (t, J = 7.0 Hz, 2H), 

5.50 (d, J = 4.3 Hz, 2H), 5.06 (s, 4H), 4.73 (dd, J = 4.4, 14.3 Hz, 2H), 4.63 (dd, J = 7.5, 
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14.3 Hz, 2H), 4.28 (m, 2H), 4.09 (m, 2H), 2.17 (m, 2H), 2.10 (m, 2H), 1.79 (s, 6H). 13C 

and HRMS not available for this compound due to lab closures as a result of the COVID-

19 pandemic. 

(5aR,6S,6aS)-rel-1,4,5,5a,6,6a,7,8-Octahydro-1-(5ǋ-deoxy-5ǋ-

thymidyl)cyclopropa[5,6]cycloocta[1,2-d]-1,2,3-triazole-6-methanol (15) 

5ǋ-Deoxy-5ǋ-azidothymidine (50 mg, 0.187 

mmol) and (1R,8S,9S)-Bicyclo[6.1.0]non-4-yn-

9-ylmethanol (34 mg, 0.224 mmol) were 

dissolved in acetonitrile (1.5 mL) and water (0.5 

mL). The reaction was stirred at 40 °C for 24 h, 

after which the reaction mixture was adsorbed 

directly onto Celite®, dry-loaded onto a silica column, and purified by flash 

chromatography (0-10% 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 1H NMR integration. 1H NMR (500 MHz, d6-DMSO) ŭ 11.29 (s, 2H), 7.34 (s, 1H), 

7.27 (s, 1H), 6.14 (app. td, J = 2.6, 10.2 Hz, 2H), 5.76 (s, 2H), 5.47 (app. dd, J = 3.0, 4.3 

Hz, 2H), 4.59 (app. td, J = 5.3, 14.7 Hz, 2H), 4.50 (app. ddd, J = 2.7, 6.9, 14.7 Hz, 2H), 

4.33 (m, 2H), 4.27 (app. q, J = 5.3 Hz, 2H), 4.08 (q, J = 5.3 Hz, 1H), 4.02 (s, 1H), 3.99 

(m, 2H), 3.45 (app. q, J = 4.2 Hz, 1H), 3.18 (app. d, J = 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), 0.79 (m, 4H). 13C NMR (126 MHz, d6-DMSO) ŭ 164.07, 154.35, 150.87, 

143.94, 143.85, 136.51, 134.55, 129.03, 128.86, 110.15, 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, 18.65, 12.47. HRMS ï ESI+ (m/z) calc'd for C20H27N5NaO5: 

440.1904; found 440.1898. 

Phenoxyacetic acid (16) 

 Phenol (500 mg, 5.313 mmol) and potassium carbonate (2.2g, 15.939 

mmol) were dissolved in DMF (4 mL). To this solution was added ethyl 

bromoacetate (648 µL, 5.844 mmol), and the mixture was stirred at 75 °C. 

The reaction was complete after 1.5 h by TLC analysis, upon which the 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 by TLC analysis, the ethanol was removed in vacuo, then 2M HCl 

was added to the remaining aqueous solution dropwise until white crystals formed. Crystals 

were collected by filtration to give the product (215 mg, 22%). 1H NMR (500 MHz, CDCl3) 

ŭ 7.32 (t, J = 8.0 Hz, 2H), 7.03 (t, J = 7.4 Hz, 1H), 6.93 (d, J = 7.9 Hz, 2H), 4.69 (s, 2H). 

Characterization data are consistent with literature.69 

5ǋ-Deoxy-5ǋ-aminothymidine (17) 

 5ǋ-O-(p-Toluenesufonyl)thymidine (300 mg) was dissolved in a 

solution of methylamine (33% in EtOH). The reaction mixture was 

purged with N2 and stirred, covered from light, for 48 h. The reaction 

was monitored by TLC (9:1 dioxane : NH4OH), and upon completion, 

the solvent was removed in vacuo. The residue was dissolved in 5 mL 

H2O, filtered, and purified by column chromatography using an H+-charged Dowex-80 ion 

exchange resin (eluent = 0-20% NH4OH in H2O). Fractions containing product were 

concentrated in vacuo, then lyophilized to give 17 as a fluffy, light yellow amorphous solid 

(125 mg, 86%). Characterization data are consistent with literature.53 

 

5ǋ-(N-(Phenoxyacetyl)-N-methylamino)-5ǋ-deoxy-thymidine (18) 

A solution of phenoxyacetic acid (88 mg, 0.490 mmol), 2-

(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium 

tetrafluoroborate (TBTU) (200 mg, 0.627 mmol) and 

diisopropylethylamine (DIPEA) (239 µL, 1.372 mmol) in 

2-MeTHF (3 mL) and DMF (0.5 mL) was stirred at 23 °C 

for 45 min, after which 5ǋ-deoxy-5ǋ-

methylaminothymidine (100 mg, 0.392 mmol) was added. The reaction was complete by 

TLC analysis 3.5 h after addition of 5ǋ-deoxy-5ǋ-aminothymidine, following which the 

reaction mixture was poured into brine (20 mL) and extracted with 2-MeTHF (3 × 20 mL). 

The organic layers were combined, dried with MgSO4, filtered, and evaporated. The 

residue was adsorbed onto Celite®, dry-loaded onto a silica column, and purified by flash 

chromatography (0-10% MeOH in DCM) to give the product as a tan solid (38 mg, 25%). 
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5.2. Procedure for Conducting WaterLOGSY Experiments 

5.2.1. Preparation of NMR Samples 

Stock solutions of deuterated Tris buffer (1 M, pH adjusted to 7.5) and MgCl2 (20 mM) 

were made in distilled, deionized water. A stock solution of the compound to be tested (50 

mM) was made in d6-DMSO. A stock solution of Cps2L (1.44 mM in 50 mM Tris buffer) 

was previously expressed and isolated (see Section 5.3). NMR samples were prepared by 

combining stock solutions in an Eppendorf tube along with D2O, and diluted in distilled, 

deionized water to 650 µL to the final concentrations: dTris: 100 mM, MgCl2: 2 mM, 

Cps2L: 0.05 mM; d6-DMSO: 5% v/v, compound to test: 2.5 mM, and D2O: 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. Data Acquisition and Processing 

Data was acquired using a Bruker 500 MHz NMR spectrometer. A water-suppression 1H 

NMR spectrum of each sample was collected (16 scans) followed by a WaterLOGSY 

spectrum (256 scans, mixing time = 1.5 s). Fourier transformed data was phased such that 

the dTris residual signal pointed upwards in all spectra, thus defining phased-up peaks as 

ñnon-bindingò and phased down peaks as ñbindingò. 

5.3. Microbiology Procedures 

5.3.1. Preparation of Buffers and Solutions 

LB media 

Bio-tryptone (10 g/L), NaCl (10 g/L), and yeast extract (5g/L) were dissolved in distilled, 

deionized water. The pH was adjusted to 7.5 with NaOH (1 M) and HCl (1 M). The solution 

was autoclaved before use. 

LB agar 

Agar (1.5 g) was dissolved in LB media (100 mL) and autoclaved. The solution was cooled 

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

Lysis buffer 

Glycerol (3 mL), Triton X-100 (1 mL, 10%) and wash buffer (16 mL) were combined in a 

falcon tube and vortexed. 
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Wash buffer 

NaH2PO4 (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 HCl (1 M). 

Elution buffer 

NaH2PO4 (20 mM), NaCl (300 mM) and imidazole (250 mM) were dissolved in distilled, 

deionized water. The pH was adjusted to 7.5 with NaOH (1 M) and HCl (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 HCl (1 M). 

Bis-acrylamide 

Acrylamide (29 g) and N,N-methylenebisacrylamide (1g) were dissolved in distilled, 

deionized water (100 mL). The solution was protected from light and stored at 4 °C. 

Stacking buffer 

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

NaOH (1 M) and HCl (1 M). 

Tris-HCl 

Tris (500 mM) was dissolved in distilled, deionized water. The pH was adjusted to 7.5 

using NaOH (1 M) and HCl (1 M). Solutions of Tris-HCl at lower concentrations were 

diluted from this stock with distilled, deionized water. 

Loading dye 

Glycerol (2 mL), SDS (6 mL, 10%), stacking buffer (2.5 mL), and aqueous Bromophenol 

blue (42 ɛL, 1% w/v) were combined and vortexed. The solution was separated into 100 

ɛL aliquots and frozen. When ready for use, an aliquot was thawed and 2-mercaptoethanol 

(25 ɛL per 100 ɛL 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 HCl (1 M). Lower concentrations of MOPS buffer were obtained 

by diluting this solution in distilled, deionized water. 

5.3.2. Overexpression of Cps2L 

Cps2L was produced according to a previously reported procedure.58 A glycerol stock of 

BL21-DE3 competent E. coli harbouring plasmid pSK001 (coding for Cps2L) was grown 

on LB agar plates containing kanamycin (50 µg/mL) at 37 °C for 18 h. LBkan (LB media 

containing 50 µg/mL kanamycin, 25 mL) was inoculated with a single culture isolated from 

the agar plate using a sterile loop, and the culture was grown overnight with shaking (200 

rpm) at 37 °C. Then, 3 mL of the small growth solution was added to each of 3 flasks 

containing 330 mL LBkan. The large growths were incubated at 37 °C with shaking, and 

monitored by UV-Vis (600 nm) until an optical density (OD) of 0.6-0.8 was observed 

(approximately 3 h). Then, isopropyl ɓ- D-1-thiogalactopyranoside (IPTG) solution (300 

µL, 1 M) was added to each flask (to a final IPTG concentration of 1 mM) to induce 

production of Cps2L. The growths were incubated with shaking (200 rpm) overnight at 

18 °C. The resulting solution was centrifuged (3700 rpm, 1 hour, 4 °C), and the resulting 

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 (1µg/mL, 20 µL), and lysozyme (10 mg). The mixture was stirred for 30 

min at 0 °C, and the resulting lysate sonicated (5 × 5 s, 50% amplitude) using a microprobe 

sonicator (Autotune High Intensity Ultrasonic Processor, 750 W). The material was 

centrifuged (13000 rpm, 15 min, 4 °C), and the supernatant collected. 200 µL of the 

supernatant was set aside for analysis by gel electrophoresis. 

5.3.4. Purification of Cps2L 

A Hi-trap affinity HP column was primed by washing with 15 mL distilled water, then 

charged with an aqueous solution of nickel (II) sulfate (0.1 M, 2.5 mL) and washed with 

distilled water (15 mL). The column was loaded with the supernatant collected from cell 

lysis, then impurities removed with wash buffer (30 mL). The protein was eluted using a 
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gradient of 10-100% elution buffer in wash buffer. Fractions were collected and 

concentrated using a Macrosep Advance centrifugal filtration device (4700g, 45 min, 4 °C) 

and stored at 4 °C. 

5.3.5. Preparation of 0.1% SDS-Polyacrylamide Gels (SDS-PAGE) for Protein 

Electrophoresis 

Sodium dodecyl sulfate (SDS) polyacrylamide gels were preparedc using 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 buffer (3.75 mL), SDS solution (100 µL, 

10% w/v), bis-acrylamide solution (3.3 mL, 30% w/v), freshly prepared ammonium 

persulfate (APS) solution (100 µL, 10% w/v) and tetramethylethylenediamine (TMEDA, 

15 µL). Immediately after addition of TMEDA, the solution was stirred briefly, then added 

to the cast. The gel was covered with a layer of ethanol. The stacking gel solution was 

prepared by combining distilled water (2.75 mL), stacking buffer (0.47 mL), SDS solution 

(37.5 µL, 10% w/v), bis-acrylamide solution (0.5 mL, 30% w/v), APS solution (20 µL, 

10% w/v), and TMEDA (6 µL). Immediately 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 gel allowed to set at room temperature. The 

compound gel was stored, sealed to contain moisture, at 4 °C. 

5.3.6. Analysis of Nickel Column Fractions by SDS-PAGE 

Fractions collected from the Nickel affinity chromatography column following addition of 

elution buffer, as well as the aliquot of cell lysate collected prior to enzyme purification, 

were analyzed by SDS-PAGE to determine the presence and purity of the desired protein. 

Samples were prepared in the following way: to a 500 µL Eppendorf tube was added a 

sample of column fraction (2.5 µL), Tris-HCl buffer (20 µL, 10 mM) and pre-prepared 

loading dye (5 µL). The tubes were vortexed briefly (a colour change from yellow to blue 

was observed), then suspended in boiling water for 3 min to promote denaturation of 

proteins. 

 
cAcknowledgement to Mr. Brendan McKeown of Dr. Kerry Goralskiôs research group for help preparing 

and running SDS-PAGE. 
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The SDS-PAGE gel was installed in the electrophoresis apparatus, which was filled 

with SDS-PAGE running buffer (1X). Prepared fraction samples were loaded into the wells 

of the gel (20 µL each), alongside commercially available prestained standard protein 

ladder (New England Biolabs, 11-245 kDa). A voltage of 150V was applied 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 commercially available 

EZBlueÊ gel staining reagent. 

5.3.7. Collection, Dialysis, Analysis, and Storage of Protein-Containing Fractions 

Clean fractions, as indicated by a single band in the corresponding lane of the 

polyacrylamide gel, were combined and concentrated using a Macrosep Advance 

centrifugal filtration device (4700g, 45 min, 4 °C). The concentrated protein solution was 

diluted to 15 mL with 25 mM Tris-HCl buffer, then recentrifuged. The process was 

repeated 3x to replace the phosphate buffer with Tris-HCl buffer. The concentration of 

Cps2L in Tris-HCl buffer was determined by UV-Vis analysis (280 nm) using a previously 

determined extinction coefficient of 29300 M-1cm-1.58 The protein solution was separated 

into 400 µL aliquots and stored at -70 °C. When in use, an aliquot was thawed, stored at 

4 °C, and used for up to a month. Aliquots were not refrozen once thawed. 

5.3.8. Overexpression, Purification, and Analysis of Human Purine Nucleoside 

Phosphorylase (hPNP) 

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

but using an extinction coefficient of 29800 M-1cm-1 to determine final concentration.54 

The concentrated solution of hPNP contained excess PO4
3-, which interfered with the 

coupled enzyme assay, and was repurified by nickel affinity column chromatography using 

wash buffer and elution buffer prepared from Tris-HCl instead of phosphate buffer. After 

concentration by centrifugation, the concentration of protein was once again determined, 

then the solution was separated into 400 µL aliquots and stored at -70 °C. When in use, an 

aliquot was thawed and stored at 4 °C. Aliquots were not refrozen once thawed. 

5.3.9. 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 water from a lyophilized powder containing buffer salts (1 
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EU/µL) and were stored in 400 µL aliquots at -30 °C. XO stock solutions (591 µM) were 

made in 25 mM Tris-HCl from lyophilized powder containing BSA and glutamate as 

stabilizers, and were stored in 400 µL aliquots at -70 °C. Once thawed, aliquots were stored 

at 4 °C and used for up to a month after thawing. IPP was diluted to 0.1 EU/µL in 25 mM 

Tris-HCl before use in the coupled assay. 

5.3.10. Dialysis of Enzymes in 3-(N-morpholino)propanesulfonic acid (MOPS) Buffer 

Cps2L, IPP, XO and hPNP were dialyzed in MOPS buffer due to the potential interference 

of Tris-HCl with binding of iminoboronates. A Pur-A-LyzerÊ Maxi Dialysis kit was 

utilized, with PURX60015 dialysis tubes. The tubes were primed by soaking in distilled 

water for 5 min, then each tube was loaded with either Cps2L, IPP, XO, or hPNP enzyme 

solutions in Tris-HCl (approx. 2 mL). The tubes were suspended in stirred MOPS buffer 

(1 L, 50 mM) for 3 h. Each solution was analyzed by UV-Vis before and after dialysis (280 

nm for Cps2L, IPP and hPNP, 450 nm for XO) to ensure no change in concentration had 

occurred. Each enzyme solution was separated into 400 µL aliquots and stored at -70 °C. 

When used for enzyme assays, the solutions were stored at 4 °C and used for up to a month 

after thawing. 

5.4. Procedure for Conducting the Coupled Enzyme Assay 

5.4.1. General Notes for the UV-vis Assay 

Assays were performed in 96-well plates, monitored spectrophotometrically using a 

SPECTRAmax Plus Microplate Reader spectrometer, with SoftMax Pro version 4.8 

software. Measurements were acquired with irradiation of the wells at 290 nm, and data 

was acquired every 5 s for 300 s. Non-linear regression analysis was performed with 

Microsoft Excel, using the Solver plugin. 

Stock solutions of MgCl2 (500 mM), inosine (20 mM), G1P (20 mM) and buffer 

(Tris-HCl or MOPS) (500 mM) were prepared from distilled, deionized water (ddH2O). A 

solution of 70% DMSO in water was also prepared in ddH2O. Solutions of enzymes Cps2L 

(351 µM), hPNP (163 µM), XO (591 µM), and IPP (0.1 EU/µL) were prepared as described 

in Chapter 5.3. All solutions were stored at 4 °C. 

2ǋ-deoxythymidine-5ǋ-triphosphate (dTTP) stock solution (20 mM) was prepared in 

ddH2O and the pH adjusted to 7.5. This solution was stored at 4 °C for up to a week. From 
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this stock solution were prepared dilutions (either 20, 40, 60, 80, 100, 200, 300, 350 µM; 

or 15, 18, 24, 35, 60, 100, 200, 300 µM) in ddH2O. Fresh dilutions were prepared daily. 

5.4.2. Determination of Cps2L Kinetic Parameters With Varying [dTTP] 

To an Eppendorf tube was added stock solutions of buffer (Tris-HCl or MOPS) (60 µL), 

inosine (60 µL), G1P (60 µL), MgCl2 (14 µL), IPP (15 µL), hPNP (7.5 µL), XO (3 µL) 

70% DMSO solution (96 µL) and ddH2O (134 µL). The tube was sealed and inverted 

several times, then 45 µL of this solution was added to each of 8 wells containing 60 µL 

of dTTP at different dilutions. The resulting solutions were pre-incubated for 5 min. An 

intermediate, 100-fold dilution of Cps2L stock was made in 25 mM buffer (Tris-HCl or 

MOPS), then from the intermediate dilution, a further 40-fold dilute solution was made in 

25 mM buffer. This solution (4000-fold dilute overall) was added to the 8 wells (15 µL 

each) using an Eppendorf Repeater M4 Pipette. Immediately upon addition of Cps2L, UV 

measurements were acquired. The final concentration of each component in each well was 

as follows: buffer: 25 mM, inosine: 1 mM, G1P: 1 mM, MgCl2: 5.8 mM, IPP: 1.25 EU/mL, 

hPNP: 1 µM, XO: 1.5 µM, DMSO: 5.6%, dTTP (varied) and Cps2L: 0.011 µM. 

The data acquired gave curves of increasing absorbance over time. The slopes of 

the initial, linear regions of these curves were recorded as the rate of reaction (mAu/min). 

A Michaelis-Menten curve was produced by plotting the measured rates against the 

corresponding concentration of dTTP, and the Michaelis-Menten equation was fit to the 

data in order to extract kinetic parameters. 

5.4.3. Determination of Inhibition Parameters of Synthesized Compounds Against Cps2L 

Inhibitor compounds were dissolved in a solution of 70% DMSO in ddH2O 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 the effects of 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 data to estimate the mode of inhibition (Excel sheets are included in 

appendices for each compound and inhibition model).  
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Table 5.1: Volume of inhibitor stock solution added to effect a corresponding final inhibitor concentration 

in enzyme assays. 

Final concentration (inhibitor) (µM)  Volume (inhibitor) 

(µL)  

Volume (70% DMSO) 

(µL)  

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 of Time-Dependent Inhibition by Potential-Covalent Inhibitors 

Dilutions of 10 mM stock inhibitor were prepared according to Table 5.2. 60 µL of each 

solution were added to wells. 

To an Eppendorf tube was added MOPS buffer (60 µL), inosine (60 µL), G1P (60 

µL), MgCl2 (14 µL), IPP (15 µL), XO (3 µL), hPNP (7.5 µL), dTTP (9 µL), and ddH2O 

(221 µL). 45 µL of this solution was added to each well, and the resulting solutions were 

incubated for 5 min. A 4000-fold dilution of Cps2L in MOPS buffer was prepared as 

described above, through an intermediate 100-fold dilution. 15 µL of this solution was 

added to each well using a repeater pipette. Measurements were acquired for an extended 

period (7-30 min, depending on the individual experiment). 
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Table 5.2: Standard dilutions of stock inhibitor prepared to evaluate the time-dependent inhibition of 

Cps2L. 

Cf (stock) 

(ɛM) 

Cf (assay) 

(ɛM) 

Vinh solôn (ɛL) V70% DMSO / H2O 

(ɛL) 

VH2O 

(ɛL) 

Vtot (ɛL) 

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, comprising varied scaffolds 

(bearing triazole and amide linker moieties), and varied warhead functionalities (bearing 

aldehyde, nitrile, and o-FABA groups). The major goal of this project was to synthesize 

thymidine derivatives which covalently modify lysine residues through formation of an 

iminoboronate. Two compounds, 4a and 4b, have the theoretical potential to react with 

lysine in this manner, although they bear BPin groups rather than boronic acids. 

Of the synthesized molecules, four were evaluated for their ability to bind Cps2L 

using WaterLOGSY NMR. This experiment indicated that each of the evaluated 

compounds (4c, 4f, 15 and 18) bound Cps2L in the absence of the substrate, dTTP. Of 

those, 4c and 4f both bound in the presence of both equimolar and excess dTTP, suggesting 

that the scaffold that both compounds bear (i.e. the 1,4-substituted triazole) allows the 

compounds to participate in a unique mode of binding compared to the other two. 

Of the synthesized molecules, nine were evaluated for reversible inhibition of 

Cps2L (4a, 4b, 4d, 4e, 4f, 4g, 7, 8, and 10a). Of these, all but nitrile-bearing compound 8 

demonstrated inhibition against Cps2L, although nitrile-bearing compounds 4g and 7 gave 

weak inhibition relative to the other tested compounds. The most potent compounds tested 

were 4f, bearing a para-substituted arylboronic acid warhead, and 4d, bearing a meta-

substituted aryl aldehyde warhead. Kinetic models representing four modes of reversible 

inhibition were developed to account for the substrate inhibition 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 is 

the reaction of thymidylyltransferase enzymes; as such it concludes 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 initial target compounds, 

5a and 5b. Kinetic assay results suggest that compound 5a may be a highly potent inhibitor, 

as the two highest-potency inhibitors tested (4d and 4f) bore the constituent functionalities 

present in 5a. Similarly, our data acquisition of WaterLOGSY and kinetic assays was 

incomplete, leading to gaps in 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, except for 4f whose kinetic parameters 

and thus mechanism of binding were not 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, which may explain our conflicting 

WaterLOGSY and kinetic assay data. While all compounds bind Cps2L in the absence of 

dTTP according to WaterLOGSY studies, indicating a potential competitive mode of 

inhibition, none of the compounds assayed for reversible inhibition indicated a preference 

for competitive inhibition. Instead, some compounds gave a strong preference for 

uncompetitive inhibition, which should theoretically preclude binding of the substrate-

unbound enzyme. In order to elucidate the mechanism of action of 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 

allosteric sites of Cps2L, which may influence binding at either site and aid in 

determination of binding mechanisms. Further studies may also include co-crystallization 

of the inhibitors with Cps2L. We are currently in collaboration with Dr. Hazel Holdenôs 

research group at the University of Wisconsin-Madison, who have previously reported 

crystal structures of RmlA from Mycobacterium tuberculosis, and whom we have sent 

several synthesized compounds (4e, 4g, 7, 8, 10a, 14a, 14b, and 15). Once university 

operations reopen, obtaining the crystal structures of our compounds (hopefully) binding 

RmlA will certainly elucidate the binding modes. 

Finally, developing a robust method for probing covalent modification of the 

enzyme will be valuable for future compounds which may exhibit time-dependent 

inactivation of Cps2L. Currently, all of the inhibitors with the potential to covalently 

modify the lysine residues of Cps2L (i.e. aldehyde and o-FABA bearing compounds) 

demonstrate fast, reversible inhibition. It will be important to distinguish this alternative 

mode of covalent inactivation, if it is present, in order to fully understand the system. 
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APPENDIX A: Identity Matrix Comparing Peptide Sequences From Various 
RmlA Homologues 

Percent Identity Matrix - created by Clustal2.1 

 

Number GenBank 

no. 

% identity 

(1) 

% identity 

(2) 

% identity 

(3) 

% identity 

(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: RmlA from Mycobacterium tuberculosis; 2: RmlA from Escherichia coli; 3: 

Cps2L from Streptococcus pneumoniae; 4: RmlA from Pseudomonas aeruginosa. 
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APPENDIX B: Characterization Data for Final Compounds and Certain 
Synthesized Intermediates 

 
1H NMR spectrum (500 MHz, CDCl3) of 2-formyl-4-hydroxyphenylboronic acid pinacol 

ester (2a) 
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13C NMR spectrum (126 MHz, CDCl3) of 2-formyl-4-hydroxyphenylboronic acid pinacol 

ester (2a) 

 
11B NMR spectrum (160 MHz, CDCl3) of 2-formyl-4-hydroxyphenylboronic acid pinacol 

ester (2a). 

 

COSY NMR spectrum (500 MHz, CDCl3) of 2-formyl-4-hydroxyphenylboronic acid 

pinacol ester (2a). 
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HSQC NMR spectrum (500 MHz, CDCl3) of 2-formyl-4-hydroxyphenylboronic acid 

pinacol ester (2a). 

 

HMBC NMR spectrum (500 MHz, CDCl3) of 2-formyl-4-hydroxyphenylboronic acid 

pinacol ester (2a). 
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ORTEP diagram of of 2-formyl-4-hydroxyphenylboronic acid pinacol ester (2a). 

 

 

1H NMR spectrum (500 MHz, CDCl3) of 2-formyl-5-hydroxyphenylboronic acid pinacol 

ester (2b). 



90 

 

 
1H NMR spectrum (500 MHz, CDCl3) of 2-formyl-4-(2-propyn-1-yloxy)phenylboronic 

acid pinacol ester (3a). 

 
13C NMR spectrum (126 MHz, CDCl3) of 2-formyl-4-(2-propyn-1-yloxy)phenylboronic 

acid pinacol ester (3a). 
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11B NMR spectrum (160 MHz, CDCl3) of 2-formyl-4-(2-propyn-1-yloxy)phenylboronic 

acid pinacol ester (3a). 

 

1H NMR spectrum (500 MHz, CDCl3) of 2-formyl-5-(2-propyn-1-yloxy)phenylboronic 

acid pinacol ester (3b). 
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13C NMR spectrum (126 MHz, CDCl3) of 2-formyl-5-(2-propyn-1-yloxy)phenylboronic 

acid pinacol ester (3b). 

 

COSY NMR spectrum (500 MHz, CDCl3) of 2-formyl-5-(2-propyn-1-

yloxy)phenylboronic acid pinacol ester (3b). 
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HSQC NMR spectrum (500 MHz, CDCl3) of 2-formyl-5-(2-propyn-1-

yloxy)phenylboronic acid pinacol ester (3b). 

 

HMBC NMR spectrum (500 MHz, CDCl3) of 2-formyl-5-(2-propyn-1-

yloxy)phenylboronic acid pinacol ester (3b). 

11B NMR spectrum not acquired for this compound. 
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1H NMR spectrum (500 MHz, d6-DMSO) of 4a. 

 
13C NMR spectrum (126 MHz, d6-DMSO) of 4a. 
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11B NMR spectrum (160 MHz, d6-DMSO) of 4a. 

 

COSY NMR spectrum (500 MHz, d6-DMSO) of 4a. 
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HSQC NMR spectrum (500 MHz, d6-DMSO) of 4a. 

 

HMBC NMR spectrum ((500 MHz, d6-DMSO) of 4a. 
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1H NMR spectrum (500 MHz, d6-DMSO) of 4b. 

 

11B NMR spectrum (160 MHz, d6-DMSO) of 4b. 

 

13C NMR, COSY, HSQC and HMBC not acquired for 4b due to shimming error and global 

pandemic. 
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1H NMR spectrum (500 MHz, CDCl3) of 2-(propyn-1-yloxy)benzene (3c). 

 

1H NMR spectrum (500 MHz, CDCl3) of 3-(2-propyn-1-yloxy)benzaldehyde (3d). 
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1H NMR spectrum (500 MHz, CDCl3) of 4-(2-propyn-1-yloxy)benzaldehyde (3e). 

 

1H NMR spectrum (500 MHz, CDCl3) of 4-(2-propyn-1-yloxy)phenylboronic acid (3f). 
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13C NMR spectrum (126 MHz, CDCl3) of 4-(2-propyn-1-yloxy)phenylboronic acid (3f). 

 

11B NMR spectrum (160 MHz, CDCl3) of 4-(2-propyn-1-yloxy)phenylboronic acid (3f). 
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COSY NMR spectrum (500 MHz, CDCl3) of 4-(2-propyn-1-yloxy)phenylboronic acid 

(3f). 

 

HSQC NMR spectrum (500 MHz, CDCl3) of 4-(2-propyn-1-yloxy)phenylboronic acid 

(3f). 
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HMBC NMR spectrum (500 MHz, CDCl3) of 4-(2-propyn-1-yloxy)phenylboronic acid 

(3f). 

 

 

1H NMR spectrum (500 MHz, CDCl3) of 4-(2-propyn-1-yloxy)benzonitrile  (3g). 
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1H NMR spectrum (500 MHz, d6-DMSO) of 4c. 
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13C NMR spectrum (126 MHz, d6-DMSO) of 4c. 

 

COSY NMR spectrum (500 MHz, d6-DMSO) of 4c. 

 

HSQC NMR spectrum (500 MHz, d6-DMSO) of 4c. 
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HMBC NMR spectrum (500 MHz, d6-DMSO) of 4c. 

 

ORTEP diagram of 4c.  



106 

 

 

1H NMR spectrum (500 MHz, d6-DMSO) of 4d. 

13C NMR spectrum (126 MHz, d6-DMSO) of 4d. 






























































































































































































