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Lay Abstract 

When DNA, the genetic material in all living things, is chemically damaged, the 

health of the cell and its daughter cells is affected. To protect against DNA 

damage, proteins are produced by all cells to repair DNA. These proteins usually 

perform chemical reactions on a single type of damage in DNA, but Escherichia 

coli AlkA (3-methyladenine DNA glycosylase II) reacts with several types of 

damage. To study how AlkA participates in these varied reactions, its behaviour 

was examined under different conditions. The results show that it does not closely 

interact with the nucleobase of the damaged DNA. Additional aspects of the 

reaction in the presence and absence of AlkA were studied using an experimental 

method in which AlkA reacts with radioactive DNA. Attempts to use this method 

did not yield data that were reproducible enough to reveal an even more detailed 

picture of this reaction.  
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Abstract 

Escherichia coli AlkA (3-methyladenine DNA glycosylase II) is a DNA 

repair enzyme that can excise both damaged and undamaged nucleobases. To 

determine whether AlkA’s excision of neutral purines is facilitated by general-

acid catalysis (i.e., protonation of the nucleobase), pH vs. kcat and pH vs. kcat/KM 

profiles for hypoxanthine excision were generated. Each profile revealed acid 

catalysis and a single pKa of 5.7 ± 0.1 and 5.1 ± 0.2, respectively. Mutants of 

ionizable and hydrogen-bonding active site residues – Y273F, W272F, Y222F, 

R244M, and R22M – demonstrated at most a 4-fold reduction in hypoxanthine 

excision, so these residues were not involved in purine protonation. A dependence 

on buffer concentration was observed in the mutants at pH 7 and in wild-type 

AlkA at pH 7 and 8 but not at pH < 7. Solvent deuterium kinetic isotope effects 

(KIEs) at pH 6 and 7 showed that proton transfer was rate-limiting at pH 7 when 

[DNA] > KM (KM = 1.0 µM). AlkA could not bind adenine, hypoxanthine, and 

nicotinamide along with a transition state-mimicking pyrrolidine DNA. Therefore, 

AlkA does not interact specifically with the nucleobase to protonate it. To 

determine the structure of AlkA’s transition state, methods for primary and 

secondary KIE measurement were developed, but none of the methods produced 

precise KIE values (95% confidence interval < 0.005). To determine the structure 

of the transition state of the cognate non-enzymatic reaction, the acid-catalyzed 
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hydrolysis of 2’-deoxyinosine 5’-monophosphate, the 1’-3H, 4’-3H, 5’-3H2, 1’-14C, 

and 7-15N KIEs were measured and were 1.25 ± 0.02, 0.94 ± 0.01, 0.99 ± 0.02, 

0.997 ± 0.004, and 0.99 ± 0.05, respectively. Despite being consistent with an 

oxacarbenium ion-like transition state, these values would not be precise enough 

to distinguish between potential transition state models.  
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Chapter 1. Introduction 

1.1 The biological imperative for DNA repair 

A cell’s survival and the viability of its progeny depend on the chemical 

integrity of the nucleobases in its DNA. Because the cell’s catalytic and structural 

proteins are encoded in the sequence of these bases, oxidation, dimerization, 

deamination, and alkylation can alter their coding properties, introducing 

mutations into messenger RNA during transcription and potentially heritable 

mutations into daughter strands during DNA replication. Even worse, such 

damage may lead to replicational or transcriptional stalling. However, the overall 

toxicity of a particular lesion is not only dependent on the type of lesion but also 

on the number of lesions, the sites of damage, and timing of the 

damage-producing events.1 

1.2 Types and sources of damage 

1.2.1 Radiation and oxidation 

Ionizing radiation can lead to oxidative damage through interactions with 

water to form the hydroxyl radical, OH•.2,3 OH• can also be produced during the 

reaction of superoxide, a byproduct of oxidative phosphorylation, or hydrogen 

peroxide with Fe2+ or Cu+.4-6 Ultraviolet light also produces singlet oxygen when 

its energy is transferred to oxygen via endogenous photosensitizers such as flavins 
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and NADH/NADPH.3 OH• and singlet oxygen react indiscriminately with DNA 

at near the diffusional rate limit to oxidize purines and pyrimidines.7 Oxidation of 

adenine (A) or guanine (G) to form 8-hydroxy radicals causes ring opening to 

formamidopyrimidines, which direct A incorporation by DNA polymerase I.8,9 

8-Oxoguanine is a major G oxidation product; it pairs with A instead of cytosine 

(C), leading to a transversion mutation if not repaired.10 Pyrimidine oxidation 

products include 5-hydroxypyrimidines, pyrimidine glycols, and hydantoins. 

Thymine (T) can also be oxidized to form 5-hydroxymethyluracil and 

5-formyluracil, which cause transition and transversion mutations.2,11 OH• can 

produce single-strand and double-strand breaks (SSBs and DSBs, respectively), 

both of which are lethal if unrepaired.7,11,12  

Ultraviolet (UV) radiation can cause dimerization of stacked pyrimidines, 

producing cyclobutane pyrimidine dimers and pyrimidine (6-4) pyrimidone 

photoproducts.13 These lesions blocked Escherichia coli DNA polymerase I in 

vitro.14 DNA synthesis can continue downstream, but this leaves a gap in the 

daughter strand.15 If post-replication repair of the parental strand is initiated by an 

endonuclease that nicks 5’ to the pyrimidine dimer, then a DSB will be 

produced.15      
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1.2.2 Deamination 

Deamination of C, A, and G residues produces uracil, hypoxanthine (Hx) 

and xanthine, respectively; uracil pairs with A and Hx pairs with C, causing 

transition mutations.16 C is the most labile, but is generally protected from 

hydrolytic deamination in double-stranded DNA until local transient “breathing” 

motions expose it to water.17,18 A, C, and G can undergo nitrosative deamination, 

in which nitrous anhydride (Figure 1.4A), N2O3, reacts with exocyclic amino 

groups to form an N2OH group.17 Deamination is completed following 

dehydration of the N2OH group and nucleophilic aromatic substitution by water.17 

N2O3 is produced from condensation of two molecules of nitrite, NO2
−, which can 

be produced from the nitrate reductase-catalyzed reduction of nitrate, NO3
−, or 

from oxidation of nitric oxide, NO•, which can be produced from the nitrite 

reductase-catalyzed reduction of NO2
−.19  

1.2.3 Alkylation and cross-linking 

Alkylation by endogenous and exogenous agents can occur at the 

exocyclic oxygen atoms of G, T, and C residues and the N1, N3, and N7 atoms of 

purines (Figure 1.1).20 O6-Methylguanine and O4-methylthymine are mutagenic 

because O6-methylguanine pairs with T and O4-methylthymine pairs with G.21,22 

Neither 7-methylguanine (7MeG) (Figure 1.2A) nor 3-methyladenine (3MeA) 

(Figure 1.2B) is miscoding on its own, but the increased hydrolytic lability of 
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their N-glycosidic bonds leads to depurination and the formation of toxic abasic 

sites.23 For example, 3-methyl-2’-deoxyadenosine’s half-life is 35 min, compared 

with 2’-deoxyadenosine’s half-life of 35 years.24,25 As well, 3MeA and 

2,6-diamino-4-hydroxy-5N-methyl-formamidopyrimidine, the product of 7MeG’s 

imidazole ring opening, can cause replicational stalling.26,27 Unlike the other 

methylbases, O2-methylthymine (Figure 1.2S) and presumably O2-methylcytosine 

(Figure 1.2T) do not miscode.28 

  
A B 

Figure 1.1. Atom numbers in purine and pyrimidine 2’-deoxyribonucleosides 
A) inosine B) uridine 

B)    
7-methylguanine (7MeG) 3-methyladenine (3MeA) 3-methylguanine (3MeG) 
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1,2-bis(7-guanyl)ethane 
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O2-methylcytosine 5-formyluracil 

T U 
Figure 1.2. Modified bases that are AlkA substrates 

 

The biological methyl donor S-adenosylmethionine (SAM) (Figure 1.3J) 

can non-enzymatically methylate N7 and N3 of A and G residues.29 However, in 

E. coli, increasing the intracellular concentration of SAM via overexpression of 

SAM synthetase did not appreciably increase the G:C-to-A:T mutation rate in 

either WT cells or cells deficient in both the repair proteins Ada (see Section 1.5) 

and O6-methylguanine methyltransferase (OGT) (see Section 1.3.4).30 

Environmental and industrial methylating agents include dimethyl sulfate (DMS) 

(Figure 1.3G) and methyl halides, which are produced by both living and 

decaying biomass and by wood-rotting fungi.31,32 
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N 
Figure 1.3. DNA alkylating and cross-linking agents  

A) 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU) B) 
N-(2-chloroethyl)-N'-cyclohexyl-N-nitrosourea (CCNU) C) 
N-methyl-N’-nitro-N-nitrosoguanidine (MNNG) D) N-nitroso-N-methylurea (MNU) E) 
chloroethyl ethyl sulfide F) bis-(2-chloroethyl)sulfide G) dimethyl sulfate H) 
chloroacetaldehyde I) vinyl chloride J) S-adenosylmethionine K) mitomycin C L) 
psoralen M) cisplatin N) nitrogen mustards in clinical use: R1 = mechloroethamine, R2 
= cyclophosphamide, R3 = chlorambucil, R4 = melphalan 
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lost in lysed cells.33,34 However, E. coli mutants incapable of synthesizing 

molybdopterin guanine dinucleotide had lower mutation frequencies when grown 

in the presence of NO2
−.35 Exogenous N-nitroso compounds include the 

antineoplastic agents 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU) (Figure 1.3A) 

and N-(2-chloroethyl)-N'-cyclohexyl-N-nitrosourea (CCNU) (Figure 1.3B). 

A 

 
B 

 
C 

 
Figure 1.4. DNA alkylation by NO2

−
 

Pathway proposed by García-Santos et al.33 A) N2O3 formation by NO2
− dehydration 

B) α-amino acid N-nitrosation by N2O3, followed by lactonization of the N-nitroso 
product. C) Attack on the lactone by a nucleophilic O or N of a DNA base (guanine 
shown here) to form the DNA adduct 
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3,N4-ethenocytosine (ɛC), N2,3-ethenoguanine (Figure 1.2G), and 

1,N2-ethenoguanine.37,38 In E. coli, N2,3-ethenoguanine can cause transition 

mutations and 1,N6-ethenoadenine can cause transition and transversion 

mutations.39,40 Vinyl chloride (and its metabolites chloroethylene oxide and 

2-chloroacetaldehyde) and ethyl carbamate can also produce these etheno 

adducts.37 

A bifunctional alkylating agent can react with two bases, joining them to 

form an intrastrand or interstrand cross-link. Intrastrand cross-links can be 

repaired by nucleotide-excision repair (NER) (see Section 1.3.2) or bypassed 

altogether.41,42 Interstrand cross-links, however, are cytotoxic because they 

prevent strand separation during DNA replication and transcription, blocking cell 

division and protein synthesis.42 Aldehydes produced from lipid peroxidation can 

produce these cross-links, as can nitrous anhydride via a mechanism similar to 

that of nitrosative deamination (see Section 1.2.2), except the nucleophile is the 

exocyclic amino group of a guanine on the opposite strand.38,43 Cross-linking 

agents, such as nitrogen mustards, platinum-containing compounds, psoralens, 

and mitomycins, are used clinically in cancer chemotherapy (Figure 1.3K-N).41  
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1.3 Modes of DNA repair 

1.3.1 Recombinational repair 

Homologous DNA can supply a contiguous portion of DNA to a DSB site 

via recombination. In one model of prokaryal recombinational DSB repair, the 

RecBCD complex or the individual proteins RecQ, RecJ, RecF, RecO, and RecR 

unwind and degrade the broken DNA from the two 5’ ends of the break, leaving 

behind single strands on the 3’ end.44 RecA is recruited to the site. With the 

assistance of RecA, the single-stranded tails pair with complementary regions on 

each strand of a homologous duplex.44 RuvAB and a DNA polymerase allow 

synthesis to continue from the tails until the end of the homologous region is 

reached; the newly extended strands are joined to the 5’ ends of the break, 

producing two crossover structures called Holliday junctions.44 The two duplexes 

are separated by the endonuclease RuvC, which acts specifically on Holliday 

junctions.44,45 Repair of SSBs was also observed to be RecA-dependent.46 An 

alternative non-recombinational process for DSB repair called non-homologous 

end-joining exists in eukaryotes and some prokaryotes (though not E. coli), in 

which two broken ends hybridize with each other over short regions of 

complementarity (1 to 4 nucleotides); this produces overhangs that must be 

clipped.47,48 A DNA polymerase extends the strands and DNA ligase seals the 

nick.47 
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Prokaryal cross-link repair can also occur by homologous recombination. 

The UvrABC system of nucleotide-excision repair (NER) (see Section 1.3.2) 

produces nicks on the 5’ and 3’ sides of the cross-link, leaving a gap in one 

strand.41 Using RecA, the gap is filled by a single-stranded portion of a 

homologous duplex; this produces a gap in the invading strand, which is filled 

using its intact complement as the template.41 The two strands are no longer cross-

linked, but the cross-link adduct remains on one strand, which is then fully 

removed by NER (see Section 1.3.2).41 

1.3.2 Nucleotide-excision repair (NER) 

NER removes a nucleotide patch that contains a damaged area. In 

prokaryotes, NER is carried out by the UvrABC system, which recognizes DNA 

damage through kinks, bends, pairing disruptions, or changes in DNA dynamics.49 

Consequently, larger adducts tend to be excised more quickly than smaller ones, 

but there is an upper limit to the size of the adduct.49,50 The process begins with an 

ATP-bound UvrA dimer, which, in a manner that is dominated by hydrophobic 

forces and independent of sequence, binds to DNA and unwinds it (unwinding is 

not ATP-dependent).50 One or two ATP-bound UvrB molecules then bind to the 

UvrA2-DNA complex; UvrA-bound ATP is hydrolyzed and dissociates, leaving 

behind a UvrB-DNA complex.50 UvrB probes the unwound DNA to verify that 

damage exists at that site.50 If damage exists, two conformational changes occur: 
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the first occurs after UvrB-bound ATP is hydrolyzed and the second occurs after 

another molecule of ATP is bound.50 This final conformation allows UvrC to bind 

to the UvrB-DNA complex and to hydrolyze the phosphodiester bonds 5’ and 3’ 

to the sites of damage.50 The release of the nucleotide stretch between these nicks 

is mediated by the helicase UvrD and the resultant gap is normally filled by DNA 

polymerase I.50  

NER can be used instead of homologous recombination for cross-link 

repair. In this case, a gap is produced on one strand by UvrABC and error-prone 

translesion synthesis (TLS) using DNA polymerase II, IV, or V fills in the 

gap.41,51 UvrABC excises the nucleotide/cross-link adduct on the second strand 

and DNA polymerase I fills in the gap using the TLS-synthesized strand as the 

complement.41 It has been suggested that an adduct’s rigidity may determine 

whether NER is triggered instead of recombinational repair, as NER was observed 

to repair nitrogen-mustard and ethyl interstrand cross-links and but not psoralen 

ones.41,52,53 

1.3.3 Mismatch repair 

In E. coli, a process called methyl-directed mismatch repair repairs 

replication errors. A nucleotide erroneously incorporated during DNA replication 

is excised, along with ≈1000 neighbouring nucleotides.54 The strand containing 

the misincorporated nucleotide is recognized because, prior to DNA replication, 
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the A of the palindromic GATC sequence is methylated on both strands, but 

during replication, the daughter strand is temporarily non-methylated.55 If the 

daughter strand has a mismatch, MutS and MutL bind to the mismatch, activating 

MutH to make an incision 3’ or 5’ to the mismatch on the daughter strand 

opposite a methylated GATC sequence.55 Orientation-specific exonucleases 

(RecJ, or exonucleases I or VII) make an incision at the mismatch site, liberating 

a stretch of nucleotides that encompasses the mismatch.54 DNA polymerase III 

holoenzyme and single-stranded DNA binding protein restore the missing 

nucleotides and correct the mismatch in the process, with DNA ligase then sealing 

the nick.54 

Deamination of 5-methylcytosine in 5’-C(5-meC)YGG-3’ (Y = A or T) 

produces T and leads to a T:G mismatch.56 Vsr endonuclease hydrolyzes the C↑T 

phosphodiester bond in the resultant duplex 5’-CTYGG-3’.57 Both the 5’ to 3’ 

exonuclease and polymerase activities of DNA polymerase I are required for full 

repair, so presumably it binds to the nick, removes the existing nucleotides via its 

exonuclease activity, and correctly replaces them with its polymerase activity.58,59 

MutS and MutL also appear to participate in this process, as their absence almost 

(but not completely) eliminates repair in vivo.59,60 Repair tract lengths were found 

to be on the order of 10 nucleotides in vivo.61,62 This site-specific cytosine 

methylation is performed by Dcm and has been associated with regulation of gene 

expression during the stationary phase.63 Methylation at this site also prevents the 
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restriction enzyme EcoRII, which recognizes the same site as Dcm, from cleaving 

genomic DNA.64 

1.3.4 Direct reversal 

The extraneous bonds or functional groups on a damaged base can be 

removed directly via direct reversal. Pyrimidine dimers can be separated by a 

photolyase using electrons from an enzyme-bound reduced flavin adenine 

dinucleotide (FADH2); light stimulates the electron transfer from FADH2 via 

deazaflavin or folate.65 O6-Methylguanine can be converted back to G by Ada (see 

Section 1.5) and OGT.65 

1.3.5 Base-excision repair (BER) 

Base-excision repair (BER) enzymes remove the damaged base by a BER 

enzyme, followed by removal of the abasic site by a nuclease, and repair of the 

gap. BER enzymes are N-glycosylases; they hydrolyze the N-glycosidic bond 

linking the damaged base to 2’-deoxyribose, liberating the damaged base and 

leaving behind an abasic site (Figure 1.5).  
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Figure 1.5. The BER hydrolysis reaction 
 

Abasic sites are mutagenic and cytotoxic. Their cytotoxicity was 

demonstrated by the non-viability of E. coli K12 mutants deficient in 

2’-deoxyuridine 5’-triphosphatase (dUTPase) and endonuclease III, an enzyme 

that removes abasic sites. The dUTPase deficiency caused dUTP to accumulate 

and be incorporated into DNA. The abasic sites produced by uracil DNA 

glycosylase (UDG), which excises uracil from DNA, went unrepaired, leading to 

cell death.66  

Abasic sites block replication by DNA polymerase I in vitro.67,68 They can 

also cause transcriptional stalling, though translesion RNA synthesis can occur. 

However, this introduces mutations into the transcripts because abasic sites are 
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removed by a DNA deoxyribophosphodiesterase that hydrolyzes the 

phosphodiester bond 3’ of the abasic site (Figure 1.6B) or a class II AP 

endonuclease that performs β-elimination on the 2’-deoxyribose group (Figure 

1.6A).72 Alternatively, some BER enzymes have AP lyase activity and can 

perform β-elimination themselves; bifunctional BER enzymes in E. coli include 

formamidopyrimidine DNA glycosylase and endonuclease VIII, which excises 

damaged pyrimidines.73,74 A class II endonuclease then completes the removal of 

the abasic site. A DNA polymerase replaces the lost nucleotide and DNA ligase 

seals the nick (Figure 1.6C).75  

A 

 
B 

 
C 

 
Figure 1.6. BER pathways in E. coli 

A) Hydrolysis of the N-glycosidic bond, followed by β-elimination by an AP lyase and 
nicking 5’ to the abasic site B) Hydrolysis of the N-glycosidic bond, followed by 
nicking 5’ to the abasic site by exonuclease III/endonuclease IV and nicking 3’ to the 
abasic site by DNA deoxyribophosphodiesterase C) Gap filling and sealing by DNA 
polymerase and DNA ligase  
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1.4 Base excision repair enzymes as N-glycosylases 

All BER enzymes are N-glycosylases; that is, they hydrolyze the N-

glycosidic (C−N) bond of the damaged base to create an abasic site.76 Other 

enzymes that act on N-glycosidic bonds include nucleoside hydrolases and 

nucleoside phosphorylases, which are involved in nucleoside recycling, toxins 

like diphtheria, cholera and pertussis toxins, which cleave the N-glycosidic bond 

of NAD+ while ADP-ribosylating their target proteins, and ricin and saporin, 

ribosome-inactivating proteins which depurinate ribosomal RNAs. The 

mechanisms of these enzymes have been studied extensively, along with the 

analogous acid-catalyzed nucleoside hydrolyses.77-83  

1.4.1 Non-enzymatic nucleoside hydrolysis 

Early investigations into the mechanism of purine nucleoside hydrolysis 

consisted of rate measurements for non-enzymatic reactions at several pHs and 

with neutral and N-substituted (cationic) purine nucleosides. At that time, purine 

nucleoside hydrolysis was thought to follow one of two proposed pathways: one 

in which a purine imine produced after O4’ protonation is hydrolyzed (Figure 

1.7A), or one in which in which purine protonation is followed by purine 

expulsion and C1’ attack (simultaneous or sequential) by water (Figure 1.7B). 84,85 

The salient observation in these studies was that neutral purine hydrolysis rates 

increased 10-fold with a decrease in 1 pH unit at pHs below 4 (i.e., plots of log k 
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vs. pH were linear, with slope = 1).25,86 The pH vs. rate profiles fit a model 

consistent with the latter pathway in which there is equilibrium protonation before 

rate-limiting C−N bond cleavage.86   

A 

 
B 

 
Figure 1.7. Initially proposed mechanisms for purine nucleoside hydrolysis  

A) O4’ is protonated. The ribose ring opens and an imine is formed between the 
purine N9 and the ribose carbonyl C1’. Imine hydrolysis produces the free purine and 
ribose in the ring-opened form. B) The purine is mono- or diprotonated. C1’ is directly 
attacked by water. Purine departure can precede C1’ attack by water (see Section 
1.8). Adapted from ref 25. 
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Adenosine (Figure 1.8A) and 1-methyladenosine (Figure 1.8B) rates were 

unaffected by increasing acetate buffer concentrations.85  For pH-dependent 

reactions, rates that are independent of buffer concentration are indicative of 

specific-acid catalysis; in this case, the rate is dependent only on the 

hydronium-ion concentration (that is, the pH). When a reaction is accelerated by 

increasing buffer concentration, it is said to be general-acid-catalyzed because the 

rate depends on the buffer concentrations at a given pH value. According to the 

Brønsted linear free-energy relationship, the extent of proton transfer can be 

obtained from the slope of the line produced by plotting log kobs against the 

reaction buffer pKa.87 Because adenosine and 1-methyladenosine hydrolysis did 

not exhibit general-acid catalysis, those reactions were not likely to proceed via 

the imine-based mechanism of N-arylglucosylamine hydrolysis, for which 

general-acid catalysis was observed.25,86,88  
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Figure 1.8. Methylated adenosines and guanosines 
 

Support for the purine-protonation mechanism came from the fact that the 

cationic N-alkylpurines 7-methylguanosine (Figure 1.8C) and 

1,7-dimethylguanosine (Figure 1.8D) were hydrolyzed with rates equal to that of 

guanosine from pH 1 to 2, and that 7-methylguanosine was also hydrolyzed with a 

rate equal to that of guanosine in 1 to 7 M HClO4. 25,89 Adenosine and 

1-methyladenosine were hydrolyzed with similar rates at pH 1.85 Cationic leaving 

groups are more labile because the C−N bond in the reactant is weakened due to 

electron-withdrawing effects of the positive charge and because the leaving group, 

which becomes neutral after departure, is more stable than the anionic purine that 

would result from uncatalyzed departure. 

These kinetic data showed that protonation imparted the same hydrolytic 

lability to nucleosides that N-alkylation does, but they did not show where 
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protonation occurs.85 The infrared spectrum of guanosine at low pH could not 

distinguish between N7 or N3 protonation, but protonated N7 was observed in the 

crystal structure of guanine hydrochloride.90,91 The pKa values of guanosine’s N1, 

N3, and N7 atoms are 9.2, -2.4, and 2.1, respectively, so guanosine would become 

cationic only upon N7 protonation in acidic solution.25,92 Similarly, both the 

adenosine infrared spectrum at pH < 3 and the crystal structure of adenosine 

hydrochloride showed that N1 was protonated.90,91 The pKa values for adenosine 

monoprotonation at N1 and N7 are ~4 and 2.2, respectively.93  

1.4.2 Enzymatic N-glycoside hydrolysis mechanisms 

With a couple of notable exceptions, like E. coli UDG, S. pneumoniae 

5’-methylthioadenosine nucleosidase (MTAN), and human MTAN, the vast 

majority of N-glycosylases promote leaving group departure by protonating the 

nucleobase.94-96 Because a cationic purine can leave as a neutral species when the 

C−N bond in a nucleoside is cleaved, enzymes can increase C−N bond reactivity 

toward water by protonating the purine moiety. This behaviour was found in 

Crithidia fasciculata IU-NH (IU-specific nucleoside hydrolase), a non-specific 

nucleoside hydrolase involved in purine salvage.97 Its pH vs. kcat profiles for 

inosine hydrolysis revealed two pKas, at 7.1 and 9.1, and its pH vs. kcat/KM profiles 

revealed two similar pKas, 7.3 and 8.7.98 Because inosine’s pKas, 1.06 and 8.76, 

are not in that range, these were enzyme pKas.92 The pKa of 9 from the pH vs. kcat 
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and pH vs. kcat/KM profiles was absent from the pH vs. Ki profile of a transition 

state-mimic inhibitor, indicating that this ionization is only crucial for catalysis 

and not for inhibitor binding, and that the residue to which this ionization belongs 

must be protonated in the active form.98 The H241A mutant had a ~2100-fold 

reduction in kcat and ~7400-fold reduction in kcat/KM toward inosine, but only a 

~3-fold decrease in kcat and ~5-fold decrease in kcat/Km for p-nitrophenyl 

riboside.97 The small reduction in H241A activity against p-nitrophenyl riboside 

established that the mutant could hydrolyze a glycosidic bond by non-specifically 

stabilizing an oxacarbenium ion-like transition state, but the large reduction in 

activity against inosine was evidence for the importance of protonating the 

leaving group and for H241’s role as the general-acid catalyst.97 

1.5 AlkA (3-methyladenine DNA glycosylase II) 

E. coli AlkA, or 3-methyladenine DNA glycosylase II, is a 

monofunctional BER enzyme that is expressed as part of the adaptive response to 

alkylative stress and can rapidly excise the methylpurines 3MeA (Figure 1.2B), 

3-methylguanine (3MeG, Figure 1.2C), and 7MeG (Figure 1.2A). AlkA is part of 

the ada regulon, which codes for three other proteins involved in DNA alkylation 

repair, AlkB, AidB, and Ada.99 AlkB is an Fe2+/α-ketoglutarate-dependent 

dioxygenase that oxidatively dealkylates 3-methylcytosine, 1-alkyladenines, and 

1-hydroxyalkyladenines.100-102 AidB is thought to directly repair alkylative 
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damage as well because it binds FAD, flavodoxin, RNA, and DNA and can 

reduce MNNG-induced mutagenesis.103-105  

Ada controls expression of the entire ada regulon.99 Ada recognizes 

alkylative stress by transferring methyl groups from backbone 

S-methylphosphotriesters to its Cys38 residue.106 Cys38-methylated Ada induces 

expression of AlkB, AidB, AlkA, and itself. Transfer of an additional methyl 

group from O6-methylguanine or O4-methylthymine to Cys321 enhances this 

behaviour.105,107-109 Unmethylated Ada is much weaker at inducing expression of 

AlkA, AlkB, and itself (it was unable to induce AidB expression) and inhibits Ada 

expression at high concentrations.110 Therefore, as methylphosphotriesters are 

removed and the ada genes are upregulated, the accumulation of unmethylated 

Ada gradually lowers ada regulon gene expression.110  

The crystal structure of AlkA complexed with 1-aza-1,2-dideoxy-4a-

carba-D-erythro-pentofuranose-containing DNA (1-aza-DNA) showed that AlkA 

is a member of the helix-hairpin-helix (HhH) evolutionary superfamily of 

proteins.111 The HhH motif consists of two antiparallel α-helices joined by a 

hairpin-like loop, with considerable sequence variability among HhH proteins.112 

Structural alignment of several HhH proteins (including AlkA) yielded a GhG 

consensus sequence in the hairpin region, where h is a hydrophobic residue, and a 

central conserved hydrophobic residue in each of the helices.112 This motif 

participates in non-sequence-specific DNA binding: main-chain nitrogen atoms in 
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each motif are thought to interact with the DNA phosphate backbone.112 Aside 

from DNA binding, the motif does not impart any common catalytic ability, as the 

chemistry performed by the DNA-binding members of the superfamily is varied: 

the family includes the BER enzymes E. coli MutY and endonuclease III, plus E. 

coli DNA polymerase β, E. coli NAD+-dependent DNA ligase, and the E. coli 

Holliday junction DNA helicase subunit.112  

1.6 AlkA is a broad-specificity enzyme 

AlkA can bind to and excise several different purines and pyrimidines. 

The relevant steady-state parameters are the equilibrium constant Ks (or Kd), the 

kinetic parameters KM, kcat, and kcat/KM, and the single-turnover rate constant kst. 

KS (or Kd) is the dissociation constant of the E•DNA complex (i.e., the ES 

complex) and is equal to k-1/k1 (Figure 1.9).113 From the Michaelis-Menten 

equation (equation 1.1), kcat is the reaction rate at saturating substrate 

concentration ([S]0 >> KM), and is also the rate constant for the rate-limiting 

step.114 The kcat value reflects the slowest step of the reaction, which is generally 

the chemical step (kchem) or product release (krel) for BER enzymes.115-117 KM is the 

Michaelis constant and is the substrate concentration at which the rate is half-

maximal. In some circumstances, it can equal Ks, but this cannot be assumed to be 

true.113 The specificity constant kcat/KM is a second-order rate constant that reflects 

all steps up to and including the first irreversible step; that is, up to and including 
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kchem (Figure 1.9).113 The single-turnover rate constant kst is the rate observed 

when AlkA is present in excess of substrate.118 This way, all substrate is bound to 

enzyme at once and product release is not required for complete substrate 

consumption; consequently, this rate constant only accounts for the steps after 

substrate binding up to and including the chemical step.118   

 
MK

kv
+

=
0

0cat

0

0

]S[
]S[

]E[
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Figure 1.9. Model for AlkA-catalyzed base excision  
E = AlkA, B = nucleobase, DNAflipped = DNA with nucleobase flipped out of the helix 
and into AlkA’s active site, abDNA = abasic DNA product. Kflip is the equilibrium 
constant for nucleobase flipping, kchem is the rate constant for N-glycoside hydrolysis 
(i.e., C-N bond cleavage and nucleophilic attack by water), and krel is the rate 
constant for product release.  

For AlkA’s eponymous substrate 3MeA in dimethyl sulfate (DMS)-treated 

calf thymus DNA, kst and Kd for this lesion were 0.5 min-1 and 5 nM, 

respectively.118-120 In E. coli adapted to alkylative stress by 

N-methyl-N’-nitro-N-nitrosoguanidine (MNNG, Figure 1.3C), 3MeG removal 

from DNA was attributed to AlkA.121 In vitro, isolated AlkA excised 3MeG 2 to 3 

times more quickly than 3MeA.122 7MeG was excised with kcat = 0.05 min-1 and 

KM = 31 nM.123 
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AlkA is also capable of excising alkylpurines with bulkier substituents 

(Figure 1.2D – K).124-126 AlkA can excise etheno- and ethano-adducts to purines, 

but generally at significantly slower rates than 3MeA (Figure 1.2L – N).127-130  

Deaminated purines are also substrates for AlkA. It can excise the A 

deamination product Hx (Figure 1.2O), with kcat = 8.4 × 10-3 min-1 and 

KM = 420 nM at pH 7.8 and kst = 2.9 × 10-2 min-1 at pH 6.118,119 It can also excise 

the G deamination product xanthine (Figure 1.2Q), with kcat = 4.8 × 10-3 min-1 and 

KM = 53 nM.131 Xanthine’s steady-state kinetic parameters are similar to those for 

7MeG.131 Oxanine (Figure 1.2R) excision was detected, but only after extended 

incubation time at high AlkA concentration.131  

Despite their structural dissimilarity from alkylpurines, AlkA can also 

accept some damaged pyrimidines. O2-Methylthymine (Figure 1.2S) and 

O2-methylcytosine (Figure 1.2T) were excised approximately 2-fold faster than 

3-methylpurines.132 5-Formyluracil (Figure 1.2U) excision proceeded with 

kcat = 6.4 × 10-3 min-1 and KM = 21 nM, similar to those for the excision of 7MeG 

from a similar substrate.123 AlkA can even slowly excise a ring-opened base 

produced from thymine C5-hydrate, N-(2-deoxy-β-D-erythro-pentofuranosyl)-

N-3-(2R-hydroxyisobutyric acid)-urea (Figure 1.2P).133  

AlkA-catalyzed excision of undamaged purines and pyrimidines has also 

been observed. Watson-Crick-paired G was released from a 2 kb fragment 

2100-fold slower than 3MeA and 42-fold slower than 7MeG.134 At pH 6, the kst 
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values for A and G excision from mispairs were 6.9 × 10-3 min-1 and 

5.2 × 10-3 min-1, respectively. Excision from Watson-Crick pairs was ~50-fold 

slower: kst for both bases was 1.3 × 10-4 min-1.118 Comparison of kst values shows 

that A and G excision is 80- to 230-fold slower than excision of 3MeA and 

7MeG.118 Pyrimidine excision is slower than purine excision: under similar 

conditions, the kst values for T, C, and uracil (all paired with C) were 

2.8 × 10-5 min-1, 4.7 × 10-4 min-1, and 1.0 × 10-5 min-1.118 AlkA’s excision of 

undamaged bases unnecessarily produces abasic sites, which is likely why 

constitutive AlkA expression leads to increased mutation rates.134 This highlights 

the need for transcriptional control of such an indiscriminate enzyme.  

AlkA appears to have O-glycosylase activity as well, hydrolyzing a variety 

of O-alkyl 2’-deoxyribosides (Figure 1.10).135 In fact, the rate enhancement for β-

methyl O-glycoside hydrolysis was over 300-fold greater than that for εA 

N-glycoside hydrolysis.135 The enzymatic rate enhancement is defined as kst/knon, 

where kst and knon are the enzymatic and non-enzymatic rate constants, 

respectively, for the chemical step, i.e, O-glycoside cleavage.135  
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D E 

  
F G 

Figure 1.10. DNA O-glycosides that AlkA can hydrolyze 

1.7 The mechanism of AlkA-catalyzed base excision 

The first step in the proposed AlkA mechanism involves binding of the 

DNA substrate, then a base-flipping step that precedes N-glycosidic bond 

hydrolysis.111 The crystal structure of AlkA•1-aza-DNA (Figure 1.11E) showed 

the sugar ring flipped into AlkA’s active site. Weakening of the base pair in the 

damaged base mismatch would facilitate the flipping step.111 Indeed, excision of 

mispaired normal purines and 7MeG in mismatches is faster than normal base 

pairs.118 Extraneous functionalities on exocyclic or endocyclic O or N atoms on 

the Watson-Crick face would disrupt H-bonding and presumably facilitate 

flipping as well. Ease of flipping is not the sole determinant of excision 
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efficiency, as shown by the differences in rates for the different mispaired purines, 

however.  

Purines are generally excised faster than pyrimidines, though the purine 

ring system per se is not responsible for this preference, as AlkA can excise 

5-formyluracil and O2-methylpyrimidines as fast as some alkylpurines and can 

even excise acyclic substrates.123,133-135  

The rate enhancement (kst/knon) was constant across several purines, 

namely Hx, 1,N6-ethenoadenine, purine, 7MeG, G, and A, showing that AlkA is 

applying approximately the same amount of transition state stabilization across all 

substrates.118 The differences in rates of C−N bond cleavage can be explained by 

differences in intrinsic reactivities of the scissile bases and would imply that AlkA 

is primarily stabilizing the common moiety among all the substrates, namely the 

oxacarbenium ion-like 2’-deoxyribose ring at the transition state.  

Evidence for this stabilizing interaction comes from AlkA’s affinities for 

oligonucleotides containing neutral and cationic sugar residues. AlkA binds to a 

DNA duplex containing a neutral tetrahydrofuran site (THF, Figure 1.11B) with 

Kd = 45 nM, but with Kd values of 16 pM and 100 pM for DNA containing the 

cationic residues pyrrolidine (Figure 1.11E) and 1-aza (Figure 1.11D), 

respectively.136,137 Its high affinity for the cationic species provides evidence that 

it stabilizes an oxacarbenium ion-like transition state (Figure 1.11C), one in which 

the extent of leaving-group (nucleobase) departure is greater than that of 
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nucleophile bond formation.76,111 The latter two species mimic the oxacarbenium 

ion via their cationic nitrogen atoms, but 1-aza is a better mimic because its 

positive charge is located at the same position as the oxacarbenium ion's (i.e., C1') 

(in donating electron density to C1’, the charge on O4’ increases to -0.03 

from -0.33).138  

  
2’-deoxyribose tetrahydrofuran (THF) 

A B 

   
oxacarbenium ion 1-aza-1,2-dideoxy-4a-

carba-D-erythro-
pentofuranose (1-aza) 

1-amino-1,4-anhydro-1,2-
dideoxy-D-erythro-

pentofuranose (pyrrolidine) 
C D E 

Figure 1.11. Sugar residues to which AlkA binds 
A) 2’-deoxyribose (abasic site), one of the products of AlkA-catalyzed N-glycoside 
hydrolysis B) tetrahydrofuran (THF), identical to 2’-deoxyribose except C1’ is reduced 
C) oxacarbenium ion, the intermediate that forms when the nucleobase is fully 
departed D) 1-aza-1,2-dideoxy-4a-carba-D-erythro-pentofuranose (1-aza), an 
oxacarbenium-ion mimic E) 1-amino-1,4-anhydro-1,2-dideoxy-D-erythro-
pentofuranose (pyrrolidine), another oxacarbenium-ion mimic 

However, the pH dependence of AlkA-catalyzed excision suggests that 

AlkA could be protonating the nucleobase moiety to improve its leaving-group 

ability. Specifically, the rate of G excision falls as the pH increases from 6.5 to 

7.9, while the rate of 7MeG excision is pH-independent.134 A pH vs. kst profile 

O

O

O

OH
O

O

O

O

O

O
NH2+

O

O
+
H2
N

O

O



Ph.D. Thesis – V. Azhikannickal; McMaster University – Chemical Biology 
 

 49 

from pH 5 to 9 showed two ionizations for G and 1,N6-ethenoadenine excision, 

but only one for 7MeG excision.118 One of those ionizations can be assigned to 

D238. This residue is thought to stabilize the incipient positive charge at C1’. It is 

not thought to act as a general base that deprotonates water because there is not 

enough space in the AlkA•1-aza-DNA complex for water to fit between the D238 

carboxylate and N1 of 1-aza.111 Also, the D238N mutant is essentially inactive.111  

The AlkA residue responsible for the second ionization is not known, but 

it is likely that this residue protonates N7 of purine substrates. Protonation and 

N-alkylation both facilitate hydrolysis by imparting a positive charge to the purine 

and allowing it to leave as a neutral species. Therefore, the most obvious strategy 

for catalyzing hydrolysis of unreactive N-glycosidic bonds is protonation.  

1.8 Transition state analysis 

There is evidence that the AlkA reaction proceeds via an oxacarbenium 

ion-like transition state, which implies one of two possible mechanisms.111 In a 

DN*AN (SN1) mechanism, nucleobase dissociation occurs first (the DN step) and a 

discrete oxacarbenium ion intermediate appears (Figure 1.12A). Nucleophilic 

attack by water follows (the AN step) and leads to product formation. In a 

dissociative ANDN mechanism, leaving group departure and nucleophile addition 

occur in one concerted step, with no discrete intermediate (Figure 1.12B). 

Because leaving group departure is far advanced over nucleophile addition, C1’ 
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has significant positive charge. These two mechanisms have distinct transition 

state structures, and determining AlkA’s transition state structure would show 

whether the transition state is truly oxacarbenium ion-like and whether the leaving 

group is protonated at the transition state. As well, comparison of the enzymatic 

and cognate non-enzymatic transition states would illustrate how the enzyme is 

influencing the reaction trajectory. 

A 

 
B 

 
Figure 1.12. Possible mechanisms for AlkA-catalyzed N-glycoside hydrolysis 

The transition state is in square brackets and denoted by the double-dagger symbol. 
A) DN*AN mechanism, in which an oxacarbenium ion forms after nucleobase 
departure. The transition state of interest is the transition state of oxacarbenium-ion 
formation; there is another transition state for nucleophile addition. B) Dissociative 
ANDN mechanism, in which C1’ undergoes attack by water as the nucleobase 
departs. There is only one transition state, with C1’ is partially bonded to both water 
and the nucleobase. 

The transition state structure can be determined by measuring kinetic 

isotope effects (KIEs). KIEs are the differences in reaction rate that arise from an 

isotopic substitution in a reactant. They are expressed experimentally as the ratio 

of rates for the light versus the heavy isotopologues: lightk/heavyk. KIEs are a 

fundamentally quantum phenomenon; they arise from three contributing factors: 

the changes in zero-point energies (ZPE), the excited-state energies (EXC), and 

N

NN

H
N

NH2

O

O

O

H O H

N

NN

H
N

NH2

O

O

O

H O H

N

NN

H
N

NH2

O

O

O

H O H

N

NN

H
N

NH2

O

O

O

OH

N

NN

N
NH2

O

O

O H+

δ+

δ-

δ+

N

NN

H
N

NH2

O

O

O

H O H

N

NN

H
N

NH2

O

O

O

H O H

N

NN

H
N

NH2

O

O

O

OH

N

NN

N
NH2

O

O

O
H+

δ-

δ+

δ+



Ph.D. Thesis – V. Azhikannickal; McMaster University – Chemical Biology 
 

 51 

the masses and moments of inertia (MMI) as a result of the isotopic substitution in 

the reactant and transition states (equation 1.2).139 

 MMIEXCZPEKIE ××=  (1.2) 

Each term is a function of the vibrational frequencies in the transition state 

and reactant (equations 1.3, 1.4, and 1.5).139 
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In the preceding equations, h is the Planck constant, kB is the Boltzmann 

constant, T is the temperature, and νi is the vibrational frequency of each normal 

mode, and ν* is the imaginary frequency along the reaction coordinate. 3N-6 is 

the number of normal vibrational modes in the reactant. The transition state has 
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3N-7 normal vibrational modes, as the reaction-coordinate motion has an 

imaginary frequency and is not counted as a normal mode. The effects of isotopic 

substitution appear through changes in ν upon isotopic substitution. The value of ν 

is a function of the atomic masses, m1 and m2, in the bond and the force constant 

of the bond k (equation 1.6).139 
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  (1.6) 

Generally, the major contributor to the KIE is the ZPE factor in equation 

1.2, which arises due to changes in zero point energies. Zero point energy is the 

vibrational energy in a bond in its ground state at 0 K.  Zero point energies depend 

on ν, which depends, in turn, on atomic masses. Heavy isotopes have lower zero 

point energies than lighter ones (equation 1.6).  One can refer to an atom’s 

vibrational environment as being “loose” or “tight”, where a loose environment 

refers to weaker bonds (i.e., longer bond lengths) and reduced bending force 

constants and a tight vibrational environment refers to the opposite.  If the 

transition state has a looser vibrational environment than the reactant, then the 

difference in the zero point energies will be smaller than that in the reactant, and 

the change in the free energy of activation for the heavy isotope (heavyΔG‡) will be 

greater than for the light isotope (lightΔG‡). Therefore, lightk will be greater than 

heavyk, and the KIE will be greater than 1 (a normal KIE) (Figure 1.13A). If the 

transition state has a tighter vibrational environment than the reactant, then the 
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difference in the ZPEs of the heavier and lighter isotopologues in the transition 

state will be smaller than that in the reactant, heavyΔG‡ < lightΔG‡, lightk < heavyk, and 

KIE < 1 (an inverse KIE) (Figure 1.13B). 

A 

 
B 

 
Figure 1.13. Change in the activation free-energy change (ΔG‡) upon replacing 1H 
with 2H in a C-H bond away from the reaction centre  

req = the equilibrium bond distance. The transition state is indicated by the double 
dagger. A) Transition state represents a looser vibrational environment. B) Transition 
state represents a tighter vibrational environment. 
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Primary KIEs refer to the atoms directly involved in bond breakage or 

formation in the reaction. In addition to the ZPE contributions, primary KIEs also 

contain a contribution from the reaction coordinate motion, which is reflected in 

the ratio of imaginary frequencies (ν*light/ν*heavy) in the MMI term (equation 1.5).  

The reaction coordinate, with its imaginary frequency, is not considered a normal 

vibrational mode and therefore is not part of the ZPE. Because imaginary 

frequencies are always higher for light versus heavy isotopes, the reaction 

coordinate contribution  (lightν* / heavyν*) is always normal.139  

Structural changes can be propagated some distance through the molecule 

from the reaction center. These changes will be reflected in KIEs at atoms not 

directly involved in the chemical reaction; these KIEs are called secondary KIEs. 

1.8.1 Competitive vs. non-competitive KIEs 

KIEs can be measured competitively or non-competitively. In a 

competitive KIE, the two reactant isotopologues are present in the same mixture 

and both react simultaneously. The KIE is measured as the change in the 

abundances of the light and heavy isotopologues after the reaction is taken 

partway to completion. A competitive enzymatic KIE is a ratio of specificity 

constants, kcat/KM, for the light and heavy isotopes (equation 1.7).140 The value of 

kcat/KM reflects the pseudo-equilibrium between the free enzyme and substrate in 

solution and the first irreversible transition state (E + S ⇌ ES‡); therefore, the 
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competitive KIE only accounts for steps up to and including the first irreversible 

step. 

 ( )
( )Mcat

heavy
Mcat

light

/
/KIE
Kk
Kk

=   (1.7) 

In a non-competitive KIE measurement, the rates with each isotopologue 

are measured independently in separate reactions, and the KIE is calculated from 

the ratio of the two rates. If the KIE is measured under subsaturating conditions, it 

is a ratio of specificity constants (i.e., kcat/KM) as in equation 1.7, and reflects the 

same steps as a competitive KIE. Non-competitive KIEs measured under 

saturating conditions reflect the ratio of turnover constants (i.e., kcat) (equation 

1.8). The value of kcat reflects the pseudo-equilibrium between the Michaelis 

complex and the transition state for the rate-limiting step (E•S ⇌ ES‡); therefore, it 

accounts for steps only after substrate binding, including proton transfer, 

nucleophilic attack by water, and product release. 
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( )cat

heavy
cat

light

KIE
k
k

=   (1.8) 

1.8.2 Significance of individual KIEs 

For purine nucleosides, the primary 1’-14C KIE and 9-15N KIEs are 

informative, as they reflect the leaving-group (C1’-N9) and incoming nucleophile 

(C1’-O) bond orders. They can show whether the transition state is oxacarbenium 
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ion-like.76 The 7-15N KIE for purines indicates the extent of N7 protonation at the 

transition state.76 The 2’(S)-2H and 2’(R)-2H KIEs report on the 2’-deoxyribosyl 

ring’s conformation at the transition state, as their values reflect 

conformation-dependent hyperconjugation. Hyperconjugation is the donation of 

electron density from the C2’-H2’ σ orbitals to the empty p orbital of C1’ to 

stabilize the developing positive charge on C1’ in an oxacarbenium ion-like 

transition state.76 Hyperconjugation is conformation-dependent, so the 2’-2H KIEs 

indirectly report on the sugar ring conformation at the transition state.76 The 1’-3H 

KIE reports on the vibrational freedom of H1’. Its vibrational freedom increases 

when there is an overall loss of bond order to C1’ (as in dissociative transition 

states).76  

1.8.3 Transition state structure determination 

Solving the transition state structure from experimental KIE values 

requires creating computational models whose expected KIEs can be calculated. 

KIE computation is generally considered reliable for a given structure; thus, if a 

computational model is found whose calculated KIEs match the experimental 

values, that is considered the experimental transition state structure. 



Ph.D. Thesis – V. Azhikannickal; McMaster University – Chemical Biology 
 

 57 

1.8.4 Transition state structures of base-excision enzymes and 
nucleoside hydrolases 

The transition states of other BER enzymes have been determined. E. coli 

MutY is a BER enzyme that excises A from 8-oxoguanine:A mismatches. A suite 

of KIEs were measured at eight positions – 1’-14C, 9-15N, 7-15N, 6-15N, 1’-3H, 

2’(S)-2H, 2’(R)-2H, and 5’-3H2 – of an A residue mismatched with G in a 25-mer 

stem-loop DNA substrate.141 Comparison of experimental KIEs to calculated 

KIEs from five computed transition-state models revealed a DN*AN
‡ mechanism 

with reversible C1’-N9 bond cleavage that forms a discrete oxacarbenium-ion 

intermediate followed by irreversible attack at C1’ by water.141 Although less 

extensively than for MutY, the transition state of E. coli UDG was studied by 

measuring 1’-2H, 1’-13C, 2’(S)-2H, 2’(R)-2H KIEs of uracil excision from a DNA 

trinucleotide; the values demonstrated demonstrated an oxacarbenium ion-like 

transition state at which uracil possessed anionic character.94  

The transition state was also determined for an RNA base-excision 

enzyme, ricin A-chain, which is a castor bean toxin that depurinates A4324 of 28S 

ribosomal RNA.80 By measuring KIEs at similar positions to MutY for adenine 

excision from a 10-mer stem-loop RNA substrate, it was revealed the reaction 

proceeds via an oxacarbenium ion-like transition state and that reversible C-N 

bond cleavage is followed by an irreversible non-chemical step.80 
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In addition to these enzymes, transition states of nucleoside hydrolases and 

phosphorylases involved in purine/pyrimidine salvage and de novo synthesis have 

been determined. Some of these enzymes are potential anticancer or antibacterial 

targets; therefore, high-affinity inhibitors of these targets can be designed using 

the transition state as a template because enzymes reduce ΔG‡ by stabilizing the 

transition state.142 For example, immucillin-H and immucillin-G (Figure 1.15B 

and C) were designed from the transition state structure of bovine purine 

nucleoside phosphorylase (PNP), which catalyzes the nucleophilic attack of 

inosine, guanosine, and deoxyguanosine by phosphate (Figure 1.14).143  

 

Figure 1.14. Reaction catalyzed by purine nucleoside phosphorylase (PNP) 
Shown is the phosphorolysis of inosine, which produces ribose 1-phosphate and 
hypoxanthine. 
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Figure 1.15. Immucillins 
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Bovine PNP’s transition state was protonated at N7 and exhibited 

oxacarbenium ion-like character, and the immucillins capture these properties by 

possessing cationic iminoribitol in place of ribose and by raising N7’s pKa as a 

result of C9 replacing N9; the Ki values of immucillin-H and immucillin-G were 

23 pM and 29 pM, respectively.143-145 Despite being designed from the bovine 

PNP transition state, both immucillin-H and immucillin-G demonstrated similar 

Ki values for human PNP (72 pM and 30 pM, respectively), the inhibition of 

which may be a strategy for treating leukemia and lymphoma.143,146 Immucillin-H 

was also found to bind to PNP of the malaria parasite Plasmodium falciparum, but 

with lower affinity than the bovine and human PNPs (Ki = 860 pM).147 

Derivatives of immucillin-A (Figure 1.15A) bound to 5’-methylthioadenosine 

nucleosidases (MTANs, Figure 1.16) of the pathogenic bacteria Salmonella 

enterica and Vibrio cholerae with Ki values ranging from 300 pM to 3 pM.148 

 

Figure 1.16. Reaction catalyzed by 5’-methylthioadenosine nucleosidases (MTANs) 
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1.9 Objectives of this work 

This work describes the progress made in elucidating the transition state 

structures of AlkA-catalyzed Hx excision from DNA and of acid-catalyzed 

hydrolysis of 2’-deoxyinosine 5’-monophosphate (dIMP) using kinetic isotope 

effects (KIEs).  

The present study seeks, in part, to identify how AlkA protonates the 

purine leaving group to activate it for departure. First, the source of the proton 

was examined. Besides D238, the ionizable or H-bonding active-site residues that 

could participate in protonation are Y273, W272, Y222, R244, and R22 (Figure 

1.17). 

 

Figure 1.17. Candidate general-acid residues in AlkA’s active site 
Green = Y273, cyan = R22, red = R244, orange = Y222, yellow = W272, 
purple = D238, blue = pyrrolidine. Figure generated in PyMOL from PDB ID 1DIZ.111 
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These residues were mutated such that their ionization and/or H-bonding 

properties were eliminated. Then, the mutants’ ability to excise Hx was studied; if 

any single residue is responsible for Hx protonation, then a dramatic loss in 

activity should be observed. This approach was used to identify H241 as the 

general acid for Crithidia fasciculata inosine-uridine nucleoside hydrolase 

(IU-NH), as the H241A mutant was over 2000-fold less active toward inosine but 

but only 3-fold less active for p-nitrophenyl β-D-ribofuranoside, a substrate not 

requiring leaving group protonation (Section 1.4.2).97  

The effect of buffer concentration on Hx excision by WT and mutant 

AlkA was also studied. Participation of small acidic species in an enzymatic 

reaction was observed previously with human carbonic anhydrase III, for which 

imidazole increases the rate of water release.149  

Direct interactions between AlkA and the nucleobase at the transition state 

could be detected by examining the Kd of AlkA, a free nucleobase, and a 

transition state-mimicking oligonucleotide, pyrrolidine-DNA. If AlkA interacts 

with the nucleobase at the transition state, the apparent Kd of pyrrolidine-DNA 

will decrease in the presence of the nucleobase. Such a bipartite inhibitor of uracil 

DNA glycosylase (UDG) was formed by uracil and 1-aza-DNA, with the Kd of 

the ternary complex being 4000-fold lower than for 1-aza-DNA alone. 150  

Additional evidence for purine protonation by AlkA was obtained from 

the solvent deuterium kinetic isotope effects (SDKIEs) at different pL values 
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(pL = pH or pD, depending on the isotope) and buffer conditions. The SDKIE is 

the change in rate when the reaction is performed in D2O and reflects the extent of 

proton transfer at the transition state of the rate-determining step. 87,151  
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Chapter 2. Materials and Methods 

2.1 Materials 

All radiolabelled glucoses were obtained from American Radiolabeled 

Chemicals, Inc. [γ-33P]-labelled adenosine 5’-triphosphate (ATP) was obtained 

from Perkin-Elmer Inc. S. cerevisiae hexokinase (HK), rabbit muscle pyruvate 

kinase (PK), rabbit muscle myokinase (MK), Leuconostoc mesenteroides 

glucose-6-phosphate dehydrogenase (G6PDH), S. cerevisiae 6-phosphogluconic 

dehydrogenase (6PGDH), spinach phosphoriboisomerase (PRI), Aspergillus niger 

adenylic acid deaminase (ADA) were obtained from Sigma-Aldrich. Human 

apurinic/apyrimidinic endonuclease 1 (hAPE1) was from New England Biolabs, 

Inc. T4 polynucleotide kinase and Moloney murine leukemia virus reverse 

transcriptase (MMLV-RT) were obtained from Life Technologies Corp. Ecoscint 

A was from National Diagnostics. Protease-inhibitor cocktail for His-tagged 

proteins was obtained from Sigma-Aldrich or BioShop Canada. All other 

materials were reagent-grade. Lactobacillus leichmannii ribonucleoside 

triphosphate reductase (RTR), E. coli phosphoribosylpyrophosphate synthetase 

(PRPPase), S. cerevisiae adenine phosphoribosyltransferase (APRT) were 

prepared as previously described.152 
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2.2 Purification of WT and mutant AlkA 

The Y222F, R22M, R244M, Y273F, and W272F mutations were inserted 

into pET24a-His6AlkA (a gift from Dr. Patrick O’ Brien, University of Michigan) 

according to the Agilent QuikChange mutagenesis protocol. Plasmids containing 

the mutant and WT AlkA constructs were amplified using the QIAprep miniprep 

kit and sequenced to confirm their identities. 

BL21*(DE3) E. coli cells were transformed with pET24a-His6AlkA  by 

heat shock and grown in 2 × 1 L LB with 50 µg/mL kanamycin at 37 °C until 

OD600 ~ 1. Expression of AlkA was induced with 1 mM IPTG and the cultures 

were incubated at 16 °C to 18 °C overnight. Cells were harvested by 

centrifugation at 5000 × g. The cell paste was resuspended in lysis buffer 

containing 50 mM tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl), 

pH 7.5, 150 mM NaCl, and 20 mM imidazole, and protease-inhibitor cocktail for 

His-tagged proteins (i.e., without EDTA). Cell lysis was performed using an 

EmulsiFlex-C5 homogenizer (Avestin Inc.). The lysate was centrifuged at 

20000 × g for 30 min at 4 °C and the supernatant was syringe-filtered (0.45 µm 

filter). The filtered supernatant was applied to a Ni2+–charged 1 mL HiTrap 

Chelating HP column (GE Healthcare). The column was washed with 20 column 

volumes of lysis buffer. The column was then washed with 20 column volumes of 

a wash buffer containing 50 mM Tris‑HCl, pH 7.5, 150 mM NaCl, and 80 mM 

imidazole. An elution buffer containing 50 mM Tris‑HCl, pH 7.5, 150 mM NaCl, 
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and 500 mM imidazole was applied until A280 of the eluate reported no protein. 

AlkA was dialyzed into a storage buffer containing 20 mM sodium 

4-(2-hydroxyethyl)-1-piperazineethanesulfonate (NaHEPES), 100 mM NaCl, 1 

mM dithiothreitol (DTT), 0.2 mM ethylenediaminetetraacetic acid (EDTA), 50 

mM L-arginine, and 50 mM L-glutamic acid, pH 7.5. The protein was quantified 

according to the method of Pace and Edelhoch.153 

2.3 Oligonucleotides 

ATI26, G19, C18, THF35, I25, and I24comp (Table 2.1) were synthesized 

by Integrated DNA Technologies, Inc. PYR35 was synthesized by MOBIX Lab 

(McMaster University) using a pyrrolidine-CE phosphoramidite from Glen 

Research Corp. All oligonucleotides were purified by polyacrylamide gel 

electrophoresis (PAGE) before use and quantified by A260, with ε260 calculated by 

the nearest-neighbour method.154. 

ATI26, THF53, THF47, THF41, THF35, and PYR35 form hairpins. The 

inosine is bulged in ATI26 while the abasic sites in PYR35 and THF35 are 

internal (Figure 2.1). I25 and I24comp were annealed to form the 24-mer 

Hx-bulge duplex, IB25, under the same conditions as the assays they were used in 

(Figure 2.1). 
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Table 2.1. Oligonucleotides used in the studies described in Chapter 3, Chapter 4, 
and Chapter 5  

The bolded letter indicates the scissile/binding site: I = hypoxanthine (Hx), 
P = pyrrolidine (Figure 1.11E), F = tetrahydrofuran (Figure 1.11B). 

ATI26 5’ GAGGAAGTCCGTTTCGGACITTCCTC 3’ 
G19 5’ GAGGAAGTCCGTTTCGGAC 3’ 
C18 5’ GAGGAACGTCCGAAACGG 3’ 

THF53 5’ ACGAGGAACACCFAGTGGAAGTCAGTTTCTGACTTC 
CACTCGGTGTTCCTCGT 3’  

THF47 5’ AGGAACACCGFGTGGAAGTCAGTTTCTGACTTCCAC 
TCGGTGTTCCT 3’ 

THF41 5’ AACACCGAFTGGAAGTCAGTTTCTGACTTCCACTCG 
GTGTT 3’ 

PYR35 5’ AACACCGAPTGGAAGTTTTACTTCCACTCGGTGTT 3’  
THF35 5’ AACACCGAFTGGAAGTTTTACTTCCACTCGGTGTT 3’  

I25 5’ CGATAGCATCCTICCTTCTCTCCAT 3’ 
I24comp 5’ ATGGAGAGAAGGAGGATGCTATCG 3’ 
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ATI26 
 

THF53 
 

THF47 
 

THF41 
 

PYR35 
 

THF35 
 

IB25 
 

Figure 2.1. Secondary structures formed by oligonucleotides listed in Table 2.1 
The bolded letter indicates the scissile/binding site: I = hypoxanthine (Hx), 
P = pyrrolidine (Figure 1.11E), F = tetrahydrofuran (Figure 1.11B). In IB25, the 
Hx-containing strand is I25 and its complement is I24comp. 

2.4 5’-33P Labelling 

ATI26/I25 (1 µM) or PYR35/THF35 (0.005 µM) were 5’-labelled in a 

reaction containing 10 to 14 µCi of [γ-33P]-labelled ATP, 70 mM Tris‑HCl, pH 

7.6, 10 mM MgCl2, and 100 mM KCl, and 1 mM 2-mercaptoethanol, was reacted 

with 0.4 U/µL to 0.8 U/µL T4 polynucleotide kinase at 37 °C for 1 h. The reaction 

was quenched with 1 µL 0.5 M EDTA pH 8.0. The reaction was diluted 2-fold 

and extracted with chloroform. The aqueous phase containing the labelled strand 

was run through an illustra MicroSpin G-25 column (GE Healthcare). 
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2.5 Electrophoretic mobility shift assay (EMSA) 

2.5.1 Kd determination 

[5’-33P]PYR35 (125 pM) or [5’-33P]THF35 DNA (200 pM) was incubated 

with 12 AlkA concentrations (0 to 5 µM for PYR35, 0 µM to 10 µM for THF35) 

in 25 mM potassium phosphate, pH 7.0 (also pH 6.0 and 8.0 for PYR35), 50 mM 

KCl, 0.5 mM EDTA, 0.5 mM DTT, 10% glycerol, and 0.5 mg/mL bovine serum 

albumin (BSA). Loading dye (0.25% bromophenol blue, 0.25% xylene cyanol, 

30% glycerol in 1× TBE) was added only to the sample containing 0 nM AlkA (1 

µL). Samples were incubated for 1 h at room temperature. Samples were loaded 

onto a 10% native polyacrylamide gel in 0.5× TBE at 4 °C as it was running at 

250 V. The voltage was increased to 1100 V (50 V/cm). After both dyes entered 

the gel (2 to 3 min), the voltage was decreased to 250 V. The gel was dried onto 

blotting paper using a Hoefer gel dryer (GE Healthcare) and the dried gel was 

exposed to a storage-phosphor screen overnight. The screen was scanned on a 

phosphorimager. The resultant autoradiogram was imported into ImageJ (Wayne 

Rasband, National Institutes of Health) using the LOCI Bio-Formats importer 

(University of Wisconsin, Madison). The dissociation constants of AlkA 

complexes with PYR35 at pH 6 and 8 and THF53, THF47, THF41, and THF35 at 

pH 7 were calculated using equation 2.1, where fbound is the fraction of DNA 

bound by AlkA, [DNA]0 is the total DNA concentration, and the [E] is the 

enzyme concentration. For the THF ligands, fbound is not normalized against the 
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maximal fbound value and is defined by equation 2.2, where Abound is the intensity 

of the band corresponding to bound DNA and Afree is the intensity of the band 

corresponding to free DNA. For the PYR ligand at pH 6 and 8, fbound is defined in 

terms of equation 2.1 and normalized against the maximal fbound value (equation 

2.3). 
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The dissociation constant of AlkA complexes with PYR35 at pH 7 were 

fitted to the two-site model in equation 2.4, where fbound is defined by equation 

2.2, [E] is the enzyme concentration, Kd,1 and Kd,2 are the dissociation constants 

for each site, and C1 and C2 are the capacities of each site. 
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2.5.2 Detection of ternary complexes 

[5’-33P]PYR35 (125 pM) was incubated with 2.4 nM AlkA and up to 2 

mM adenine, nicotinamide, or Hx (up to 2 mM) in 25 mM potassium phosphate, 

pH 7.0, 50 mM KCl, 0.5 mM EDTA, 0.5 mM DTT, 10% glycerol, and 0.5 mg/mL 
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BSA. Samples were incubated for 4 h at room temperature. Loading dye was not 

added to any of the samples at the end of the incubation period. Samples were 

loaded onto a 10% native polyacrylamide gel in 0.5× TBE at 4 °C as it was 

running at 250 V. The voltage was increased to 1100 V (50 V/cm). After 2 min, 

the voltage was decreased to 250 V. The gel was analyzed as described in Section 

2.5.1. 

2.6  Glycosylase assay 

2.6.1 Hypoxanthine excision from ATI26 

All reaction mixtures contained AlkA, ATI26 (unlabelled and 

5’-33P-labelled), 50 mM KCl, 1 mM dithiothreitol (DTT), and 0.5 mg/mL BSA. 

Reactions at pH 6.0 were performed in 50 mM potassium acetate. Reactions at pH 

7.0 were performed in 50 mM potassium phosphate. Reactions performed with 

human apurinic/apyrimidinic endonuclease (hAPE1) were performed with 1 U/µL 

hAPE1 and 1 mM MgCl2. Reactions performed without hAPE1 contained 1 mM 

EDTA. Aliquots (5 µL) were taken periodically, quenched with 1 µL 2 M KOH, 

heated at 95 °C for at least 5 min, mixed with 5 µL of 2 × denaturing loading dye, 

and run on a 20% denaturing polyacrylamide gel (7 M urea, 1 × TBE). The gel 

was exposed to a storage-phosphor screen (GE Healthcare) overnight and the 

screen was scanned on a phosphorimager. The product fraction fproduct and the 

substrate fraction fsubstrate were calculated with equations 2.5 and 2.6, where 
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Aproduct is the intensity of the product band and Asubstrate is the intensity of the 

substrate band in the autoradiogram, and [product] was calculated from fproduct 

using equation 2.7. 
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2.6.2 Hypoxanthine excision from IB25 

Reactions containing AlkA and IB25 were performed in 75 mM buffer, 

0.1 mg/mL BSA, and 1 mM DTT at 37 °C. Reactions contained at least 15000 

cpm/µL [5’-33P]IB25, with the remaining IB25 unlabelled. All reactions were 

adjusted to I = 0.250 using KCl. The final ionic strength of the reaction mixture 

(buffer and KCl) was calculated using the Debye-Hückel equation (equation 2.8), 

where pKa,T is the pKa of the buffer at temperature T, pKa is the pKa of the buffer 

at T = 298 K, ξa is the charge of the conjugate acid/base, A is a constant ≈ 0.5, and 

I is the ionic strength.155 
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Aliquots (5 µL) were taken periodically, quenched with 2.5 µL 0.6 M 

KOH, and heated at 70 °C for 10 min. Samples were mixed with 10 µL 

formamide loading buffer (1 mg/mL xylene cyanol, 1 mg/mL bromophenol blue, 

and 10 mM EDTA pH 8.0 in formamide) and run on a 30% denaturing 

polyacrylamide gel (7 M urea, 1× TBE). Gels were exposed to a storage-phosphor 

screen overnight and the screen was scanned on a phosphorimager. Data analysis 

was performed as described in Section 2.6.1. 

2.7 pH-rate profiles 

Potassium cacodylate was used as the buffer for reactions at pH 4.5 to 6, 

while potassium acetate was used at pH 5.5 and 6, while potassium phosphate was 

used at pH 6, 7, and 8. All reactions were performed with 0.1 µM WT AlkA 

except those at pH 7 and 8, which were performed at 0.5 µM WT AlkA.  

For each pH, [IB25] was varied from 0.1 µM to 10 µM. The reactions 

were sampled and analyzed according to Section 2.6.2. The initial rates 

(calculated from the slope of the [product] vs. t line) were fitted to the 

Michaelis-Menten equation (equation 1.1). 

The parameters kcat and kcat/KM at each pH were fit to equation 2.9, where 

x is the kinetic parameter, limitx refers to the upper limit of x, and pKa is the 

ionization on the relevant species for that parameter. 
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2.8 Effect of buffer concentration on rate of AlkA-catalyzed 
hypoxanthine excision 

Reactions were performed and analyzed as described in Section 2.6.2 with 

2 µM IB25. For pH 5 and 6, 0.1 µM AlkA was used; for pH 7 and 8, 0.5 µM AlkA 

was used. Reactions in potassium cacodylate (0 mM to 200 mM) were performed 

at pH 5 to 7. Reactions in potassium phosphate (0 to 90 mM) were performed at 

pH 7 and 8. Reactions in bis-tris propane (BTP) (0 to 200 mM) were performed at 

pH 7 in 25 mM potassium phosphate. Rates as a function of buffer concentration 

were fit to a linear equation except the rates in BTP/phosphate, which were fit to 

equation 2.10, where v0/[E]0 is the observed rate at each [BTP], v0/[E]0,max is the 

highest observed rate (i.e., at [BTP] = 0 mM), and Ki is the inhibition constant. 
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2.9 SDKIE measurement 

DTT was dissolved in D2O to a final concentration of 1 M. KCl was 

dissolved in D2O to a final concentration of 2 M. BSA was dissolved in D2O and 

lyophilized repeatedly. The lyophilized BSA was finally dissolved in D2O to a 

final concentration of 5 mg/mL. DTT, KCl, and BSA were prepared in H2O by 

dissolving them directly in H2O to the same final concentrations as the D2O 

solutions. 
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KH2PO4 and K2HPO4 were dissolved separately in D2O and lyophilized 

repeatedly. The lyophilized KH2PO4 and K2HPO4 were dissolved separately in 

D2O each to a final concentration of 1 M. KH2PO4 and K2HPO4 were mixed to 

produce 0.5 M potassium phosphate buffers at pD 6 and pD 7. pD was verified 

using a pH electrode (pD = pH + 0.4). Potassium phosphate buffers at pH 6 and 

pH 7 in H2O were prepared by dissolving KH2PO4 to a final concentration of 0.5 

M and by adjusting the solution pH with KOH. 

Mixtures of I25/I24comp and [5’-33P]I25/I24comp were lyophilized. The 

mixtures were resuspended in potassium phosphate buffer in D2O and H2O (10 

mM potassium phosphate at pL 6, 10 mM potassium phosphate at pL 7, and 75 

mM potassium phosphate at pL 7, I = 0.250 using KCl). The strands were 

annealed to form IB25 by heating at 95 °C and slow cooling to room temperature. 

Using Amicon Ultra-0.5 mL 10 K MWCO centrifugal concentrators, AlkA 

was exchanged into potassium phosphate buffer in D2O and H2O (10 mM 

potassium phosphate at pL 6, 10 mM potassium phosphate at pL 7, and 75 mM 

potassium phosphate at pL 7, I = 0.250 using KCl). The protein was quantified 

according to the method of Pace and Edelhoch.153  

Reaction mixtures were prepared at 10 mM potassium phosphate at pL 6, 

10 mM potassium phosphate at pL 7, and 75 mM potassium phosphate at pL 7. 

Each mixture contained 0.1 mg/mL BSA, 1 mM DTT, and KCl so that I = 0.250 

(see Section 2.6.2). Reactions at pL 6 and pL 7 were performed with 0.1 µM 
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AlkA and 0.5 µM AlkA, respectively. [IB25] in each reaction was 0.2, 2, and 10 

µM, with each containing at least 15000 cpm/µL [5’-33P]IB25. Reactions were 

incubated at 37 °C, sampled, and analyzed according to the procedure in Section 

2.6.2. 

2.10 Synthesis and purification of radiolabelled 2’-deoxyadenosine 
5’-triphosphate (dATP) 

Radiolabelled adenosine 5’-triphosphate (ATP) was synthesized at 37 °C 

with radiolabelled glucose (25 µCi of [3H]glucose, 10 µCi of [14C]glucose) (Table 

2.2), 3.2 mM adenine, 1 mM DTT, 50 mM glycylglycine, pH 7.8, 55 mM 

potassium phosphate, pH 7.8, 10 mM MgCl2, 0.1 mM ATP, 20 mM 

phosphoenolpyruvate (PEP), 5 mM nicotinamide adenine dinucleotide phosphate 

(NADP+), 20 U/mL HK, 104 U/mL PK, 38.75 U/mL MK, 23.15 U/mL G6PDH, 1 

U/mL 6PGDH, 5 U/mL PRI, 0.46 U/mL APRT, and 1.5 U/mL PRPPase. Reaction 

samples were analyzed by HPLC-UV (λ = 260 nm) using a Supelcosil LC-18-T 

(25 cm × 4.6 mm, 5 µm) column and isocratic elution in 55% A, 45% B at 1 

mL/min, where A = 30% methanol, 100 mM potassium phosphate pH 7.2, 4 mM 

tetrabutylammonium sulfate (TBAS) and B = 100 mM potassium phosphate pH 

6.0, 4 mM TBAS. Radioactivity in the eluate was measured by scintillation 

counting. ATP was reduced to 2’-deoxyadenosine 5’-triphosphate (dATP) by 

adding 1.4 mg/mL RTR, 20 µM coenzyme B12, and 25 mM DTT to the reaction 

mixture, degassing the reaction mixture was degassed under vacuum, purging 
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with N2(g), and incubating in the dark at 37 °C for at least 2 h. The mixture was 

passed through an Amicon Ultra 10K nominal molecular-weight cutoff centrifugal 

filter (EMD Millipore). dATP was purified from the filtrate by HPLC-UV 

(λ = 260 nm) using a Waters Delta-Pak C18 column (30 cm × 3.9 mm, 15 µm) 

and gradient elution, from 99% A to 84% A over 1 h at 1 mL/min, where A = 50 

mM triethylammonium acetate pH 6.0 and B = methanol.  

Table 2.2. Radiolabelled dATP produced from each radiolabelled starting material 
 

2.11 Synthesis and purification of radiolabelled 2’-deoxyinosine 
5’-triphosphate (dITP) 

Lyophilized radiolabelled dATP was reacted with 7.5 U/mL ADA in 10 

mM sodium citrate, pH 6.0 and 10 mM NaWO4 at 37 °C for 30 min. 2’-

Deoxyinosine 5’-triphosphate (dITP) was purified in the same way as dATP (see 

Section 2.10). 

2.12 Synthesis and purification of radiolabelled ATI26 

Radiolabelled ATI26 was synthesized from equimolar amounts of 

radiolabelled dITP (Table 2.3), G19, and C18 using 25 U/mL MMLV-RT in 40 

mM Tris‑HCl, pH 8.0, 75 mM KCl, 3 mM MgCl2, and 1 mM DTT (Figure 2.2). 

Starting material dATP 
D-[2-3H]glucose [1’-3H]dATP 
D-[2-14C]glucose [1’-14C]dATP 
D-[6-3H2]glucose [5’-3H2]dATP 
D-[6-14C]glucose [5’-14C]dATP 

D-[6-14C]glucose, [7-15N]adenine [7-15N, 5’-14C]dATP 
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The reaction was incubated for 6 h at 37 °C, then spiked with 10 U of 

MMLV-RT, 1 mM DTT, 250 µM 2’-deoxycytidine 5’-triphosphate (dCTP), 250 

µM 2’-deoxythymidine 5’-triphosphate (dTTP), and 250 µM dITP. The spiked 

reaction mixture was incubated at 37 °C for at least 2 h. ATI26 was 

PAGE-purified and quantified by A260, with ε260 = 211654 M-1cm-1 (calculated by 

nearest-neighbour method).154  

 

Figure 2.2. Schematic of incorporation of radiolabelled dITP into ATI26 
G19 is the primer and C18 is the template. 

Table 2.3. Radiolabelled ATI26 isotopologues produced from each radiolabelled 
dITP isotopologue 

 
Radiolabelled dITP Radiolabelled ATI26 

[1’-3H]dITP [1’-3H]ATI26 
[5’-14C]dITP [5’-14C]ATI26 
[5’-3H2]dITP [5’-3H2]ATI26 
[1’-14C]dITP [1’-14C]ATI26 

 

5' GAGGAAGTCCGTTTCGGAC 3'
        3' GGCAAAGCCTGCAAGGAG 5'C18

MMLV-RT
[14C]dITP or [3H]dITP

5' GAGGAAGTCCGTTTCGGACI 3'
        3' GGCAAAGCCTGCAAGGAG 5'C18

MMLV-RT
dITP, dTTP, dCTP

5' GAGGAAGTCCGTTTCGGACITTCCTC 3'
        3' GGCAAAGCCTGCAAGGAG 5'C18

ATI26

GI20

G19
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2.13 Synthesis and purification of radiolabelled 2’-deoxyinosine 
5’-monophosphate (dIMP) 

Radiolabelled 2’-deoxyadenosine 5’-monophosphate (dAMP) was 

produced from radiolabelled dATP (Table 2.4) with 200 U/mL HK and 200 U/mL 

MK in 50 mM potassium phosphate, pH 7.6, 10 mM MgCl2, 2 mM adenosine 

5’-monophosphate (AMP), and 6.25 mM glucose at 37 °C for 2 h. dAMP was 

purified in the same way as dATP (see Section 2.10). dIMP was produced from 

dAMP and purified according to the procedure in Section 2.11.  

Table 2.4. Radiolabelled dIMPs produced from radiolabelled dATPs 
 

Radiolabelled dATP Radiolabelled dIMP 
[1’-3H]dATP [1’-3H]dIMP 
[5’-14C]dATP [5’-14C]dIMP 
[5’-3H2]dATP [5’-3H2]dIMP 
[1’-14C]dATP [1’-14C]dIMP 
[4’-3H]dATP [4’-3H]dIMP 

[7-15N, 5’-14C]dATP [7-15N, 5’-14C]dIMP 

2.14 Measurement of KIEs for the AlkA-catalyzed excision of 
hypoxanthine from ATI26 

2.14.1 Method 1 

2.14.1.1 Reaction conditions 

In a reaction containing 50 mM potassium acetate, pH 6.0, 50 mM KCl, 1 

mM DTT, 1 mM MgCl2, 0.5 mg/mL BSA, and 0.3 U/mL hAPE1, two ATI26 

isotopologues (≥ 12000 cpm for each isotopologue, Table 2.5) were mixed with 

an equimolar amount of WT AlkA. At t = 0 h, 1/3 of the reaction volume was 

removed and quenched immediately with KOH to a final concentration of 140 
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mM (0% reaction sample). The reaction was allowed to proceed in the remaining 

volume (2/3 of the initial volume) for 5 h at 37 °C (50% reaction sample), after 

which the reaction was also quenched with KOH (see above).  
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Table 2.5. Isotopologue pairs for competitive AlkA KIE measurements 
 

KIE ATI26 isotopologues  
1’-3H [1’-3H]ATI26, [5’-14C]ATI26 
5’-3H2 [5’-3H2]ATI26, [5’-14C]ATI26 
1’-14C [1’-14C]ATI26, [5’-3H2]ATI26 

2.14.1.2 Separation and analysis 

Both the 50% and 0% samples were neutralized with HCl and diluted to 

500 µL with mobile phase A (see below). Substrate and product were separated by 

fast protein liquid chromatography (FPLC) in the 0% and 50% reaction samples 

using a Mono-Q 5/50 GL column (GE Healthcare) and stepwise elution (Table 

2.6). Mobile phase A = 10 mM NaOH, mobile phase B = 10 mM NaOH and 1.5 

M NaCl, and the flow rate = 1.5 mL/min. 

Table 2.6. Method 1 stepwise gradient 
  

The product, eluting at 300 mM NaCl, and the residual substrate, eluting at 

1.05 M NaCl, were collected in pre-weighed scintillation vials. The liquid mass of 

each vial’s contents was split equally across two scintillation vials (1.6 g in each 

vial), 200 µL of 1 M potassium phosphate, pH 6.0 was added to each vial to 

neutralize the samples, and 21 g Bio-Safe II was added to all vials. A [14C]glucose 

standard and blank sample were prepared at each [NaCl] identically to the other 

samples.  

Time (min) %B [NaCl] (M) 
0 - 1.3 0 0 

1.3 – 11.3 20 0.3 
11.3 – 21.3 70 1.05 
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Samples were analyzed by dual-window scintillation counting. Windows 

(a measure of β-particle energy) were selected such that window 1 contained all 

the 3H counts (and some 14C counts), while window 2 contained only 14C. Counts 

per minute (CPM) in windows 1 and 2 were blank-corrected and converted to 3H 

and 14C CPM using equations 2.11 and 2.12.  
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1 window
2 window1 windowH

14

3
CPM
CPMCPMCPMCPM ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−=   (2.11) 

 
standard C

2 window

1 window
2 window2 windowC

14

14
CPM
CPMCPMCPMCPM ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+=   (2.12) 

KIEs were calculated using equation 2.13: 
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In the preceding equations, A = CPM of the light substrate (or product) 

isotopologue in the 50% reaction sample, A’ = CPM of the heavy substrate (or 

product) isotopologue in the 50% reaction sample, A0 = CPM of light substrate 

isotopologue in the 0% reaction sample, A0’ = CPM of the heavy substrate 
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isotopologue in the 0% reaction sample, f = fractional extent of reaction 

(calculated from equation 2.14, where X = CPM of the light product isotopologue 

in the 50% reaction sample and X’ = CPM of the heavy product isotopologue in 

the 50% reaction sample), and !	
!#

= KIE. Counting of each sample continued until 

the cumulative average of the KIE had stabilized. 

2.14.2 Method 2 

2.14.2.1 Reaction conditions 

Reactions were performed as described in Section 2.14.1.1. 

2.14.2.2 Separation and analysis 

Both the 50% and 0% samples were neutralized with HCl and diluted to 

500 µL with mobile phase A (see below). Substrate and product were separated by 

fast protein liquid chromatography (FPLC) from the 0% and 50% reaction 

samples using a Mono-Q 5/50 GL column (GE Healthcare) and stepwise elution 

(Table 2.7). Mobile phase A = 50 mM MgCl2 and 8% acetonitrile, mobile phase 

B = 50 mM MgCl2, 8% acetonitrile, and 1.5 M NaCl, and the flow rate = 1.5 

mL/min. 

The product, eluting at 150 mM NaCl, and the substrate, eluting at 330 

mM NaCl, were collected in pre-weighed scintillation vials. The liquid mass of 

each vial’s contents was brought to 6 g with the appropriate mobile phase and 

split equally across two scintillation vials. Ecoscint A (20 g) was added to all 
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vials. A [14C]glucose standard and blank sample was prepared at each [NaCl] 

identically to the other samples. The liquid scintillation counts were analyzed as 

in Section 2.14.1.2.  

Table 2.7. Method 2 stepwise gradient 
 

2.14.3 Method 3 

2.14.3.1 Reaction conditions 

Reactions were performed as described in Section 2.14.1.1. 

2.14.3.2 Separation and analysis 

Both the 50% and 0% samples were neutralized with HCl and diluted to 

500 µL with mobile phase A (see below). Substrate and product were separated by 

fast protein liquid chromatography (FPLC) from the 0% and 50% reaction 

samples using a Mono-Q 5/50 GL column (GE Healthcare) and stepwise elution 

(Table 2.8). Mobile phase A = 50 mM MgCl2 and 8% acetonitrile, mobile phase 

B = 50 mM MgCl2, 8% acetonitrile, and 1.5 M NaCl, and the flow rate = 1.5 

mL/min. 

The product, eluting at 150 mM NaCl, the major form of the residual 

substrate, eluting at 600 mM NaCl, and the minor form of the residual substrate, 

Time (min) %B [NaCl] (M) 
0 – 3 10 0.15 
3 – 8 15 0.225 

8 – 13 22 0.33 
13 – 18 100 1.5 
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eluting at 1.5 M NaCl, were collected in pre-weighed scintillation vials. The 

liquid mass of each vial’s contents was brought to 6 g with the appropriate mobile 

phase, and split equally across two scintillation vials. Ecoscint A was added to all 

vials: 20 g to vials containing 150 mM and 600 mM NaCl, 23 g to vials 

containing 1.5 M NaCl. A [14C]glucose standard and blank sample was prepared 

at each [NaCl] identically to the other samples. The liquid scintillation counts 

were analyzed as in Section 2.14.1.2.   

Table 2.8. Method 3 stepwise gradient 
 

2.14.4 Method 4 

2.14.4.1 Reaction conditions 

The pair of ATI26 isotopologues for a given KIE measurement was 

mixed, purified by FPLC using Method 3 (see Section 2.14.3), and 

ethanol-precipitated. The purified substrates were then reacted with WT AlkA 

according to the conditions in Section 2.14.1.1. 

2.14.4.2 Separation and analysis 

Substrate and product were separated by fast protein liquid 

chromatography (FPLC) from the 0% and 50% reaction samples using a Mono-Q 

Time (min) %B [NaCl] (M) 
0 – 3 10 0.15 
3 – 8 15 0.225 

8 – 13 40 0.6 
13 – 18 100 1.5 
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5/50 GL column (GE Healthcare) and stepwise elution (Table 2.9). Mobile phase 

A = 50 mM MgCl2 and 150 mM NaCl, mobile phase B = 50 mM MgCl2 and 800 

mM NaCl, and the flow rate = 1.5 mL/min.  

The product, eluting at 150 mM NaCl, and the substrate, eluting at 800 

mM NaCl, were collected in pre-weighed scintillation vials. The liquid mass of 

each vial’s contents was brought to 6 g with the appropriate mobile phase and 

split equally across two scintillation vials. A [14C]glucose standard and blank 

sample was prepared at each [NaCl] identically to the other samples. Ecoscint A 

(22 g) was added to all vials. The liquid scintillation counts were analyzed as in 

Section 2.14.1.2. 

Table 2.9. Method 4 stepwise gradient 
 

2.15 Measurement of KIEs for the acid-catalyzed hydrolysis of 2’-
deoxyinosine 5’-monophosphate (dIMP) 

The pair of dIMP isotopologues for a given KIE measurement was mixed 

(Table 2.10), HPLC-purified (see Section 0), lyophilized, and redissolved in 0.1 

M HCl and unlabelled dIMP (final [dIMP] = 1.25 mM) in a 300 µL total volume. 

The reaction was incubated at 30 °C for 90 min; 200 µL (2/3 of the initial volume) 

was removed and added to 1300 µL elution buffer (100 mM potassium phosphate, 

pH 6.0, 100 mM ribose, 10% ethanol) (50% reaction sample). The remaining 100 

Time (min) %B [NaCl] (M) 
0 – 6 0 0.15 

6 – 14.4 100 0.8 



Ph.D. Thesis – V. Azhikannickal; McMaster University – Chemical Biology 
 

 86 

µL (1/3 of the initial volume) were incubated for > 22 h and quenched with 1400 

µL elution buffer (100% reaction).  

Table 2.10. Isotopologue pairs for competitive dIMP KIE measurements 
 

KIE dIMP isotopologues  
1’-3H [1’-3H]dIMP, [5’-14C]dIMP 
5’-3H2 [5’-3H2]dIMP, [5’-14C]dIMP 
1’-14C [1’-14C]dIMP, [5’-3H2]dIMP 
4’-3H [4’-3H]dIMP, [5’-14C]dIMP 
7-15N [7-15N, 5’-14C]dIMP, [5’-3H2]dIMP 

 

To determine the extent of reaction f, 100 µL of the 50% reaction sample 

were analyzed by HPLC-UV (λ = 260 nm) using a Supelcosil LC-18-T (25 

cm × 4.6 mm, 5 µm) column with an isocratic method: 60% A, 40% B, where 

A = is 100 mM potassium phosphate, pH 7.2, 4 mM TBAS, and 20% methanol 

and B = 100 mM potassium phosphate, pH 6.0 and 4 mM TBAS.  

To separate the product and substrate in the 50% and 100% reaction 

samples, six charcoal columns were prepared by applying 525 µL 190 mg/mL 

acid-washed Norit A activated charcoal suspension in elution buffer to QIAprep 

columns. The columns were washed by applying 500 µL elution buffer to each 

column and centrifuging them at 625 × g for 1 min. 500 µL of the 50% and 100% 

reaction samples were applied to each column and the columns were centrifuged 

at 625 × g for 1 min; the eluate was collected in pre-weighed scintillation vials. 

Each column was washed with 5 × 500 µL elution buffer, which was collected in 

the pre-weighed vials. The liquid masses in each vial were brought to 3.25 g with 
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elution buffer. A [14C]glucose standard and blank sample was also prepared in 

3.25 g elution buffer. Ecoscint A (22 g) was added to each vial. The liquid 

scintillation counts were analyzed as in Section 2.14.1.2.   
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Chapter 3. Leaving-Group Activation 

3.1 Introduction 

The pH dependence of AlkA catalysis suggests that it protonates neutral 

purine substrates to promote leaving group departure. Whether it directly 

protonates the purine or does so indirectly is not known, but it is known that the 

rate of neutral-purine excision decreases with increasing pH.118,156 The rate 

enhancements (kst/knon) for neutral and cationic N-alkylpurines in DNA are 

approximately the same, even though knon for N-alkylpurines is ≈104-fold greater 

than that for neutral purines. Therefore, there must be enzyme-induced 

compensation for the lower intrinsic reactivity of neutral-purine C−N bonds, 

potentially via leaving-group activation by protonation. 

In order to identify the presumed general-acid catalyst in AlkA’s active 

site that protonates neutral purines, potential proton-donating or 

hydrogen-bonding active-site residues were mutated and the kinetics of Hx 

excision from IB25 were measured. The candidate residues for AlkA were 

selected based on the X-ray crystal structure of an AlkA•1-aza-DNA complex 

(Figure 1.17).111 The mutated residues were R22, R244, Y222, W272, and Y273. 

Replacing these residues with alanine could significantly alter the protein 

structure around these large aromatic residues; therefore, the mutations were 

made minimally disruptive. For example, in the R244M mutation, the non-polar 
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Met sidechain replaced the non-polar portion of the Arg sidechain but lack the 

ionizable and hydrogen-bonding guanidinium functionality. 

The Hx excision rates from IB25 in D2O and H2O were studied as a 

function of buffer concentration. A linear relationship between buffer 

concentration and rate would indicate rate-limiting hydron (1H or 2H) transfer and 

the involvement of the buffer in the enzymatic Hx excision reaction. Confirmation 

of rate-limiting hydron transfer would be obtained from the SDKIE, the ratio of 

the rates in H2O and D2O.87  

The participation of small acidic species in enzymatic reactions has been 

observed with human carbonic anhydrase (HCA) II and III, which catalyze HCO3
− 

formation from H2O, CO2, and Zn2+-bound OH−. HCA is regenerated once the 

Zn2+-bound OH− is protonated to form water.149 HCA II exhibited increased 

turnover rates in increasing concentrations of imidazole and 1-methylimidazole.157 

In HCA III, imidazolium ion was implicated in Zn2+-bound OH− protonation by 

the fact that the rate of water release depended on the imidazole buffer 

concentration, was independent of pH in the absence of imidazole, and was 

pH-dependent in 150 mM imidazole.149 A single pKa of 7.2 – the pKa of imidazole 

– appeared in the latter pH profile. 149  

Buffers can restore activity to enzyme mutants that lack a critical ionizable 

residue. In E. coli aspartate aminotransferase (AAT), the ε-NH2 group of residue 

K258 is part of the internal aldimine with pyridoxal 5’-phosphate (PLP) and 
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mediates the 1,3-prototropic shift between the Cα of aspartate and C4’ of PLP 

(Figure 3.1).158 The K258A mutant is inactive, but exogenous primary amines 

re-activate it.159 There was a strong correlation between the rate and the amines’ 

molecular volume, providing evidence that the exogenous amine is indeed 

involved in the chemistry, as physical exclusion of a large amine would preclude 

its involvement in the reaction.159 A similar observation was made with yeast 

triose phosphate isomerase (TIM), a glycolytic enzyme that catalyzes the 

interconversion of glyceraldehyde-3-phosphate (GAP) and dihydroxyacetone 

phosphate (DHAP).160 The cationic K12 side chain stabilizes the anionic 

enediolate-like transition state, and addition of primary amines causes partial 

restoration of GAP conversion activity to the K12G mutant in a mostly 

pKa-independent manner, while tertiary amines do not restore activity.160  
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A 

 
B 

 
Figure 3.1. Mechanism of aspartate aminotransferase 

The amino group is transferred from aspartate to α-ketoglutarate via pyridoxal 
5’-phosphate (PLP), producing oxaloacetate and glutamate. K258 forms the internal 
aldimine with PLP. A) In the first half-reaction, aspartate displaces K258 to form an 
external aldimine. K258 deprotonates Cα of aspartate and protonates C4’ of PLP to 
form a ketimine, which is then hydrolyzed to produce pyridoxamine 5’-phosphate 
(PMP). B) In the second half-reaction, PMP forms a ketimine with α-ketoglutarate. 
K258 deprotonates C4’ of PMP and protonates C2 of α-ketoglutarate to form an 
aldimine, which is then hydrolyzed to form glutamate and PLP. K258 reacts with PLP 
to regenerate the internal aldimine. Adapted from refs 158,159,161. 

If the nucleobase moiety of AlkA’s transition state is partially protonated 

by a general acid-catalytic residue, then a single ligand that captures the 

nucleobase and the oxacarbenium ion-like features of the transition state should 

bind to AlkA with higher affinity than either of those functionalities separately. 

Alternatively, AlkA could bind a free purine along with a transition 

state-mimicking oligonucleotide. The translational and rotational freedom of the 

two untethered pieces would allow them to adopt conformations and positions that 

match the transition state, and the apparent dissociation constant for the 

oligonucleotide would decrease. Inhibition of ricin-catalyzed A removal from 28S 

ribosomal RNA was 10-fold greater with both free adenine and RNA containing 

1-aza-1,2-dideoxy-4a-carba-D-erythro-pentofuranose (1-aza-RNA) than with 
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1-aza-RNA alone or an RNA with 8-aza-9-deazaadenine linked to 1-aza via a 

methylene bridge (Figure 3.2).162 In the presence of free uracil, the apparent 

affinity of E. coli uracil DNA glycosylase toward 1-aza-DNA increases 4000-fold 

(Kd of 500 pM vs. 2 µM).150 Given these precedents, the cooperative binding of a 

free nucleobase and DNA containing a pyrrolidine residue (pyr-DNA) by AlkA 

was studied to determine if base-specific interactions exist at the transition state. 

   
A B C 

Figure 3.2. Ricin ligands 
Structures and inhibition data from ref 162. A) adenosine B) adenine and 1-aza, 
Ki = 12 nM C) N‑(8‑aza‑9‑deazaadenyl)methyl‑1’-aza-1’,2’-dideoxy-4’a-carba-D-
erythro-pentofuranose, Ki = 94 nM (14-mer) or 163 nM (10-mer) 

3.2 Results 

3.2.1.1 pH vs. kcat and pH vs. kcat/KM profiles  

Rates were measured for Hx excision from IB25, a 24-mer DNA duplex 

with a bulged inosine residue in the longer 25-mer strand as the scissile site 

(Figure 2.1). The pH vs. kcat and pH vs. kcat/KM profiles reported here for Hx 

excision from IB25 range from pH 4.5 to 8 (Figure 3.3). The rates were maximal 

at pH 4.5 and rates at pH < 4.5 could not be established due to enzyme 

denaturation. At pH 8, the initial rates were still linear over 2 h, but the enzyme 
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has been slowed considerably. At pH 9, no rate could be detected. The reliability 

of the profiles was enhanced by the use of multiple buffers at pHs near the 

inflection point. The pH vs. kcat and pH vs. kcat/KM profiles were each fit to a 

single-ionization model and yielded pKas of 5.7 ± 0.1 and 5.1 ± 0.2, respectively. 

Given that the pH profiles for kcat and kcat/KM reflect slightly different initial states 

(E•S  and E + S, respectively), the fitted pKa values likely represent the same 

ionizable residue. 
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B 

 
Figure 3.3. pH vs. rate profiles for WT AlkA 

A) pH vs. kcat B) pH vs. kcat/KM. Data were fitted to equation 2.9 (solid lines). For A, 
pKa = 5.7 ± 0.1; for B, pKa = 5.1 ± 0.2; the uncertainty is the standard error on the fit. 
Rates measured in citrate were consistently lower than in cacodylate, acetate, and 
phosphate and were not included in the fit. 

3.2.1.2 Kd for WT AlkA•pyr-DNA complex 

The pH dependence of pyr-DNA complexes was also investigated using 

EMSA studies of ternary AlkA•nucleobase•pyr-DNA complexes. The Kd of an 

AlkA•25-mer pyr-DNA complex was reported to be 16 pM, near the lower limit 

of detection.137 This meant any increases in affinity, such as those caused by 

forming a ternary complex, would be difficult to measure. Shorter DNA 

oligomers were tested to find out how short they needed to be to bring the 

pyr-DNA Kd values into an easier-to-measure range. Initial tests were performed 

using a THF-containing DNA because of its easier availability; the THF site 

would be replaced by pyrrolidine, which is bound to AlkA 2800-fold more tightly, 

5 6 7 8

0

0.1

0.2

0.3

0.4
cacodylate
acetate
phosphate
citrate

k c
at

/K
M

 (m
in

-1
 μ

M
-1

)

pH



Ph.D. Thesis – V. Azhikannickal; McMaster University – Chemical Biology 
 

 95 

once an oligomer of correct length was found.111,163 A series of stem-loop 

THF-DNA ligands with various stem lengths were tested (see Section 2.3).  

No complexes were observed under previously reported conditions, but 

were observed after lowering the electrophoretic dead time, eliminating loading 

dye, using phosphate buffer, lowering the lower salt concentration, and including 

BSA in the reaction samples.163 Under the new conditions, AlkA’s affinities 

toward these ligands were measured (Figure 3.4, Table 3.1). 
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D 

 
Figure 3.4. Binding isotherms of AlkA binding to THF-containing DNAs 

A) THF53 (25 bp stem) B) THF47 (22 bp stem) C) THF41 (19 bp stem) D) THF35 (16 
bp stem). Data were fit to equation 2.1 (solid lines). The Kds are listed in Table 3.1. 
DNA sequences are found in Section 2.3. 

Table 3.1. Kds derived from binding isotherms of AlkA binding to THF-containing 
DNAs 

Values were obtained from fits of Figure 3.4 data to equation 2.1. The number in 
parentheses indicates the number of replicates from which the average was 
calculated. The uncertainty is the standard deviation. DNA sequences are found in 
Section 2.3. 

These changes to the assay method did not appreciably affect the Kd 

values, as the AlkA•THF53 Kd value of (51 ± 11 nM) was within experimental 

error of a previously reported 25-mer THF-DNA oligomer (45 nM).111  

The Kd of AlkA•THF35 was 590 nM, so it was predicted that AlkA would 

bind to the same 35-mer sequence with pyrrolidine in place of THF, i.e., PYR35, 

1 10 100 1000 10000

0

0.2

0.4

0.6

0.8

1

[AlkA] (nM)

Fr
ac

tio
n 

bo
un

d

Ligand Kd (nM) 
THF53 (25 bp stem) 51 ± 11 (2) 
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THF35 (16 bp stem) 590 ± 177 (2) 
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with Kd ≈ 1 nM. AlkA binding to PYR35 was measured at pH 7 in triplicate and 

yielded a biphasic binding isotherm (Figure 3.5A). The data were fitted to a 

two-site model (equation 2.4) and Kd = 1.7 ± 0.5 nM for AlkA binding to the 

high-affinity site on PYR35 was obtained (average of 3 replicates, with the 

standard deviation as the uncertainty); fitting only the high-affinity phase to a 

one-site model (equation 2.1) resulted in a similar Kd, 2.6 ± 0.3 nM.  
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B 

 
Figure 3.5. Binding isotherm of AlkA•PYR35 complexes at pH 7 

Error bars indicate the standard deviation on the fraction bound at each [AlkA]. A) 
Both high-affinity and low-affinity phases ([AlkA] = 0 to 5000 nM). Data were fit to the 
two-site model in equation 2.4 (solid lines). B) High-affinity phase only ([AlkA] = 0 to 
100 nM). Data were fit to the one-site model in equation 2.1 (solid lines). The PYR35 
sequence is found in Section 2.3. 

AlkA binding to PYR35 was then measured at pH 6 and 8 and biphasic 

binding isotherms were observed again. For both pHs, the Kd values derived from 

fitting each entire isotherm to the two-site model in equation 2.4 or fitting only the 

high-affinity phase to the one-site model in equation 2.1 were equal within 

experimental error (Table 3.2). 
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Figure 3.6. Binding isotherm of AlkA•PYR35 complexes at pH 6  
A) Both high-affinity and low-affinity phases ([AlkA] = 0 to 5000 nM). Data were fit to 
the two-site model in equation 2.4 (solid lines). B) High-affinity phase only ([AlkA] = 0 
to 100 nM). Data were fit to the one-site model in equation 2.1 (solid lines). The 
PYR35 sequence is found in Section 2.3. 
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A 

 
B 

 
Figure 3.7. Binding isotherms of AlkA•PYR35 complexes at pH 8 

A) Both high-affinity and low-affinity phases ([AlkA] = 0 to 5000 nM). Data were fit to 
the two-site model in equation 2.4 (solid lines). B) High-affinity phase only ([AlkA] = 0 
to 100 nM). Data were fit to the one-site model in equation 2.1 (solid lines). The 
PYR35 sequence is found in Section 2.3. 
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Table 3.2. AlkA•PYR35 Kd values  
The binding isotherms are shown in Figure 3.5, Figure 3.6, and Figure 3.7. For pH 6 
and 8, the uncertainties are the standard errors on the fits. For pH 7, the uncertainty 
is the standard deviation (3 replicates). 

3.2.2 Mutants 

Five active site mutants were prepared: W272F, R22M, Y222F, Y273F, 

and R244M. The steady-state kinetic parameters for Hx excision from IB25 were 

measured for each mutant in phosphate buffer at pH 7 (Table 3.3). 

Table 3.3. Steady-state parameters for hypoxanthine (Hx) excision from IB25 by WT 
and mutant AlkAs 

All reactions were performed in 75 mM phosphate at pH 7. T = 37 °C, I = 0.25. The 
uncertainty is the standard error on the fit. 

The concern with any mutation is that changes in rate could be attributed 

not only to the loss of the functional group under investigation but to changes in 

active-site architecture or secondary structure. The fact that no steady-state kinetic 

pH Model Kd (nM) 
6 One-site 2.2 ± 0.7 
6 Two-site 3 ± 1 
7 One-site 2.6 ± 0.3 
7 Two-site 1.7 ± 0.5 
8 One-site 2.2 ± 0.5 
8 Two-site 2.4 ± 0.8 

 kcat  
(× 10-3 min-1) 

x-fold 
decrease 
relative 
to WT 

kcat/KM  
(× 10-3 min-1 

μM-1) 

x-fold 
decrease 
relative 
to WT 

WT 22 ± 3  21 ± 4   
R244M 6.2 ± 0.4  3.8 4.6 ± 0.5 4.6 
Y222F 6.5 ± 0.7  3.4 5 ± 1 4.2 
W272F 6.9 ± 0.5 3.2 3.8 ± 0.5 5.5 
Y273F 7.3 ± 0.4 3.0 5.2 ± 0.4 4.0 
R22M 13 ± 2 1.7 12 ± 3 1.8 
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parameter changed by > 4-fold showed that there was no gross disruption of the 

protein structure. 

3.2.3 Effect of buffer concentration on reaction rate 

The rate of Hx excision from IB25 by WT AlkA was measured as a 

function of buffer concentration at pHs 5 to 8, and rates of excision by R244M, 

Y222F, W272F, and Y273F were measured as a function of phosphate 

concentration at pH 7 (Figure 3.8, Table 3.4). 
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D 

 
Figure 3.8. v0/[E]0 vs. [buffer] for hypoxanthine (Hx) excision from IB25 by WT and 
mutant AlkAs 

[IB25] = 2 μM, T = 37 °C, I = 0.25. A) WT: phosphate, pH 7 B) WT: cacodylate, pH 7 
C) WT: phosphate, pH 8 D) R244M, W272F, Y273F, and Y222F: phosphate, pH 7. 
Results of the linear fits are in Table 3.4. 

Table 3.4. Regression parameters from linear fits of v0/[E]0 vs. [buffer] from pH 5 to 
8 for hypoxanthine (Hx) excision from IB25 by WT and mutant AlkAs 

[IB25] = 2 μM, T = 37 °C, I = 0.25. m = slope, R2 = correlation coefficient. The 
uncertainties on m are the standard errors on the fits. These data are presented in 
Figure 3.8. 

Below pH 7, there is no correlation between the WT excision rate and the 

buffer concentration (Table 3.4). At pH 7 and 8, however, the excision rate by 
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Enzyme pH Buffer m R2 
WT 5 cacodylate 0.2 ± 0.2 0.06 
WT 6 cacodylate -0.03 ± 0.05 0.04 
WT 6.5 phosphate 0.09 ± 0.1 0.07 
WT 7 cacodylate 0.064 ± 0.006 0.89 
WT 7 phosphate 0.20 ± 0.01 0.96 
WT 8 phosphate 0.08 ± 0.01 0.76 

R244M 7 phosphate 0.070 ± 0.007 0.81 
Y222F 7 phosphate 0.07 ± 0.01 0.77 
Y273F 7 phosphate 0.012 ± 0.003 0.56 
W272F 7 phosphate 0.012 ± 0.002 0.81 
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WT and mutant AlkAs increased with increasing concentrations of phosphate and 

cacodylate concentrations. Y222F, R244M, W272F, and Y273F were all less 

sensitive than WT to changes in the buffer concentration.  

The apparent 2-fold-greater sensitivity toward phosphate relative to 

cacodylate exhibited by WT AlkA at pH 7 essentially disappeared when the 

excision rate was plotted against the true conjugate-acid ([HA]) concentration 

(i.e., [HA] = [H2PO4
−] or [(CH3)2AsO2H]), which constitutes ~15% of the total 

phosphate and ~7% of the total cacodylate (Figure 3.9 and Table 3.5). The same 

treatment of the rates at pH 8, where only ~1.5% of the total phosphate is H2PO4
-, 

showed that the sensitivity toward buffer at pH 8 was ≈5-fold greater than at pH 7 

(Figure 3.9 and Table 3.5). 

 

Figure 3.9. v0/[E]0 vs. [HA] for WT and mutant AlkAs 
[HA] = [H2PO4

-] or [(CH3)2AsO2H)], [IB25] = 2 μM, T = 37 °C, I = 0.25. Results of the 
linear fits are in Table 3.5.  
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Table 3.5. Regression parameters from linear fits of v0/[E]0 vs. [HA] at pH 7 and 8 
for WT and mutant AlkAs 

[DNA] = 2 μM, T = 37 °C, I = 0.25. m = slope, R2 = correlation coefficient. The 
uncertainties on m are the standard errors on the fits. These data are presented in 
Figure 3.9. 

Not all buffers were capable of promoting excision: increasing 

concentrations of bis-tris propane (BTP), a bulky, cationic buffer, reduced the 

excision rate in the presence of 25 mM phosphate (Figure 3.10). Citrate, a bulky, 

anionic buffer, had excision rates consistently lower than those measured in 

phosphate, cacodylate, or acetate, suggesting a possible inhibitor role (Figure 3.3).  

Enzyme pH Buffer m R2 
WT 7 cacodylate 0.96 ± 0.09 0.89 
WT 7 phosphate 1.28 ± 0.09 0.96 
WT 8 phosphate 6 ± 1 0.76 

R244M 7 phosphate 0.46 ± 0.05 0.81 
Y222F 7 phosphate 0.42 ± 0.09 0.77 
Y273F 7 phosphate 0.08 ± 0.02 0.56 
W272F 7 phosphate 0.08 ± 0.01 0.81 
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Figure 3.10. WT v0/[E]0 vs. [BTP] at pH 7  
All reactions were performed in 25 mM phosphate; other conditions were as 
described in Figure 3.8. T = 37 °C, I = 0.25. 

3.2.4 Solvent deuterium KIEs  

One major explanation of the buffer concentration dependence of the 

reaction rate at pH ≥ 7 is rate-limiting proton transfer. Other effects, such as 

phosphate binding to AlkA and causing a conformational change that increases 

transition state stabilization are also possible. The solvent deuterium KIEs 

(SDKIEs) were measured to test whether rate-limiting hydron transfer was 

occurring. SDKIEs were measured at pL 6 and 7 (pL = pH or pD, depending on 

the solvent), at sub-saturating, intermediate, and saturating [DNA]; phosphate 

concentrations of 10 mM and 75 mM were used at pL 7, but only 10 mM at pL 6, 

given the lack of buffer concentration dependence (Table 3.6).  
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Table 3.6. SDKIEs on WT AlkA-catalyzed hypoxanthine (Hx) excision from IB25 
T = 37 °C, I = 0.25. The uncertainty is the standard deviation on three independent 
replicates. Pi = phosphate. 

For IB25 in 75 mM phosphate buffer, pH 7, KM = 1.0 µM, so the SDKIEs 

on kcat/KM and kcat were found by measuring the SDKIEs at [IB25] = 0.2 µM and 

10 µM, respectively. As [DNA] increases, the SDKIE is increasingly defined by 

the contribution of the chemical steps because at [DNA] << KM, the SDKIE is on 

kcat/KM, which includes the substrate-binding step, while at [DNA] >> KM, SDKIE 

reflects kcat, which accounts for steps after substrate binding. 

The inverse SDKIEs on kcat at pL 6 and the higher reaction rates at pH 6 

than at pH 7 (Figure 3.3) could reflect hydron transfer before the rate-determining 

step, presumably to the purine leaving group; a similar interpretation was made 

for E. coli MutY, for which an inverse SDKIE of 0.54 was reported under 

single-turnover conditions.141 However, these SDKIEs may be inverse because at 

a given pL, SDKIEs also account for differences in pKas of the relevant species in 

D2O and H2O. Generally, pKas are higher in D2O by ~0.5 compared with H2O, so 

the observed pKa of 5.7 from the kcat vs. pH profile in H2O would shift to 

approximately 6.2 in D2O.164 Consequently, the rate would increase in D2O 

simply because the concentration of the deuterated ES complex ESD+ would be 

 pL 
[IB25] (μM) 6 7 7 

 10 mM Pi 10 mM Pi 75 mM Pi 
0.2 0.44 ± 0.04 0.8 ± 0.1 0.6 ± 0.2 
2 0.5 ± 0.2 0.7 ± 0.1 1.42 ± 0.06 

10 0.55 ± 0.07 0.81 ± 0.05 1.7 ± 0.1 
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greater than that of the protonated ES complex ESH+, and the SDKIE would be 

inverse.  

In 75 mM phosphate at pL 7, the observed SDKIE increased as [DNA] 

increased and became normal as the enzyme became saturated with substrate 

(Table 3.6). In 10 mM phosphate, however, the SDKIE was inverse at all DNA 

concentrations. Linearly extrapolating the SDKIE to 0 mM phosphate, the 

SDKIEs at [DNA] = 2 µM and [DNA] = 10 µM would be 0.63 and 0.67, 

respectively. Similarly, an extrapolated value of SDKIE = 1.8 was found for the 

fully buffer-catalyzed reaction at [IB25] = 2 µM and pL 7 (see Appendix 1). 

These normal SDKIEs are indicative of rate-limiting proton transfer during which 

phosphate acts as a general acid catalyst because H2PO4
− is more acidic than 

D2PO4
− (pKa 7.2 vs. ~7.7). This is consistent with the observation that the rate 

increases as the phosphate concentration increases.  

3.2.5 Ternary complexes 

The binding of several nucleobases to the AlkA in the presence of the 

transition state mimic PYR35 was examined to search for evidence of 

AlkA•nucleobase interactions at the transition state. Adding high concentractions 

of adenine, Hx, or nicotinamide (a 5-formyluracil analogue) to AlkA and PYR35 

at sub-Kd concentrations did not increase PYR35 binding (Figure 3.11).  
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A 
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Figure 3.11. Titration of free nucleobases into solutions containing AlkA and 
PYR35  

Varying concentrations of free nucleobases were added to 2.4 nM AlkA and 250 pM 
PYR35 (Kd = 2.2 nM) to probe for increased DNA binding due to ternary 
AlkA•nucleobase•PYR35 complex formation. A) hypoxanthine (Hx) B) adenine (A) C) 
nicotinamide  
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3.3 Discussion 

3.3.1 pH profiles 

The pH vs. kcat and pH vs. kcat/KM profiles for AlkA-catalyzed Hx excision 

from IB25 yielded fitted pKa values 5.7 ± 0.1 and 5.1 ± 0.2, respectively. In 

contrast, the pH vs. kst profile reported by O’Brien and Ellenberger reflects the 

ionization states in the enzyme-substrate (E•S) complex, so it fails to account for 

any perturbations to active-site residue pKas upon substrate binding.118 The pH vs. 

kcat/KM profile reflects the ionization states in the free enzyme and free substrate, 

so performing steady-state kinetics at several pHs to obtain both kcat and kcat/KM 

would provide useful information about ionizations in the free substrate and 

enzyme (E + S) and in the E•S complexes.165 The reported pH vs. kst profiles for 

guanine and εA excision were fit to a two-ionization model over a pH range of 6 

to 9.118 However, one of the reported ionizations arose from a single data point at 

pH 6, so it is not clear whether it is merely an artifact arising from a combination 

of normal experimental error and performing non-linear regression on limited 

data. It is also possible that G and εA excision have different pH dependencies. 

The residue whose ionization is reflected in the pH vs. rate profiles for 

IB25 with AlkA must be protonated for maximal activity. Initially, the prime 

candidate would be D238; however, this is not consistent with D238’s behaviour. 

The D238N mutant could not excise methylpurines from DMS-treated DNA, 

which would not require general-acid catalysis.136 This suggests a role for D238 
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other than as a general-acid catalyst. There is strong experimental evidence that 

D238’s δ-carboxylate group interacts with the developing positive charge on the 

oxacarbenium ion-like transition state. Specifically, AlkA binds pyr-DNA, which 

contains a positively charged residue, 2800-fold more tightly than THF-DNA, 

which contains a neutral residue.111,136 The D238N mutation decreased pyr-DNA 

binding 50-fold.136 

The observation of a close D238•••pyrrolidine contact in the 

AlkA•pyr-DNA crystal structure supports its role in stabilizing a positive charge 

(Figure 1.17).111 In contrast to MutY, in which a single residue, E43, was 

proposed to both protonate N7 via a water relay and stabilize the oxacarbenium 

ion ring, D238 is located below the plane of the deoxyribosyl ring and is too far 

from N7 to protonate it.111,141 In addition, if D238 were acting both as a general-

acid catalyst to protonate the purine, with pKa = 5.7, and then to stabilize the 

positive charge on the nascent oxacarbenium ion, then the Kd values of the 

AlkA•PYR35 complex should have decreased with increasing pH, which they did 

not (Table 3.2).  The unperturbed pKa value of an aspartate sidechain is 4.2, so it 

is possible for D238 to both stabilize the nascent oxacarbenium ion and bind to 

the pyrrolidine residue without having a measurable effect on the pH dependence 

of either activity or PYR35 binding.166 

The unchanging Kd values for AlkA•PYR35 from pH 6 to 8 (Table 3.2) 

strongly suggests that whatever residue is responsible for the pH dependence of 
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AlkA's activity was not responsible for its binding to this transition state mimic.  

If it were, then Kd should have increased 100-fold between pH 6 and 8.  To the 

extent that the pyrrolidine accurately mimics an oxacarbenium ion-like transition 

state, this implies that the pH dependence of activity was not due to changes in 

oxacarbenium ion stabilization, but instead reflected interactions with another part 

of the substrate molecule, namely the nucleobase.   

3.3.2 AlkA mutants 

Aside from D238, the AlkA active site is not rich in potential general-acid 

catalytic residues; only four out of the five residues selected for mutation possess 

an ionizable group, namely R22, Y222, Y273, and R244. The unperturbed 

sidechain pKas of tyrosine’s phenol group and arginine’s guanidinium group are 

~10.4 and ~12.5, respectively, in the free amino acid.166 Tyrosine can act as a 

general acid, and despite its high pKa, arginine may act as a general acid for some 

enzymes.167 The fifth residue, W272, is not ionizable: tryptophan’s indole 

nitrogen is not acidic (pKa = 16.20), but it can still participate in hydrogen 

bonds.168,169 Even if these residues do not donate a proton directly, they could be 

responsible for coordinating a water molecule for proton donation. 

The effects of mutating these residues were minimal, with all effects being 

≤ 4-fold on kcat and ≤ 6-fold on kcat/KM.  This eliminates the mutated residues as 

being general-acid catalysts able to directly protonate the hypoxanthine ring.  
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However, it is still possible that AlkA can cause the scissile nucleobase to become 

protonated by changing its pKa value to make it more basic, as described below.   

3.3.3 Leaving-group protonation among N-glycoside hydrolases 

Purine protonation has been observed in the KIE-derived transition states 

of reactions catalyzed by other N-glycoside hydrolases. An inverse 7-15N KIE is 

the hallmark of N7 protonation at the transition state, and such values were 

obtained during the transition state analysis of ricin A-chain-catalyzed adenine 

excision from RNA and DNA, and E. coli MutY-catalyzed adenine excision from 

a G:A mismatch.80,170 For C. fasciculata IU-NH, the 7-15N KIE was not measured; 

however, the 9-15N KIE, which reflects electron delocalization induced by N7 

protonation in addition to the C1'-N9 bond order, indicated that N7 protonation 

had occurred.171 Specifically, the experimental 9-15N KIE of 1.026 was less than 

the expected value of 1.04, indicating either incomplete C1'-N9 bond cleavage or 

N7 protonation.171 The 1'-3H and 1'-14C KIEs are inconsistent with incomplete 

C1'-N9 bond cleavage but are consistent with N7 protonation.171 Similarly, the 

9-15N KIEs of the N-glycosylase reactions catalyzed by Neisseria meningitides 

and E. coli 5’-methylthioadenosine/S-adenosylhomocysteine nucleosidases 

(MTANs) supported N7 protonation.172,173 The crystal structure of E. coli MTAN 

with transition state mimics showed an aspartate residue (D197) 
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hydrogen-bonding with protonated N7, thus identifying the likely general-acid 

catalytic residue.174 

While leaving-group protonation is a powerful catalytic strategy that 

appears to be employed by the majority of N-glycosylases, there are exceptions. 

Transition state analysis of MTA hydrolysis by S. pneumoniae and human 

MTANs showed that adenine was not protonated. The 9-15N KIEs for S. 

pneumoniae and human MTANs were 1.037 and 1.039, respectively, indicative of 

an unprotonated (anionic) adenine leaving group.95,96 During E. coli 

UDG-catalyzed uracil excision, uracil was also unprotonated at the transition state 

because the uracil anion was observed in the active site as part of the 

UDG•uracil•abasic-DNA product complex.94,175 

3.3.4 Protonation with respect to the catalytic cycle 

Because the pH vs. rate profiles for AlkA-catalyzed IB25 hydrolysis gave 

rise to only one ionization which cannot be assigned to the mutated residues, or 

D238, the ionization must reside on the substrate, or in the transition state 

complex E•S‡. There are no expected ionizations in DNA in that range, so the 

ionization responsible for the pH dependence most likely arises in the ES‡ 

complex. Presumably, the observed pKa is from inosine protonation due to AlkA 

modulating its pKa. There is precedent for this with Trypanosoma vivax IAG-NH, 

which was proposed to catalyze purine N-glycoside hydrolysis by lowering the 
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purine pKa so it could be protonated by solvent.176 First, the thermodynamic 

favourability of N7 protonation on the purine’s imidazole group is increased by an 

O•••H−C hydrogen bond between the deoxyribosyl O5’ atom and H-C8 of the 

purine.177 O•••H−C hydrogen bonds are generally much weaker than O•••H−O 

hydrogen bonds. The interaction energy in vacuo of an O•••H−O hydrogen bond 

between two water molecules is -18.8 kJ/mol, versus ≈8.4 kJ/mol for an 

O•••H−Cα hydrogen bond between water and an amino acid.178 However, the in 

vacuo interaction energies of water with imidazole and imidazolium cation 

showed that protonation of imidazole raised the O•••H−C hydrogen bond 

interaction energy from -10.0 kJ/mol to -47.3 kJ/mol, which is comparable to the 

O•••H−N hydrogen bond interaction energy between imidazolium cation and 

water, -66.5 kJ/mol.179 In vacuo interaction energies are much larger than they 

could be in solution, but these results demonstrated the similarity in hydrogen 

bonding energies by H−C and H−N in a protonated imidazole moiety. 

Experimental evidence for this came from the fact that removing the 5’-OH group 

caused a 6000-fold decrease in kcat/KM for IAG-NH-catalyzed hydrolysis of 

neutral nucleosides but only 50-fold for cationic nucleosides.176 The 5’-OH group 

is accommodated by a pocket containing a Glu and an Asn residue, E184 and 

N173.176 These residues appear to help position the 5’-OH group for the 

O5'•••H−C8 interaction because the double-alanine N173A/E184A mutant was 

only 10-fold less active toward 5’-deoxyguanosine than guanosine, while the 
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wild-type enzyme was 6000-fold slower toward 5’-deoxyguanosine.176 Similarly, 

the effect with cationic substrates was reduced from 50-fold to 2-fold in the 

double mutant.176 In AlkA and other BER enzymes that flip the scissile base out 

of the DNA helix, the same O5'•••H−C8 interactions are unlikely to be possible, 

but the precedent of enzymes using stabilizing interactions to raise purines' pKa 

values has been established. 

The second proposed mechanism for IAG-NH to raise purine pKa values is 

stacking interactions between an aromatic amino acid and a nucleobase to 

stabilize a positive charge on the purine, whether it was created from protonation 

or methylation. Small-molecule crystallization studies showed that 

co-crystallization of 9-ethyladenine with indole only yielded hydrogen bonds but 

no stacking interactions, while stacking interactions were observed in 

1,9-dimethyladenine/indole-3-acetate crystals. 180,181 In T. vivax IAG-NH, W260 

is proposed to raise the pKa of the purine via aromatic stacking.182 Its homologue 

C. fasciculata IU-NH has a histidine residue in the homologous position, which 

has been identified as its general-acid catalyst to protonate N7 in purine 

substrates.182 Docking 3MeA into the AlkA•1-aza-DNA structure showed that 

W272 stacks with the nucleobase like W260 does in T. vivax IAG-NH (Figure 

3.12).  
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A 
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Figure 3.12. Structures of T. vivax IAG-NH and AlkA active sites 

A) T. vivax IAG-NH. 3-Deaza-adenosine is shown in orange and blue. Tyr, Trp, and 
Phe residues are shown in olive green. Image obtained from ref 183. B) AlkA. Docked 
3MeA is shown in magenta and other residues in the oligonucleotide are shown in 
yellow. Amino acids are shown in green. Image obtained from ref 111. 

Replacing W272 with phenylalanine reduces the sensitivity to buffer 

concentration. Presumably, this is a reflection of the fact that phenylalanine would 

be less effective than tryptophan at stacking with a purine, reducing the 

enzyme-induced purine pKa shift. The combination of mutation and lack of buffer 

dependence made W272F AlkA 22-fold slower than WT in 75 mM phosphate at 

pH 7, corresponding to ΔΔG = 8 kJ/mol for the mutation. Under these conditions, 

proton transfer is rate-limiting (as indicated by the SDKIEs), so if the increase in 

the activation free-energy is caused by making inosine protonation less 

favourable, the 8 kJ/mol ΔΔG corresponds to a 1.3-unit pKa decrease caused by 

the mutation (see Appendix 2). Experimental confirmation of this pKa change will 

need to be obtained. 
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In the active site model, the edges of the purine were flanked by Y222 and 

Y273.111 The reduction in buffer sensitivity is modest in the Y222F mutant, but 

Y273F is as insensitive as W272F. Because Y273 does not stack with the purine 

and thus likely does not affect its pKa, the Y273’s phenolic hydroxyl group may 

be involved in coordination of a proton from hydronium ion or a buffer. 

Protonation does not appear to be an obligate part of the catalytic cycle. 

That AlkA accepts purines with bulky alkyl adducts at N7 and N3 lends support 

to a solvent/buffer-dependent protonation mode, as a general-acid residue that is 

close enough to directly protonate the purine would sterically clash with alkyl 

adducts. As well, excision of modified pyrimidines can occur with rates 

comparable to methylpurines (e.g., 5-formyluracil) so specific interactions with 

the scissile base are not required for rapid excision.123 This same pattern of 

behaviour is observed with some nucleoside hydrolases: purine-specific 

nucleoside hydrolases make specific contacts with the nucleobase, making 

p-nitrophenyl riboside a poor substrate despite its good leaving group. It is, 

however, a good substrate for the base-aspecific nucleoside hydrolases.184 

3.3.5 Mechanistic implications of a solvent-exposed active site and 
the rate-buffer relationship 

AlkA’s solvent-exposed active site allows water to enter and attack C1’; 

however, without base protonation, the activation barrier for nucleophilic attack is 

higher. Diffusion of buffer species and hydronium into the active site allows them 
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to donate their proton to the purine and increase the likelihood of successful 

nucleophilic attack.  

The lack of buffer concentration dependence at pH 5 and 5.5 would be 

consistent with the enzyme-bound inosine with pKa ≈ 5.7; however, it was 

unexpected at pH 6 as ≈90% of the purine would not be protonated. Further, the 

concentration of the most likely proton donor in phosphate buffer, namely H2PO4
− 

(pKa = 7.2), is hardly different in 10 mM phosphate at pH 6, where there is 6.5 

mM H2PO4
−, from 75 mM phosphate at pH 7, where there is 11 mM H2PO4

−.155 

Despite the small difference in [H2PO4
−] between these conditions, rate-limiting 

proton transfer was only observable at pH 7. Thus, the proton-transfer rate cannot 

be determined solely by the concentration of the general-acid catalyst. The origin 

of the pH dependence on buffer catalysis – that is, the fact that it was observed at 

pH ≥ 7 but not pH ≤ 6 – is not clear. The Kd for the AlkA• H2PO4
− complex could 

decrease dramatically below pH 7 such that AlkA was saturated with H2PO4
− at 

concentrations < 10 mM, yielding no observable concentration dependence in the 

range tested, i.e., > 10 mM. However, it is also possible that a conformational 

change in AlkA or its ligands changed the active-site geometry such that 

buffer-catalyzed protonation of inosine was no longer possible. The buffer 

concentration dependence on its own does not answer this question, but the 

change in SDKIEs with pH (Table 3.6) implies a change in protonation 

mechanism in the pH range of 6 to 8. 
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The greatest significance of buffer catalysis is the mechanistic 

implications. Specifically, it shows that the active site of AlkA is 

solvent-accessible during catalysis, helping corroborate the mutational analysis 

results, which showed that the enzyme does not directly protonate the scissile 

nucleobase through its sidechains. The observation of buffer catalysis in vitro 

raises the question about its relevance in vivo. In E. coli, given a cytosolic pH of 

7.6 and intracellular inorganic phosphate concentrations of ≈10 mM, phosphate 

alone is unlikely to have a significant effect on the rate of AlkA catalysis.185-188 

Other anionic metabolites, including organic phosphates and free amino acids, 

which account for more than half of the total metabolite concentration, could act 

as general-acid catalysts.189 However, a moderate increase in reaction rate due to 

buffer catalysis is not likely to be physiologically significant.  

3.3.6 Lack of ternary complexes 

The lack of effect of any base tested on the binding of the AlkA•PYR35 

complex was evidence that a ternary complex of AlkA•nucleobase•PYR35 is 

unlikely to be favourable, and that there is no synergistic binding of nucleobase 

and PYR35 to form a bipartite inhibitor of AlkA. This is in distinct contrast to 

ricin and UDG, where a nucleobase and transition state mimic together 

(adenine•1-aza-RNA and uracil•1-aza-DNA, respectively) formed much stronger 

inhibitors than either molecule alone.150,162 The implication is that UDG and ricin 
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form strong interactions with the nucleobase at the transition state of the reaction, 

while AlkA does not. AlkA-catalyzed release of 3MeA from MNU-treated calf 

thymus DNA was unimpeded by 5 mM 3MeA, so 3MeA does not bind to free 

AlkA or to its Michaelis complex long enough to interfere with excision.156  

3.3.7 Unique properties of AlkA’s active site that contribute to its 
behaviour 

E. coli AlkA’s closest homologues among BER enzymes in the HhH 

superfamily include Schizosaccharomyces pombe Mag1, Bacillus subtilis AlkA, 

Bacillus halodurans Mag, and S. cerevisiae MAG, with sequence identities of 

roughly 25% to 30%.190-192 Among the five enzymes, the critical aspartate residue 

proposed to stabilize the oxacarbenium ion-like transition state – D238 in E. coli 

AlkA – and the tryptophan residue proposed here to lower the purine pKa – W272 

in E. coli AlkA – are conserved.193,194 This residue may play the same role in S. 

cerevisiae MAG because it can excise Hx and G (the latter only from 2 kb DNA 

and not from oligonucleotides, however).134,193,195  

E. coli AlkA’s active site possesses the greatest hydrophobic character of 

the five enzymes. Y222 in E. coli AlkA is replaced by Met in the other four 

homologues*.193,194 Y273 in E. coli AlkA is replaced by Arg in B. subtilis AlkA 

                                                
* Corresponding residues in B. subtilis AlkA and B. halodurans Mag were obtained from 

a Clustal Omega multiple sequence alignment with FASTA sequences from UniProt: B. subtilis 
AlkA, P37878; E. coli AlkA, P04395; S. cerevisiae MAG, P22134, S. pombe Mag1, Q92383; B. 
halodurans Mag, Q9KC25 
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and S. cerevisiae MAG and Lys in S. pombe Mag1 and B. halodurans Mag.193 

The hydrophobicity would facilitate AlkA binding of bulkier alkylpurines. The 

abilities of AlkA’s other, less hydrophobic homologues to excise these lesions is 

not known. 

There are three classes of alkylation-specific BER enzymes. The 

prototypical members are Class I – E. coli Tag1 (3MeA DNA glycosylase I), 

Class II – E. coli AlkA, and Class III – mammalian alkyladenine glycosylase 

(AAG). Unlike Tag1 and human AAG, AlkA does not specifically interact with 

nucleoside’s functionalities, as shown here and illustrated by the 

AlkA•1-aza-DNA structure.111 E. coli Tag1 can bind free 3MeA with Kd = 68 µM, 

but not A. The phenolic hydroxyl group of a tyrosine residue and the carboxylate 

group of a glutamate residue appear to hydrogen-bond with N6 and N7 of 

3MeA.196 Also unlike AlkA, it also does not have a catalytic aspartate residue, 

which is consistent with its specificity for the already highly reactive 3MeA 

N-glycosidic bond.196 While AlkA exhibits almost equal rate enhancements for 

most purines (~106), human AAG’s rate enhancement is greatest for Hx and more 

than 6000-fold lower for G and A.115 This may be a consequence of AAG’s 

specific contacts with the nucleobase. Purine stacking with two Tyr residues and a 

His residue and G/Hx O6-atom hydrogen-bonding with a main-chain amide 

would all be favourable, but G’s exocyclic 2-amino group – absent in the 

more-efficiently-excised Hx – sterically clashes with an Asn side chain.197  
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Chapter 4. Towards the Transition State 
Analysis of the Acid-Catalyzed Hydrolysis of 
2’-Deoxyinosine 5’-Monophosphate (dIMP) 

4.1 Introduction 

Determining the structures of enzymatic transition states can lead to the 

design of tight-binding transition state mimics as inhibitors.148,174,198 However, the 

greatest insight into the mechanism – that is, the enzyme’s catalytic strategies – 

comes from comparing its transition state with the corresponding nonenzymatic 

reaction. This can reveal how the enzyme manipulates the reaction pathway to 

achieve maximal transition state stabilization.  For example, comparison of the 

transition states of protonating a methylene carbon in AroA- and acid-catalyzed 

hydrolysis of an enol ether showed that the enzymatic transition state was earlier 

than the non-enzymatic one; that is, the nascent C3-H+ bond order was lower in 

the enzymatic transition state (Figure 4.1).199,200 This demonstrated how, by 

powerfully stabilizing the positive charge formed during carbon protonation, the 

enzyme changed the transition state structure and achieved maximal transition 

state stabilization.199,200 
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Figure 4.1. Hydrolysis of the enol ether enolpyruvylshikimate 3-phosphate (EPSP) 
Protonation of C3 forms an oxacarbenium ion, hydrolysis of which produces pyruvate 
and shikimate 3-phosphate. 

N-Glycoside hydrolysis reactions are nucleophilic substitution reactions in 

which the C−N bond of a (deoxy)nucleoside is broken and replaced by a water 

nucleophile. In the vast majority of N-glycoside hydrolysis reactions, the 

transition state is highly dissociative; that is, C−N bond cleavage is far advanced 

over C−O bond formation, and the transition state is highly oxacarbenium 

ion-like.76 Examples of both ANDN (SN2, where leaving group departure and 

nucleophile approach occur in a concerted step) and DN*AN (SN1, where a 

discrete oxacarbenium ion intermediate is formed) have been observed in 

experimentally determined transition state structures. One example was the 

solvolytic (non-catalyzed) hydrolysis of nicotinamide adenine dinucleotide 

(NAD+), which follows an ANDN mechanism in which the C1’ bond order to the 

leaving group is 0.02 and the bond order to the nucleophile is much smaller, at 

0.005.82 NAD+ hydrolysis by pertussis toxin also follows an ANDN mechanism, 

but is earlier than the solvolytic transition state.77,79 The C1’−N bond order is 

0.05, but there is almost no bonding to the nucleophile.77,79 NAD+ hydrolysis by 

cholera toxin A1 polypeptide (CTA) and diphtheria toxin follow more concerted 

ANDN mechanisms, with almost equal bond orders to the nucleophile and the 
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leaving group (0.02 - 0.03).77,78 All of the NAD+ hydrolysis transition states 

exhibit significant oxacarbenium-ion character, but comparison of the 

non-enzymatic and enzymatic transition states show that enzymatic stabilization 

suppresses development of more advanced oxacarbenium-ion character.77,78 E. 

coli MutY-catalyzed A excision follows a DN*AN
‡ mechanism like the 

non-enzymatic acid-catalyzed dAMP hydrolysis reaction. In both cases, C1’-N9 

bond cleavage is reversible, yielding a discrete oxacarbenium-ion intermediate.141 

The reaction only becomes irreversible when C1’ undergoes nucleophilic attack 

by water to form the deoxyribosyl product.141  

The aforementioned transition states were all determined from KIEs. In a 

competitive KIE measurement, a reaction mixture containing two reactant 

isotopologues is prepared. As the reaction progresses, the reactant becomes 

enriched in the slower-reacting isotope and the product becomes enriched in the 

faster-reacting isotope. The isotope ratios are measured at ≈50% extent of reaction 

and either 0% (in the reactant) or 100% (product). The samples at 0% and 100% 

establish the initial isotope ratio, and therefore, by comparison with the partial 

reaction, which isotopes are being enriched or depleted by the reaction.  

If the KIE is measured using radiolabelled isotopologues, liquid 

scintillation counting can be used to quantify each radioisotope in the residual 

reactant or product in the 50% reaction, and in the 0% or 100% reaction samples. 

Radioactive samples are mixed in a scintillation fluid that contains an organic 
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solvent and a fluor. The fluor detects radioactive decay via the transfer of kinetic 

energy from β-particles to solvent molecules, and then to the fluor.201 The excited 

fluor molecule then releases a photon, which is detected by a photomultiplier 

tube. The β-particles’ kinetic energy determines how many solvent molecules, and 

thence fluor molecules, become excited. The scintillation counter detects both the 

rate of radioactive decay events, reported as “counts per minute” (CPM), and the 

β-particles' energies, as reflected in the number of photons detected per decay 

event.201 The scintillation counter is programmed to divide the energies into 

“windows”, with “window 1” containing decays from lower-energy β-particles, 

and “window 2” containing higher-energy decays. In the experiments described 

here, window 1 contained all the 3H counts, plus some 14C counts, while window 

2 contained only 14C counts. There is overlap in the energy distribution of 3H and 

14C counts. A 14C-containing standard is used to determine the proportion of 14C 

counts that occur in each window, and combined with equations 2.11 and 2.12, 

this is used to determine the 3H:14C isotope ratio in any mixture (Figure 4.2).  
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Figure 4.2. Energy spectrum of 3H and 14C  
The energy scale is divided into 1000 “channels”. Each window spans a specified 
number of channels. 

In measuring KIEs by scintillation counting, only one isotope of interest is 

radioactive. For example, a 3H KIE is the ratio of reaction rates for 3H and 1H at a 

given position. Since 1H is not radioactive, it is necessary to label the reactant 

molecule with a radioisotope, 14C, at a remote site where the label will not affect 

the reaction rate. Thus, the isotope ratio of interest, which is 1H:3H in this case, is 

followed experimentally by measuring the 14C:3H ratio, with 14C acting as a 

reporter on 1H at the site of interest. In cases where both the heavy and light 

isotopes of interest are non-radioactive, then a doubly-labelled reactant is 

synthesized. For example, to measure a 15N KIE, the 15N isotopologue possesses a 

14C reporter label and the 14N isotopologue possesses a 3H reporter label. 
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The translation of experimental KIEs into a transition state structure 

involves using quantum chemical calculations on candidate reactant and transition 

state structures.76 Vibrational frequencies are calculated for the optimized reactant 

and transition state structures, and KIEs are calculated from these frequencies.76 

Alternatively, reactant and transition state models can be generated by empirical 

modeling methods, and vibrational frequencies are calculated for those structures 

using a simple harmonic-oscillator model, with KIEs finally calculated from those 

frequencies.139 The transition state model whose calculated KIEs most closely 

matches the experimental KIEs is taken as the experimental transition state.  

Calculated KIEs for transition state models can differ by less than 0.01, so 

experimental KIE values must be precise enough to distinguish between these 

models.141,170,199,200 The measure of precision on experimental values is the 95% 

confidence interval, which specifies a range of values with 95% probability that 

the true value (“the population mean”) will be found within it. 

Described herein is the work toward precise measurement of KIEs on 

acid-catalyzed dIMP hydrolysis, the cognate nonenzymatic counterpart to 

AlkA-catalyzed Hx excision (Figure 4.3).  
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Figure 4.3. Acid-catalyzed 2’-deoxyinosine 5’-monophosphate (dIMP) hydrolysis 

4.2 Results 

4.2.1 Practical concerns 

Unlike the KIE measurements for acid-catalyzed dAMP hydrolysis, KIE 

measurement for acid-catalyzed dIMP hydrolysis (and AlkA-catalyzed Hx 

excision) had to be performed using a biodegradable scintillation fluid. Because 

β-particle emission is detected indirectly through photon emission by the fluor, 

sample components – the scintillation fluid, water, and salts – can affect both the 

number of counts and the β-particle's apparent energy. Thus, biodegradable 

scintillation fluids were evaluated by measuring the reproducibility of the ratio of 

counts detected in window 1 versus window 2: 

Rwindows = CPMwindow 1/CPMwindow 2. The scintillation fluids tested were Bio-Safe 

II, Ecoscint A, Ecoscint XR, and Ultima Gold (Table 4.1).  

Ecoscint A was selected for KIE measurements in part because of the low 

standard deviation on the Rwindows ratio and because it produced the lowest Rwindows 

ratio. A low Rwindows value for a 14C standard indicates that most of the 14C counts 
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are present in window 2 and not in window 1, where the 3H counts are found. 

Ecoscint A also exhibits low quenching, as indicated by the H#. Quenching is any 

process that prevents a radioactive decay event from being detected or that lowers 

the number of photons detected. It can occur when the kinetic energy from the 

β-particle is dissipated as it is transferred to species other than the fluor, resulting 

in a reduction in the number of photons released per β-decay event.202 It can also 

occur when coloured compounds in the sample absorb the photons released from 

the fluor.202 Quenching is quantified by irradiating the experimental sample with 

γ-rays from 137Cs, which causes electron scattering in the sample.202 Kinetic 

energy is transferred from the scattered electrons to the fluor, which causes 

photon release, or to other molecules, which lowers the number of released 

photons. To calculate the H#, the number of photons from the sample is compared 

to the number of photons from an unquenched standard subject to the same 

γ-irradiation.202 

Table 4.1. Counting of a 14C standard  
All samples contained 50 mM MgCl2, 330 mM NaCl, and 8% (v/v) acetonitrile except 
the one prepared in Ultima Gold, which did not contain acetonitrile.  

Fluid H# Rwindows
a Std. 

dev.a CoVa 95% CIa 
Bio-Safe II 104 1.331 0.009 0.007 0.005 
Ecoscint A 71 0.805 0.007 0.008 0.003 

Ecoscint XR 103 1.30 0.01 0.01 0.006 
Ultima Gold 78 1.264 0.009 0.007 0.006 

a Rwindows = CPMwindow 1/CPMwindow 2, std. dev. = standard deviation, CoV = coefficient 
of variation, 95% CI = 95% confidence interval 
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Competitive KIEs are measured by having both isotopologues present in 

the reaction mixture and tracking the change in isotope ratios during the reaction.  

This method of measuring KIEs is more precise than noncompetitive KIE 

measurements, where the reaction rates of each isotopologue are measured in 

separate reactions.   

 Quantifying the isotope ratios in the reactants and/or products involves 

taking aliquots of the partial reaction mixture and separating the reactants from 

products. Given the similarity of dAMP and dIMP, the same separation method 

used in the dAMP hydrolysis transition state analysis was also used here.170 

Reaction aliquots are applied to an activated charcoal resin that irreversibly 

retains dIMP and Hx, but not 2-deoxyribose 5-phosphate. Thus, isotope ratios 

were measured in the 2-deoxyribose 5-phosphate product in the partial reaction 

and in the 100% reaction (to determine the original isotope ratio).  

The separation method was tested to ensure that 2-deoxyribose 

5-phosphate was not retained. A dIMP hydrolysis reaction was taken to 

completion, and one half of the mixture was subject to separation while the other 

half was added directly to scintillation fluid. If 2-deoxyribose 5-phosphate were 

fully eluted, these two samples would have equal isotope ratios. The 14C/3H ratio 

was measured in these samples.  It was 0.993 ± 0.006 (95% CI) in the sample 

eluted from the charcoal column and 0.988 ± 0.007 (95% CI) in the 

unchromatographed sample.  
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4.2.2 KIE measurements 

4.2.2.1 [1’-3H]dIMP KIE 

By analogy to acid-catalyzed dAMP hydrolysis, it was expected that the 

transition state for acid-catalyzed dIMP hydrolysis would also be oxacarbenium 

ion-like.170 In this case, the 1’-3H KIE would be large, > 10%. Therefore, the 

1’-3H KIE can be diagnostic; an unusually small KIE would indicate problems 

with the separation of the reactants from the products (retention of 2-deoxyribose 

5-phosphate or elution of dIMP). The 1’-3H KIE was measured and found to be 

1.25 ± 0.02 (Table 4.2). This is in the range of previously observed 1'-3H KIEs, 

but the 95% CI was much wider than desired.  Normally, 95% CI values of 0.002 

to 0.005 are needed in transition state analysis to distinguish between competing 

transition state models. 

Table 4.2. [1’-3H]dIMP KIEs 
The isotope of interest was 1’-3H, with 5’-14C as the reporter label.  

Replicate KIEb 
1 1.263 (29) 
2a 1.271 (22) 
3a 1.241 (22) 
4 1.246 (28) 
5 1.217 (15) 
6 1.229 (15) 

Average 1.25 
95% CI 0.02 

a Measurements were performed on the same day.  
b Numbers in parentheses indicate the number of counting cycles. 
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4.2.2.2 [4’-3H]- and [5’-3H2]dIMP KIEs 

The reporter labels for non-radioactive isotopologues can be 5’-14C to 

report on 1H in 3H KIE measurements, and 5’-3H2 or 4’-3H to report on 12C in 14C 

KIE measurements. The 5’-14C KIE is assumed to be unity, but the 5’-3H2 and 

4’-3H KIEs are known to be non-unity in many reactions.96,203-206 Thus, the 5’-3H2, 

and 4’-3H KIEs must be measured, and for reactions in which they are reporter 

labels, the observed KIE must corrected using equation 4.1 (using the 5’-3H2 KIE 

in this example).  

 
2

3H5'observed KIEKIEKIE
−

×=   (4.1) 

The 4’-3H KIE was measured in triplicate (Table 4.3).  

Table 4.3. [4’-3H]dIMP KIEs 
The isotope of interest was 4’-3H, with 5’-14C as the reporter label. 

Replicate KIEa 
1 0.936 (45) 
2 0.936 (63) 
3 0.957 (45) 

Average 0.94 
95% CI 0.01 

a Numbers in parentheses indicate the number of counting cycles. 

The 4’-3H KIE value, 0.94 ± 0.01, is large and inverse. The variability on 

the KIE was too large for transition state modelling. The 5’-3H2 KIE was then 

measured instead but still exhibited unacceptably high variability (Table 4.4). 

  



Ph.D. Thesis – V. Azhikannickal; McMaster University – Chemical Biology 
 

 136 

Table 4.4. [5’-3H2]dIMP KIEs  
The isotope of interest was 5’-3H2, with 5’-14C as the reporter label.  

Replicate KIEc 
1a 0.992 (31) 
2a 0.990 (30) 
3 1.028 (10) 
4 0.995 (10) 
5b 0.974 (10) 
6b 0.981 (10) 

Average 0.99 
95% CI 0.02 

a,b Measurements were performed on the same day. 
c Numbers in parentheses indicate the number of counting cycles. 

 

4.2.2.3 [1’-14C]- and [7-15N]dIMP KIEs  

The [1’-14C]- and [7-15N]dIMP KIEs were measured and corrected for the 

5’-3H2 KIE using equation 4.1 (Table 4.5, Table 4.6). 

Table 4.5. [1’-14C]dIMP KIEs 
The isotope of interest was 1’-14C, with 5’-3H2 as the reporter label. 

Replicate Observed KIEa Corrected KIE 
1 1.009 (24) 1.001 
2 1.006 (24) 0.999 
3 1.001 (41) 0.993 
4 0.999 (41) 0.992 

Average 1.004 1.00 
95% CI 0.004 0.02b 

a Numbers in parentheses indicate the number of counting cycles. 
b Interval accounts for uncertainties on both the uncorrected 1’-14C KIE and the 5’-3H2 
KIE correction factor. 
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Table 4.6. [7-15N]dIMP KIEs 
The isotope of interest was 7’-15N, with 5’-14C as the remote label.  That is, the 
isotopologues were [7’-15N, 5’-14C]dIMP and [5’-3H2]dIMP. 

Replicate Uncorrected KIE Corrected KIE 
1a 0.965 0.958 
2a 0.981 0.974 
3 1.054 1.047 

Average 1.00 0.993 
95% CI 0.05 0.05b 

a Measurements were performed on the same day. 
b Interval accounts for uncertainties on both the uncorrected 7-15N KIE and the 5’-3H2 
KIE correction factor.  

4.3 Discussion 

4.3.1  [1’-3H]dIMP KIE 

The hypothesis that the transition state of acid-catalyzed dIMP hydrolysis 

is oxacarbenium ion-like was confirmed by the large, normal 1’-3H KIE of 1.25. 

A large, normal KIE of 1.253 was observed for the acid-catalyzed hydrolysis of 

dAMP.170 In an oxacarbenium ion-like transition state, which appears in DN*AN 

or dissociative ANDN mechanisms, steric crowding around C1’ decreases because 

of the reduced total bond order at C1’. Consequently, the 1’ hydron’s out-of-plane 

bending motions increase, increasing the 1’-3H KIE. There is also a simultaneous 

decrease in C1’−H1’ bond stretching, which lowers the 1’-3H KIE, but the 

out-of-plane bending mode is dominant (Table 4.7). 173,203 

The 95% CI is higher than desired, but 1’-3H KIEs with large uncertainties 

have been reported (Table 4.7). There is generally a poor match between the 
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intrinsic KIEs and the calculated KIEs from transition state models because 

solvent molecules or active-site residues can dampen 1’-3H vibrations.138  

Table 4.7. 1’-3H KIEs for various N-glycoside breakdown reactions 
The reactions were nucleophilic substitution reactions on N-glycosides, with water as 
the nucleophile (i.e., hydrolysis), phosphate (i.e., phosphorolysis) or phosphate 
analogues. The calculated KIEs were produced from the transition state assigned to 
each reaction.  

Enzyme N-glycoside, 
nucleophile 

Intrinsic 
KIE 

Calculated 
KIE Ref. 

Plasmodium 
falciparum 
OPRTa 

OMPb, 
phosphonoacetate 

1.261 ±  
0.014  1.335  207 

human OPRTa OMPb, 
phosphonoacetate 

1.199 ±  
0.015  1.330  207 

Streptococcus 
pneumoniae 
MTANc 

MTAd, water 1.235 ±  
0.002 1.47 95 

human MTAPe MTAd, arsenate, 1.360 ±  
0.003  1.200  96 

E. coli MTANc MTAd, water 1.160 ±  
0.004  1.38 173 

E. coli MutY adenosine in DNA, 
water 

1.150 ±  
0.002  1.400  141 

Acid-catalyzed  dAMP, water 1.253 ±  
0.002 1.28, 1.38 170 

N. 
meningitides 
MTANc 

MTAd, water 1.03 ±  
0.01  1.05 172 

human PNPf  inosine, arsenate 1.210 ±  
0.003 1.276 208 

a orotate phosphoribosyltransferase 
b orotidine 5’-monophosphate 
c 5’-methylthioadenosine/S-adenosylhomocysteine nucleosidase 
d 5’-methylthioadenosine 

e 5’-methylthioadenosine phosphorylase 
f purine nucleoside phosphorylase 
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4.3.2 [4’-3H]-, [5’-3H2]-, [1’-14C]-, and [7-15N]dIMP KIEs 

The models generated for Salmonella pneumoniae 5’-methylthioadenosine 

nucleosidase (MTAN)-catalyzed MTA hydrolysis and the human orotate 

phosphoribosyltransferase (HsOPRT)-catalyzed OMP reaction with 

phosphonacetate show hyperconjugation between the O4’ lone pairs and the σ* 

orbital of the C4’-H4’ bond and were oxacarbenium ion-like.95,207 The 4’-3H KIEs 

yielded by these models were 0.945 and 0.972, respectively.95,207 Based on these 

data, dIMP transition state models could presumably be found with a 4’-3H KIE 

as low as 0.94 (to match the average KIE observed here). The [4’-3H]dIMP KIE 

here is large and would result in a large correction factor being applied to KIEs 

measured using 4’-3H as the reporter label. Ideally, the correction factor would be 

close to unity, but a large value does not prevent a transition state structure from 

being obtained. For example, the transition state structure of the HsOPRT 

OMP/phosphonoacetate reaction was determined using 14C and 15N KIEs 

corrected using a large 4’-3H KIE of 0.962 ± 0.002.209  

The 5’-3H2 KIE was closer to unity and thus would result in a lower 

correction factor being applied to the 1’-14C and 7-15N KIEs, but it was inverse, 

and most N-glycoside breakdown reactions exhibit normal KIEs at this position, 

with the exception of P. falciparum OPRT, which was only slightly inverse – 

0.993 ± 0.005.207 More specifically, 5’-3H2 KIEs measured for non-enzymatic 

reactions were normal; the 5’-3H2 KIE for the acid-catalyzed dAMP hydrolysis, 
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the reaction most similar to the reaction under study here, was 1.012 and the 

5’-3H2 KIE for non-enzymatic NAD+ hydrolysis was 1.000. 82,170 

The experimental errors on the 5’-3H2 and 4’-3H KIEs were large enough 

that when they were used to correct the 1'-14C KIE, the 95% CI for the 1'-14C KIE 

was too large to be useful for transition state analysis. The possible range of 1'-14C 

KIEs would be 0.98 to 1.02. At the lower limit, this is lower than any previously 

observed 1'-14C KIE. The 1’-14C KIE for ricin-catalyzed adenosine hydrolysis was 

also inverse, 0.993 ± 0.004.80 This was evidence for a discrete oxacarbenium ion 

intermediate being formed (a DN*AN mechanism). Inverse 13C KIEs were also 

observed at the central carbon atom of a nucleophilic substitution reaction for 

methanolysis of p-substituted 1-phenyl-1-bromoethanes.80,210 So, an inverse KIE 

would be evidence for a discrete oxacarbenium ion intermediate being formed in a 

DN*AN mechanism. At the upper limit of 1.02 for the [1'-14C]dIMP KIE, this 

would be consistent with a DN*AN or highly dissociative ANDN mechanism. Thus, 

while the experimental [1'-14C]dIMP KIE supported an oxacarbenium ion-like 

transition state, the confidence interval was too large to allow detailed transition 

state analysis. 

The 7-15N KIEs are ambiguous, not because of the 5’-3H2 KIE correction 

factor, but because the confidence interval was so large that the number was 

uninterpretable. The average 7-15N KIE is slightly inverse at 0.993; and inverse 

KIEs were observed for ricin A-chain-catalyzed adenine hydrolysis from 
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RNA/DNA, acid-catalyzed dAMP hydrolysis, and E. coli MutY-catalyzed 

adenine excision, with values of 0.981 to 0.992.80,141,170 The 7-15N KIE is inverse 

when N7 is protonated and inversely proportional to the extent of N7 

protonation.76 Again, the individual measurements here span from inverse to 

normal, so the poor precision precludes any definitive interpretation about N7 

protonation at the transition state. 

The main line of inquiry into measurement variability was periodically 

testing for inconsistent retention of 2-deoxyribose 5-phosphate and/or elution of 

dIMP during the chromatography step. This was done by comparing the 14C/3H 

ratios in unseparated reaction samples with 100% reaction samples subject to 

chromatography. When this was performed during the measurement of the fourth 

1’-3H KIE replicate, the average 14C/3H ratios across the samples were equal. This 

was performed again with the first 4’-3H KIE replicate but with unseparated 

portions of the 0%, 50%, and 100% reactions. Again, the average 14C/3H ratio for 

the four samples were within error of each other. These results and the results of 

the separate experiment performed before KIE measurements were taken (see 

Section 4.2.1) showed that there were no chromatographic effects on the isotope 

ratios. Furthermore, specifically controlling for the quality of the resin slurry by 

using the same batch across multiple measurements did not improve the inter-

experiment reproducibility. Performing replicate measurements on the same day 

did not have a consistent effect on the reproducibility, but measurements 
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performed on different days were not necessarily different from each other either.     

Therefore, the variability persisted despite keeping experimental variables 

constant and despite efforts to identify the source of the variability.
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Chapter 5. Towards the Transition State 
Analysis of the AlkA-Catalyzed Excision of 
Hypoxanthine 

5.1 Introduction 

DNA/RNA base-excision enzymes like E. coli MutY, E. coli UDG, and 

ricin A-chain have been the subject of transition state analyses using KIEs, and 

the overall approach of these studies was followed in order to elucidate the 

transition state structure of AlkA-catalyzed base excision. Specifically, 

competitive KIE measurements were carried out with oligonucleotide substrates 

containing a radiolabelled (deoxy)nucleoside.80,141,211 Early efforts in AlkA 

transition state analysis resulted in the design of a 26-mer Hx-bulge hairpin 

substrate, ATI26.212 ATI26 has a number of features that make it suitable for KIE 

measurement. First, ATI26 is double-stranded; bases from double-stranded DNA 

are excised more quickly than from single-stranded DNA.118 Second, by being 

self-complementary, it ensures that all of the radiolabelled inosine in solution 

occupies an identical double-stranded context of equivalent reactivity to AlkA. 

Third, the bulged scissile inosine base is preferentially excised by AlkA over the 

surrounding normal bases.118,212 Fourth, radiolabelled inosine can be 

enzymatically synthesized and incorporated into the oligonucleotide.  
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Besides the substrate, the same overall procedure and concerns apply to 

AlkA KIE measurement as they do for dIMP hydrolysis KIE measurement (see 

Sections 4.1 and 4.2.1). Specifically, KIE measurement requires that the residual 

substrate and product be completely separated so that quantitative recovery of the 

radiolabels in each species is possible. This is not trivial for a BER enzyme, as the 

product of AlkA-catalyzed Hx excision from ATI26 is a DNA 26-mer containing 

an abasic site. Non-enzymatic nicking can occur at abasic sites and AlkA can 

potentially re-bind released abasic product (based on its affinity for the THF 

product analogue), causing inhibition as product accumulates.136 The approach 

developed during MutY transition state analysis was also used here, namely that 

the abasic 26-mer was degraded in situ by human apurinic/apyrimidinic 

endonuclease I (hAPE1) to a radiolabelled 7-mer with a 3’ abasic end and a 

19-mer (Figure 5.1).  The reaction was then quenched with 140 mM KOH, which 

causes β,δ-elimination of residual abasic 26-mer, β-elimination on the abasic 

7-mer, and degradation of 4,5-dihydroxy-pent-2-enal 5-phosphate (DP5P) to 

4-oxopent-2-enal. ATI26, G19, and 4-oxopent-2-enal can be separated by 

ion-exchange chromatography. This work describes development of ion-exchange 

separation methods for the measurement of KIEs on AlkA-catalyzed Hx excision 

from ATI26.  
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Figure 5.1. Schematic of the fate of the radiolabel after AlkA-catalyzed excision of 
hypoxanthine (Hx) from ATI26 

The red bonds indicate the placement of the radiolabel (14C or 3H). 
DP5P = 4,5-dihydroxy-pent-2-enal 5-phosphate 

5.2 Results 

5.2.1 ATI26 excision kinetics 

To identify the time needed for the reaction to reach 50% completion, 

reactions with [5’-33P]ATI26 were performed under the KIE-measurement 

reaction conditions. The extent of reaction reached a plateau between 60% and 

80%, regardless of whether hAPE1 was present (Figure 5.2).  
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Figure 5.2. Product-formation time course with 1 μM AlkA and 1 μM ATI26 at pH 6 
Product = G19 (see Figure 5.1 for G19-formation pathway). +hAPE1 = 0.3 U/μL 
hAPE1, 10 mM MgCl2. –hAPE1 = 10 mM EDTA. 

As long as the plateau was not caused by a non-reactive substrate 

subpopulation, the inability to reach 100% extent of reaction was not necessarily a 

roadblock to successful KIE measurement because a reaction could be sampled at 

50% and either 0% or 100% extent of reaction.  

5.2.2 Method development 

The first method evaluated for separating ATI26 from the AlkA reaction 

products was a slight modification to the method used for MutY transition state 

analysis. For MutY, reaction mixtures were separated using anion ion-exchange 
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eluted at 1.1 M NaCl, with 10 mM NaOH as a denaturant.141 Here, DP5P was 

eluted at 0.3 M NaCl and the substrate was eluted at 1.05 M NaCl, with 10 mM 

NaOH as a denaturant (Figure 5.3) The 1’-3H KIE calculated using isotope ratios 

in the residual substrate was 1.05 (Table 5.1).  

A 

 
B 

 
Figure 5.3. Ion-exchange chromatogram of reaction mixture containing AlkA, 
[5’-14C]ATI26, and [1’-3H]ATI26 (separation by method 1) 

A = DP5P, B = ATI26. The dotted line indicates NaCl concentration. A) 0% reaction 
B) 50% reaction 
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Table 5.1. AlkA-catalyzed [1’-3H]ATI26 KIEs 
The isotope of interest was 1’-3H, with 5’-14C as the reporter label. All KIEs were 
calculated from substrate isotope ratios in the 0% and 50% reactions. For method 1, 
the KIE was calculated from the isotope ratios in peak B shown in Figure 5.3. For 
method 2, the KIEs were calculated from the isotope ratios in peak C only or from 
both peak C and peak D, shown in Figure 5.4. For method 3, the KIEs were 
calculated from the isotope ratios in peak C shown in Figure 5.5.  

 KIEa 
Replicate 1 2 (peak C) 3 2 (peak C 

and D) 
1 1.05 (37) 1.037 (51) 0.82 (34) 1.215 (21) 
2  1.189 (26)  1.217 (32) 
3  1.128 (30)  1.205 (52) 
4  1.069 (21)  1.169 (25) 
5  1.081 (5)   

Average  1.10  1.202 
95% CI  0.05  0.008 

a Number in parentheses indicates number of counting cycles.  

The value of 1.05 was lower than expected for an enzyme for which 

evidence exists of an oxacarbenium ion-like transition state (Table 4.7). As well, 

the samples containing 1.05 M NaCl prepared in biodegradable Bio-Safe II 

scintillation fluid exhibited high quenching (see Section 4.2) and poor stability.  

That is, the samples did not remain clear and homogeneous during counting); this 

was not a problem when non-biodegradable fluids were used. Therefore, a new 

method was devised: the salt concentration needed to elute the substrate was 

lowered from 1.05 M to 0.33 M by including 50 mM MgCl2 in the mobile phases, 

with 8% acetonitrile to replace NaOH as the denaturant, and Ecoscint A, an 

alternate biodegradable scintillation fluid with lower quenching and higher 

aqueous capacity than Bio-Safe II, was used. Resolution of all relevant species 
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was still obtained. The 1’-3H KIE obtained using this method was 1.10 ± 0.05 

(Table 5.1, Figure 5.4). 

A 

 
B 

 
Figure 5.4. Ion-exchange chromatogram of reaction mixture containing AlkA, 
[5’-14C]ATI26, and [1’-3H]ATI26 (separation by method 2) 

A = DP5P, B = G19, C = ATI26, D = unknown. The dotted line indicates NaCl 
concentration. A) 0% reaction B) 50% reaction  

Method 2 contains a segment in which the column is flushed with high salt 

(1.5 M NaCl), and a peak of unknown identity (peak D, tR = 14 − 15 min, Figure 
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5.4) contained approximately 10% of the total radioactivity. When [1’-3H]ATI26 

without enzyme or the other isotopologue was injected, a peak at tR = 14 − 15 min 

(peak D) appeared; collecting this peak, ethanol-precipitating the eluate, and 

re-injecting the isolated material yielded both peaks at tR = 10 – 11 min (peak C) 

and tR = 14 − 15 min (peak C). The conversion of peak D to peak C showed that 

they are both forms of the substrate, so the two forms were eluted together at 0.6 

M NaCl. With this adjusted method, the 1’-3H KIE was 0.82 (Table 5.1, Figure 

5.5). A large, inverse 1’-3H KIE is inconsistent with an oxacarbenium ion-like 

transition state and not within a realistic range for secondary KIEs on N-glycoside 

breakdown reactions.138 
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A 

 
B 

 
Figure 5.5. Ion-exchange chromatogram of reaction mixture containing AlkA, 
[5’-14C]ATI26, and [1’-3H]ATI26 (separation by method 3) 

A = DP5P, B = G19, C = ATI26, D = unknown. The dotted line indicates NaCl 
concentration. A) 0% reaction B) 50% reaction  

It was unclear at this point whether the two separate substrate peaks were a 

consequence of the separation method or that they represented two forms in 

solution of potentially unequal reactivity. Efforts were then directed toward 
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(tR = 10 – 11 min, Figure 5.5), ethanol-precipitating the eluate, and re-injecting 

the isolated DNA only produced a single peak where ATI26 elutes (tR = 10 – 

11 min, Figure 5.5) and another peak between 11 and 13 min that disappeared 

when acetonitrile was removed from the mobile phase. Thus, [1'-3H]ATI26 and 

[5’-14C]ATI26 were mixed, ion-exchange-purified together to isolate the single 

ATI26 form with tR = 10 – 11 min, and ethanol-precipitated before being used in a 

reaction. The minor form reappeared when the twice-purified substrates were 

incubated with AlkA. Because eluting both forms together yielded a large, inverse 

KIE, both forms were collected separately. Measured this way, 1’-3H and 5’-3H2 

KIEs were 1.202 ± 0.008 (Table 5.1) and 0.92 ± 0.03 (Table 5.2), respectively. 

Table 5.2. AlkA-catalyzed [5’-3H2]ATI26 KIE using method 2 (both substrate forms 
collected) 

The isotope of interest was 5’-3H2, with 5’-14C as the reporter label. The KIE was 
calculated from the isotope ratios in peak C and D (Figure 5.5). 

Replicate KIEa 
1 0.900 (15) 
2 0.906 (15) 
3 0.954 (8) 

Average 0.92 
95% CI 0.03 

a The number in parentheses indicates the number of counting cycles. 

The 1’-3H KIE’s uncertainty and value were acceptable but the 5’-3H2 KIE 

uncertainty and value were not despite both KIEs having been measured the same 

way. Acetonitrile was later found to broaden the substrate peak, so it was removed 

from the mobile phases. The salt concentration was also increased to 800 mM to 

elute both forms together. The 1'-14C KIE was measured using this method and 
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calculated from the isotope ratios in peak B (Figure 5.6). The observed 1'-14C KIE 

was 1.117 (17 counting cycles), and the corrected KIE (using equation 4.1 and the 

average 5’-3H2 KIE in Table 5.2) was 1.027.  

A 

 
B 

 
Figure 5.6. Ion-exchange chromatogram of reaction mixture containing AlkA, 
[5’-3H2]ATI26, and [1’-14C]ATI26 (separation by method 4) 

A = DP5P, B  = ATI26. The dotted line indicates NaCl concentration. A) 0% reaction 
B) 50% reaction  
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5.2.3 ATI26 excision kinetics vs. IB25 excision kinetics 

The two substrate forms revealed by the separation of AlkA reaction 

mixtures may have been related to the plateau in Figure 5.2. A large excess of 

enzyme may not eliminate the plateau if the two forms are unequally reactive. 

When a 100-fold excess of AlkA was used, the expected 19-mer product initially 

accumulated, but at 20 h, its concentration was decreasing (Figure 5.7). After the 

20 h sample was taken, the protein was replaced with new protein (while keeping 

the final concentration constant), but this did not increase 19-mer formation; in 

fact, both the 19-mer and the substrate concentrations decreased while the 

concentration of low-molecular-weight (LMW) products (smaller than 19 

nucleotides) continued to increase. ATI26 consumption was 50% complete by 2 h 

and 80% complete within 3 days, but by this point, the products did not arise from 

Hx excision only. However, Hx excision from IB25, the substrate used in the 

leaving-group activation studies, was complete within 60 min, despite a smaller 

enzyme excess (28-fold) and a higher reaction pH (pH 7). The initial velocity of 

Hx excision from IB25 was 20-fold faster than ATI26 (Table 5.3). 
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Figure 5.7. Product-formation time course with ATI26, IB25, and excess AlkA  
The amount of each species was expressed as a fraction of the total radioactivity at 
each time point. Reactions either contained 10 μM AlkA with 0.1 μM ATI26 (100-fold 
enzyme excess) or 3.2 μM AlkA with 0.115 μM IB25 (28-fold excess). The IB25 
reaction was performed at pH 7. The ATI26 reaction was performed at pH 6 and at 
20 h, the reaction was heat-quenched and AlkA was re-added to maintain a 
concentration of 10 μM. 

Table 5.3. Hypoxanthine (Hx) excision rates from ATI26 and IB25 at pH 7 
 
Substrate [substrate] (μM) [AlkA] (μM) Rate (min-1) 

ATI26 0.45 0.1 1.6 × 10-4 min-1 
ATI26 0.45 0.5 2.0 × 10-4 min-1 
IB25 0.5 0.2 4.0 × 10-3 min-1 

5.3 Discussion 

The large, inverse AlkA 1’-3H KIEs were outside the range of any 1'-3H 

KIE observed or calculated previously, and were rejected outright. They pointed 

to a greater problem in the measurement procedure, even if the procedure 

recovered all the radioactivity in the experiment. Conversely, realistic values 
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consistent with existing evidence that are produced from methods in which there 

is only partial radioactivity recovery cannot be accepted either.  

Despite the existence of two non-isolable substrate forms, the 1’-3H KIE, 

5’-3H2, and 1’-14C KIEs were measured. Given what is known about the nature of 

1’-3H KIEs (see Section 4.3.1), the 1’-3H KIE of 1.202 ± 0.008 was reasonable in 

its precision and magnitude. The 5’-3H2 KIE of 0.92 ± 0.03 was more inverse than 

observed previously.  However, the expected KIE at this remote position are not 

well defined, and distortion of the DNA backbone upon binding to the enzyme is 

within the realm of possibility, as large binding KIEs have been observed in other 

N-glycoside reactions.209,213 Applying the 5’-3H2 KIE to correct the observed 

1'-14C KIE of 1.117 gave a corrected 1'-14C KIE of 1.033, which was consistent 

with an oxacarbenium ion-like transition state. With such a large uncertainty on 

the 5’-3H2 KIE, however, the corresponding range of uncertainty on the 1’-14C 

KIE means that it cannot be used to distinguish between a DN*AN mechanism and 

an dissociative ANDN mechanism. The 5’-3H2 KIE for MutY-catalyzed A excision 

was also inverse, 0.968, and its calculated KIEs did not exceed 0.97.141 This KIE 

was attributed to DNA-backbone distortions at the transition state. AlkA’s inverse 

KIE is consistent with the DNA backbone distortion observed in AlkA complexed 

with the transition state-mimicking 1-aza-DNA, but interpretation of a large, 

imprecise KIE is ill-advised.111 Normal 5’-3H2 KIEs were observed in reactions 

involving nucleosides, as distinct from nucleic acid substrates, including those 
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catalyzed by human thymidine phosphorylase, P. falciparium and human OPRTs, 

and S. pneumoniae, N. meningitides, and E. coli MTANs.95,172,173,205,207 These 

normal KIEs were attributed to rotational restriction of the 5’ end of the molecule 

at the transition state. 

The existence of two forms of ATI26 complicated the measurement of 

KIEs. That ATI26 was eluting at two different times was established through 

re-injection of the late-eluting form (tR = 14 – 15 min, Figure 5.4), which 

produced the early-eluting form (tR = 10 – 11 min, Figure 5.4) again, and through 

isolation of the early-eluting form, which produced two forms again as part of a 

reaction mixture. The late-eluting form may be the dimer complex, which is 

distinct from the stem-loop monomer form (Figure Figure 5.8). For the purposes 

of the following discussion, the early- and late-eluting forms are assumed to be 

the monomer and dimer forms, respectively.  High salt concentrations (e.g., 1 M 

NaCl) and 10 mM MgCl2 shifted the equilibrium toward the dimer at 4 °C to 

> 40% of the total.214 ATI26 was not exposed to high salt concentrations until the 

separation step, but 10 mM MgCl2 was present in the reaction mixture and 50 mM 

MgCl2 was present in the mobile phase. Any change to the monomer:dimer 

distribution during the separation step would have no bearing on the measured 

isotope effect as long as both species eluted together, but eluting them together 

did not consistently improve the precision and magnitude of the observed KIEs. 
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Figure 5.8. Secondary structure of ATI26 dimer 
 

The monomer:dimer equilibrium could potentially be sensitive to isotopic 

labelling and to slightly different conditions between experiments. If AlkA prefers 

one form over the other, then the isotopologue that is present in the more reactive 

form will be consumed preferentially, leading to an apparent KIE that reflects the 

isotope effect on the monomer:dimer equilibrium, rather than the chemical steps 

of the reaction. During a KIE measurement using method 2 (Figure 5.4), the 

early:late peak area ratio changed from 1.4 to 0.8 as the reaction progressed from 

0% to 50%. The ratio change could be caused by AlkA’s preference toward the 

early-eluting form and, if the late-eluting form is the duplex, possibly an 

equilibrium shift of the duplex toward the hairpin as the hairpin is being 

consumed. If re-equilibration were occurring on a timescale comparable to 

excision, then the early:late peak-area ratio would remain constant, but this is not 

observed.  

The early plateauing of the reaction shown in Figure 5.2 may provide 

evidence of a less reactive substrate subpopulation hinted at by the 

chromatographic appearance of two substrate forms. The plateau was not caused 

by enzyme denaturation, because replenishing the enzyme did not increase 19-mer 

formation. When sub-stoichiometric or equimolar amounts of AlkA and substrate 
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were used, the reaction stopped once all the early-eluting form was consumed. 

Adding more AlkA may cause excision from the second form, but the increase in 

lower molecular weight products would suggest that base excision at other sites 

was faster than at the bulged I residue.  

The reaction plateau and the existence of two forms appear to be specific 

to ATI26 because AlkA-catalyzed Hx excision reached completion with the 

double-stranded substrate IB25, and no low molecular weight products appeared 

with IB25. The difference between the two substrates, besides the fact that ATI26 

is self-complementary and IB25 is not, is that in IB25, the scissile Hx is in the 

centre of a 24-nucleotide stretch, while in ATI26, the scissile Hx is in the centre 

of a 11-nucleotide stretch. AlkA’s affinity toward THF35, a THF-containing 

hairpin with 16-nucleotide stems, is ~10-fold lower than THF53, a 

THF-containing hairpin with 25-nucleotide stems. With the shorter stem, 

non-specific binding predominates, because the Kd for THF35 is 544 nM, versus 

450 nM for the undamaged oligonucleotide.118 It is not surprising then that Hx is 

excised much more slowly from ATI26 than from IB25 and that adding more 

enzyme does not cause an increase in specific Hx excision from ATI26. However, 

Hx was excised from ATI56, a 56-mer variant of ATI26 with 25-nucleotide 

stems, at rates comparable to those for ATI26 [(4.2 ± 1.6) × 10-3 min-1 vs. 

(2.6 ± 1.0) × 10-3 min-1].212 Consistently higher rates were observed with IB25, so 
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using a hairpin substrate based on IB25 in a KIE study has the potential to 

eliminate some of the issues that arose with ATI26. 
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Chapter 6. Conclusions and Future Work 

AlkA is a BER enzyme with a uniquely broad specificity, which makes its 

mechanism an intriguing investigational target. The evidence presented here 

shows that AlkA interacts non-specifically with the purine moiety and, unlike 

some of its analogues and homologues, is incapable of binding a free base, 

regardless of whether DNA is present. AlkA-catalyzed Hx excision is 

pH-dependent, revealing a pKa of ≈5.5, which was assigned to the substrate, not 

the enzyme. This assignment was based on the fact that mutation of candidate 

residues caused only ≤ 10-fold decreases in rate constants, and binding of a 

transition state-mimicking pyrrolidine-containing DNA, pyr-DNA, likely 

mediated by D238, was pH-independent. Buffers were capable of participating in 

N-glycoside hydrolysis, based on the buffer-concentration dependence at pH 7 

and 8. SDKIEs confirmed that there is a proton-transfer event, which is 

rate-limiting at pH ≥ 7. Among the mutants, W272F showed the lowest sensitivity 

toward a buffer, which suggested that it may be involved in substrate pKa 

modulation via aromatic stacking. Its effect on the observed pKa can be examined 

by generating pH-rate profiles with the W272F mutant. As well, because 

intracellular glutamate and glutathione concentrations are high enough to 

potentially act as proton donors to AlkA, the biological relevance of buffer 
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catalysis can be explored by performing buffer-concentration experiments with 

these amino acids. 

For the transition state analysis of acid-catalyzed dIMP hydrolysis, several 

KIEs were measured, and, in general, the average 1’-3H and 1’-14C values were 

reasonable. However, the reproducibility of the measurements was poor despite 

the fact that the separation method was identical to that used for the transition 

state analysis of acid-catalyzed dAMP hydrolysis. After trying to control for all 

other factors that could affect the KIE measurements, the only remaining 

difference is that Ecoscint A, a biodegradable scintillation fluid, was used in place 

of Liquiscint, the non-biodegradable fluid used previously. In principle, Ecoscint 

A should be a better choice, having higher aqueous loading capacity and higher 

3H counting efficiency than Liquiscint. However, its higher 3H counting 

efficiency and lower quenching allow a greater number of low-energy 3H decay 

events to be detected, which leads to poorer resolution of 14C and 3H counts, 

possibly leading to higher variability in 3H:14C ratios. A KIE measurement with 

Liquiscint will be performed to confirm whether this is the cause of the 

variability. 

The presence of two interconvertible substrate forms of ATI26 and slow, 

incomplete Hx excision relative to longer substrates would suggest that ATI26 is 

not the ideal substrate for a KIE study; any partitioning of the label by something 

other than isotopic discrimination by the enzyme will distort the observed KIE. 
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Because reproducible excision occurs with IB25, a hairpin substrate based on this 

sequence should be evaluated. If the scintillation fluid is established to contribute 

to the variability of the KIEs on acid-catalyzed dIMP hydrolysis, then Liquiscint 

could also be used for AlkA KIE measurements. A re-evaluation of the separation 

method used during E. coli MutY transition state analysis would then be required, 

since the method-development work presented here was performed because of the 

switch to a biodegradable scintillation fluid. 
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Appendix 1. Calculation of Intrinsic SDKIE on 
Buffer-Catalyzed Hypoxanthine Excision by AlkA 

 

The y-intercept of the v0/[E]0 vs. [phosphate] plot represents the rate of the 

reaction at 0 mM phosphate (in other words, the buffer-independent rate). The 

contribution from buffer catalysis increases as the buffer concentration increases. 

Therefore, the observed SDKIE at each buffer concentration is a function of two 

intrinsic SDKIEs: SDKIEbuffer, the intrinsic SDKIE on the buffer-catalyzed 

reaction, and SDKIEacid, the intrinsic SDKIE on the non-buffer-catalyzed reaction. 

The two factors fbuffer and facid account for the contribution to the observed SDKIE 

from buffer catalysis and acid catalysis, respectively. 

acidacidbufferbufferobs SDKIESDKIESDKIE ff +=  

SDKIEs and rates at [IB25] = 2 µM and pH 7 were used to calculate 

SDKIEacid and SDKIEbuffer. From linear extrapolation, SDKIEacid = 0.63. The 

observed rate at 75 mM phosphate was 0.022 min-1 and the extrapolated rate at 0 

mM phosphate was 0.0074 min-1, so fbuffer and facid were calculated as follows. 
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From SDKIEacid, fbuffer, facid, and SDKIEobs = 1.42, SDKIEbuffer can be 

calculated. 

acidacidbufferbufferobs SDKIESDKIESDKIE ff +=  

Therefore, 

buffer

acidacidobs
buffer

SDKIESDKIESDKIE
f
f−

=  

664.0
)63.0()336.0(42.1SDKIEbuffer

−
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−
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8.1SDKIEbuffer =
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Appendix 2. Calculation of pKa of W272F AlkA 

The difference in activation free energies (ΔΔG‡) is related to the ratio of 

rates by the equation: 

RT
G

e
k
k

‡

2

1
ΔΔ−

=  

k1 is the rate of WT-catalyzed Hx excision (0.022 min-1) and k2 is the rate 

of W272F-catalyzed Hx excision (0.001 min-1) at 75 mM phosphate at pH 7.0. T 

is the temperature (310.15 K) and R is the ideal gas constant (8.314 J K-1 mol-1). 

Therefore,  

2

1‡ ln
k
kRTG −=ΔΔ  

WT

FW

k
kRTG 272‡ ln−=ΔΔ  

J/mol 7970  ‡ =ΔΔG  

kJ/mol 7.97  ‡ =ΔΔG  

Therefore, the activation free energy change in W272F AlkA is 8 kJ/mol 

greater than in WT AlkA. Because proton transfer is rate-limiting at pH 7, the 

proton-transfer equilibrium is 8 kJ/mol less favourable in W272F AlkA than in 

WT AlkA.  

FWWT GGG 272Δ−Δ=ΔΔ  



Ph.D. Thesis – V. Azhikannickal; McMaster University – Chemical Biology 

 184 

J/mol 7970−=ΔΔG  

The equilibrium constant of a reaction is related to its free energy change 

by the following equation: 

KRTG ln−=Δ  

 Two equilibrium constants are related to the difference in free-energy 

changes between the two reactions: 

2

1

K
Ke RT

G

=
ΔΔ−

 

Therefore, for acid-base equilibria: 

2a

1a

K
Ke RT

G

=
ΔΔ−

 

For acid-base equilibria in W272F and WT AlkAs: 

WTa,

W272Fa,

K
K

e RT
G

=
ΔΔ−
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K
K

e RT
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W272F,aWT,a pplog KKe RT
G

−=
ΔΔ−

 

W272F,aWT,a pplog KKe RT
G

−=
ΔΔ−

 

W272F,aWT,a

)J/mol7970(

pplog KKe RT −=
−−

 

W272F,aWT,a pp34.1 KK −=  

34.1pp WT,aW272F,a −= KK  

If the rate is slower at pH 7 with W272F, then the predicted pKa of W272F 

is 4.36. 

The Henderson-Hasselbalch equation relates the pH and the pKa to the 

ratio of an acid to its conjugate base. 

]BH[
]B[logppH a ++= K  

From this equation, the fraction of the total that is represented by 

protonated species can be calculated. 

]BH[
[B]10 appH

+
− =K  

]BH[
]B[1

1
BH

++
=+f  

appHBH 101
1

Kf −+
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7.57WT,BH 101
1

−+
=+f  

0477.0
 WT,BH

=+f  

36.47W272F,BH 101
1

−+
=+f  

00229.0
 W272F,BH

=+f  

fBH+ for the WT at pH 7 (pKa = 5.7) is 0.0477. fBH+ for W272F at pH 7 

with the predicted pKa of 4.36 is 0.00229. The protonated fraction is 21-fold 

greater in the WT than in W272F. The difference in rates between the WT and 

W272F under identical conditions is 22-fold.  

 

 

 

 

 

 

 

 

 

 


