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Abstract

Abstract

Colorectal cancer is the third most commonly diagnosed cancer worldwide. The
positive association between red and/or processed meat consumption and human
colorectal cancer risk is well established potentially via heme-catalysed formation of
carcinogenic N-nitrosocompounds (NNOC). These NNOC can form a range of O°-
alkylguanine (O°-alkylG) adducts that may increase mutational and cancer risk. The
overall aim of this study was to develop a novel approach to characterize the overall
load of O%-alkylG adducts in human colorectal DNA using the known action of the DNA
repair protein, O%-alkylguanine O°®-alkyltransferase (MGMT) to irreversibly transfer the
alkyl group from O°-alkylG to the MGMT active site peptide (MGMT-ASP). Incubation of
chemically synthesised single (SS) and double stranded (DS)
oligodeoxyribonucleotides (ODNs) containing O°-methylguanine (0°®-MeG), O°-
carboxyethylguanine (O°-CEG), but only DS O°-carboxymethylguanine (O°-CMG) -23
mer containing ODNs with MGMT resulted in MGMT inactivation. There was a
preference for repair of DS ODNs. Recorded ICs, values were 0.17+0.02, 0.07+0.01,
15.7+42.1, 27.00+1.70 and 7.50+0.50 nanomolar (nM) for SS 0%-MeG, DS 0°-MeG, DS
0°®-CMG, SS 0°-CEG, and DS O°-CEG, respectively. This repair was confirmed using
a restriction endonuclease site deprotection assay as 0°-MeG and O°-CEG inhibition of
Pstl digestion of ODNs, whilst, O°-CMG inhibited Mbol. This inhibition was removed by
pre-incubation with MGMT. Alkyl group transfer from these ODNs to a Maltose binding
protein-MGMT (MBP-MGMT) fusion protein was demonstrated as alkylated active site
peptides (ASPs) were detected using with Matrix assisted laser desorption/ionization-
time of flight (MALDI-TOF). S-methylcysteine (m/z 1329.7), and S-carboxyethylcysteine
(m/z 1387.7) modified ASPs were detected following incubation of MBP-MGMT
incubated with SS or DS 0°MeG, and O°CEG ODNSs, respectively. S-
carboxymethylcysteine (m/z 1373.7) was detected with DS but not SS O°-CMG 23 mer
ODN. Only the unmodified MGMT-ASP (m/z 1315.7) was found after incubating MGMT
with unmodified ODN. Quantitative mass spectrometry (MS) findings highlighted that
MGMT preferentially repaired specified adducts when presented in DS ODNSs over SS
ones. Temozolomide (TMZ) methylated calf thymus DNA (CT-DNA) and human
colorectal cancer DNA samples were incubated with his tagged MGMT fusion protein
(his-MGMT) and his-MGMT recovered using Ni-coated beads, digested in situ with
trypsin and analysed by MALDI-TOF. MS analysis of tryptic digests of MGMT
incubated with methylated CT-DNA revealed methylated MGMT-ASP, detecting as low
as 50 fmole of O°-MeG/mg CT-DNA. This approach was applied to 13 human
colorectal DNA samples, 12 of them showed evidence of O° alkylation damage. Of 13
samples, 12 contained O°®-MeG, 8 contained O°-CMG and 1 contained O%-HOEtG. A
further 7 peaks were detected with a signal/noise (S/N) ratio of >10, potentially,
correspond to alkylated MGMT-ASP ions but identities of the alkyl groups are as yet
unknown. These results demonstrate proof of principle and confirm that human
colorectal cancer DNA contains a range of O%-alkylG adducts that constitute a fraction
of DNA alkyl adductome.
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Chapter One

1 Chapter 1: Introduction

Colorectal cancer is a major cause of mortality and morbidity (1). Colorectal
cancer, also known as bowel cancer, is a term that refers to slowly developing cancers
that occur in various anatomical sites of the colon (e.g. caecum, sigmoid colon,
transverse colon, ascending colon or descending colon) as well as rectum (2,3). Figure
1.1 shows the distribution of diagnosed colorectal cancer cases in UK, by anatomical
sites, demonstrating the pattern of cancer distribution within the large bowel
highlighting that the highest malignancy incidence rates were reported in rectum then
sigmoid colon followed by caecum (4). Colorectal cancer has been classified into two
major categories: sporadic cases (representing approximately 65-75% of colorectal
cancer cases) and familial or hereditary cases (25-35%) (5).

Transverse colon

Hepatic flexure Splenic flexure

Colon overlapping and

unspecified
Rectosigmoid junction

Rectum “

Figure 1.1: Distribution of colorectal cancer cases by anatomical sites in the UK.

Percents do not sum due to rounding to the nearest 10. Figure adapted with
moadifications from (6). M (blue) and F (pink) denote males and females, respectively.
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1.1 Epidemiology of colorectal cancer

Globally, colorectal cancer is the third most common cancer type after lung and
prostate cancer in males and second most common cancer after breast cancer in
females (7). In addition, colorectal cancer is the fourth leading cause of cancer death
and it accounts for approximately 8.5% of total deaths due to cancer (8,9). In 2012 in
184 countries worldwide, approximately 1.4 million people were diagnosed with
colorectal cancer of which 746 000 (55%) were men and 614 000 (45%) in women.
This represents 9.7% of all totally diagnosed cancer cases. Whilst, in 2012, 694 000

people died of colorectal cancer of both sexes (9).

In the UK, colorectal cancer is the third most common cancer type in both
males and females as it accounts for 11% of the totally diagnosed new cancer cases in
both males and females (10-13). Nearly, 41,265 new colorectal cancer cases were
identified in 2014 in the UK: 22,844 (55%) in men and 18,421 (45%) in women with a
male: female ratio is 1.2 (10-13). Moreover, colorectal cancer is the second most
common cause of cancer death in the UK (in 2014) as it accounted for 10% of the total
cancer deaths where 15 903 patients died of colorectal cancer of both sexes (14,15).
In addition, colorectal cancer incidence and mortality rates in the UK were 63.9 per
100,000 and 24.6 per 100,000 persons, respectively, in 2014.

In addition, a recent study reported that, approximately, 135,000 new colorectal
cancer cases are projected to occur in the United States in 2017 (58% in patients aged
65 or older), plus 50 000 patients are expected to die of the disease (16). In addition,
colorectal cancer incidence and mortality rates in the United States were 40.7 per
100,000 and 14.8 per 100,000 persons, respectively, during 2009 through 2013.

Colorectal cancer incidence and mortality rates are 30% and 40% higher in men
than in women, respectively (16,17). The root cause of sex disparities is not very well
understood; however, it could be ascribed to sex hormones or differences in exposure
to environmental carcinogens as well as the interactions between these elements
(18,19).
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The incidence of colorectal cancer varies globally with up to 10-fold difference
in the incidence across the world (9) which reflects the impact of life style factors on the
incidence of this disease. Notably, the highest colorectal cancer occurrence is reported
in western or industrialized countries such as Australia, New Zealand and Western
Europe where it accounts for 63% of the total global burden (20). The lowest incidence
rates were reported in South-Central Asia and Africa except South Africa (21). In
addition, studies on migrants from low risk to high risk countries indicated an increase
in colorectal cancer incidence rate in both migrants and their off springs toward the
typical rate of the host country (1). This phenomenon was demonstrated clearly in
European migrants to Australia as well as Japanese migrants to Hawaii and the United
States (22). However, the pattern of colorectal cancer mortality is quite different since
52% of recorded deaths were in less developing countries (9) that is mainly attributed
to early detection and screening programs in developed countries that contributed

significantly to lowering colorectal cancer mortality rates.

1.2 Risk factors of colorectal cancer

Colorectal cancer incidence rates are associated with both modifiable (e.qg.
nutritional practices and cigarette smoking) and non-modifiable factors (e.g. age and
inherited genetic risk).

1.2.1 Age

Colorectal cancer risk is strongly related to age where 90% of diagnosed cases
are reported in patients aged 50 or older (23). The median age of diagnosis of colon
cancer is 68 in men and 72 in women; for rectal cancer the median age of diagnosis is
63 for both sexes (24). Figure 1.2 shows both average number of new cases per year
as well as age-specific incidence rates per 100,000 population, in the UK (2012-2014),
demonstrating that age-specific incidence rate increases sharply from age group 50-54
with the highest rates in the age group 85-89 for both sexes (25). In the United States,
it was reported that incidence rate is 50-fold higher in patients aged 60-79 compared to
that in patients younger than 40 years (1).
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Figure 1.2: Average number of new cases per year an  d age-specific incidence
rates per 100,000 population, in the UK (2012-2014)

Figure adapted with modification from (25).

1.2.2 Hereditary (genetic) factors

Hereditary factors are involved in the development of colorectal cancer cases,
and approximately 3-5% of diagnosed cases arise in the setting of inherited
syndromes (26,27) where the risk of colon cancer is very high. These include
hereditary nonpolyposis colon cancer (HNPCC) or Lynch Syndrome, familial
adenomatous polyposis (FAP) and several extremely rare hamartomatous polyposis
syndromes. Inherited forms of colorectal cancer are usually classified into two main
categories, namely, nonpolyposis syndrome characterized by the development of few
or no polyps such as Lynch syndrome (28). Whilst, the second is polyposis syndrome
characterized by the development of multiple colorectal polyps that could be sub-
divided to adenomatous polyposis (e.g FAP), hamartomatous polyposis and
hyperplastic polyposis. Colorectal cancer inherited syndromes are summarised in
Table 1.1.

28 |



Chapter One

Table 1.1: Colorectal cancer inherited syndromes.

Syndrome Inheritance  [Involved genes Colon presentation Lifetime colon | Extracolonic
cancer risk manifestations
Lynch syndrome [Autosomal Mismatch repair Few adenomas often present. This disorder is 50- 80% Endometrial and
dominant (MMR) genes characterized by early onset of colorectal ovarian cancer
MLH1, MSH2, cancer; average age of colorectal cancer onset
MSH6 and PMS2 | in Lynch syndrome is 45 years (29,30).
The most common form of hereditary colorectal
cancer (28). It accounts for 1-3% of all colorectal
malignancies (31).
FAP Autosomal  [Adenomatous Hundreds to thousands of colorectal ~100% Duodenal cancer
dominant polyposis coli adenomatous polyps. Average age of polyposis
(APC) tumour onset, 16 years.
suppressor gene The second most common form of hereditary
colorectal cancer; it accounts for 0.5-1% of
colorectal cancer cases (31).
Attenuated Autosomal  [APC Variable number of colorectal adenomatous 70- 80% Similar to FAP
familial dominant polyps (10-100) with a more proximal colonic
adenomatous distribution. Average age of polyposis onset is
polyposis (AFAP) 26 (26,27).
MYH gene Autosomal MutY homologue | Colonic phenotype similar to AFAP. Undefined Duodenal
associated recessive (MUTYH, also polyposis
polyposis (MAP) called MYH)

Reproduced from (26,27).
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Table 1.1: Colorectal cancer inherited syndromes (c

ontinued).

Syndrome Inheritance  (Involved genes Colon presentation Lifetime colon | Extracolonic
cancer risk manifestations
Peutz-Jeghers Autosomal Serine/threonine Moderate to large, but few, hamartomatous | 39% Breast,
syndrome dominant kinase 11 (STK11) | polyps (31). pancreatic, small
intestine, gastric
and
oesophageal,
carcinomas
Juvenile polyposis |[Autosomal [SMAD family| Colorectal juvenile polyposis, often beginning in | 17-22% by age | Gastric  polyps,
syndrome dominant member 4| the first decade (26,27). 35, ~ 68% by | gastric
(SMAD4) age 60 adenocarcinoma,
pancreatic and
small intestine
carcinoma
Hyperplastic Unknown Unknown Hyperplastic polyps, sessile serrated adenomas, | Undefined None reported
polyposis traditional serrated adenomas and mixed

adenomas (26,27).
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1.2.3 Inflammatory bowel disease (IBD)

The risk of developing colorectal cancer is increased with both types of IBD,
which are ulcerative colitis and Crohn’s syndrome (32). IBD-associated colorectal
cancer accounts for 1-2% of all colorectal cancer cases (33) in addition, it accounts for
10-15% of total deaths in patients with IBD (34,35). Mean age of developing IBD-
associated colorectal cancer is lower than that of sporadic colorectal cancer which was
reported to be approximately 43 years (36). The risk increases with the longer duration
of colitis, the greater extent of inflammation, a family history of colorectal cancer and

extensive mucosal involvement (37).

Moreover, the incidence of colorectal cancer in IBD patients was reported to be
60% higher than general population by an American study (38,39). However, a meta-
analysis of 116 studies reported that the overall prevalence of colorectal cancer in any
ulcerative colitis patient was estimated to be 3.7% (36). They also stated a non-
significant association between duration of colitis and the increased colorectal cancer
risk (2, 8 and 18% at 10, 20 and 30 years of the disease) (36). Notably, a more recent
meta-analysis study in 2014 reported lower colorectal incidence rates than previously
estimated in ulcerative colitis patients and they ascribed that to better control of
inflammation, adherence to screening programs as well as higher prophylactic

colectomy rates (40).

The increased colorectal cancer risk in IBD patients is thought to be due to both
genetic and acquired factors. At a molecular level, the pathogenesis of colorectal
cancer is related to inflammatory changes including mucosal inflammatory mediators
(e.g. Cyclo-oxygenase-2, interleukin-6, interleukin-23, tumour necrosis factor-a, nuclear

factor-kB, and chemokines) and oxidant stress.

1.2.4 Dietary factors

Colorectal cancer is more common in populations with a “westernized” diet.
Therefore, diet is thought to be a key factor determining colorectal cancer risk, and

changes in foods habits might reduce up to 70% of this cancer burden (41).
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1.2.4.1 Increased red and processed meat consumption

Accumulating epidemiologic evidence over the past decades highlighted the
strong association between red and/or processed meat consumption, but not white
meat or fish, and colorectal cancer incidence (42-49). Both World Cancer Research
Fund/American Institute for Cancer Research (WCRF/AICR) and International
Association for Research on Cancer (IARC) have classified processed meat as a
cause of colon and rectal cancers (Group 1). While red meat have been classified as a
probable cause of colorectal cancer (Group 2A) (50-52). The term ‘red meat’ refers to
beef, lamb, pork and goat of domesticated animals; while ‘processed meat’ refers to
meats preserved by smoking, curing, salting or by addition of chemical preservatives

(e.g. salami, bacon and sausages).

Approximately, 21% of diagnosed colorectal cancer cases in UK in 2010 have
been linked to eating red and/or processed meat (past exposure) (53). In addition, a
recent meta-analysis of cohort studies stated that, the daily intake of 100-120 g red
meat or 25-50 g of processed meat was associated with an increase in colorectal
cancer risk by approximately 17-30% and 9-50%, respectively (54-56). This is
supported by the findings of studies, with high number of participants (478,040 men
and women from 10 European countries), reporting that daily intake of 160 g of red
meat increases colorectal cancer risk by 35% compared to those who consume less
than 20 g per day (41,57). With respect to processed meat consumption, the estimated
increase in colorectal cancer risk reaches 49% with a consumption rate of only 25
g/day (57). Conclusively, the risk estimate is higher for processed meat compared to

red meat.

For the analysis of this causal relationship, several pathways or plausible
mechanisms of action have been proposed. Firstly, heme iron catalyzed endogenous
formation of N-nitrosocompounds (NNOC) is a possible explanation because red and
processed meat, but not white meat or fish, cause a dose-dependent increase in total
NNOC (58) which is believed to be associated with subsequent increase in the
formation of nitroso compound-specific DNA adducts O®-alkylG adducts. The pathway
of heme iron induced endogenous formation of nitrosating agents (59) will be explained
in detail in a later section. In addition, heme iron can promote colorectal
carcinogenesis through lipid peroxidation and/or cytotoxic and genotoxic effects of

heme on epithelial cells (44,60,61). Apart from heme iron, nitrates and nitrites
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preservatives in processed meat contribute significantly to body burden of NNOC.
NNOC formation could either occur inside the meat per se or via endogenous

metabolic processes in human intestine following reaction with amines or amides (42).

Another proposed explanation for the association between colorectal cancer
risk and red or processed meat intake is via the potential mutagenic effect of
heterocyclic amines (HCA) and polycyclic aromatic hydrocarbons (PAH) contained in
meat. HCA are formed as pyrolysis products when meat is cooked at high

temperatures or for extended times especially by grilling, frying or barbecuing (62).

Various HCA are formed according to the type of meat, the heating temperature
and the chemical environment (e.g. water, oil, onion). Based upon the chemical
structure, HCA could be classified into four major subgroups: amino-carbolines,
imidazo-quinolines, imidazo-quinoxalines and imidazo-pyridines. The most abundant
HCA in meat are 2-amino-3,8-dimethylimidazo[4,5-flquinoxaline (MelQx) and 2-amino-
1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) (Figure 1.3) (63). In general, HCA are
known potent carcinogens and potent mutagens in laboratory animals and they could
induce a variety of histologic types of tumours in multiple organs including colon and
small intestine (64). Moreover, previous evidence demonstrated the association
between colorectal cancer risk and very well cooked meat which are likely to contain
high levels of HCA (65). It should be noted that the production of HCA is not specific to

red and processed meat since HCA are formed in poultry as well.

In contrast with HCA, PAH are produced from the incomplete combustion of
organic compounds. PAHs consist of 3 or more fused benzene rings without any
acyclic groups and they form due to condensation of smaller units into stable PAHs and
the condensation process mainly occurs at high temperatures such as when grilling of
meat (66). PAH include benzo[a]pyrene, benzo[alanthracene and dibenzo[a,h]
anthracene which are the mostly commonly occurring PAHSs in the average diet (Figure
1.3) (66). These three food PAHs are classified as probable carcinogens (Group 2A) to
humans whilst other PAH have been classified as possible human carcinogens (Group
2B) (67). Conclusively, both HCA and PAH are food borne carcinogens and genotoxic
agents that cause point mutation, deletions and insertions initiating colorectal

carcinogenesis as shown in animal studies (68).
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Figure 1.3: Carcinogenic PAHs (A-C) and HCAs (D-E)  produced in cooked meat.

A: benzo[a]pyrene, B: benzo[a]anthracene, C: dibenzo[a,h] anthracene, D: MelQx (2-
amino-3,8-dimethylimidazo[4,5-flquinoxaline), E: PhIP (methyl-6-phenylimidazo[4,5-
b]pyridine). Figure adapted with modifications from (66).

1.2.4.2 Low dietary fibre intake

Conversely, diets high in vegetables, fresh fruit, fish and fibre intake have been
found to decrease colorectal cancer risk (69). Approximately, 12% of colorectal cancer
cases in UK in 2010 have been linked to too little fibre intake (70). In the early 1970s,
Burkitt hypothesized that dietary fibre may protect against colorectal cancer, based on
the observation that colorectal cancer was rare in rural Africans, and they ate a diet rich
in fibre from unrefined grains and/or leafy vegetables (71). Since then, many case-

control studies reported an inverse association between dietary fibre intake and the risk
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of colorectal cancer (72). In addition, a recent international cohort study in Europe has
reported an inverse association between fibre intake and colorectal cancer risk (73).
Furthermore, many animal models showed inhibitory effects of various types of fibre on

colon tumour development (74).

1.2.5 Alcohol consumption

Alcoholic beverages are classified by WCRF/AICR as well as IARC as a
colorectal cancer carcinogen (Groupl) (51). Approximately, 11% of colorectal cancer
cases in the UK in 2010 were linked to alcohol consumption (53). The strong
association between chronic alcohol consumption and colorectal cancer incidence is
principally documented by meta-analysis studies (75,76) reporting 15% increase in

colorectal cancer risk for an increase of 100 g of alcohol intake per week (77).

In addition, ethanol is classified as Group 1 carcinogen to human by IARC
(78,79). Several mechanisms have been suggested to delineate alcohol consumption
and cancer development that include increasing intestinal permeability enhancing
environmental carcinogen uptake (80). In addition, increased formation of both reactive
oxygen species and reactive nitrogen species may contribute to ethanol mediated
colorectal cancer carcinogenesis via triggering membrane lipid peroxidation where lipid
peroxidation products interact with DNA of colonic mucosal cells forming DNA adducts
termed etheno DNA adducts (81). Finally, ethanol consumption enhances the
carcinogenicity of some known colon carcinogenic agents, e.g. 1,1-dimethylhydrazine,
that requires metabolic activation by liver metabolizing enzymes via induction of such

enzymes (82).

1.2.6 Tobacco smoking

There is a strong association between smoking and colorectal cancer and the
association appears to be dose related (83) and also evident in case of passive
smoking (84) as reported by a meta-analyses and systematic reviews (85). The
incidence rate increases by 17-21% in the current smokers compared to never-
smokers (83). Approximately 8% of diagnosed colorectal cancer cases in UK in 2010
were linked to tobacco smoking (past exposures) (70). Consistently, tobacco smoking
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has been classified as a colorectal cancer carcinogen (Group 1) by IARC (51).
Furthermore, a positive correlation between colorectal cancer risk and the number of
cigarettes smoked per day was reported by a previous research highlighting that
smoking 10 cigarettes per day increases colorectal cancer risk by 7-11% (86).
Smoking-associated colorectal cancer risk was suggested to be unmodified by
common genetic polymorphisms involved in the metabolism of tobacco smoke

carcinogens (87).

Notably, tobacco smoke contains more than 60 carcinogenic and genotoxic
agents such as PAHs, HCAs, nitrosamines and aromatic amines (88). Mechanism by
which tobacco smoking increases colorectal cancer risk is attributed to carcinogenic
nitrosating AAs available in tobacco smoke that could reach colorectal mucosa either

through the alimentary tract or the circulatory system (89).

1.2.7 Physical activity and obesity

Approximately, 13% and 3% of diagnosed colorectal cancer cases in UK in
2010 were attributable to obesity and physical inactivity, respectively (53). Furthermore,
body fatness is classified as a cause of colon cancer by IARC and WCRF/AICR (90).
Epidemiological studies suggest that obesity is associated with 30-70% increased
colorectal cancer risk in men whilst the evidence is less consistent in women (91). The
underlying mechanisms linking obesity to colorectal cancer are areas of much ongoing
research. However, it could be ascribed to increased insulin resistance and decreased
gut motility. On the other hand, physical activity is proposed to be inversely correlated
to colon cancer risk in both sexes by a meta-analysis study with no effect on rectal
cancer in either sex (92). In contrast to obesity, sustained moderate physical activity
seems to increase metabolic rate and oxygen uptake by body cells. In addition, it
contributes to improving gut motility as well as decreasing insulin resistance and blood
pressure (93). However, biologic mechanisms correlating physical inactivity to

colorectal cancer risk are still a matter of debate.

Other factors contribute to colorectal cancer risk including exposure to ionizing

radiation (2%) e.g. X-radiation and gamma radiation as well as all forms of asbestos.
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1.3 Molecular basis of colorectal cancer

Several molecular events contribute to colorectal cancer development and
progression. Among these different events or pathways, the most important are the
chromosomal instability (CIN) pathway and microsatellite instability (MSI) pathway and

cytosine phosphate guanine (CpG) island methylation pathway (94).

1.3.1 Chromosomal instability (CIN)

CIN is the most common type of genomic instability driving colorectal cancer
development. Nearly, 85% of sporadic colorectal cancer cases develop through the
CIN pathway (95-97). CIN induces significant changes in both chromosomal copy
number and chromosomal structure (98). CIN is considered an effective mechanism for
mutational inactivation of many tumour suppressor genes whose normal function is to
oppose the malignant phenotype such as APC, Tumour protein p53 (TP53) and
SMAD4 (99).

The underlying mechanisms for CIN include rare inactivating mutations of
genes responsible for maintaining chromosomal stability during cell replication. In
addition, CIN may be driven by the occurrence of chromosome segregation
abnormalities at mitosis. These abnormalities result from either alteration in kinase
activities, excessive activation of telomerase enzyme, or aberration in checkpoints
(100).

1.3.2 Microsatellite instability (MSI)

The MSI pathway is observed in approximately 15% of sporadic colorectal
cancers and about 90% of Lynch syndrome cases (101). The MSI pathway mainly
results from mutational inactivation of the genes responsible for DNA MMR system,
namely, MLH1, MSH2 and MSH®6, (102). The protein products of those genes have a
variety of functions in the recognition and repair of DNA mismatches (103). The

inactivation of MMR genes could be either inherited as in Lynch syndrome or acquired
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via somatic silencing of the promoter region of MLH1 gene via enzymatic methylation
leading to inactivation of MMR pathway (104-106).

Moreover, MSI could lead to inactivation of tumour suppressor genes whose
functional regions contain mononucleotide or dinucleotide repeat sequences such as
those encoding transforming growth factor B (TGF-B) receptor type Il (TGFBR2) and
BCL2-associated X protein (BAX) (107). MSI is characterized by a massive
accumulation of frame-shift mutations in micro-satellite sequences. Microsatellites are
repeated DNA sequences which occur approximately every 50-100 kb pairs

throughout the human genome (108).

1.3.3 CpG island methylation pathway

Specifically, CpG island methylation pathway is an epigenetic abnormality that
could contribute to 15-20% of colorectal malignancy (109). A CpG Island is a DNA
sequence greater than 200-500 bases in length with more than 50% GC content and it
overlaps the promoter region of 60-70% of all genes. Under normal physiological
conditions, CpG islands promote gene transcription and tend to be protected from
enzymatic methylation by DNA methylases; however, they can become aberrantly
methylated in cancer by DNA methylase enzymes. When this island is enzymatically
methylated, gene silencing and inhibition of gene transcription occur with subsequent
silencing of downstream transcriptional units leading to abnormal cellular function
which can potentially result in carcinogenesis (110). CpG islands are found in the
promoter regions of tumour suppressor genes such as: MLH1 gene, APC and the DNA
repair protein; MGMT gene. Where methylation of the CpG island of these genes
results in inactivation of such genes and loss of their carcinogenesis-opposing function

leading to colorectal cancer development (111).

1.4 Genetic aberrations in colorectal cancer

Colorectal cancer is driven by multiple and sequential genetic mutations that
could lead to either activation of oncogenes or deactivation of tumour suppressor
genes. A previous study identified a median of 76 and 9 genes altered by point
mutation and copy number change in colorectal cancer, respectively (112).
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Among those, the most important genes are tumour suppressor genes such as: APC
and TP53 genes (113). In addition oncogenes such as K-ras and BRAF oncogenes,
that have a high frequency of genetic aberrations in colorectal cancer, are known to
play an essential role in colorectal cancer development (114). Table 1.2 summarises
the most frequently mutated genes in colorectal cancer. In addition, recent publications
aimed at defining genomic landscape of human colorectal cancer confirmed APC,
TP53 and K-ras mutations as the most predominant genetic defects in colorectal
cancer alongside the identification of other colorectal cancer associated genes, as
shown in Figure 1.4 (115-117). Other frequently mutated genes in human colorectal
cancer genomes include TTN, PIK3CA, FBXW7, SMAD4, TCF7L2, N-ras, AMER1,
SMAD2, CTNNB1 and SOX9. K-ras and N-ras genes had oncogenic codon 12 and 13
or codon 61 mutations, whereas the remaining genes had inactivating mutations (115—
117). Notably, a study in 2014 identified novel colorectal cancer associated genes
(FAT4, CDH10 and DOCK2) (115). FAT4, CDH10 are negative mediators of
Whnt/Bcatenin pathway whilst DOCK?2 is an oncogene.
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Figure 1.4: Significantly mutated genes in colorect  al cancer genomes.

Figure adapted with modifications from (117).
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Table 1.2: Selection of some of the most frequently

mutated genes in colorectal cancer.

Normal function

Nature of Defect

Comments

Tumour suppressor gene encoding
APC protein, a component of (-
catenin degradation complex (118).
APC  protein  regulates cell
proliferation via binding to and
degrading [B-catenin oncoprotein
that promote cellular proliferation
(119).

Both germ-line and somatic mutations
result in inactivation of APC gene with
subsequent loss of the [-catenin
oncoprotein degradation leading to
inappropriate activation of the Wnt
signaling pathway (120).

- The activation of the Wnt signaling
pathway is regarded as the initiating
event in colorectal cancer (121).

- Germ-line mutation in FAP (31).

- GC:AT transition mutations were
reported in APC gene in colorectal
cancer cases.

- APC transition mutations were
associated with processed meat
consumption.

Tumour suppressor gene (122);
encoding wild-type p53 protein that
mediates cell-cycle arrest and cell-
death as well as enhances cellular
autophagy (123).

Inactivating missense mutations and
17p chromosomal deletion contribute to
cellular malignant transformation due to
loss of the wild-type p53 protein (124)
Point mutations occurring at codons
175, 245, 248, 273 and 282.

- Mutational inactivation of TP53 is
the second key genetic step in
colorectal cancer and coincides with
the transition of large adenomas into
invasive carcinomas (107).

- GC:AT transition mutations have
been reported in TP53 gene in
colorectal cancer cases (125).

Affected | Frequency
Gene

APC 85%

TP53 35-55%
K-ras 35-45%

Oncogene, is a member of the
RAS gene family, encoding K-ras
G-protein implicated in G-protein
signaling pathways that modifies or
adjusts differentiation and/or
proliferation of normal cells (126).

Somatic activating mutations causing
activation of RAS/RAF/MAPK signaling
pathways, thereby promoting cell
survival and apoptosis suppression
(127).

Point mutations at codons 12 (84-87%),
13 (13-16%) and 61 (much lesser
frequency) (128).

These point mutations are mostly G
to A transitons or G to T
transversions (128). Poehlmann et
al. (129) documented that the
frequency of G to A transitions in
colorectal cancer was 63%, whilst
the frequency of G to T transversions
was 29%.
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Table 1.2: Selection of some of the most frequently

mutated genes in colorectal cancer (continued).

Affected | Frequency | Normal function Nature of Defect Comments
Gene
TGFBR2 | 25-30% Tumour suppressor gene encoding | Frameshift  inactivating  mutations | Mutation present in >90% of tumours
TGF-B2 peptide mediating cell | causes inactivation of TGF-B pathway | with MSI and 15% of microsatellite stable
growth arrest and apoptosis (113). | (130). colon cancers (130).
SMAD4, | 10-35% Tumour suppressor genes; | SMADA4 is located on chromosome 18q [ Germ-line mutations in SMAD4 gene are
SMAD2, encoding SMAD proteins, | and inactivated by 18g chromosomal | reported in familial juvenile polyposis,
SMAD3 components and transcriptional | deletion or mutation (131). (132).
mediators of TGF-f signaling
pathway (113).
MLH1, 15-25% DNA MMR genes (113). Defects in DNA MMR pathway | Inherited mutation in Lynch syndrome or
MSH2, permitting  the  accumulation  of | epigenetic silencing of MLH1 gene
MSH6 oncogenic mutations and tumour- | (134).
suppressor loss (133).
BRAF 8-12% Oncogene and a member of the | Activating mutation in the BRAF mimics | Associated with hyperplastic polyposis,
RAF gene family that encodes a | the biologic consequences of K-ras | with increased incidence in serrated
serine-threonine protein kinase, a | mutation (135). adenomas (135).
downstream effector of activated
RAS (113).
PTEN 10-15% Tumour suppressor gene encoding | Inactivating mutations results in cell
a protein  which negatively | survival signaling and apoptosis
regulates PI3K pathway (113). suppression (113).

APC: Adenomatous Polyposis Coli, TP53: Tumour protein p53, K-ras: Kirsten rat sarcoma viral oncogene homolog, TGFBR2: Transforming growth
factor, beta receptor 2, SMAD 2, 3, 4: SMAD family member 2, 3, 4, MLH1: mutL homolog 1, MSH2/6: MutS protein homolog 2/6, BRAF: v-raf murine

sarcoma viral oncogene homolog B, PTEN: Phosphatase and tensin homolog.
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1.5 Development of colorectal cancer

Approximately, 95% of colorectal cancers develop through a stepwise genetic
model known as adenoma-carcinoma sequence as illustrated in Figure 1.5, presented
by Vogelstein et al (136). In this model colorectal cells are transformed from normal to
dysplastic epithelium then to malignant cells involving a series of histological,

morphological, and genetic aberrations that accumulate over a period of time (127).

The sequence usually starts with the formation of benign growths termed polyps
(137), which are benign and localized (and cannot penetrate the underlying basement
membrane) lesions that result from abnormal proliferation of cells caused by the
accumulation of both genetic and epigenetic mutations (113,138). Therefore, polyps of
several histologic subtypes are considered as pre-neoplastic lesions for colorectal
carcinoma. More than 90% of colorectal carcinomas are adenocarcinomas originating
from epithelial cells of the colorectal mucosa (139). Other rare types of colorectal
carcinomas include neuroendocrine, squamous cell, adenosquamous, spindle cell and
undifferentiated carcinomas. Polyps are classified as either hyperplastic or
adenomatous polyps, otherwise known as adenomas. The term ‘hyperplastic polyps’
refers to polyps that remain benign with a low likelihood of becoming cancerous.

However adenomas have a higher chance of becoming malignant (135).

Invasive cancers are classified into stage I, Il, Ill and IV cancers. Stage | and I
cancers are characterized by being confined within the wall of the colon and rectum,
and are curable by surgical removal of the tumour. When the disease has spread to
regional lymph nodes it is classified as a stage Il tumour which is curable by surgery
combined with adjuvant chemotherapy with ~ 73% survival rate. However at stage 1V,
the malignant cells have metastasized to distant sites and other body organs and the
disease is usually incurable (140). Figure 1.5 shows a classical progression model of
colorectal carcinogenesis is illustrated with genes whose alterations are responsible for

each of the progressive steps (141).
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Figure 1.5: A classical progression model of colore ctal carcinogenesis.
Figure adapted with modifications from (113).
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1.6 Mutational landscape of colorectal cancer

Numerous studies have attempted to investigate colorectal cancer mutational
landscape, among those, a study in 2007 reported that, 9.3% of the examined genes
were mutated plus 93% of the detected mutations were single base substitutions,
predominantly, C to T transitions at 5-CpG-3', whilst, the remaining 7% of the
alterations was insertions or deletions (116). Notably, these results were supported by
the findings of a study in 2014 confirmed that C:G—T:A transitions were the
predominant nucleotide change in colorectal cancer (115). In addition, previous
attempts to unravel mutational signatures of colorectal cancers indicated that 15% of
colorectal cancer cases were associated with DNA MMR failure (142) known as
microsatellite unstable cancers characterized by base substitutions, predominantly, C

to T transitions and C to A transversions (143).

A study in 2013, investigated the landscape of mutational signatures in 30 types
of human cancer including colorectal cancer. Mutational signatures were extracted
using 2 parameters: firstly base substitutions, secondly, local DNA base sequence
context of each mutation. Since there are six classes of base substitution C—A, C—G,
C—T, T—A, T-C, T-»G and since they incorporated information on the bases
immediately 5" and 3' to each mutated base, there are 96 possible mutations in this
classification. This 96 substitution classification is particularly useful for distinguishing
mutational signatures which cause the same substitutions but in different sequence

contexts as reported by Alexandrov et al. (144)

Three mutational signatures were identified in colorectal cancer out of 21
distinct signatures, namely, SignaturelB, 6 and 10; and the percentage contribution of
each signature is shown in Figure 1.6. Notably Signature 1B was characterized by the
predomination of C—T base substitution (Figure 1.7A). Similar to Signature 1B,
Signature 6 is characterized by higher prevalence of C—T mutations, however, it's
distinct from mutational signature 1B in that it contains small indels (1 bp); this pattern
of indels is termed as MSI which characterizes the cancers with defect in MMR
pathway such as colorectal cancer (Figure 1.7B). With regard to Signature 10, it's
characterized by the prominence of two substitution mutations namely, C—A and C—T
where both exceeded 20% (Figure 1.7C)(144).
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M Signature 1B
M Signature 6
M Signature 10
i Other

Figure 1.6: Contribution of the signature of the mu  tational processes operative in
colorectal cancer.

Signature 1B and Signature 6 were characterized by the predomination of C—T base
substitution, whilst signature 10 was characterized by the predomination of C—A and
C—T substitutions. Produced based on data from (144).

Additionally, a publication in 2015 identified two mutational signatures in
colorectal cancer genomes which were signature 1 (predominated by C>T transitions
at CpG nucleotide) and signature 5 illustrated in Figure 1.8 (145). A recent publication
in 2017 identified three distinct mutational signatures in colorectal cancer genome
(146). The first two were signature 1 and 5 that were closely related to those previously
described by the previous study in 2015. In addition, signature 18 was identified in
colorectal cancer genome which was characterized by C>A transversions and it was
associated with MUTHY gene mutation highlighting the potential role of the base
excision repair (BER) system instability in the colorectal cancer tumourigenesis (Figure
1.9).

Previous data highlighted that C>T transition mutation is the most predominant
nucleotide change in colorectal cancer mutated genes. This genetic aberration is
potentially attributed to a variety of factors including deamination of the enzymatically
methylated 5-methylcytosine at CpG islands or O°-MeG resulting from human exposure
to environmental alkylating agents (115,147).
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(B) Contribution of the three signatures identified to each of examined tumours. Figure
adapted from (146).
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1.7 DNA Alkylating agents (AAS)

AAs are considered pro-mutagenic and genotoxic agents (148,149). In addition,
AAs are known as potent human and animal carcinogens. Some AAs are intrinsically
reactive however; most of them require enzyme-mediated bioactivation for the
generation of biologically active intermediates (150). Generally, AAs are defined as
chemical compounds characterized by their high ability to transfer an alkyl group to
nucleophilic sites of cellular macromolecules either proteins, RNA or DNA molecules

through an electrophilic attack (151).

DNA alkylators could act in either a mono- or bifunctional manner.
Monofunctional alkylators transfer only one alkyl group to DNA with the subsequent
formation of covalently modified DNA bases known as alkyl DNA adducts (152). On the
other hand, bifunctional alkylators can react at two different sites in the DNA leading to
the formation of either an interstrand or intrastrand DNA crosslink (153). The formation
of DNA adducts cause disastrous consequences via structural damage of DNA that

affects crucial biological processes contributing to cellular toxicity and mutation (150).

AAs are a large group of different chemical classes with a diverse portfolio of
chemical structures (alkylhalides, tobacco specific N-nitosamines or NNOC). They can
react with DNA via either a Sy1 mechanism that follows 1% order kinetics where the
formation of a carbocation intermediate is the rate limiting step (Figure 1.10A) or a Sy2
mechanism of action which is characterised by the formation of a transition complex,
between the nucleophile and carbon centre, as well as following 2™ order kinetics
(Figure 1.10B) (151). Sn1 agents include N-methyl-N-nitrosourea (MNU), 1,2
dimethylhydrazine (DMH) and TMZ as shown in Figure (1.10C-E), whilst Sy2 agents
include S-adenosylmethionine (SAM) (Figure 1.10F).

An important class of AAs is NNOC, including N-nitrosamines, N-nitrosamides
and nitrosoguanidines. They are characterised by a nitroso group (-N=0) attached to a
nitrogen atom (-N-N=0). Human exposure to NNOC is via either endogenous formation
inside human body or in diet upon ingestion of a range of food products and beverages
such as processed meat, smoked fish, beer, cheese and pickles (154,155). NNOC are
known to be potent carcinogens and the alkylation of human DNA is likely to be the

major mechanism of action (156,157).
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Figure 1.10: Alkylation mechanisms and selected AAs

(A) Syl alkylation mechanism, (B) Sy2 alkylation mechanism, (C) N-methyl-N-
nitrosourea, (D) Temozolomide, (E) 1,2-dimethylhydrazine, (F) S-adenosyl methionine.
X (red) and Y (blue) denote leaving groups and nucleophiles, respectively, for Sy1 (A)

and Sy2 (B) alkylation mechanisms.
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1.8 Human exposure to AAs

AAs are ubiquitous and they arise from exogenous sources or they could be
generated within the body during metabolism. Humans are exposed to AAs from
occupational, environmental, lifestyle or dietary sources. In addition, AAs are used as
cytostatic drugs in cancer chemotherapy in significantly high doses, such as TMZ
(158).

1.8.1 Exogenous exposure to AAs

Total human exogenous exposure to N-nitrosamines is estimated to be 1.10
pmol/day; the major exposure sources are the diet (72%), occupational exposure
(25%), cigarette smoking (2%), and miscellaneous minor sources, including

pharmaceutical products, cosmetics, indoor and outdoor air (1%) as reported by (159).

1.8.1.1 Dietary ingestion of NNOC

Diet is the major source of exogenous exposure to NNOC for most individuals
as they could be formed in food per se prior to food consumption (159). Preformed
dietary NNOC are detected in nitrite/nitrate preserved or food that was exposed to nitric
oxide (NO) during food processing. Most notably processed meat regarded as the
principal source of dietary intake of NNOC as nitrosation of amines or amides in food is
most likely to occur during the curing process of meat by nitrosating agents (160).
Smoked fish, cheese and beer are potential sources of dietary NNOC. A range of N-
nitrosamines are potentially detected in food such as N-nitrosodimethylamine (NDMA)
and N-nitrosodiethylamine (NDEA), N-nitrosopyrolidine (NPYR), N-nitrosopiperidine
(NPIR),  N-nitrosodibutylamine  (NDBA),  N-nitrosomorpholine (NMOR), N-
Nitrosomethylethylamine (NMEA) and N-nitrosoproline (NPRO), although the presence
of the chemically more unstable nitrosamides is less likely (154,161). The chemical
structures of these dietary NNOC are shown in Figure 1.11.
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Figure 1.11: Structures of most common dietary NNOC

(A) N-nitrosodimethylamine; (B) N-nitrosodiethylamine; (C) N-nitrosomethylethylamine;
(D) N-nitrosodibutylamine; (E) N-nitrosopyrolidine; (F) N-nitrosoproline; (G) N-
nitrosopiperidine; (H) N-nitrosomorpholine. Figure adapted with modifications from
(161).

NDMA and NDEA were classified as 2A (probably carcinogenic to human) by
IARC whereas, NMEA, NDBA, NPIP, NPYR, and NMOR were classified as 2B
(possibly carcinogenic to human) (162,163). Levels of detected N-nitrosamines in food

are listed in Table 1.3.
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Table 1.3: Preformed N-nitrosamines in food and bev  erages.

Detected Concentration
Product . : Reference
nitrosamines range (ng/kg)
Red meat and Poultry:
Beef and beef products ND - (163)
Pork meat flesh ND - (163)
Pork meat, in salt 1,2 0.06-0.28 (164)
Pork liver 1,6 0.21-0.64 (163)
Smoked pork brisket 1,2,3,4,5,6 0.04-37 (164)
Chicken ND - (163)
Processed meat:
Ham 1,2,3,4,5 0.04-3.45 (163)
Smoked ham 1,2,3,5,6 0.04-12 (84)
Bacon 1,2,5 0.17-3.92 (83)
Sausages 1,2,3,5,6 0.02-7.9 (163)
German sausages 1,2,3,5,6 0.02-7.5 (164)
Salami 1,2,3,5 0.04-12 (84)
Fish pro ducts :
Tuna 1 0.12 (163)
Salted fish 1,2 7.64-322.92 (84)
Smoked fish 1 0.26 (165)
Fish cake 1,2 0.2-6.44 (166)
Dairy Products:
Dried milk powder 1,2,4,5,6 <0.05-0.3 (167)
Cheese 1,2,5 < 0.04-4 (163)
Yogurt ND - (163)
Butter 6 0.2 (163)
Margarine 1,2,6 0.2-5.8 (163)
Vegetables:
Pickled vegetables 1,2,4,5, 0.01-0.2 (168)
French fries 1.4 0.0024-0.0041 (168)
Fresh vegetables 1 ND-3.3 (164)
Frozen vegetables 2,5 1.7-3.6 (164)
Alcoholic drinks:
Beer 1,2,4,6 0.2-1.87 (163)
Wine 14 0.03-0.11 (168)
Whisky 1,2,4,6 0.16-2.5 (163)
Malt beverage 2,6 0.2-0.73 (166)

!N-nitrosodimethylamine; ~ °N-nitrosodiethylamine; ~ *N-nitrosodibutylamine; ~ *N-
nitrosopyrolidine; °N-nitrosopiperidine; °N-nitrosomorpholine. ND denotes the N-
nitosamine was not detected.
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1.8.1.2 Occupational exposure to AAs

A range of N-nitrosamines could be detected in ambient air or indoor air of the
working areas of certain occupations such as rubber industry, metal working, leather
tanning and fish or meat curing (169). The highest concentration of N-nitosamines in
human environment was reported in ambient air of rubber industry since chemicals
used in the process of rubber vulcanization easily decompose to secondary amines
that are readily nitrosated due to the presence of nitrosating agents such as nitrous
gases in production areas. Moreover NDMA and NMOR were regularly detected not
only in ambient air of 19 rubber factories but also in tyres storage and showrooms
(170).

Similarly, workers at metal, cutting oils and leather tanning industries are
exposed to high level of N-nitosamines which make them at increased risk of multiple
organ cancers such as leukemia, bladder, lung and gastric cancer (169). Regulatory
control measures have contributed to decreasing occupational exposure to N-
nitrosamines in developed countries while in developing countries since working areas

are mostly poorly controlled, workers are still exposed to high levels of N-nitosamines.

1.8.1.3 Tobacco-specific N-nitrosamines

Tobacco-specific N-nitrosamines are a group of both human and animal
carcinogens formed upon nitrosation of the tobacco alkaloids clarifying the strong
association between smoking and cancer (171). They are likely causative factors for
multiple cancers including lung, oral cavity, oesophagus, pancreas, liver and urinary
bladder in smokers (172). Seven tobacco-specific N-nitrosamines were identified,
among those, the most carcinogenic in laboratory animals are 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone (NNK), 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL),
and N'-nitrosonornicotine (NNN) (173,174).
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1.8.1.4 Chemotherapeutic agents

Based upon chemical structure chemotherapeutic AAs can be classified to
either classical AAs including: nitrogen mustards (alkyl sulfonates, nitrosoureas and
azridines) and platinum compounds (cisplatin, oxaliplatin and carboplatin), or non-

classical AAs which include: dacarbazine, procarbazine and TMZ (175).

1.8.1.5 Halocarbons

Halocarbons include chloromethane, bromomethane, and iodomethane which
are commonly used as methylating agents. The most abundant atmospheric
halocarbon is chloromethane (methyl chloride) gas which is generated in many
terrestrial environments, e.g. by plants and fungi, but also industrially. Halocarbons
were reported as mutagenic and carcinogenic agents that do not require bioactivation
(175).

1.8.2 Endogenous formation of NNOC

Endogenous formation of NNOC accounts for 45-75% of the total exposure to
NNOC (159). In general, NNOC can be formed in vivo in a multistep process (involving
formation of both nitrosating agents as well as nitrosable precursors such as amines
and amides). Many factors act solely or in combination facilitating in vivo N-nitrosation
process and the subsequent formation of NNOC; including: bacterial action, acidic pH
of the stomach, inflammation as well as simultaneous ingestion of nitrates/nitrites (food
preservatives), red/processed meat consumption, nitrogen oxides and ingestion of a

nitrosable substrate such as dietary amines (161,176).

1.8.2.1 Endogenous formation of nitrosating agents

Several plausible mechanisms proposed to explain in vivo N-nitrosation

suggested that endogenous formation of nitrosating agents could be mediated through
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(i) chemical acid-catalysed nitrosation (ii) heme-catalysed nitrosation or (iii) Nitric oxide
(NO) pathway.

The first mechanism is ‘chemical acid-catalysed nitrosation’ which relies on
nitrates (NO3) and nitrites (NO,) ingestion. Usually, nitrates are chemically stable,
however, either in food (in situ) or inside the human body they are reduced to less
stable nitrites. This reduction process occurs under acidic conditions in the stomach or
by the action of nitrite reducing bacteria in the oral cavity. Moreover, 80% of gastric
nitrites resulting from nitrate reduction while the remaining 20% are due to ingested
nitrites (177). Subsequently, nitrites are acidified to form nitrous acid (HNO,; Equation
1) followed by dimerization and loss of water forming nitrous anhydride (N,O3; Equation
2). Nitrous acid can also be protonated to form the nitrous acidium ion (H,NO,";
Equation 3). Both nitrous anhydride and nitrous acidium ion act as nitrosating agents
or NO donor where they can readily react with amines and/or amides abundant in
human gut lumen forming N-nitrosamines (R,N-NO; Equation 4) or N-nitrosamides
(RN(NO)COR'; Equation 5), respectively (154,178,179).

Equation 1: NaNO; + H* — HNO, + Na*

Equation 2: 2 HNO; 5 N,0O3 + H,O

Equation 3: HNO, + H* 5 H,NO,"

Equation 4: N,O3z + R;NH — R,N-NO (a nitrosamine) + HNO,

Equation 5: H,NO," + RNHCOR' — RN(NO)COR' (a nitrosamide) + H,O + H*

Furthermore, nitrosothiols that are formed from nitrites and thiol groups at low
pH of the stomach are possible precursors of NNOC in the colon (180). Notably,
processed meat ingestion is the main source of nitrates/nitrites exposure since both
sodium nitrate and sodium nitrites are common food preservatives that are added to
processed meat to inhibit the growth of Clostridium botulinum (181,182); however,

pickled and fermented vegetables contain relatively high amounts of nitrates.

Secondly, NNOC could be generated via the nitric oxide (NO) pathway at sites
of chronic or low grade inflammation by bacteria and activated macrophages which
possibly explains the association between ulcerative colitis and increased risk of

colorectal cancer (183).
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In addition, endogenous N-nitrosation is mediated through heme-catalysed
formation of NNOC (180). Generally meat and red meat in particular is rich in
haemoglobin which is rich in both heme iron and thiol that could be easily nitrosylated
in human intestine forming nitrosyl haem (FeNO) and nitroso thiols (SNO). Both nitrosyl
haem and nitroso thiols which act as nitrosating agents (NO donors) that could
potentially nitrosate both amines (resulting from bacterial decarboxylation of amino
acids) and amides favoring the formation of NNOC in large intestine (180); as

illustrated in Figure 1.12.

The ability of red meat to stimulate endogenous intestinal NNOC formation was
demonstrated in 1996 (184). Furthermore, a previous study conducted in 2006
demonstrated that red meat diet consumption was associated with significant increase
in endogenous formation of NNOC as well as the percentage of the NNOC specific
DNA adduct, O°>-CMG detected in exfoliated colonic cells (185).

1.8.2.2 Nitrosable amines in GIT

The body pool of nitrosable amines is maintained by multiple sources either by
exogenous supply via ingestion of preformed biogenic amines in the diet (in a wide
variety of food or beverages) (186) or endogenous sources including gut microbiota
(187) or biliary/pancreatic secretions. However, the external supply provides a larger
guantity of amines than the endogenous pathway. These dietary nitrosable precursors
create an additional influence of dietary factors on determining human colorectal

cancer risk.

Biogenic amines could have either aliphatic (spermine, spermidine, cadaverine,
agmatine and cadaverine), aromatic (tyramine and phenylethylamine) or heterocyclic
(histamine and tryptamine) structures as shown in Figure 1.13 (188,189). Biogenic
amines in food and beverages result from bacterial decarboxylation of the
corresponding amino acid where histamine, tryptamine, tyramine, cadaverine,
agmatine and phenylethylamine produced upon decarboxylation of histidine,
tryptophan, tyrosine, lysine, arginine and phenylalanine, respectively. On the other
hand, putrescine arises from agmatine and ornithine. Both spermine and spermidine
arise from putrescine via transfer of aminopropyl moieties catalyzed by spermine

synthase and spermidine synthase, respectively (190).
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Figure 1.12: Heme-catalysed endogenous formation of NNOC and associated colorectal cancer risk.

Figure adapted with modifications from (157).
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Figure 1.13: Common biogenic amines in food.

(A) Histamine, (B) Tryptamine, (C) Tyramine, (D) Phenylethylamine, (E) Putrescine, (F)
Cadeverine, (G) Agmatine, (H) Spermidine, (I) Spermine. Figure adapted with
modifications from (188).
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Luminal amine concentrations differ in different species and depend on the
dietary composition. A study investigated polyamine concentrations in human intestinal
lumen of 11 control subjects reported the detection of a range of polyamines including
acetylcadaverine, putrescine, cadaverine, spermidine, NB8-acetylspermidine, N1-

acetylspermidine, spermine and N1-acetylspermine as shown in Table 1.4 (191).

A recent study, published in 2017 (192), has characterised content of amines in
food pellets of the Swiss mice then in 2 intestinal segments ileum & caecum as well as
in rectal faeces as shown in Table 1.5. They reported the detection of 5 amines in food
pellets which were: spermine, spermidine, putrescine, cadeverine and isoamylamine
where spermidine was the richest in food followed by putrescine and spermine. The
concentrations of all of the detected amines were significantly higher in food pellets
with respect to intestinal content, with exception of isoamylamine whose concentration

was significantly higher in intestinal content compared to food.

Moreover, in addition to its role in the reduction of nitrates with subsequent
production of nitrosating agents, bacterial normal flora plays a pivotal role in the
production of nitrosable precursors since NNOC can be formed endogenously in
stomach via an acid mediated reaction upon bacterial decarboxylation of dietary amino
acids into amines followed by nitrosation of the formed amines into N-nitrosoamines
(60,193). A previous study primarily focused on exploring the role of normal bacterial
flora in endogenous NNOC formation has reported a significant elevation in faecal
apparent total NNOC (ATNOC; including nitrosothiols and nitrosyl iron) upon
supplementation of drinking water of normal flora rats with nitrite, however, nitrate

stimulation of ATNOC formation was not reported in in germ free rats (194).

Furthermore, endogenous N-nitrosation occurs because peptides and amino
acids are abundant in the intestine and can be nitrosated to form diazopeptides or N-
nitrosopeptides (195). Another important class of endogenous AAs is N-nitroso bile
acid conjugates that include two major compounds N-nitrosotaurodeoxycholic acid and
N-nitrosotaurocholic acid. N-nitroso bile acid conjugates are formed upon nitrosation of

taurocholic acid or deoxytaurocholic acid in gastric juice (196,197).
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Table 1.4: Concentrations of polyamines in duodenal aspirates from 11 control
human subijects.

| TR
Acetylcadaverine 8/11 44.2+10.8
Putrescine 8/11 5.0+2.2
Cadaverine 8/11 1.6+0.5
Spermidine 11/11 3.4+0.9
N8-acetylspermidine 1/11 2.0
N1-acetylspermidine 1/11 3.7
Spermine 10/11 3.5+1.0
N1-acetylspermine 1/11 4.6

Table reproduced from (191).

Table 1.5: Concentrations of polyamines and trace a  mines in pellet food and
intestinal content of Swiss mice.

Putrescine Spermidine Spermine Isoamylamine | Cadaverine
Sample

(pmole
-1
mg ) Mean | SE | Mean | SE | Mean | SE | Mean SE | Mean | SE

Pellet

to0d 293.9%(29.9|779.8%40.0|144.6% 122 | 57.4%5 | 20 | 26.2%| 1.3

Chyme-
distal 395 | 6.0 | 193.3 | 25.8| 274 | 41 | 2498 | 463 | 9.2 | 23
ileum

Chyme- 65

788 | 88 |497.3"| °> | 354 |132]| 2761 | 47.4 | 163 | 25
caecum 3
Colon | gc 2 | 16.4| 351.0 |57.7| 26.4 | 5.9 | 1985 | 314 | 18.4 | 2.8
faeces

Values are means * SE of at least four determinations, expressed as pmole mg™ of the
sample. 5P < 0.05 food vs. intestinal content; "P < 0.001 Chyme-caecum vs. ileum and
colon (ANOVA). Table reproduced from (192).
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1.8.2.3 Effect of red and/or processed meat on endogenous NNOC

Endogenous formation of NNOC can be assessed by ATNOC in faeces and
there is a large volume of published studies that reported the stimulation of
endogenous formation of NNOC with increased red and/or processed meat
consumption but not white or fish meat (58,184,198,199). A study conducted by Lewin
et al. (185), compared the change in faecal ATNOC concentration on changing from a
vegetarian to a high red meat diet in 21 volunteers. ATNOC output per day increased
significantly from 193+43 pg, on the vegetarian diet, to 667+141 pg on the high-red
meat diet (185).

In addition, another study carried out by Kuhnle et al. (200), reported that the
concentration of ileal nitrosyl iron compounds significantly increased after a high red
meat diet compared to with a non-meat diet (65+6.2 pmole/mg vs. 1.6+0.5 pmole/mg).
lleal nitrosothiol concentration also significantly increased after the high red meat diet
(11+2.6 pmole/mg vs. 0.33+0.2 pmole/mg). Moreover, there was a 400 fold increase in
the concentration of faecal nitrosyl iron compounds after a high red meat diet
compared with vegetarian diet (91.6+46.2 pmole/mg vs. 0.2+0.03 pmole/mg). The
concentration of faecal nitrosothiols also increased after a high red meat diet compared
with vegetarian diet (54.7+36.9 pmole/mg vs. 0.2+0.1 pmole/mg (199).

Furthermore, a study conducted in 2009 highlighted nitrosyl iron to be the main
contributor to endogenous nitrosation since both red meat and processed meat diets
caused a significant increase in faecal nitrosyl iron (78% and 54%, respectively), and
to a lesser extent nitrosothiols (12% and 19% for red and processed meat,
respectively) alongside the reported increase in faecal NNOC (201). Moreover, the role
of nitrosyl iron in endogenous nitrosation was further confirmed by Jossen et al. (202)
who also reported increase in both faecal heme and NNOC with increasing meat in
diet.
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1.8.3 DNA alkyl adduct formation from NNOC

N-Nitrosamines are not carcinogenic unless activated by metabolic enzymes
‘CYP450’ which are responsible for hydroxylation of N-Nitrosamines at the carbon atom
adjacent to the nitroso group forming an intermediate molecule “alpha-
hydroxynitrosamine”. Such intermediate subsequently undergoes spontaneous loss of
an aldehyde molecule via cleavage of carbon nitrogen bond which results in the
formation of alkyldiazohydroxide. In contrast N-nitrosamides (e.g. alkylnitrosourea) are
chemically active under physiologic pH and do not require metabolic activation since
they readily decompose yielding the same alkyldiazohydroxide molecule as an

intermediate step in the production of diazonium ion.

The diazonium ion is the ultimate carcinogen because its electrophilic nature
facilitates its reaction with nucleophilic centres in DNA results in the formation of a
range of DNA alkyl adducts including O°-alkylG adducts as well as N”-alkylguanine (N’-
alkylG) alongside other adducts (161). DNA alkylation is considered the critical step for
NNOC mediated carcinogenicity. The mechanism of NNOC carcinogenicity is

illustrated in Figure 1.14.

An example for AAs reaction with DNA is tobacco smoke AAs NNK and NNAL.
Both NNK and NNAL require metabolic activation by liver metabolic enzymes, namely,
CYP450 generating toxic reactive intermediates which methylate and
pyridyloxobutylate DNA, forming DNA alkyl adducts, most notably carcinogenic O°-
MeG and O°-[4-ox0-4-(3-pyridyl)butyl]guanine (O°-pobG), as illustrated in Figure 1.15.
(203).
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Figure 1.14: DNA alkyl adduct formation from NNOC.

dR denotes 2’-deoxyribose group. Figure adapted with modifications from (161).
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Figure 1.15: NNK and NNN metabolic activation and f ~ ormation of 0°®-MeG and O°-
pobG adducts.

NNK and NNN denote 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone and N'-
nitrosonornicotine, respectively. Figure adapted with modifications from (171). dR

denotes 2'-deoxyribose group.
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1.9 DNA alkylation products

AAs react at the 4 exocyclic oxygen sites and 7 ring nitrogen atoms, or the
phosphate groups producing 2 possible phosphotriesters (152). The transferred alkyl
group could be methyl, ethyl, isopropyl, phenyl or benzyl group as it depends on the AA
reacting with the DNA nucleophilic centre. DNA adducts formed due to alkylation of
exocyclic oxygen atom include: O°-alkylG, O?-alkylthymine (O%-alkylT), O*-alkylthymine
(O*-alkylT) and OZ%alkycytosine (O%alkylC). In addition, DNA alkyl adducts due to
modification of the ring nitrogen are N'-alkyladenine (N*-alkylA), N3-alkyladenine (N*-
alkylA), N’-alkyladenine (N'-alkylA), N3-alkylcytosine (N3-alkylC), N3-alkylguanine (N°-
alkylG), N’-alkylG and N3-alkylthymine (N3-alkyIT). Possible sites of DNA alkylation are

summarised in Figure 1.16.

,|-|/ N Cytosine

5 .
/ ‘ NH //O
Guanine /k H/

/
9N N N/ ;
dR ’ |L . X
/H'/ 3 1 Thymine
HN AN N
7 \H/ R
N-_5
Y NN 0
Adenine ’ /I
/
9N N
|
drR

Figure 1.16: DNA Watson Crick DNA base pairs with p  rincipal alkylation sites.

Sites of the most common base modifications by alkylating agents are shown in red.
dR denotes 2'-deoxyribose group
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Different AAs induce different DNA alkylation products, as summarised in Table
1.6; and the primary site of reaction at the DNA depends mainly on the nature of the
AA and whether it react through Sy1 or Sy2 mechanism. A previous study identified
90% of the DNA alkyl adducts resulting from metabolic activation of NDMA in rat liver.
Alkyl modified guanine adducts were the most commonly occurring adducts
representing 73.8% of the total formed DNA alkyl adducts (0.9% N3-alkylG, 66.8% N'-
alkylG, 6.1% O°-alkylG) followed by alkyl adenine adducts that represented 3.9% only
of the total burden of the detected alkyl DNA adducts (0.9% N'-alkylA, 2.3% N3-alkylA,
0.7% N-alkylA). Other detected DNA alkyl adducts included: N3-alkylC (0.6%); O*-
alkylT (trace) and alkyl phosphate triesters (12%) (204). Previous results highlights that
NNOC alkylation of DNA leads to the formation of a wide range of DNA alkyl adducts of
which O°%-alkylc adducts are of major importance in initiating mutations and

carcinogenicity.

Table 1.6: DNA alkylation products following react  ion with AAs.

DNA base alkylation products (% of total products)

Agent Source Guanine Adenine Cytosine | Thymine
N | N® [ of | N | N° | N N3 NG | o
MMS? Salmon 83 |06 |03]|38]|104] 18 <1 0.08 | ND
sperm (205)
MNU? Salmon 75 |11 |75]15]| 11 | 26 0.7 03 | 01
sperm (206)
NDma® | Ratliver ool 99161 ] 09| 23 | 0.7 0.6 ND | ND
(204)
NNK4 | Mouselung | g0 | \p | 13 | ND | ND | ND ND ND | ND
(207)
NOGC® Ca"zztgg)“us 76 |[ND| 7 |ND| 17 | ND ND ND | ND

same | Micrococeus | g0\l 9 | ND | 13 | ND ND ND | ND
luteus (209)

ND indicates that the alkylation product was not detected. '‘MMS: methyl
methanesulphonate, 2MNU: N-methyl-N-nitrosourea, NDMA: N-nitrosodimethylamine,
*NNK: 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone) *NOGC: N-nitrosoglycocholic
®SAM: S-adenosylmethionine.
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Alkylated DNA lesions are able to cause disastrous effect since they contribute
to carcinogenicity, mutagenicity, genotoxicity and cytotoxicity (210). Several
mechanistic pathways have been proposed to explain DNA alkyl adducts induced
mutagenicity and carcinogenicity including formation of DNA strand breaks and
mispairing (211). However, the toxic potential of DNA adducts is variable. For example,
N’-methylguanine adduct, which is the principal DNA adduct, is not directly mutagenic.
On the other hand, O%-MeG, which is formed in lesser amounts, is mainly mutagenic
and carcinogenic as would be explained in a latter section (158). Eventually, O-
alkylations (O°-alkylc and O*-alkylthymine) are highly mutagenic and genotoxic,
whereas N-alkylations (e.g. N*-alkylA and N'-alkylA) are cytotoxic, but relatively less
mutagenic as it will be clarified in the following section. (212).

1.9.1 O°-alkylguanine ( O°-alkylG) adducts

In the spectrum of DNA adducts formed by AAs O°f-alkylG adducts,
characterised by the addition of an alkyl group at the O° position of guanine base, have
attracted particular interest due to their major role in carcinogenesis. O°-alkylG adducts
include a wide range of adducts such as: 0°-MeG, O°-CMG, O°-ethylguanine (O°-
ethylG) O°-butylguanine (O°-butylG), O°-propylguanine (O°-propylG) and O°-pobG.

0°®-MeG is a characteristic promutagenic and toxic adduct formed due to
exposure to environmental or dietary methylating agents such as cigarette smoke
alkaloids and/or dietary NNOC (213). However, formation of O°-MeG adduct could
arise from endogenous NNOC (206,209). In addition, various nitrosated glycine
derivatives react with DNA in vitro to give carboxymethyl adducts (e.g., O°®-CMG) and

lesser amounts of methyl adducts (e.g., O°>-MeG); as shown in Figure 1.17 (185,208).

1.9.2 Carcinogenic effect of 0°-alkylG adducts

The positive association between O°-alkylG adducts and carcinogenesis is

believed to be mainly through transition mutations and/or recombination (212).
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Figure 1.17: Nitrosation of glycine and formation o f 0°-MeG and O°-CMG
adducts.

Figure adapted with modifications from (214). dR denotes 2’-deoxyribose group.

1.9.2.1 Transition mutation

Earlier publications demonstrated that a range of O°-alkylG adducts including
0°®-MeG (215), O°®-n-propylG, O°-n-butylG and O°-n-octylguanine (216) induce GC:AT

transition mutations after 2 rounds of replication of DNA containing the lesion

(210,217,218). Several hypotheses have been proposed to explain the root cause of

GC:AT mutation. The first hypothesis proposes that GC:AT transition mutations arise
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from the mis-insertion of thymine opposite to O°-alkylG adduct by DNA polymerases
(219,220) and subsequent formation of more stable hydrogen bonded O°-alkylG:T
mispairs. However, this assumption was contradicted by both crystallographic (221)
and earlier studies (222) reporting that O%-alkylG:T mispairs are not more stable than

their O°-alkylG:C counterparts.

Alternatively, Swann et al. (223) suggested that O°-alkylG:T mispairs are
attributed to 2 possible mechanisms. DNA polymerases may misread the O°-alkylG in
the template strand for adenine because of the altered hydrogen bonding properties of
guanine base caused by the presence of an extra alkyl group at O° position and as a
result it selects dTTP rather than dCTP. Additionally, the misreading results from the
close resemblance of O%-alkylG to adenine rather than unmodified guanine in terms of
bond lengths, angles as well as lipophilic characters (O°-alkylG is more lipophilic than
guanine) (224). This assumption has been further confirmed by a recent study in 2011
(225). Alternatively, O°-alkylG:T mispairs retain Watson Crick alignment with the N; in
guanine base juxtaposed to N3 in thymine base facilitating formation of phosphodiester
links whilst the O°-alkylG:C pairs adopt Wobble conformation (223). However, in a
recent crystallographic study (226), a Watson Crick type of structure for the O®-MeG:C

base pair has also been observed; as shown in Figure 1.18.

The association between O°-alkylG mediated transition mutations (G:A, C:T)
and tumorigenesis generally and colorectal cancer specifically is supported by various
animal studies demonstrated that rodents exposure to DMH or azoxymethane (AOM)
resulted in GC:AT transition mutations in a range of genes (APC, K-ras and B-catenin)
as well as induction of colorectal carcinogenesis in the laboratory animals; as
summarised in Table 1.7. Whilst, a human study identified mutations in K-ras oncogene
in colorectal tumour DNA that contained detectable levels of O°-MeG adduct. The
reported mutation frequencies were 28%, 29% and 42% in cecum, sigmoid colon and
rectum, respectively, of which, 72% was in codon 12 and 64% was GC:AT transitions.
Whilst, the mutation frequency of K-ras oncogene in macroscopically normal tissue was
12% and 14% for sigmoid and rectal DNA samples, respectively. Notably, previous
results highlighted the linkage between O°-MeG adduct and K-ras oncogene transition

mutations and the potential association with colorectal cancer.
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Figure 1.18: Structures of (A) and (B) 0°-MeG:T, (C) and (D) O°-MeG:C base pairs.

Cis and trans denote the two possible stereoisomers of O°-MeG. (A), (C) are obtained
by the X-ray. (B), (D) are NMR studies in the absence of DNA polymerase. (A-C)
Watson Crick type, (D) Wobble type. Figure adapted with modifications from (225,227

231).
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Table 1.7: Frequencies of gene mutations found in ¢
by DMH/AOM/MNU in rat/mouse models.

olorectal tumours induced

Mutated | Tumour | Adenoma | Carcinoma | Type of
] AA Ref.
gene (n) (n) (n) mutation
14.3% o . 80% (C>T)
27) 18% (17) | 10% (10) 20% (C>G) AOM | (232)
8.8% 80% (C>T)
APC (57) ND ND 20% (G>A) DMH | (233)
42% G:C>AT
0 0
(32051 & f’fz';’/f’ 27.3% (11) | 42% C:G>T:A | DMH | (234)
15% G:C>T:A
G>A in codon 12
0 b
ND ND 66% (44) 15 or 59 DMH | (235)
22% (50) | 4.3% (23) | 379 (27) | S M COUON L2 1 aom | (236)
. AOM/
0,
ND ND 60% G>A in codon 12 DMH (237)
16.7% 0 o C>T in codon 12
Koras (30) 9% (22) 37.5% (8) or 13 AOM | (238)
58% (43) | 60% (10) | 58% (33) G>Aincodon 12 | DMH | (239)
ND ND 33% (9) G>Aincodon 12 | \iNu | (240)
or 13
8% (12)
0% (2) small G:C>A:T in codon
0,
25% (28) | gl 43% (14) |12 0r 13 Ao 2
large
ND ND 100% (10) | G:C>AT Aom | 242)
.| 68.8% . .
B-catenin (32) 33% (6) 77% (26) G:C>AT AOM | (241)
ND ND 75% (8) G:C>AT AOM | (243)

AA: alkylating agent. DMH: 1,2 dimethylhydrazine, AOM: azoxymethane, MNU: N-
methyl-N-nitrosourea. All of the above studies were in rat models. *This study was in
mouse not rat model. ND denotes no data.
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The second level of relationship between O°-alkylG adducts and carcinogenicity
is through TP53 tumour suppressor gene (125), since G:A transitions were detected in
TP53 leading to deactivation of this tumour suppressor gene which facilitate malignant
transformation of human cells. TP53 G:A transitions were found in colorectal cancer in
a number of locations such as codons 175,204, 213, 248 and 273 (244,245).
Consistently, mutational landscape of human colorectal cancer genomes reported that
C>T transition mutation is the most predominant nucleotide change, as explained
before, highlighting both K-ras and TP53 among the most frequently mutated genes in

colorectal cancer.

An in vitro study characterised potassium diazoacetate (KDA, stable form of
nitrosated glycine) mutational spectrum in a plasmid harbouring human TP53 gene
(246), using yeast functional TP53 mutation assay. They reported that 85% of KDA
induced mutations were substitutions of which 57% were directed at GC base pairs
(52% transitions and 48% transversions) and 28% were directed at AT base pairs. 74%
of detected transitions were GC:AT while 26% were AT:GC transition mutations. It's
worthwhile to mention that, in addition to the above mentioned mutations, KDA
treatment afforded detectable levels of both O°-MeG and O°-CMG adducts.

1.9.2.2 Recombination

The recombinational pathway could potentially contribute to O°-alkylGs induced
malignant transformations. Recombination depends on the action of MMR system
which causes deletions and/or translocations that could possibly lead to deletions of a
tumour suppressor genes or mutational activation of an oncogene (212). O°-alkylGs
could potentially lead to single strand and/or double strand breaks where double strand
breaks are processed by recombination repair system ending with either recombination

or cell death.
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1.9.3 Characterisation of in vivo O%alkylG adducts in colorectal tissue

Initially, in vivo characterisation and detection of O°-alkylG adducts was based
principally on animal studies rather than human samples where experimental animals
were exposed to doses of AAs and for durations that are high enough to induce the
formation of detectable levels of O°-alkylG adducts (203,247).

Many of these animal studies have been able to demonstrate the association
between colorectal cancer incidence and AAs exposure (247-251); it has been
conclusively shown treating SWR mice with DMH, for up to 20 weeks induced colon
cancer in mid (43%) and distal colon (87%) whereas no tumours were detected in
proximal colon. These results were consistent with the further investigation of O°®-MeG
levels in the three colon segments (proximal, mid and distal colon) where the highest
0°®-MeG levels were reported in distal colon and the lowest levels were in proximal
colon, ranging between < 0.1 to 16.6 fmole of O°-MeG/ug of DNA (252). Moreover,
DMH induced predominantly distal colon tumours in mice (248-250), although DNA
alkylation damage was detected in the tissues of colon, liver and kidney, the specific
induction of colon tumour was potentially attributed to tissue-specific differences in the
persistence of certain DNA adducts (251).

The characterisation and detection of Oe—alkyIG that formed in vivo not in vitro,
in human DNA, are even more difficult which is mainly ascribed to the low yield of the
adducts, rapid repair rates as well as the limited amounts of human DNA samples. A
recent approach has been experimentally able to detect O%-alkylG (O°-MeG and O°-
CMG) adducts in human cell lines showing remarkable sensitivity, however, the
attained sensitivity was not high enough for the analysis of human DNA (253-255).
Only a few studies have been able to detect and/or quantify O°-alkylG adducts in
human DNA samples. Moreover, 4 studies detected and quantified O°>-MeG adduct in
human colorectal tissue (256—-259) (Table 1.8) and another study detected O°>-CMG in
exfoliated human colonocytes (185). In addition, one study detected 4 O°-alkylG
adducts (0°-MeG, O°-ethylG, O°-butylG and O°-propylG) in human gastric tumour DNA

(260); data are summarised in Table 1.9.
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Table 1.8: O°-alkylG adducts levels in human colorectal tissue.

Study Normal tissue Tumour tissue
Adduct population | Method Site (n) Frequency Frequency | Level Unit Ref.
(n) (%) Level (%)
Proximal colon (16) | 25 0.02+0.003 60 0.044+0.030 pmol O°-
0°-MedG | UK (62) RIA Sigmoid colon (21) | 52 0.044+0.025 | 32 0.050+0.050 MedG/mol (257)
Rectum (23) # 48 0.042+0.020 | 63 0.046+0.048 dG
O°-MedG | UK (11) |RIA Colorectal region ® | 80 0.08320.106 | 15 0.003:0.007 | Hmol O (258)
T T MeG/mol dG
0°-MedG | UK (78) RIA Colorectal region 44 0.01140.94 52 0.011+0.151 pmol O°- (256)
T T MeG/mol dG
(S:ieﬁrl:g; 4 colon 33 58 pmole of O°-
0°-MedG | UK (58) RIA 9 52 >0.01 32 >0.01 MedG/mol (259)
Rectum
48 63 dG
6 Immuno- . . Mean
O-CMG UK (21) histoche- ((Eé)l:gnlc exfoliated 14+5 - 59+8 - percentage (185)
mistry positive cells

aNormal tissue is taken ~5 cm from the tumour edge, "Normal tissue is tumour adjacent mucosa, RIA denotes Radioimmunoassay.
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Table 1.9: O°-alkylG adducts levels in human gastric tumour tiss

ue.

b

Study Normal tissue Gastric tumour tissue
Adduct population Method Site (n) Unit Ref.
(n) Frequency Level Frequency | Level
(%) (%)
0°-MedG 20.8 0.44 £0.26 12.5° 0.37£0.21
O°-ethylG HRGC- Gastric 0 ND 12.5° 0.68 £0.33 | fmole/ug
O°-butylG ltaly (24) NICI-SIR* mucosa 4.2 0.15+0.004 | 33.3° 0.95+0.38 | DNA (260)
O°-propylG 8.3 0.09 + 0.04 4.2° 0.08 +0.03

®High-resolution gas chromatography-mass spectrometry with negative-ion chemical ionization and selected ion recording. ND, not detectable.

®Adjacent area of noninvolved gastric mucosa. “Enzyme linked Immunosorbent assay.
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1.10 Methods for detection of ~ O°-alkylG adducts

A variety of techniques have been used for the identification and quantification
of O%-alkylG adducts in DNA isolated from animal or human tissues, cells, and biofluids
as well as DNA from in vitro studies. These can be grouped as those involving *P-

post-labelling, immunological assays and mass spectrometry based assays.

1.10.1 3*?P-post-labelling

%2p_post-labelling refers to labelling of the formed DNA adducts with **P. The
labelling process occurs after the adduct formation and is achieved via the transfer of
¥p containing phosphate group from ATP to adducted deoxyribonucleotides followed
by resolving and analysis of labelled adducts. This technique has been used in
detecting O°-MeG adducts (261).

1.10.2 Immunological assays

Immunological assays rely on generating either monoclonal or polyclonal
antibodies to specific O°-alkylG adducts then the produced antibody could be used for
quantitative detection of O°-alkylG adducts via a variety of techniques such as
immunoslot blot, immunohistochemistry (185), RIA (257) and/or enzyme-linked

immunosorbent assay (ELISA) methodology (262).

1.10.3 Mass spectrometry (MS) based assays

Generally MS based assays are being used for detection and quantification, as
well as structural identification of O%-alkylG adducts. MS is an analytical technique the
resolves the ions based on their mass to charge ratio (m/z) therefore, the first step in
mass spectrometric analysis requires the conversion of analyte molecules to gas phase
ions. MS based assays could rely on either detecting the O°-alkylG adducts in the base
or in 2-deoxynucleoside form. Recently, MS based analytical approaches have
contributed to the identification and quantification of O®-MeG adducts as well as O°-
CMG adducts (254,263) and ultra-high pressure liquid chromatography—-tandem MS
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(UHPLC-MS/MS) has been used to quantify of O°®-MeG and O°-CMG adducts in

intestinal cell line (253).

1.10.3.1 Matrix-assisted laser desorption/ionisation-time o f flight (MALDI-TOF)

Generally, every mass spectrometer consists of main integral constituents
which are ion source responsible for generating analyte ions, mass analyser that
resolves ions according to their m/z ratios, detector that detects resolved ions and
records their signals and finally data output system that converts the recorded signals
to a mass spectrum. MALDI-TOF consists of: MALDI ion source coupled with TOF
mass analyser. MALDI ion source relies on laser energy to convert analyte molecules
to gas phase ions that could be either positively (such as proteins and peptides that
become protonated) or negatively charged (264). Matrix molecules crystallise with the
analyte on a target plate and the ionisation process takes place under high vacuum
when the matrix transfers the absorbed laser energy to sample peptides or proteins
leading to desorption, desolvation and protonation of analyte in the gas phase.
Therefore, the function of matrix is to enhance the crystallisation process and to
increase the absorption of laser energy. The most commonly used matrix in MALDI is
a-cyano-4-hydroxy cinnamic acid. Advantages of MALDI include: it produces singly
charged ions and it's a soft ionisation process that conserves the post translation
modifications of proteins (265). Table 1.10 summarises the most commonly used
matrices and their applications (266).

Table 1.10: Most commonly used MALDI-TOF matrices a nd their applications.

Matrix Application
a-cyano-4-hydroxycinnamic acid Peptides, proteins, organic compounds
3,5-d|methoxy-;1(-:fi13/droxycmnam|c Higher mass polymers including proteins

2 5-dihydroxybenzoic acid Peptides, proteins, carbohydrates, synthetic

polymers
3-hydroxypicolinic acid Oligonucleotides
Trihydroxyacetophenone Oligonucleotides, carbohydrates
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TOF mass analyser is compatible with the intermittent or discontinuous manner
in which analyte ions are produced by MALDI. In this mass analyser ions are driven
along a flight path under electric current where ions are being resolved based on the
time required to travel the length of the flight path (265). The square of the time is
directly proportional to their m/z ratios. TOF mass analyser could be operated in two
modes either linear or reflective mode (Figure 1.19) using electrostatic reflectors to
increase the length of the flight path improving the resolution and to correct disparities
in initial velocities of the ions. Advantages of TOF include mass accuracy, good
resolution power as well as its tolerance to salts. TOF should be calibrated using a set
of peptide standards with known molecular masses for accurate measurement of m/z

values of sample peptides to be made (267).

The detector is responsible for detecting the resolved ions and generating a
signal that could be converted by a computational data output system to a mass
spectrum. When ions collide with the detector packets of electrons or photons are
generated that could be amplified by electron multipliers. Most commonly used
detectors are microchannel plate detectors that are characterised by a plate that

contains several parallel channel electron multipliers (264).
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Figure 1.19: A schematic diagram of MALDI-TOF mass  spectrometer.
Reproduced from (264).

78 |



Chapter One

1.11 DNA repair mechanisms

DNA repair mechanisms are considered the first barrier and defence against
genotoxic-induced DNA damage. These repair mechanisms aim at maintaining
genomic stability and integrity. DNA repair pathways include two major steps. The first
step is the recognition of DNA damaged site whilst the second step is either removal of
DNA lesion or repairing that lesion (268). Thus, DNA repair mechanisms are essential
for the viability and longevity of a healthy organism. The most important DNA repair
mechanisms are BER, nucleotide excision repair pathway (NER), mismatch repair
(MMR), double strand break repair (DSBR) and direct repair pathway via DNA repair
protein, namely, O%-alkylguanine DNA-alkyl transferase (MGMT).

1.11.1 MGMT protein

MGMT, also known as AGT and ATase, is a DNA repair protein or a suicide
enzyme that provides protection against the mutagenic, cytotoxic and carcinogenic
effects of O%-alkylG adducts induced by exposure to AAs. MGMT protein functions
through transfer of the alkyl group from the O° position of the modified guanine base to
the cysteine residue within the MGMT active site pocket in an auto-inactivating
stoichiometric and irreversible process that results in regeneration of the guanine base;
as shown in Figure 1.20 (269). This transfer results in inactivation of the protein
followed by its degradation through ubiquitination pathways by the proteasome (270).
Therefore, the cellular capacity to withstand or avoid the disasterous effects of Q°-
alkylG adducts is directly related to both the total number of active MGMT molecules

and the rate of its de-novo synthesis (269).

Increased MGMT activity increases cellular resistance to AAs toxicity whilst
depletion of cellular MGMT renders the cell more susceptible to AA-induced toxicity
and carcinogenesis. Thus, MGMT is regarded as a key node in the defence against
carcinogenic effect of AAs, and a marker of resistance of normal and cancer cells to
alkylating chemotherapeutics (271). MGMT protein was discovered in 100 different
species including eubacteria and eukaryotes such as E. coli bacteria (Ogt) as well as
human MGMT. However, MGMT was not detected in plants and Schizosaccharomyces
pombe (272).
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Figure 1.20: MGMT direct reversal repair of ~ 0°-MeG adduct.

1.11.1.1 Human MGMT gene

Human MGMT gene is located on chromosome 10926 and it is composed of
five exons and 4 very large introns (each exceeding 40 kb) and it spans for 300 kb: the
last four exons are coding and the second intron is particularly large (170kb) (273).
Figure 1.21 illustrates nucleotide sequence and exon structure in MGMT cDNA. Human
MGMT gene encodes a protein which is 21.64 kDa and consists of 207 amino acids.
MGMT protein amino acid sequence will be shown later. MGMT gene promoter region
is located upstream of the first exon and is extremely rich in both G and C nucleotides,
a characteristic feature of CpG island (274). Hence, MGMT expression is regulated by
methylation of its promoter region “CpG island” (275) where methylation of such region

leads to gene silencing and loss of protein expression (276).
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1 CCCGCGCCCC GGATATGCTG GGACAGCCCG CGCCCCTAGA AGGGTIMTCCGACGCC
61 CGCAGGTCCT CGCGGTGCGC ACCGTTTGCG ACTTGCCCCCIRTeEC CCGCCGLCCCC
121 TTG GTACTTGGAAAAATGGA CAAGGATTGT GAAATGAAAC GCACCACACT GGAITAGC
181 TTGGGGAAGC TGGAGCTGTC TGGTTGTGAG CAGGGTCTGC ACRABTTCCTGGGC
241 AAGGGGACGT CTGCAGCTEICCGTGGAG GTCCCAGCCC CCGCTGCGGT TCTCGGAGGT
301 CCGGAGCCCC TGATGCAGTG CACAGCCTGG CTGAATGCCT@ATACCA GCCCGAGGCT
361 ATCGAAGAGT TCCCCGTGCC GGCTCTTCAC CATCCCGTTCAGCAAGA GTCGTTCACC
421 AGACAGGTGT TATGGAAGCT GCTGAAGGTT GTGAAATTCGANMEI GAT TTCTTACCAG
481 CAATTAGCAG CCCTGGCAGG CAACCCCAAA GCCGCGCGABEIEGAGG AGCAATGAGA
541 GGCAATCCTG TCCCCATCCT CATCCCGTGC CACAGAGTGG TCTGCAGCAG THEAG
601 GGCAACTACT CCGGAGGACT GGCCGTGAAG GAATGGCTTCCTGATGA AGGCCACCGG
661 TTGGGGAAGC CAGGCTTGGG AGGGAGCTCA GGTCTGGCABIGGGCT CAAGGGAGCG
721 GGAGCTACCT CGGGCTCCCC GCCTGCTGGC CGAAACTGAGTIBTAGT AGGATGGATG
781 TTTGAGCGAC ACACACGTGT AACACTGCAT CGGATGCGGAGGAGGC ACCGCTGTAT

841 TAAAGGAAGT GGCAGTGTCC TGGGAA

Figure 1.21: Nucleotide sequence and exon structure in MGMT cDNA.

Exons 1, 2, 3, 4 and 5 are blue, red, purple, green and black, respectively. The initiation and stop codons are highlighted in yellow. Underlined
sequence indicates the coding region. Genbank accession number: NM_002412.3 (274,277).
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1.11.1.2 Human MGMT protein structure

X-ray crystallographic studies of unreacted human MGMT protein revealed that
it consists of 2 domains and a bound zinc atom. The two domains are an N terminal
domain and a C terminal domain, with approximate overall dimensions of 20 A x 35 A x
40 A (278). The N terminal domain spans 1-85 amino acids residues whilst the C

terminal domain spans 86-207 residues.

Within the C terminal domain, there is an active site cysteine motif (PCHR, 144-
147) that contains the alkyl acceptor residue (Cys-145). In addition, the human MGMT
crystal structure revealed a helix-turn-helix (HTH) DNA binding motif which consists of
two helices, the first HTH helix is at residues Tyrosine 114- Alanine 127, while the
second is called the recognition helix (Alaninel27- Glycinel36 ; human MGMT
numbering) which interacts with DNA (278,279). Although C terminal domains contain
all the essential residues for alkyltransferase activity, the C terminal domain retains no

activity in absence of N terminal domain (272).

Thus, the role of N terminal domain is potentially related to maintaining the C
terminal domain in the active configuration. Occupation of the N terminal domain by
zinc increases protein conformation stability and enhances correct folding of the protein
conferring a mechanistic enhancement of the repair (280). Crystal structure of MGMT
is illustrated in Figure 1.22(A).

1.11.1.3  Repair of O°®-alkylG adducts by MGMT

Human MGMT repair of O°-alkylG adducts includes a number of distinct steps
(Figure 1.22B-C) (281). The first step requires conformational change of MGMT
exposing the active site cysteine residue (279). Both DNA binding motifs and MGMT
active site are linked via an asparagine hinge (Asn-137) which is mainly responsible for
stabilizing the two tight turns via hydrogen bond formation with the following residues:
valine 139, isoleucine 143 as well as the thiol group at the active site cysteine residue
145 (272). During the repair process, MGMT binds to the DNA minor groove via the
HTH motifs and then the arginine ‘finger’ (Arg-128) rotates the alkyl modified guanine
base outside of the DNA double helix into the active site pocket (279,282).
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Figure 1.22: Human MGMT X-ray crystallographic stru  cture, zinc site, and DNA
binding.

(A) Unreacted MGMT structure. The N-terminal domain is shown in green, the C-
terminal domain is shown in yellow, and the HTH motif is shown in blue. The active site
cysteine, arginine finger, “Asparginine hinge”, and zinc ligands are shown in ball-and-
stick representation. (B) DNA-bound MGMT structure. MGMT uses the recognition
helix of the HTH motif to bind the minor groove of DNA. (C) Hydrogen bond network
and proposed reaction mechanism for MGMT. Figure copied from (279).
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This nucleotide flipping is mediated by Arg-128 potentially enters the DNA stack
promoting extrusion of target O°-alkylguanine nucleotides from duplex DNA and
stabilizing the gap left by the resultant extrahelical nucleotide (278). Formation of the
MGMT-DNA complex does not result in any remarkable structural change to the MGMT
protein while it causes the DNA minor grove to widen and bend approximately 15°
away from the protein to help to flip out the alkylated base from DNA helix (278,282).
Then the alkyl group is removed from the O° position and transferred to the nucleophilic
Cys-145 residue via an in-line displacement reaction, rendering MGMT irreversibly
inactive. Finally alkylated MGMT dissociates from the repaired DNA duplex and then
degraded (283).

MGMT has shown reactivity towards both duplex and SS DNA substrates,
however, repair rates seemed to be slower with SS substrates than duplex (284).
Moreover, a significant number of publications suggested the role of DNA-mediated
conformational change promoting the interaction between MGMT molecules, resulting
in cooperative DNA binding which is proposed as the main mechanism for MGMT
binding and subsequent repair of SS DNA (284-286). During cooperative binding,
MGMT molecules seem to overlap along the DNA contour allowing protein-protein
interaction which contributing to cooperativity and DNA-dependant crosslinking of

MGMT molecules, as shown in Figure 1.23.

1.11.1.4  MGMT substrate specificity

Human MGMT is almost exclusively specific for repair of O°-alkylG adducts.
Moreover, MGMT demonstrated the ability to repair a wide range of O°-alkylG adducts
containing either aliphatic (methyl, ethyl, hydroxyethyl, carboxymethyl, butyl or propyl)
(269), aromatic (benzyl (287) or pyridyloxobutyl (288)) or 4-Bromothenyl (Patrin-2)
(289) or 2-chloroethyl alkyl moieties at the modified guanine base. The rates at which
MGMT repair O%-alkylG adducts were found to be influenced by two main factors which
are the identity of the alkyl group as well as the surrounding DNA sequence (290,291).
Previous reports suggested that MGMT repair efficiency of O°-alkylG adducts was
inversely correlated to the increase in the size of the alkyl group at the O° position of
the modified guanine which was strongly contradicted by later reports highlighting
higher MGMT repair preference for O°-benzylG adducts relative to O®-MeG which was

ascribed to a potential electronic effect of the benzene ring (275).
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(A) L
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Figure 1.23: MGMT cooperative binding topology.

Black rod and blue filled ovals represent DNA and MGMT, respectively. (A) Non-
overlapping adjacent binding. (B) Overlapping binding viewed from perpendicular to the
DNA axis, where 2 proteins bind different surfaces of the same DNA segment. (C)
Overlapping binding viewed along the DNA axis. The DNA is represented by the black
circle in the center. Three proteins, represented by gray, magenta, and blue ovals, are
bound with a rotational offset angle of 120°. Figure adapted from (292).

The relative rates of repair are: benzyl > methyl > ethyl > n-propyl, n-butyl (275).
Other adducts such as pyridyloxobutyl-, 2-hydroxyethyl, iso-propyl, iso-butyl, tert-butyl
are also repaired but at slow rates (293). Table 1.11 summarises the concentrations for
both ODNs containing O°-alkylG adducts and O°-alkylG free bases required for 50%
inactivation of human MGMT (ICs, values). These results demonstrate the impact of
both the identity of the alkyl group as well as the local DNA sequence context on the
ability of O%-alkylG adducts to inactivate MGMT protein.
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Table 1.11: IC 5 values of oligodeoxyribonucleotides (ODNs) and fre e base

inactivators of human MGMT.

Human MGMT inactivator

ICs0 (M)

AAC AGC CAT AT(0°-MeG) GCC C

0.0157(294)

AAC AGC CAT AT(O-benzylG) GCC C

0.0002 (294)

AAC AGC CAT AT[O®-(4-bromothenylG)] GCC C

0.0001 (294)

AAC AGC CAT AT(O°-hydroxyethylG(O®-HOEtG)) GCC C

5.50 (294)

CCG CTA (0°-MeG)CG GGT ACC GAG CTC GAA T

0.0029 (295)

CCG CTA (0%-benzylG)CG GGT ACC GAG CTC GAA T

0.0021 (295)

GCC ATG (0°-MeG)CT AGT A

0.0009 (296)

GCC ATG(O®-CMG)CT AGT A

0.0017 (296)

0%-MeG

428 (297), 350 (295)

0O°-benzylG

0.18 (297), 2.7 (295)

O°-(4-bromothenyl)G

0.0034 (297)

In addition, results shown in table 1.11 highlights that, 1Cso values for 05-MeG,
0°-benzylG and O°-(4-bromothenyl)G bases were higher for free bases than that for
the same adducts in ODNs either 13, 16 or 25 mer. The suggested DNA sequence
effect on MGMT repair preference is supported by the variation in ICsq demonstrated in
the results above. The only other possible substrate for MGMT is O*-methylthymine
that is repaired very slowly by human MGMT but at higher rates by other MGMT

homologs such as E.coli Ogt (298).
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1.11.1.5 MGMT expression and activity levels

Both activity and expression levels of MGMT greatly vary among different
tissues and tumour types (288). In normal human tissue, the highest MGMT activity
levels were found in the liver, colon, esophagus, lung whilst lowest activity levels are
reported in brain and myeloid tissue (288—290). Figure 1.24 shows MGMT activities in
extracts from human tissue reported by the same study. In addition, previous studies
reported a considerable variation in MGMT activity between neoplastic vs. non-
neoplastic tissues where increased activities were reported in breast, brain and colon

tumours relative to adjacent non-malignant tissues (291).
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Figure 1.24: MGMT activities in human tissue extrac  ts.

MGMT activity was assessed via radioisotopic assay using °H-methylated DNA.
Produced based on data from (299).

Consistently, MGMT activity in both normal and tumour colorectal tissue
showed the same pattern of regional disparities where the highest activity was reported
in the rectal tissue followed by proximal then sigmoid colon tissues, as shown in Table
1.12 (300). MGMT activity in malignant sigmoid tissue was higher than that of the
corresponding non-malignant tissue. Moreover, MGMT activity in normal rectal tissue
was significantly higher than that in normal tissues from sigmoid colon. The inter-
individual variation in MGMT activity in normal colon and rectal tissues were reported to
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be 4-fold and 6-fold, respectively, that rose to 13-fold and 7-fold, respectively, in case

of malignancy (300).

Table 1.12: MGMT levels in tumour and macroscopical  ly normal tissue from
patients with diseases of the colon and rectum.

Sample set Normal tissue1 Range Tumour tissue Range
Mean+SD (n) Mean+SD(n)
Benign 98+35 (14) 53-162 - -
Malignant 107+44 (36) 52-201 146+104 (34)" 35-451
Proximal colon 118+47 (15) 52-201 150+90 (14) 41-320
Sigmoid colon 100+40 (21) 56-194 144+115 (20)" 35-451
Rectum 148+76 (26)~ 57-342 170+90 (21) 48-348

'Results expressed in fmole/mg protein (n= number of samples). "Activity significantly
higher than in normal tissue (P<0.05). “Activity significantly higher than in normal tissue
from the sigmoid colon (P<0.05). Reproduced from (300).

Thus tissue heterogeneity in MGMT activity levels mirrors the variation in
expression levels as well as the potential presence of expression enhancers (such as
diet, cigarette smoke or ionising radiation in human probably via induced double strand
breaks) or inhibitors (such as low alcohol doses in rats not in humans) (301,302).
MGMT expression depends mainly on the methylation status of the CpG islands of the
gene promoter region (the presence of 5-methylcytosine in CpG islands). Notably,
methylation of these normally unmethylated sites within promoter region of MGMT
gene is correlated with MGMT gene silencing and attenuation of MGMT protein
expression (276) which is likely to be a result of epigenetic modifications that do not
alter genetic information. Furthermore, p53 protein was reported to suppress MGMT
transcription in both human tumour cells and animal cells (303,304).
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1.11.1.6  MGMT gene silencing and colorectal cancer risk

The epigenetic silencing of MGMT was reported in 30-40% of human colorectal
cancers (305). MGMT silencing is particularly important because that results in
persistence of O%-alkylG adducts that induce GC:AT transition mutations which could
play a primary role in human neoplasia generally and in colorectal cancer specifically.
This finding is supported by a previous study that investigated the MGMT CpG
promoter hypermethylation in DNA obtained from 524 primary human tumours, cancer
cell lines and normal tissues (306). They reported that all tested normal human tissues
were unmethylated at MGMT gene promoter region. However 38% of colon cancer
studied samples were methylated (306). Table 1.13 and 1.14 show the frequency of
MGMT promoter methylation in cell lines, colorectal cancers, adenoma and normal

colorectal tissue reported by previous studies.

Table 1.13: MGMT methylation frequency in microsate llite stable (MSS) and
microsatellite instable (MSI) cell lines and human colorectal cancers.

Cell type MSS MSI Total
Colorectal cancer 5/11 (45%) 5/9 (56%) 10/20 (50%)
cell lines
Human colorectal 10/25 (40%) 11/28 (39%) 21/53 (40%)
cancer

Reproduced from (305).

Table 1.14: Promoter methylation frequency for MGMT gene in colorectal cancer,
adenoma, and normal colon.

Tissue Frequency of MGMT
. P value
methylation
Colorectal cancer 25.5% 0.003?
Adenoma 21.1% NSP
Normal 0% 0.012°

3Colorectal cancer vs. normal, "Colorectal cancer vs. adenoma, ‘Adenoma vs. normal.
Reproduced from (307).
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MGMT silencing is potentially associated with G to A transitions in the K-ras
oncogene as well as G:C to A:T transition mutations in TP53 tumour suppressor gene.
Previous publication demonstrated that, of 314 colorectal tumours (249 carcinomas
and 65 adenomas), 126 demonstrated MGMT gene promoter hyper-methylation of
which 43 (34%) showed GC:AT transition mutations in TP53 gene, whereas, MGMT
unmethylated tumours only showed GC:AT changes in 37 of 188 (19%) tumours (125).
Their data suggested that epigenetic silencing of MGMT by promoter hypermethylation
was significantly associated with the presence of G:C to A:T transition mutations in
TP53 (P=0.01) (125).

Furthermore, another study showed that, among all studied colorectal cancer
cases, 51 cases displayed G to A transition mutation in the K-ras oncogene, 37
displayed other K-ras mutations and 156 cases did not show any mutations in K-ras
oncogene. In addition, 71% of the cases displayed G to A transition mutation in the K-
ras oncogene had MGMT promoter hypermethylation, whilst only 32% of those with
other K-ras mutations demonstrated MGMT methylation (P= 0.002) (308).

MGMT gene silencing by promoter hyper-methylation was proposed as a
mediator of sporadic colorectal cancer as MGMT promoter methylation was detected in
97%, 37% and 27% of colorectal tumour tissue samples, normal adjacent mucosa
(normal mucosa of colon cancer patients) and normal control samples, respectively, by
a previous study. In addition, GC:AT transition mutations in K-ras oncogene was
detected in 12% and 3% of colorectal tumours with methylation and colorectal tumours
without methylation, respectively (309).

Consequently, variation in MGMT activity in human tissues determines tissue
susceptibility to GC:AT transition mutations in K-ras oncogene induced by a wide range
of AAs either in human tissues or experimental animals. It was reported that MGMT
activity was significantly lower in colorectal tissue with K-ras GC:AT transition mutation,
not transversion, compared to that in normal colorectal tissue without the specified
mutation suggesting MGMT potential protection of colorectal tissue against K-ras
GC:AT transition mutation induced by O°-alkylG adducts (310). Animal studies reported
that MGMT overexpression in transgenic rodents provides protection against AA-
induced K-ras GC:AT transition mutation (311).
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1.11.2 MGMT like proteins

Alkyl transferase like proteins, known as Atl proteins, is another defense
mechanism or pathway to protect normal cells against DNA alkylation damage that has
been identified in many unicellular species (312). They differ from MGMT in that; their
alkyl acceptor putative site is either tryptophan or alanine but not cysteine
(302,313,314). Atl proteins can bind to a wide range of O°-alkylguanine adducts in DNA
and can even reverse their binding to MGMT (302,312-314). Atl proteins lack
alkyltransferase either from DNA or ODNSs, glycosylase, or endonuclease activities
(315). However, Atls use nucleotide flipping to access the alkyl modified guanine bases
as MGMT. They bind to alkylated DNA in a similar manner to AGT but bend the DNA
more extensively by 45° forming a complex recognized by the NER system (Atl-NER

pathway).

Most known Atl proteins are from bacteria or fungi but they have not been
identified in higher euokaryotes or plants. The three best studied bacterial Atl were
obtained from E.coli (313) and Thermus thermophiles (316) and Vibrio
parahaemoluticus (317). However, the most characterized fungal Atl was that obtained
from fission yeast Schizosaccaromyces pombe known as (Atll) (314). On the other
hand, the first Atl in a multicellular organism was that identified in the starlet sea
anemone Nematostella vectensis (315). It's possible that in organisms such as E.coli
that has alkyl transferase proteins, Atl proteins are responsible for the recognition of

the bulky O®-alkylG adducts that are not good substrates for alkyl transferases.

1.11.3 Base excision repair (BER)

BER commonly recognizes and repairs DNA base modifications caused by a
number of mechanisms including: base deamination, alkylation, oxidation (reactive
oxygen species) and hydroxylation (318). BER repairs 7 and 3-alkyl guanine adducts
as well as 7 and 3-alkyl adenine adducts (319). BER pathway includes 5 distinct steps.
The first is the recognition of DNA damaged base, followed by its removal via
glycosylase enzyme. This step leads to the formation of an apurinic or apyrimidinic
intermediate. The second step in BER pathway includes cleavage of the

phosphodiester backbone 5° to the AP site using AP endonuclease (320). Then, the
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third step encompasses removal of 5° sugar fragment. Insertion of a new correct base
takes place in the fourth step by DNA polymerase enzyme. The last step is mainly
sealing the DNA break by DNA ligase (321). It is noteworthy to mention that, DNA alkyl
lesions are removed by lesion-specific DNA glycosylases that excise modified bases to
create abasic sites and initiate the BER pathway (322). A previous publication
documented the role of BER pathway in protection against AOM-induced colon
carcinogenesis in mice as they demonstrated that BER deficient animals were more

susceptible to AOM-induced colon carcinogenesis compared to wild type (323).

1.11.4 Nucleotide excision repair (NER) pathway

NER pathway is the most versatile and flexible DNA repair mechanism. Mainly,
NER is responsible for repairing base lesions that distort DNA double helix structure,
interfere in base pairing and eventually block DNA duplication and transcription. Both
UV-induced DNA damage and bulky DNA adducts induced by chemical agents are
repaired by NER pathway (324).

The basic NER mechanism includes recognition of the DNA lesion followed by
opening of the double helix by helicase enzyme. Then cleavage of the damaged strand
a few bases away from the lesion takes place by the action of endonuclease. This is
followed by removal of the DNA segment with subsequent gap polymerization using the
intact DNA strand as template (325).

NER pathway includes two sub-pathways which are global genome NER (GG-
NER) and transcription-coupled NER (TC-NER). The former pathway plays an
important role in removing DNA lesions from transcriptionally active genes whilst the
later does the same function but for the transcriptionally inert genes (326). The role of
NER in protecting cells against the mutagenic and cytotoxic effects of AAs was
proposed by a study that reported the ability of NER to act on O°-butylG adduct in
rodent cells (327).
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1.11.5 Mismatch repair (MMR) pathway

MMR pathway plays a vital role in repairing DNA replication errors resulting
from failure of proofreading by DNA polymerase. In general, DNA polymerase enzymes
possess exonuclease activity to excise incorrect bases from the newly formed DNA
strand; however, failure of this process leads to mispair persistence. Moreover, MMR is
responsible for both recognition and repair of insertions/deletions loops within
microsatellites. Therefore, MSI is recognized as MMR failure or impairment. Both

recombination and cell death are dependent upon MMR system (328).

MMR recognition of DNA replication errors is mediated by either heterodimer
‘MutSa’ comprising MSH2-MSH6 or ‘MutSB’ heterodimer comprising MSH2—-MSH3
based upon the size of the mismatch error. The second step involves recruitment of
another heterodimer known as ‘MutLa’ by the MutS heterodimer. ‘MutLa’ comprises
MLH1 and PMS2 and it forms a complex with MutS at the DNA binding site (329).
MutS/ MutL complex start to translocate in both direction of the newly synthesised DNA
strand until a strand break is encountered. Then, exonuclease-1 is loaded at the strand
break and degrades the strand back towards the mismatch site, while the final stage
allows the repair of the gap by DNA polymerase (using the parent strand as a template)
and DNA ligase that seals the gap (330).

Notably, MMR system could initially recognize the O°MeG:T mispair formed following
one round of replication. Other components of the MMR system are recruited and a
long patch (>1 kb) of the newly replicated strand is removed, as illustrated in Figure
1.25.

1.11.6 Double strand break repair (DSBR) pathway

Double strand breaks are one of the most serious forms of DNA damage. These
breaks, if unrepaired, activate disastrous consequences such as genomic instability
and cell death. Therefore, DSBR is one of the most critical DNA repair mechanisms.
Double strand breaks can result from the effect of reactive oxygen species or ionising
radiation on DNA (331).
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Figure 1.25: Pathways of the biological effects of formation of O°-MeG adduct in
mammalian cells.

S(1) and S(2) indicate the first and second rounds of DNA. MMR corresponds to
mismatch repair, MGMT to O°-methylguanine O°-methyltransferase, HR and NHEJ to
the homologous recombination and non-homologous end joining pathways,
respectively. The relative amounts of mutation, recombination and killing events by O°-
MeG are as reported for repair-deficient human cells in culture and are from Rasouli-
Nia et al. (332). Produced from (212).
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DSBR pathway involves two other sub-pathways which are homologous
recombination (HR) and non-homologous end joining (NHEJ). HR operates in dividing
cells but NHEJ can function in either dividing or non-dividing cells, regardless the cell
cycle (333). HR requires homologous DNA sequence as a template to guide the repair
process and gap filling, for this reason, it performs error free repair (334). Whilst,
NHEJ mainly provides molecular integrity rather than sequence fidelity this is why it's
error prone and could lead to insertion or deletion mutations. NHEJ utilises Ku
heterodimer for recognition of the lesion and functions through tethering the two broken
ends together (335). HR is the major DSBR mechanism during cell replication as it
conserves genome integrity and it's up regulated in S and G2 phases while it's

supressed in G1 phase of the cell cycle (336).

In summary, sporadic colorectal cancer is a multifactorial disease in which
multiple exposures to either endogenous or dietary carcinogens interact with the
individual genetic background in a complex manner to modulate colorectal malignancy
risk (337,338). The hypothesis that AAs are risk factors in the aetiology of colorectal
cancer was strongly supported by previous reports stating the detection of O°>-MeG and
0°-CMG adducts in human colorectal DNA (185,257—259) which both result from the
nitrosation of glycine. In addition to O°-MeG and O°-CMG, more O°-alkylG adducts
were believed to be present in human colorectal DNA as human gut lumen contains a
diverse assortment of nitrosable precursors (amines and amides) (339) that could be
readily nitrosated by endogenously formed nitrosating agents to form NNOC (45).
These NNOC can potentially generate a variety of alkyl DNA adducts including pro-
mutagenic O°-alkylG adducts. This alkyl adductome has not yet been characterised. In
addition, NNOC formation cannot be accurately estimated from meat consumption

alone due to in situ processing required for their formation.

1.12 Aims and objectives

For these reasons, the overall aim of this study was to assess NNOC exposure
via determination of the overall load of O°-alkylG adducts in human colorectal DNA and
then identify and quantify the individual O°-alkylG adducts as risk factors in the
pathogenesis in human colorectal cancer. To investigate it, we have exploited the
action of the DNA repair protein, MGMT, which covalently transfers the alkyl group

from O° position of modified guanine to a cysteine residue at the active site. Following
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trypsin treatment, the alkyl modified ASP can be detected by MALDI-TOF MS. The

development of this novel approach has been carried out in a multistep manner. The
specific objectives of the current work were:

1- Purification, characterization as well as determination of functional activity of both
maltose binding protein-MGMT (MBP-MGMT) as well as his tagged-MGMT (his-
MGMT) fusion proteins.

2- To investigate whether O®-alkylG adducts (O°-CMG and O°-CEG) are substrates for
MGMT and recognized by Atl1.

3- To investigate the mechanism of MGMT inactivation by O°-MeG, O°-CMG and O°-
CEG adducts and to confirm that this was a consequence of the transfer of alkyl group
from O°-alkylG containing ODNSs to the MGMT-ASP using MALDI-TOF MS.

4- To develop a novel MALDI-TOF MS based methodology that would initially detect
and quantify O®-MeG adduct in TMZ modified CT-DNA using the known action of
MGMT.

5- To employ the newly developed MS based assay to assess NNOC exposure by

identifying then quantifying O%-alkylG DNA adducts that result from their exposure in

human colorectal DNA.
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2 Chapter 2: Materials and Methods

2.1 Materials and chemicals

All chemicals used in this work were purchased from Sigma-Aldrich (Poole,

Dorset, UK) unless otherwise stated.

E.coli bacteria harboring MBP-MGMT fusion protein plasmid, purified his-
MGMT, purified MBP-Atl1 fusion protein, purified calf thymus DNA (CT-DNA),
[*H]methylated CT-DNA (synthesized in house) as well as TMZ-modified CT-DNA (CT-
DNA that has been methylated in vitro using TMZ) were supplied by Prof. Geoffrey

Margison.

CT-DNA was deproteinised by dissolving CT DNA in Tris-EDTA buffer (TE, 10
mM Tris-HCI, 1 mM disodium ethylenediaminetetra acetic acid (EDTA), pH 8) at room
temperature (RT), treating with proteinase K and extracting with equal volumes of
phenol/chloroform/isoamyl alcohol. DNA was then precipitated by two volumes of
ethanol and 0.1 volume of 3M sodium acetate pH 5, then dissolved and diluted in TE
buffer.

Our study was conducted using both control G ODNs (with unmodified G
bases) as well as O°-alkylG containing ODNs that contained a single O®-alkylG adduct
in a defined DNA base sequence. Normal control G (13 and 23 mer), 0°>-MeG (13 and
23 mer), SIMA labelled complementary ODN (13 mer), biotin labelled complementary
ODN (23 mer) and HEX labelled complementary ODN (23 mer) were synthesized by
Sigma-Aldrich UK. Whilst, O°>-CMG (13 and 23 mer), O°-CEG (13 and 23 mer), O°-[4-
ox0-4-(3-pyridyl)butyl]G (O°-pobG; 13 mer) and O°-HOEtG; 23 mer containing ODNs
were synthesized using phosphoramidite by Dr David Williams, Centre of Chemical
Biology, Department of Chemistry, University of Sheffield. Structure of the modified
guanine residues in the ODNs are shown in Figure 2.1 and sequence of all used ODNs
are listed in Table 2.1. Three different purifications of LH1 were analysed as illustrated
in Figure 2.2. They consisted of the original purified ODN (LH1a), and two subsequent
re-purified samples (LH1b and LH1c) that were purified from LH1a by Mr Liam Hanson
by HPLC.
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Figure 2.1: Structure of the modified guanine resid  ues in the ODNs used in this
study.

Alkyl groups at the O° position of the modified guanines are shown in colour.
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Table 2.1: Sequences of ODNs used in this study.

Number Madification Length ODN sequence
374 13 mer 5'- [SIMA]JGC CAT GGC TAG TA-3'
16 Unmodified 23 mer 5'GAA CTG CAG CTC CGT GCT GGC CC-3'
Guanine
ConG 23 mer 5-GAA CTG CGG ATC CGT GCT GGC CC-3'
303B 13 mer 5'- [SIMA]JGC CAT GXC TAG TA-3' (X =0°-MeG)
15 0%-MeG 23 mer 5'-GAA CTX CAG CTC CGT GCT GGC CC-3' (X = 0°-MeG)
GMe 23 mer 5-GAA CTG CGX ATC CGT GCT GGC CC-3' (X = 0°-MeG)
OW18 13 mer 5'- [SIMA]GC CAT GXC TAG TA-3' (X =0O°-CMG)
0%-CMG . L — A5
DW1 23 mer 5'-GAA CTG CGX ATC CGT GCT GGC CC-3' (X = O°-CMG)
44 23 mer 5'-GAA CTX CAG CTC CGT GCT GGC CC (X = 0°-CMG)
SRO1 13 mer 5'- [SIMA]JGC CAT GXC TAG TA-3' (X =0°-CEG)
O%-CEG
RA1 23 mer 5'-GAA CTX CAG CTC CGT GCT GGC CC-3' (X =0O°-CEG)
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Table 2.1: Sequences of ODNs used in this study (co  ntinued).

Number ODN type Length ODN sequence
LH1 0°-CEG 23 mer 5-GAA CTX CAG CTC CGT GCT GGC CC-3' (X = O°-CEG)
Oow17 0°-pobG 13 mer 5'- [SIMA]JGC CAT GXC TAG TA-3' (X =0°-pobG)
57 O°®-HOEtG 23 mer 5'-GAA CTX CAG CTC CGT GCT GGC CC-3' (X =0°-HOEtG)
113 13 mer 5-B TAC TAG CCA TGG C-3'
ODN
complements
43 23 mer 5-HEX- GG GCC AGC ACG GAG CTG CAG TTC
DW1 \ .
C 23 mer 5'-GG GCC AGC ACG GAT CCG CAG TTC-3
complement

* SIMA & HEX are fluorophores, and B indicates biotin.

100 |




Chapter Two

23 SS 0°-CEG containing
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Figure 2.2: LH1 preparation used in the current stu  dy.

2.2 Methods

2.2.1 MBP-MGMT plasmid extraction

The human MGMT gene (300 kb) was cloned into a fusion protein expression
vector, the MBP-MGMT plasmid (pMAL plasmid — c2X, pMAL — p2X Polylinker, New
England BioLabs). MBP-MGMT plasmid constructs were transformed into competent
XL-1 blue E.coli and streaked on agar plate. Colonies were picked and inoculated in 5
mL Luria broth medium containing ampicillin (100 pg/mL) and glucose (0.2% w/v), and
incubated overnight at 37°C in a shaker (Orbital incubator SISO, Stuart). The overnight
culture was harvested by centrifugation at 17900g in a cooling centrifuge (Heraeus
Biofuge 15R), for 10 minutes at 4°C.

Plasmid DNA was extracted using the QIAprep® Spin Miniprep Kit (Qiagen Ltd,
UK) according to the manufacturer’s instructions. Pelleted bacterial cells were re-
suspended in 250 L buffer P1 (50 mM Tris-HCI, pH 8; 10 mM EDTA 100 pg/mL
RNase A) and lysed by addition of 250 uL buffer P2 (200 mM sodium hydroxide, 1%
sodium dodecyl sulfate). After 5 minutes incubation at RT, the mixture was neutralized
by the addition of 350 uL buffer N3 (4.2 M guanidinium hydrochloride, 0.9 M potassium
acetate, pH 4.8). The sample was centrifuged for 10 minutes at 17900g (Fisher
Scientific accuspin™ Microcentrifuges) and the supernatants were transferred to a
QIlAprep spin column, and allowed to flow through the column. The column was then
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washed with 0.75 mL buffer PE (10 mM Tris-HCI, 80% ethanol) and plasmid DNA was
eluted with 0.05 ml buffer EB (10 mM Tris-HCI, pH 8.5).

2.2.2 DNA quantification by PicoGreen assay

The MBP-MGMT plasmid DNA concentration was determined by a PicoGreen
assay with purified CT-DNA used to prepare a standard curve. CT-DNA was diluted in
1X TE buffer to concentrations between 0-2 pg/mL. The stock PicoGreen dye
(Invitrogen, USA) was diluted to a working solution with TE buffer (1/1000). Ten uL of
each standard were added to a microtitre plate in duplicate and 100 pL of diluted
PicoGreen dye was added to each well. The fluorescence was measured using a
TECAN Genios plate reader (excitation wave length 485 nm, emission wave length 535
nm, integration time 40 pseconds). The standard curve was accepted when R?>0.99.
The miniprep DNA concentration values were extrapolated from the CT-DNA standard

curve using Magellan v3 software.

2.2.3 MBP-plasmid sequencing

The MBP-MGMT plasmid DNA sequences were obtained using a forward malE
primer (5-GGTCGTCAGACTGTCGATGAAGCC-3’) (New England Biolabs Inc., USA).
The miniprep DNA (300 ng) was mixed with 0.5 pL of the primer in a total volume of 10
pL.  Sequencing was carried out at the Sequencing facility at the University of
Manchester. The sequence data obtained was analyzed using Blast, available at
http://www.ncbi.nim.nih.gov/blast/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSe
arch&LINK _LOC=blasthome.

2.2.4 Expression of MBP-MGMT fusion protein

To express the MBP-MGMT fusion protein, a suspension of the E-coli bacteria
harboring MBP-MGMT plasmid was inoculated into growth medium composed of 10
mL of Luria broth containing both ampicillin (100 pg/mL) and glucose (0.2% wi/v), and
incubated overnight at 37°C in a shaker (Orbital incubator SISO, Stuart). Then 5 mL of
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the overnight mixture was diluted to 100 mL using the same growth medium and
incubated until the optical density was about 0.6 at 595 nm. When this optical density
was reached, MBP-MGMT fusion protein expression was induced by the addition of
both isopropylthiogalactoside (IPTG, final concentration of 0.4 mM) and Zinc chloride
(final concentration 0.1 mM). Three hours later, cells were harvested by centrifugation
at 4820 g for 30 minutes at 4°C. After centrifugation, the supernatant was aspirated
and cell pellets were harvested and stored at -80°C until they were used for extraction

and purification of the MBP-MGMT fusion proteins.

2.2.5 Extraction of MBP-MGMT fusion protein

On ice, bacterial cell pellets were re-suspended in 10 mL of extraction buffer
(20 mM Tris-HCI pH 7.6, 25 mM NaCl, 1 mM EDTA, 5 mM dithiothreitol (DTT)
containing 5 pg/mL leupeptin and a whole Complete Protease Inhibitor Cocktail tablet
(Roche, Germany). The temperature of the bacterial suspension was measured and
the sample was sonicated (10 sec pulse, setting 4.5; Sonicator XL; Bandelin Sonoplus
Electronics) until the final temperature reached 37°C. After sonication, 100 pL of
phenylmethylsulfonyl fluoride (PMSF) (8.7 mg/mL solution in absolute ethanol) was
added immediately to the bacterial extracts and then extracts were centrifuged for 10
minutes at 17900g at 4°C cold centrifuge (Heraeus Biofuge 15R). After centrifugation,
supernatants of the bacterial extracts were collected and then applied to the amylose

column for the purification of MBP-MGMT fusion protein as described in Section 2.2.6.

2.2.6 Purification of putative MBP-MGMT fusion prot  ein

MBP-MGMT fusion protein in the bacterial cell extracts was affinity purified
using amylose resin (New England Biolabs Inc., USA) (313). Amylose resin was
packed into an empty glass column (5 x 2.0 cm) washed with 500 mL of binding buffer
(BB; 20 mM Tris-HCI pH 7.6, 200 mM NaCl, 1 mM EDTA,) at 1.2 mL/minute (P-1
Pump, Pharmacia Biotech) containing 5 mM DTT. UV absorbance of the elute was
monitored at 280 nm with a UV detector (Uvicord S Il, LKB Bromma) connected to a
chart recorder (10 mV, 1 mm per minute, 2210 Chart recorder, LKB Bromma). After
washing, bacterial extracts were loaded onto the column at the same flow rate and the

column was washed with BB until complete elution of the unbound proteins’ peak as
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monitored using chart recorder. Putative MBP-MGMT protein was eluted by the
addition of 10 mM maltose to either amylose BB (conventional elution buffer; 10mM
maltose in BB containing 2 mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP))
or 200 mM ammonium bicarbonate (AMBIC) with 2 mM TCEP (MS compatible elution
buffer; 10 mM maltose in 200 mM AMBIC containing 2 mM TCEP). The putative MBP-
MGMT peak was collected then protein concentration of various fractions was
determined as described in Section 2.2.7.

2.2.7 Quantification of protein by Bradford assay

The putative MBP-MGMT protein concentration determined using the Bradford
Protein Assay with bovine serum albumin (BSA) used to prepare a standard curve.
BSA was diluted in buffer I (50 mM Tris-HCI pH8.3, 1 mM EDTA, 5 mM DTT) to
concentrations between 0-0.1 mg/mL. Bradford protein reagent (Bio-Rad) was diluted 1
in 5 in double distilled water (ddH,O) to a working solution. Forty puL of each standard
were added to a microtitre plate in duplicate and 200 pL of Bio-Rad reagent was added
to each well. The UV absorbance was measured at 595 nm using a TECAN Genios
plate reader. The standard curve was accepted when R*>0.99. Protein concentration

values were extrapolated from the BSA standard curve using Magellan v3 software.

2.2.8 Sodium dodecyl sulfate-polyacrylamide gel ele  ctrophoresis (SDS-PAGE)

analysis of purified proteins

Amylose column purified proteins were analyzed using SDS-PAGE. A 12%
resolving gel was prepared by mixing 8 mL polyacrylamide protogel
acrylamide/bisacrylamide (37.5:1, National Diagnostics UK), 5 mL 1.5 M tris HCI (pH
8.8), 6.6 mL ddH,0, 200 pL 10% SDS, 200 puL 10% ammonium persulfate (APS) and
20 pL tetramethylethylenediamine (TEMED; Bio-Rad Lab USA). This mixture was then
poured into the gel-casting cassette and water-saturated butanol was layered on top.
When the resolving gel had polymerized (within 20 minutes), the water saturated
butanol layer was removed. An upper (5%) stacking gel was prepared by mixing 3.4
mL polyacrylamide protogel, 2.5 mL 1.0 M Tris HCI (pH 6.8), 13.6 mL ddH,O, 200 uL
10% SDS, 200 pL 10% APS and 20 pL TEMED and this solution was poured onto the

top of the resolving gel in the gel-casting cassette and a comb was carefully inserted so
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as to avoid trapping air bubbles. After the stacking gel had set, the plate was attached
to the electrode block and wells were washed by moving the comb up and down in
running buffer (0.192 M glycine, 25 mM pris-Base, 0.1% w/v SDS). Protein samples (75
pL) were mixed with 25 pL of 4X loading buffer (4XLB, 50mM Tris-HCI pH 6.8, 2%
SDS, 10% glycerol, 1% B-mercaptoethanol, 12.5 mM EDTA, 0.02% bromomphenol
blue, NUPAGE™ LDS Sample Buffer; Novex®, Life Technologies USA), heated at 95°C
for 5 minutes and centrifuged for 30 seconds at 17900g (Fisher Scientific accuspin™
Microcentrifuges) and layered carefully into the wells. 30 pg of protein load and
unbound protein and 10 pg of bound protein peak (amylose purified MBP-MGMT or 5
pg of his-sMGMT) were loaded into the gel wells. The protein standard marker (75 pL)
(New England Biolabs Inc.) was mixed with 4xLB (25 pL), and 10 pL of this marker
mixture was loaded into the gel. Electrophoresis was carried out at 200V, until the
bromophenol blue dye was nearly 1 cm from the bottom of the resolving gel. The gel
was removed and stained for 30 minutes with Instant blue Coomassie based stain
(Expedeon; containing Coomassie dye, ethanol, phosphoric acid and solubilizing
agents in water). Destaining of Instant blue stained gels was carried out with ddH,O for
30 minutes.

2.2.9 Western blot analysis

Western blot analysis was carried out using anti-MGMT (in-house rabbit
polyclonal primary) or anti-MBP (mouse monoclonal, Abcam, UK) antibody to confirm
that purified protein fractions contained MGMT or MBP. Proteins separated by 12%
SDS-PAGE (Section 2.2.8) were transferred by wet blotting onto a nitrocellulose
membrane (Whatman, GE Healthcare) by laying the membrane onto the gel for 10
seconds. The membrane was then blocked using 5% PBSTM (5% marvel (Premier
Foods, UK) in 0.1% Tween-20 in phosphate buffered saline (PBST; Life Technologies
USA)) for 1 hour on a shaker (Orbital incubator SISO, Stuart) at RT, washed once with
PBST for 5 minutes. The membrane was incubated for 1 hour on the shaker at RT with
primary antibody (ant-MGMT R63 or anti-MBP antibody, diluted (1:500) in 0.5%
PBSTM). The primary antibody was decanted, the membrane was washed 3 times with
PBST for 5 minutes and then incubated for 30 minutes with the secondary antibody,
Polyclonal Goat Anti-Rabbit Immunoglobulin conjugated with HRP (Dako) or Goat Anti-
Mouse IgM Secondary Antibody (Thermo Scientific USA)(diluted 1:1000 in 0.5%
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PBSTM) on a shaker at RT. The membrane was washed 3 times with PBST for 5
minutes each time.

Enhanced chemiluminescence (ECL) Plus western blot detection reagent
(Amersham, GE Healthcare Limited, UK) was prepared by mixing equal volumes of
detection reagents 1 (peroxide solution) and 2 (Luminol enhancer solution) ECL
reagent (1 mL) was put on a cling film, and the membrane was laid on the cling film

with the protein side downwards.

Developer and fixer solutions were prepared by mixing 100 mL of the developer
or the fixer with 360 mL ddH,O. The autoradiography film (Amersham Hyperfilm™
ECL, GE Healthcare Limited, UK) was placed in a cassette, emulsion side up, the
membrane was placed on the film (for between 10-30 seconds). The x-ray film was
then immersed in the developer solution until the bands were clearly seen, washed
briefly with ddH,O and immersed in fixer for 3 minutes, and washed in ddH,O. Finally,

the developed film was scanned (HP Scanjet 4850).

2.2.10 Determination of MGMT functional activity

MGMT activity was assayed by measuring the transfer of [*H] from N-[*H]-
methyl-N-nitrosourea (Hartmann Analysis: 80 Ci/mmole) methylated CT-DNA to MBP-
MGMT fusion protein (340).

Varying amounts of MGMT protein were incubated initially at 37°C for 90 mins
with 50 uL of [*H]-methylated CT-DNA substrate in a total volume of 200 L of buffer |
containing BSA (1 mg/mL; IBSA). After 1 hour of incubation, 100 uL of 30 mg/mL BSA,
100 yL 4M perchloric acid (PCA), 2 mL of 1M PCA were added and the mixture was
incubated for 50 minutes at 75°C to hydrolyze DNA. Samples were then centrifuged for
10 minutes at 2700 g (Sorvall RC-3B Plus) at 20°C and the supernatants were carefully
aspirated without disturbing the pellets and 4 mL of 1M PCA was added to the pellets.
Centrifugation and aspiration steps were repeated and 300 yL ddH,O were added to
each tube followed by 3 mL Ecoscint scintillation fluid (Mensura Technology) and the
radioactivity was determined using scintillation counter (1900 TR Liquid Scintillation
Analyzer, Packard Tri-Carb Liquid Scintillation Counter). Then the counts per minute

were plotted against amounts of each analyzed fraction and the slope of the line was
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determined and used to calculate the MGMT specific activity by calculating the specific
activity of the [*H] and the counting efficiency of the machine: 1 fmole of MGMT was
equivalent to 34.6 counts per minute (296).

2.2.11 Tandem mass spectrometry analysis

Tandem MS analysis was performed by Bio-MS facility, School of Biological
Sciences as service. Protein samples were supplied in SDS-PA gel, as a gel top band,
and the service carried out the in-gel digestion as well as LC Orbitrap tandem mass

spectrometry analysis.

2.2.12 Annealing of SS ODNs to ODN duplexes

SS ODNSs were annealed to complementary strands via heating with equimolar
amounts of the ODN complement to 95°C in 50 mM NacCl for 20 minutes then allowed
to cool down slowly to RT for >1 hour then stored in -20°C. Double stranded (DS)

ODNs were processed on 20% non-denaturing PAGE analysis.

2.2.13 Non-denaturing (20%) PAGE of DNA fragments

A 20% non-denaturing polyacrylamide gel was prepared by mixing 10 mL
polyacrylamide protogel acrylamide/bisacrylamide (19:1, National Diagnostics UK),
9.45 mL ddH,0O, 0.4 mL tris-acetic acid/EDTA (TAE) Buffer (50X; Bio-Rad Laboratories,
Inc. USA) (242 g tris free base, 18.61 g disodium EDTA, 57.1 ml glacial acetic acid,
ddH,O0 to 1 liter), 150 puL 10% APS and 15 pL TEMED; Bio-Rad Lab USA. This mixture
was then poured into the gel-casting cassette then a comb was carefully inserted in

order to avoid trapping air bubbles.

After the gel was set, the plate was attached to the electrode block and wells
were washed by moving the comb up and down in 1X TAE electrophoresis buffer (40
mM Tris, 20 mM acetic acid, 1 mM EDTA, pH 8.3). ODN samples were mixed with 6X
LB (0.4% orange G, 0.03% bromophenol blue, 0.03% xylene cyanol FF, 15% Ficoll®

400, 10mM Tris-HCI (pH 7.5) and 50mM EDTA (pH 8.0), Promega, USA). Either 100
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fmole of HEX or SIMA labelled ODNs or 2 pmole of non-labelled ODNs were loaded
onto gel. Electrophoresis was carried out using Mini-PROTEAN Il apparatus (Bio-Rad)
at 150V for 23 mer ODNs and 100V for 13 mer ODNSs, until the bromophenol blue dye
was nearly 1 cm from the bottom of the gel. The gel was removed and stained for 10
minutes with 1X SYBR Gold gel stain (Invitrogen, Oregon, USA), for non-hex tagged
ODNs only. Gels were imaged by phosphoimager (Typhoon 9200 Variable Mode
Image, Amersham Biosciences, UK) using HEX setting then the images were

processed using ImageJ program (USA).

2.2.14 Inactivation of MGMT by alkylated ODNs

Purified MBP-MGMT (50 fmole; 10 fmole by activity) was incubated with varying
concentrations of both SS and DS 23 mer ODNs (control G and O°-alkylG containing
ODNSs) (0-250 nM) in a total volume of 150 ml of IBSA buffer (1 mg/mL BSA in buffer I:
50 mM Tris-HCI pH 8.3 containing 1 mM EDTA and 1mM TCEP) for 90 minutes at
37°C, followed by the addition of excess (50 pL) [*H]-methylated substrate DNA and
processing, as described above in Section 2.2.10. This assay examined the following
ODNSs: 0°-MeG (15), O°-CMG (DW1 and 44), O°*-CEG (RA1 and LH1) and control G
(16). Results were presented as %MGMT activity and it was used to calculate 1Csg
(represents the amount of O°alkylG adducts required to decrease MGMT activity to
50%, compared to control) for a range of SS and DS O°-alkylG containing ODNs. The
values presented were the means (xSD) of triplicate experiments and they were used
to establish linearity of MGMT inactivation curves with linear regression analysis using
Microsoft Excel 2010 (294).

2.2.14.1 Statistical analysis of IC s, results

A pairwise comparison using independent t-test was conducted to compare 1Csq
values of SS & DS ODNs as well as to compare I1Cg values of SS & DS 0%-CMG and
O°-CEG to that of the corresponding O°-MeG. Independent t-test statistical analysis
was performed using IBM SPSS Statistics version 22 (IBM Software NewYork, USA).
Statistical significance was considered at P<0.05.
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Ratios comparing ICs, values of SS and DS O°-alkylG ODNs were calculated

using the following equation:

Ricso = ICso for SS OP-alkylG containing ODN/ICs, for corresponding DS O°-alkylG
containing ODN.

2.2.15 Assessment of alkyl group removal by restric  tion endonuclease site

deprotection assay

DS 23 mer control G and O°-alkylG containing ODNs (0.5 pmole; 5 pL of 0.1
LM) were incubated with either MBP-MGMT (10 active pmole in 5 pL of protein extract)
or 5 pL of MBP-MGMT elution buffer in a total volume of 20 pyL of IBSA buffer, so that
the final protein concentration in each tube was 0.25 mg/mL. The whole mixture was
then incubated at 37°C for 4 hours on a shaker incubator (Orbital Incubator, SISO
Stuart), 4 pL of MgCl, (100 mM) were added and then either Pstl (Roche, Applied
Sciences, Mannheim, Germany) or Sfcl (New England BioLabs, USA) or Mbol (New
England BioLabs, USA) enzymes were added (2 pL) for subsequent digestion at 37°C
for 1 hour. Mbol was used for digesting the DW1, GMe and ConG ODNs whilst Pstl
and Sfcl were used to digest all other O°-alkylG containing 23 mer ODNs. The samples

were processed as described in Section 2.2.13 on a 20% non-denaturing PAGE (296).

However, in order to ensure that new employed MS incubation conditions would
not interfere with alkyl group transfer, the assay was carried out in absence of IBSA
buffer where MBP-MGMT was incubated with ODNs in a total volume of 20 uL of buffer
I, instead of IBSA since BSA tryptic peptides could interfere with MGMT tryptic peptides
during MS analysis. Restriction sites for Pstl, Sfcl and Mbol are illustrated in Figure 2.3.

2.2.16 Electrophoretic mobility shift assay (EMSA)

DS 23 mer control G and O°-alkylG containing ODNs (0.75 pmole; 7.5 L of 0.1
pMM) were incubated with either MBP-Atl1 (prepared in house) (0.5 pmole) in a total
volume of 30 pL of buffer I, at 37°C for 20 minutes. The samples were processed as
described in Section 2.2.13 on a 20% non-denaturing PAGE.
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A sfcl —

5-GAA CTX CAG CTC CGT GCT GGC CC-3'

3-CTT GAC GTC GAG GCA CGA CCG GG HEXS’
A

Sfcl

B Mbol
5-GAA CTG CGX ATl CGT GCT GGC CC-3'
3-CTT GAC GCC TAG GCA CGA CCG GG-5'

Mbol

Figure 2.3: Restriction sites for (A) Pstl and Sfcl (B) Mbol.
X denotes O%alkylG base and HEX is a fluorophore.

2.2.17 MALDI-TOF MS analysis of alkyl group transfe  r to MBP-MGMT

Both SS and DS Control (G) and O°-alkylG containing ODNs (O°®-MeG, O°-
CMG or O°-CEG; 13 mer and 23 mer (Table 2.1) (20 pmole) were incubated with
MGMT (2 pmole by activity) for 6 hours at 37°C. Both 23 mer and 13 mer ODNs were
used for this assay (Table 2.1). Then trypsin (Roche, Applied Sciences, Mannheim,
Germany) (ratio of MBP-MGMT:trypsin, 20:1(wt/wt)) was then added and the reaction
was incubated overnight (18 hours) at 37°C. The digestion was terminated by the
addition of 1% formic acid to a final concentration of 0.1% (v/v). Finally, MBP-MGMT
tryptic peptides were desalted and concentrated using C18-Ziptips™ (Merck Millipore,
Ireland) where 10 pL of 0.1% formic acid in 50% acetonitrile was used to wet the tip
then it was washed by 10 pL of 0.1% formic acid (5 times aspirate/dispense cycles). 10
pL of sample was aspirated up and down the Ziptip (10 times). The Ziptip was washed

by 10 pL of 0.1% formic acid (10 times aspirate/dispense cycles), to get rid of the salts.
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Desalted tryptic peptides were eluted in 5 pL of 0.1% formic acid in 50%

acetonitrile/water (10 times aspirate/dispense cycles).

2.2.17.1  Chemical modification of synthetic unmodified MGMT -ASPs

Synthetic MGMT-ASP (20 pL of 1 uM) was reduced via incubation with 10 mM
DTT at 50°C for 30 min then chemically modified by incubation with 50 mM final
concentration of either: lodoacetamide, lodoacetic acid, 2-Bromopropionamide or 2-
Bromopropionamide then it was processed for MALDI-TOF MS analysis as described

below.

2.2.17.2 MALDI-TOF MS analysis and data acquisition

Eventually, 1 pyL from each sample was spotted on a MALDI plate (MTP 384
ground steel, Bruker, Germany) together with 1 pL saturated a-cyano-4-
hydroxycinnamic acid (Fluka, Buchs, Switzerland) matrix solution (10 mg/mL in 50%
ethanol/acetonitrile (v/v)). The MALDI-TOF was calibrated by using either the Peptide
Calibration Standard (Bruker, Germany) or J67722 MALDI Certified Mass Spec
Calibration Standard (Alfa Aesar, UK). Spectra were acquired over the mass to charge
ratio (m/z) range 800-2300 using a Bruker (Germany) Ultraflex Il operating at 30%
laser intensity and 1000 laser shots per spectrum in Reflectron Positive lon mode.
Spectra were generated using FlexAnalysis (Bruker, Germany) software and annotated
using the MS-Digest tool of the protein prospector service (http://prospector.ucsf.edu).
Data were analysed using Peptide Mass Fingerprint (PMF), a Mascot search tool on
the Matrix Science website (http://www.matrixscience.com) with the SwissProt
database at peptide mass tolerance of 0.5 Da with 2 allowed missed cleavages. A
score greater than the significance level (0.05) in Mascot and Expectation Value less
than 0.05 were required. The Mascot Expectation Value is the number of times you
could expect to get this score or better by chance. A completely random match has an
expectation value of 1 or more. The better the match, the smaller is the expectation

value.
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2.2.17.3  Label free quantitation of MGMT-ASP (unmodified an  d alkylated)

Quantitative analyses were conducted measuring R. ratio (monitoring
disappearance of unmodified MGMT-ASP following reaction with alkylated ODNs) and
R; repair ratio (monitoring extent of alkylation). (R.) consisted of peak area (PA) of
unmodified MGMT-ASP/PA of MGMT TP-8. (R;) consisted of PA of alkylated MGMT-
ASP/PA of MGMT TP-8. R. and R; ratios were determined for all ODNs. As for LH1
and SRO1, an additional R, ratio was investigated to compare the relative abundance
of S-carboxamidoethylcysteine-ASP ion to the contaminant S-carboxymethylcysteine-
ASP. (R,) consisted of PA of carbamidoethylated MGMT-ASP/PA of methylated
MGMT-ASP. PAs of chosen peptides were measured by FlexAnalysis software

(Bruker, Germany).

2.2.17.4 Statistical analysis of R ., R;and R,

One-way analysis of variance (one way ANOVA) was carried out to assess the
significance level between various groups (G, SS and DS O°-alkylG ODNSs); it was
performed using GraphPad Prism v7.00. However, pairwise comparisons were
performed using unpaired t-test to investigate significance level between 0°-MeG and
either O°-CMG or O°-CEG, using GraphPad Prism v7.00. Statistical significance was

considered at P<0.05.

2.2.18 Determination of limit of quantification (LO Q) of synthetic unmodified
MGMT-ASP

Synthetic unmodified MGMT peptide containing the active site (Cys-145) of the
sequence (GNPVPILIPCHR), corresponds to positions 136-147 of MGMT, was
purchased (Cambridge Research Biochemicals, Cleveland, UK). Both non-labelled
(light) and heavy isotope labelled (C**N*® proline labelled) were used for estimation of
the lowest LOQ of unmodified MGMT-ASP in MALDI-TOF MS analysis.

In first protocol, synthetic lyophilized peptide was dissolved in AMBIC buffer (25
mM, pH 8), then the sample was diluted with one volume of 20% acetonitrile in AMBIC
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buffer (50 mM, pH 8) and incubated at RT for 30 minutes. Samples were reduced via
incubation with DTT (10 mM final concentration) at 50°C for 30 minutes followed by
capping of unmodified cysteine residues via incubation with N-ethylmaleimide (NEM;
Thermo Fisher Scientific, USA) (20 mM final concentration) at RT for 45 minutes.
Finally dissolved NEM-capped ASP was serially diluted in AMBIC buffer (25 mM, pH 8)
to 4 dilutions of concentrations 5 nM, 50 nM, 0.5 uM and 5 puM.

Whilst in the second protocol, synthetic lyophilized peptides were dissolved in
0.1% formic acid in 20 mM Tris-HCI (pH 4), then the samples were processed as
described in the first protocol except for that capping of cysteine residues was carried
out using NEM (30 mM final concentration). Protocol 3 was similar to protocol 2 except
for decreasing pH of AMBIC buffer to 7 instead of 8 where NEM capping step was
conducted at pH 7 and diluting the dissolved unmodified ASP with AMBIC buffer (25
mM, pH 7) to 4 dilutions of concentrations 5 nM, 20 nM, 50 nM and 0.5 puM. Protocol 4
was the same as protocol 3 except for skipping the cysteine residues capping with
NEM.

After sample preparation, 1 pL of each serial dilution was spotted on MALDI-
TOF plate and synthetic peptides were processed for MALDI-TOF analyses on a
Bruker Ultraflex™ (Bruker Daltonics, Bremen, Germany) as described in Section

2.2.17. S/N > 10 was required for detected peptides ions.

2.2.19 Determination of LOQ of synthetic methylated MGMT-ASP standard

Both synthetic light and heavy isotope labelled (C*N* Proline labelled)
methylated MGMT-ASP (Cambridge Research Biochemicals, Cleveland, UK) were
solubilized in 0.1% formic acid in 20 mM Tris-HCI (pH 4), then serially diluted by
AMBIC buffer (pH 7). Serial dilutions (5 nM, 20 nM, 50 nM and 0.5 puM) were used for
determination of MALDI-TOF MS lowest LOQ as described in Section 2.2.17.

2.2.20 Establishment of linearity of quantitative M ALDI-TOF

Five serial dilutions (0.25, 0.5, 1, 1.5 and 2 uM) of the four available synthetic
versions of MGMT-ASP were prepared as explained in Section 2.2.18. and 2.2.19.
113 |



Chapter Two

Then serial dilutions were processed for MALDI-TOF MS analysis as described in
Section 2.2.17. Herein, the PAs corresponding to MGMT-ASP standard ions were
measured using Flexanalysis software and plotted against amount of MGMT-ASP
standard that was analyzed in fmole to establish linearity with linear regression analysis

using Microsoft Excel 2010.

2.2.21 On-bead digestion of MBP-MGMT following incu  bation with CT-DNA

MBP-MGMT (24 pmole; 6 active pmole) was incubated with methylated CT-
DNA (TMZ-modified CT DNA; 500 pg containing O°-MeG adduct (3 pmole; as
determine by radioisotopic assay)) or unmodified CT-DNA as negative controls in
Buffer | (500 pL; containing 2 mM TCEP) for 6 hours at 37°C. Following protein
reaction with CT-DNA, amylose coated magnetic beads (50 pL; New England BioLabs,
USA) were incubated with the protein and CT-DNA mixture at 4°C overnight to capture
MBP-MGMT protein from CT-DNA, according to the manufacturer’s instructions. The
reaction mixture was then centrifuged at 19000g (Fisher Scientific accuspin™
Microcentrifuges) for 2 minutes and the supernatant was aspirated and decanted.
Recaptured proteins from the DNA by the beads were then digested in situ (on-beads)
by incubation with trypsin (10 pL of 0.1ug/pL) at 37°C for 18 hours. The digestion was
terminated by the addition of formic acid to a final concentration of 0.1% (v/v). Protein
digests were desalted using C18-ZipTips™ (Section 2.2.17). On-beads tryptic digests
were then analysed by MALDI-TOF MS analysis as described in Section 2. 2.17.

2.2.22 In-solution digestion of MBP-MGMT following incubation with CT-DNA

MBP-MGMT (16 pmole; 4 active pmole) was incubated with unmodified CT-
DNA (500 pg; sonicated on ice for 20 seconds) in presence of Buffer | with 2 mM TCEP
(500 pL) then protein and DNA mixtures were concentrated with Amicon centrifugal
tubes (Merck Millipore, Ireland) according to the manufacturer’s instructions followed by
in-solution trypsin digestion (10 pL of 0.1 pg/uL) via incubation at 37°C for 18 hours.
The digestion was terminated by the addition of formic acid to a final concentration of
0.1% (v/v). Eventually protein tryptic peptides were concentrated and desalted using
C18-ZipTips™.
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Prior to MS analysis, desalted tryptic peptides were spiked with C**N*® proline
labelled unmodified ASP internal standard (1 pmole) to assess the percentage of
protein recovery by means of quantifying unmodified MGMT-ASP. MALDI-TOF MS
analysis was carried out as described in Section 2.2.17. PAs of chosen peptides
(unmodified MGMT-ASP & internal standard) were measured by FlexAnalysis software

(Bruker, Germany).

Moreover, for validating the in-solution digestion protocol MBP-MGMT (16
pmole; 4 active pmole) was incubated with methylated CT-DNA (500 pg) containing
0.5, 1, 2 and 4 pmole of 0°®-MeG adduct mg™ CT-DNA; as determined by radioisotopic
assay, then protein and methylated CT-DNA mixtures were processed following in-
solution protein digestion protocol described above. In addition, desalted tryptic
peptides were spiked with synthetic C*3*N*® proline labelled methylated ASP internal
standard (1 pmole) for calculating methylated MGMT-ASP recovery. MALDI-TOF MS
analysis was carried out as described in Section 2.2.17. PAs of chosen peptides
(methylated MGMT-ASP & internal standard) were measured by FlexAnalysis software
(Bruker, Germany) and linearity of the assay was established via plotting PA of
detected methylated MGMT-ASP vs. amount of O°-MeG adduct (pmole) in CT-DNA

with linear regression analysis using Microsoft Excel 2010.

2.2.23 MS analysis of his-MGMT following on-bead di  gestion after incubation
with CT-DNA

Purified his-MGMT (50 pmole; 30 active pmole) was incubated with 2 mg of
DNA (unmodified CT-DNA), in a 2 mL low protein bind microfuge tube, for 6 hours at
37°C in presence of buffer | with 2 mM TCEP (600 uL), on a shaker incubator. 100 uL
of Ni coated magnetic bead suspension (PureProteome™ Magnetic Beads, MercK
Millipore, UK) or Talon® Magnetic Beads (Clontech laboratories, Takara Inc., USA)
was transferred into a 1.5 mL microfuge tube that was placed on magnetic stand to
collect the beads and storage buffer was carefully removed with a pipette. The beads
were re-suspended in 250 pL of equilibration buffer (50 mM sodium phosphate
NazP0O,, 300mM sodium chloride NaCl, 0.1%Tween 20) and incubated with gentle
mixing for one minute at RT and the tube was then placed back into the magnetic stand
and the equilibration buffer was aspirated with a pipette. Washed beads were re-

suspended in 80 pL of equilibration buffer, mixed by vortexing (for 20 seconds) then
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were added to DNA and protein, where the mixture (DNA, his-MGMT and beads) was
incubated at 4°C overnight on a rotor mixer (Blood Tube Rotator, SB1, Stuart Scientific,
UK). The following day, the protein, DNA and beads mixture was centrifuged at 19000g
(Fisher Scientific accuspin™ Microcentrifuges) for 2 minutes and the supernatant was
aspirated to remove the DNA and buffer |. Beads were reconstituted in 40 pL his-
MGMT elution buffer (50 mM sodium phosphate NazPO,, 300 mM sodium chloride, 300
mM imidazole, pH 8), 1ug of trypsin was added to the beads and the reaction was
incubated overnight (18-20 hours) at 37°C with shaking. The digestion was terminated
by the addition of formic acid to a final concentration of 0.1% (v/v). Finally, his-MGMT
tryptic peptides were desalted and concentrated using Millipore® C18-Ziptips as
explained in Section 2.2.17. MALDI-TOF analyses were performed as described in
Section 2.2.17. S/N > 10 was required for identification of detected alkylated peptides

ions.

2.2.23.1 Determination of unmodified MGMT-ASP recovery

With the purpose of examining the recovery of unmodified MGMT-ASP
(YoRecovery unmodiied), @S an indicator of protein recovery following incubation with
unmodified CT-DNA and on-bead digestion; as described in Section 2.2.23, desalted
MGMT tryptic peptides were spiked with synthetic C**N** proline labelled unmodified
ASP internal standard (10 pmole). MALDI-TOF mass spectral analysis was carried out
as described in Section 2.2.17. PAs of chosen peptides (unmodified MGMT-ASP &
internal standard) were measured by FlexAnalysis software (Bruker, Germany) and

%Recovery ynmodiied Was calculated using the following equation:

%Recovery ynmodiied = (PA unmodified / PA stp) X pmole of internal standard X 100
Amount of his-MGMT (pmole)
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2.2.24 Validation of the novel on-bead tryptic dige  stion approach

2.2.241 LOQ of O°-MeG adduct in TMZ-modified CT-DNA

In order to investigate the LOQ of O°-MeG adduct in methylated CT-DNA using
his-MGMT, TMZ-modified CT-DNA (2mg) containing various levels of O°-MeG adduct
(0.050, 0.125, 0.250 and 0.50 pmole O°-MeG adduct mg™ methylated CT-DNA; as
determine by radioisotopic assay); was incubated with his-MGMT then the samples
were processed as explained in Section 2.2.23. MALDI-TOF analyses were performed
as described in Section 2.2.17. S/N > 10 was required for identification of detected

methylated ASP peptides ions.

2.2.24.2 Determination of methylated MGMT-ASP recovery

For validation of the developed assay, recovery of the alkylated (methylated)
MGMT-ASP (%Recovery metnyiaed) after MGMT reaction with methylated CT-DNA was
investigated. His-MGMT was incubated with TMZ-modified CT-DNA (2 mg containing
100, 200 or 400 fmole of O°-MeG adduct; as determine by radioisotopic assay). His-
MGMT and methylated CT-DNA mixtures were processed as described in Section
2.2.23 and prior to mass spectral analysis desalted methylated MGMT tryptic peptides
were spiked with synthetic C**N* proline labelled methylated ASP internal standard
(250 fmole). MALDI-TOF mass spectral analysis was carried out as described in
Section 2.2.17. PAs of chosen peptides (methylated MGMT-ASP & internal standard)
were measured by FlexAnalysis software (Bruker, Germany) and %Recovery metyiated
was calculated using the following equation:

%RecoVvery metylated = (PA methylated! PA me-stp) X fmole of internal standard X 100
Amount of O®-MeG adducts (fmole) in CT-DNA

In order to establish the linearity of the quantitative assay, amount of quantified
methylated MGMT-ASP (fmole) was plotted against the amount of O°®-MeG adduct in
methylated CT-DNA (fmole). The values presented were the means (+SD) of triplicate
experiments and they were used to establish linearity with linear regression analysis
using OriginPro 8.5.1. software (Originlab Corporation, USA).
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2.2.25 Characterization of 0°-alkylG adducts in human colorectal DNA

2.2.25.1  Study population

The current study investigated 13 human colorectal DNA samples. Of each 10
DNA samples were extracted from colorectal carcinoma tissue. The other 3 samples,
DNA samples were extracted from normal colorectal tissue (macroscopically normal
tissue taken ~5 cm from the tumour edge) taken from individuals presenting with
colorectal carcinoma at hospitals with in Manchester area. Among the 13 samples
studied, 3 paired normal and tumour DNA samples were analyzed. DNA was
previously extracted by another published study then stored in -80°C until they were

analyzed by the present study.

2.2.25.2 Ethical approval

REC reference: 15/EM/0505 (East Midlands-Derby Research Ethics Committee, Health
research authority, NHS).

2.2.25.3 MS analysis of his-MGMT reacted with human colorec  tal DNA

His-MGMT fusion protein was incubated with human colorectal DNA (either
extracted from normal or tumour tissue) as described in Section 2.2.23 then alkylated
peptides were processed for MALDI-TOF MS analysis (Section 2.2.17). Putative
alkylated MGMT-ASPs were identified using the criteria illustrated in Table 2.2.

Quantification of O®*-MeG adduct in human colorectal DNA was accomplished
by means of quantitation of detected methylated MGMT-ASP following MGMT reaction
with human colorectal DNA. MGMT and human colorectal DNA mixtures were
processed as described in Section 2.2.23 and prior to mass spectral analysis desalted
methylated MGMT tryptic peptides were spiked with synthetic C**N** proline labelled
methylated ASP internal standard (250 fmole). MALDI-TOF mass spectral analysis was
carried out as described in Section 2.2.17. PAs of chosen peptides (methylated MGMT-

ASP & internal standard) were measured by FlexAnalysis software (Bruker, Germany).
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Label free quantitation of O°-CMG adducts was carried out via comparing the
PA of carboxymethylated ASP to that of methylated ASP and applying the following

equation:
Level of O°-CMG = (PAcw/PAve) X Nanomole of O°-MeG X (R of 3038 /R1 of ow1s)

Where: Rj o 3038 /R1 of ow1s COrresponds to the R; of the 13 mer 0%-MeG (303B) ODN to
that of 13 mer O°-MeG (OW18B) ODN and it equals 1.13. PAcy corresponds to PA of
carboxymethylated ASP detected in MGMT tryptic peptides following reaction with
human colorectal DNA. PAye represents PA of methylated MGMT-ASP detected
following MGMT reaction with the same human colorectal DNA sample. Nanomole of
0°®-MeG corresponds to the amount of O°-MeG detected in human colorectal DNA

(nanomole of O°-MeG per mole of 2'deoxyguanosine (dG)).

2.2.25.4  Statistical analysis of results of analysis of hum an colorectal tissue

Linear regression analysis was conducted to investigate the association
between O°-MeG levels and either MGMT activity or O°>-CMG levels. Whilst binary
logistic regression analysis was conducted to investigate the association between O°-
MeG levels and K-ras gene mutations. Both tests were performed using IBM SPSS
Statistics version 22 (IBM Software NewYork, USA). However, pairwise comparisons
were performed using unpaired t-test (GraphPad Prism v7.00) to investigate
significance level between O°-MeG adduct in level in normal and tumour colorectal
tissue of the same patient. In addition, unpaired t-test (GraphPad Prism v7.00) was
performed to investigate significance level between MGMT activity in normal and
tumour colorectal tissue. Statistical significance was considered at P<0.05.
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Table 2.2: Criteria used for identification of puta  tive alkylated MGMT-ASPs detected in the digest of  his-MGMT incubated with human
colorectal DNA.

MGMT O°-alkyl
Level of m/z substrate adduct Tandem mass spectrometry
confidence Known ODN Alkylated
about identity of alkvl containing active RE assa EMSA Accurate Amino acid
detected ions roa/ the O°-alkylG site y m/z sequencing
group adduct peptide
Unknown - R - - - - -
Possible + + - - - - -
Probable + + + + + - -
Definite + + + + + + +
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3 Chapter 3: Purification of MGMT fusion proteins

3.1 Introduction

Generally, MGMT is a key node in the defense against commonly found AAs
(271). Moreover, several studies have highlighted that MGMT can protect the body
from the carcinogenic effect of NNOC that is known to induce cancer by methylating
DNA (157). The overall aim of this study was to develop a novel approach that utilized
MGMT as an analytical reagent to enable characterization of a wide range of O°-alkylG
adducts in synthetic ODNs and then in human colorectal DNA. Thus, MGMT was
expressed as two fusion proteins, namely, MBP-MGMT and his-MGMT. MBP
(296,313) and his (282,290,341) are among the most common fusion tags that are
used for the expression of human recombinant MGMT as they enable its purification

via amylose column and Ni column chromatography, respectively .

3.2 Aims and objectives

The overall aim of this chapter focused on purification, characterization as well
as determination of functional activity of both MBP-MGMT and his-MGMT fusion

proteins.
The specific objectives were:

1. Sequencing of MBP-MGMT plasmid.

2. To purify MBP- and his-MGMT using amylose and Ni-column chromatography,
respectively.

3. To characterize both purified MBP- and his-MGMT fractions using both SDS-PAGE
and western blot analysis.

4. To determine MBP- and his-MGMT functional activities by radioisotopic assay.
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3.3 Results

3.3.1 DNA sequencing of MBP-MGMT fusion protein pla  smid

DNA sequencing was performed as described in Section 2.2.3. Results of DNA
sequencing show the wild type sequence; no evidence of mixed clones or mutations in
the MGMT gene were detected; as shown in Figure 3.1. Appendix 1 shows the

nucleotide sequence alignments of MGMT DNA.

<+«—— Vector pMAL C2X
TAATTCGAGCT CGAACAACAACAACAATAACAATAACAACAACCT CEGGATCGAGGGAA

GGATGGACAAGGAT TGTGAAAT GAAACGCACCACACT GGACAGCCCTTTGGEEGAAGCT G
GAGCTGI CTGGT TGT GAGCAGGGT CTGCACGAAATAAAGCT CCTGEECAAGEGGACGTC
TGCAGCTGATGCCGT GGAGGT CCCAGCCCCCGCT GCGGT TCTCGGAGGT CCGGAGCCCC
TGATGCAGI GCACAGCCT GGCTGAAT GCCTATTTCCACCAGCCCGAGGCTATCGAAGAG
TTCCCCGT GCCGECTCTTCACCATCCCGT TTTCCAGCAAGAGT CGT TCACCAGACAGGT
GITATGGAAGCTGCTGAAGGT TGTGAAATTCGGAGAAGTGATTTCT TACCAGCAATTAG
CAGCCCT GGCAGGCAACCCCAAAGCCGECGECGAGCAGT GGGAGGAGCAAT GAGAGGCAAT
CCTGI'CCCCATCCTCATCCCGT GCCACAGAGT GGT CTGCAGCAGCGGAGCCGT GGGCAA
CTACT CCGGAGGACT GBCCGT GAAGGAAT GGCT TCT GECCCAT GAAGGCCACCGGT TGS
GGAAGCCAGCCT TGEGAGGEGAGCT CAGGT CT GECAGGEGECCT GECT CAAGGGAGCGGEGA
GCTACCT CGEGECT CCCCGCCT GCTCECCGAAACT GAATTTCAGAAT TCGGATCCTCTAG
AGT CGACCT GCAGGCAAGCT TGGCACTGECCGT CGT TTTACAACGT CGTGACT GGGAAA
ACCCTGGECGT TACCCAACT TAAT CGCCT TGCAGCACAT CCCCCTTTCGCCAGCT GGECGT
AATAGCGAAGAGGCCCGCACCGAT CGCCCT TCCCAACAGT TGCGCAGCCT GAATGGCGA
ATGCECAGCTTGCECTGI TTTGECGGATGAGATAAGATTTTCAGCCTGATACAGATTAAAT
CAGAACGCAGAAGCGGTCTGATAAAACAGAAT TTGCCT GECEGCAGTAGCGCGGTGITC
CCACCTGACCCCATGCCGAACTCAGAA

Figure 3.1: Sequencing results of MGMT cDNA.

The above figure shows the start codon (ATG, in red), the stop codon (TGA, in red)
and the vector sequence (underline).
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3.3.2 Purification of putative MBP-MGMT

The fusion protein was expressed and extracted (Section 2.2.4 and 2.2.5). The
putative MBP-MGMT fusion protein was purified using amylose affinity column
chromatography (Section 2.2.6). Two peaks were eluted; the first represents the
unbound protein fraction, which was eluted with amylose BB, and a second peak
represents the protein fraction that was able to bind to amylose column and it was
eluted with the elution buffer (amylose BB supplemented with maltose); as shown in
Figure 3.2.

A uB

__i_k_ . 1l

LUB ——>

<— LUB ‘
MBP-MGMT —>! Y MBP-MGMT
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\ J \ J
UV abs. at (280 nm)

BB EB

Figure 3.2: Elution profile of MBP-MGMT purificatio  n using amylose column.

UB and LUB denote unbound protein fraction and late unbound protein fraction,
respectively. MBP-MGMT denotes putative MBP-MGMT fusion protein fraction. BB and
EB denote amylose binding and elution buffers, respectively. Amylose column 1.5 x 6
cm. Pump setting x10 (1). Chart speed 1 mm per min, 10 mv.

The protein concentration of the protein extract was 6 mg/mL. In addition, the
concentration of proteins in unbound protein and late unbound protein fractions were
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2.25 and 0.06 mg/mL, respectively. Moreover, the putative MBP-MGMT peak protein
concentration was 0.82 mg/mL. This data demonstrates that the putative MBP-MGMT
fusion protein constitutes nearly 14% of the total bacterial protein extract (7 mg of
MBP-MGMT out of 50 mg of crude bacterial protein).

3.3.3 SDS-PAGE analysis of putative MBP-MGMT

Bacterial protein extract, unbound protein, late unbound protein and putative
MBP-MGMT fractions were analysed by 12% SDS-PAGE followed by Coomassie
staining (Section 2.2.8). Figure 3.3 shows that SDS-PAGE analysis of both the protein
extract and unbound protein fractions showed several protein bands of a wide range of
molecular weight. These proteins were the proteins that did not bind to the amylose
column and they were probably the E.coli bacterial cell proteins. However, the late
unbound protein contained less protein bands, as compared to unbound protein, which

might be ascribed to lower amount of proteins resolved on the gel.

MWM A B C D
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MGMT
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- T < D

Putative MBP

23 —>

Figure 3.3: SDS-PAGE analysis of fractions obtained by amylose purification of
protein extracts obtained from  E.coli bacteria harboring MBP-MGMT plasmid.

MWM. Molecular weight marker (10 uL) A. Bacterial protein extract (30 pg) B.
Unbound protein fraction (30 pg) C. Late unbound protein fraction (1 pug) D. Putative
purified his-MGMT protein (10 pg). Protein fractions were resolved on 12% SDS-PAGE
followed by Instant Blue® Coomassie staining.
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Putative MBP-MGMT peak have shown 2 major protein bands and based on
marker migration the larger protein band is consistent with MBP-MGMT (MW 63.7 kDa)

and the smaller one is consistent with MBP (42 kDa).
3.3.4 Western blot analysis of putative MBP-MGMT

The putative MBP-MGMT fusion protein purified by amylose column (Figure
3.2) was resolved by SDS-PAGE, and the protein was transferred onto a nitrocellulose
membrane for western blot analysis using both anti-MGMT R63 and anti-MBP
antibodies (Section 2.2.9). Western blot analysis of the resolved proteins using anti-
MGMT R63 antibody showed only one band (Figure 3.4B), which indicated that, for
amylose purified fusion protein, only one band of the 2 resolved bands contain MGMT.
This peak is considered to be the MBP-MGMT fusion protein band (MW 63.7kDa).
Whilst western blot analysis of amylose purified putative MBP-MGMT using anti-MBP
antibody showed 2 bands, the larger band corresponded to MBP-MGMT (MW
63.7kDa) and the smaller one corresponded to MBP (MW 42 kDa) (Figure 3.4C).

MWM A B C

MBP-MGMT.
80 ba j —— 63.7 kDa
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46kDa —> : MBP
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Figure 3.4: SDS-PAGE and western blot analysis of a  mylose purified putative
MBP-MGMT fusion protein.

MWM. Molecular weight marker (10 uL) A. 10 pg of putative MBP-MGMT fusion protein
obtained from amylose column purification was resolved by 12% SDS-PAGE followed
by Instant Blue® Coomassie staining. B. Protein was transferred to membrane by wet
blot, The membrane was probed with R63 anti-MGMT antibody. C. Western blot
analysis using anti-MBP antibody.
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3.3.5 Determination of functional MGMT activity of putative MBP-MGMT

MGMT activity of the bacterial protein extract, the unbound protein fraction (to
monitor the efficiency of the chromatographic purification) and putative MBP-MGMT
fusion protein was determined using [*H]-methylated substrate DNA as described in
Section 2.2.10. For all tested protein fractions, there was a linear relationship between
protein concentration and the MGMT activity (Figure 3.5 and 3.6). Moreover, a plateau
was reached at concentrations higher than 80 fmole of MBP-MGMT; as shown in
Figure 3.5. Correlation coefficients (R?) values were 0.994, 0.990 and 0.994, for the
bacterial protein extract, the unbound protein fraction and the putative MBP-MGMT
fusion protein, respectively. In addition, specific MGMT activities were calculated as
pmole/ug of the protein fraction and recorded values were 0.38, 0.02 and 2.98
pmole/ug for the bacterial protein extract, the unbound protein fraction and the putative
MBP-MGMT fusion protein, respectively. Approximately 20% of the total purified
putative MBP-MGMT fusion protein was functionally active MGMT.
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Figure 3.5: Determination of functional MGMT activi  ty for the amylose purified
MBP-MGMT fusion protein.

The transfer of [*H]-methyl groups from [*H]-methylated substrate DNA to purified
MBP-MGMT with increasing protein concentrations after 90 mins incubation at 37°C .
The linear part of the graph showing R*= 0.994. Linear point up to 60 fmole.
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Figure 3.6: Determination of functional MGMT activi  ty for bacterial protein extract
and unbound protein fraction.

Bacterial protein extract and unbound protein fraction were diluted in IBSA 1:00 000
and 1:1000 (v/v); respectively and assayed for MGMT functional activity. Transfer of
[®H]-methyl groups from [*H]-methylated substrate DNA to diluted proteins increased
with increasing protein concentration after 90 mins incubation at 37°C.

So now with evidence from both western blot analysis and the functional MGMT
assay that putative MBP-MGMT fusion protein fraction has MGMT activity and we can
legitimately state that this is a MGMT containing fraction. Amylose purified MBP-
MGMT was divided into aliquots then stored at -20°C, for up to 12 months, to avoid
exposing the protein to repeated thawing and freezing cycles. Functional MGMT
activities of frozen aliquots were re-assayed on the day each aliquot was thawed to
calculate post freezing functional activity. Results of post freezing MGMT specific
activity was non-significantly different from the specific activity recorded prior to protein
freezing. Result of the latest post freezing MGMT functional activity assay of an aliquot
that was stored in -20°C for 12 months showed non-significant 2% decrease in the

MGMT specific activity of the stored MGMT aliquot; to 2.93 pmole/ug protein.

MBP-MGMT preparations used for MS analysis were eluted from amylose
column in a MS compatible elution buffer which was 200 mM AMBIC buffer
supplemented with 10 mM maltose instead of the conventional MBP-MGMT elution

buffer (amylose BB supplemented with 10 mM maltose). Both SDS-PAGE and western
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blot analysis confirmed the identity of the purified protein (data not shown). To
investigate the impact of the new elution buffer on MBP-MGMT activity, functional
activity assay was carried out which demonstrated that the new elution buffer retained
amylose purified MBP-MGMT functional activity. Recorded MGMT specific activity was
2.81 pmole/ug of the protein and approximately 20% of the amylose purified MBP-
MGMT was functionally active, following elution in 200 mM AMBIC buffer

supplemented with maltose.

3.3.6 Production and purification of his-MGMT

His-MGMT fusion protein plasmid constructs were prepared by Prof. Geoffrey
Margison. Following ligation to generate circular plasmids and transformation into
competent XL-1 blue E.coli, individual ampicillin resistant colonies were isolated and
sequenced. Results of DNA sequencing did not show any evidence of mixed clones or
mutations in MGMT gene (Data are not shown). Clones containing his-MGMT plasmid
constructs were induced for his-MGMT expression using IPTG and then bacterial cells
were harvested. Then his-MGMT fusion proteins were purified using Ni-affinity

columns. Purified his-MGMT preparations were supplied by Prof. Geoffrey Margison.

3.3.7 Characterisation of purified putative his-MGM T

3.3.7.1 SDS-PAGE analysis of purified putative his-MGMT

Protein extract, the unbound protein fractions, the late unbound protein and
putative his-MGMT fractions were analysed by 12% SDS-PAGE followed by Instant
Blue® Coomassie staining as described in Section 2.2.8. SDS-PAGE analysis of both
the protein extract and the unbound protein fractions showed several protein bands of
a wide range of molecular weight that correspond to E.coli bacterial cell proteins that
did not bind to the Ni column (Figure 3.7).

However, the late unbound fraction showed less protein bands, as compared to

two earlier fractions. Putative his-MGMT peak showed only a single protein band and
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based on molecular weight marker migration this protein band is consistent with his-
MGMT (MW 25.6 kDa).

MWM A B C D
kDa

60 ——>
46—

o P W <— 256 kDa

23 S his-MGMT

Figure 3.7: SDS-PAGE analysis of fractions obtained by Ni-affinity purification of
protein extract obtained from  E.coli bacteria harboring his-MGMT plasmid.

MWM. Molecular weight marker (10 pL) A. Bacterial protein extract (30 pg) B.
Unbound protein fraction (30 pg) C. Late unbound protein fraction (0.6 pg) D. Putative
purified his-MGMT protein (5 pg). Protein fractions were resolved on 12% SDS-PAGE
followed by Instant Blue® Coomassie staining.

3.3.7.2 Western blot analysis of putative his-MGMT

The putative his-MGMT fusion protein purified by Ni column was resolved by
SDS-PAGE, and the protein was transferred onto a nitrocellulose membrane for
western blot analysis (Section 2.2.9). Western blot analysis of the resolved proteins,
using R63 anti-MGMT antibody, showed only one band, which indicated that only one
band contain MGMT (Figure 3.8). This peak is considered to be the putative his-MGMT

fusion protein band.
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Figure 3.8: SDS-PAGE and western blot analysis of a  mylose purified putative his-
MGMT fusion protein.

MWM. Molecular weight marker (10 pL) A. Putative purified his-MGMT protein (5 pug).
B. Western blot analysis of purified his-MGMT; the protein was transferred to
membrane by wet blot and the membrane was probed with R63 anti-MGMT antibody.

3.3.7.3 Determination of MGMT functional activity of putat ive his-MGMT

MGMT functional activity of purified his-MGMT fraction was determined using
[*H]-methylated substrate DNA as described in Section 2.2.10. In addition, MGMT
functional activity was determined for both the bacterial protein extract and the
unbound protein fraction to monitor the efficiency of the chromatographic purification of
his-MGMT. Figure 3.9 (A, B and C) shows, for all assayed protein fractions, there was
a linear relationship between protein concentration and the MGMT activity. MGMT
titration curves illustrated in Figure 3.9 A and B, were used for calculating the specific
MGMT activities for both the bacterial protein extract and the unbound protein fraction,
respectively. However, the above results have been used to choose the appropriate
his-MGMT protein dilution for further more accurate investigation of the functional
activity of the purified his-MGMT protein, as demonstrated in Figure 3.10.

Figure 3.10 shows the results of the titration curve used for determination of the
specific activity of purified his-MGMT protein; a plateau was reached at concentrations
higher than 30 fmole of his-MGMT. The linear part of this graph has been used to set
the linear fitting; showing correlation coefficient (R?) of 0.999. Specific MGMT activities
of assayed protein fractions, calculated as pmole/ug of were 1.27, 0.08 and 17.66 for
the bacterial protein extract, the unbound protein fraction and his-MGMT.

Approximately 33% of purified his-MGMT protein was functionally active MGMT.
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Figure 3.9: Transfer of [ *H]-methyl groups from [ *H]-methylated substrate DNA to

MGMT with increasing protein concentrations.

A. Bacterial protein extract B. unbound protein C. Putative purified his-MGMT.
Examined protein fractions were diluted in IBSA and assayed for MGMT functional
activity. Transfer of [*H]-methyl groups from [*H]-methylated substrate DNA to diluted
proteins increased with increasing protein concentration after 90 mins incubation at

37°C.
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Figure 3.10: Transfer of [ *H]-methyl groups from [ *H]-methylated substrate DNA
to purified his-MGMT.

[*H]-methylated substrate DNA was incubated with increasing his-MGMT
concentrations for 90 mins at 37°C then then radioactivity transferred to MGMT were
determined by radioisotopic assay. Radioactivity transferred increased upon increasing
protein concentration. Linear point up to 30 fmole.

3.4 Discussion

The work presented in the current chapter indicated the successful production,
purification and characterization of two functionally active MGMT fusion proteins,
namely, MBP-MGMT and his-MGMT. MBP-MGMT fusion protein would be used to
characterize MGMT protein repair of a range of O%-alkyG adducts in synthetic ODNSs.
Whilst, his-MGMT would be used to develop a novel approach that uses MGMT as a
reagent to detect and quantify O°-alkyG adducts in human DNA. Both MBP-MGMT and
his-MGMT fusion proteins demonstrated different functional activities that were 2.98 vs.
13.66 pmole/ug, respectively, which may be attributed to the different fusion tags or

elution buffers or even both.

132 |



Chapter Three

MGMT protein was first expressed as an MBP fusion protein to facilitate its
purification using amylose affinity chromatography. MBP-MGMT was purified in
conventional MBP-MGMT elution buffer (amylose BB supplemented with maltose)
according to the previously published procedures used for expression and purification
of MBP-MGMT (296,313).

MBP-MGMT conventional elution buffer consisted mainly of amylose BB that
contained 200 mM sodium chloride, therefore, this buffer was incompatible with MS
since the sensitivity of MS analysis can be significantly lower when some salts, such as
sodium chloride, are present in the sample solution (342,343). Recent evidence
suggests that even low mM concentrations of some metal ion salts such as sodium can
cause severe ion suppression and peak broadening due to cluster and adduct
formation (344-346). In addition, sodium ions increase background noise and might
interfere with ions detection via reducing S/N ratio and increasing spectral complexity
(347). Extensive sodium ion adduction to peptide ions could adversely affect the future
mass spectroscopic detection of alkylated peptides given the low occurrence of O°-
alkyG adducts in human colorectal DNA and high salt amounts in DNA samples (348).
However, MBP-MGMT that would be used for MS based assays was eluted in a novel
buffer which was 200 mM AMBIC supplemented with 10 mM maltose. AMBIC buffer

was chosen to replace the amylose BB as it was MS compatible buffer (349,350).

Notably, MGMT activity assay, of MBP-MGMT eluted in AMBIC, provided
evidence that the replacement of amylose BB buffer with 200 mM AMBIC did not affect
MGMT functional activity and the new elution buffer was able to conserve the MGMT
activity. To the best of our knowledge this is the first study that eluted MBP-MGMT in
200 mM AMBIC.

3.5 Conclusion

In summary, two functionally active MGMT fusion proteins (MBP-MGMT and
his-MGMT) were purified and could be used for accomplishing future aims and

objectives of the present study.
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4  Chapter 4: O°CMG and O°-CEG adducts are substrates for MGMT and

recognised by damage sensing protein Atll

4.1 Introduction

O°®-alkylG adducts are of major importance in initiating mutations, cytotoxicity
and carcinogenicity in human cells (152,210,212,351) and they are formed following
exposure to AAs which are common environmental carcinogens that could be even
formed endogenously during normal cellular metabolism and possibly inflammation
(66,202,352). Repair of these adducts by MGMT plays a crucial role in the defense
against AA toxicity (271) and is essential for maintenance of genome integrity.
Moreover, slow repair of these adducts in specific DNA sequences may contribute to
the mutational spectra observed in human cancer (353,354). Given the toxic and
carcinogenic nature of O°alkylG adducts, it would be useful to explore if novel Q°-
alkylG adducts such as O°%-CMG and O°-CEG are substrates for MGMT repair to

understand the spectrum of the repairable damage.

Previous reports suggested that O°~CMG is not a substrate for MGMT repair
(208), however, a recent study contradicted this reporting inactivation of MGMT by O°-
CMG containing 13 mer ODN (296). Moreover, they reported the alkyl group removal
by MGMT as assessed by restriction endonuclease site deprotection assay using 2
REs which are Pstl and BsaJl. Whilst, no previous studies investigated the ability of O°-
CEG adduct to inactivate MGMT and if it's a substrate for MGMT repair.

Furthermore, O%-MeG adduct is recognized by DNA damage sensing protein
Atll protein (312-314,355). Nevertheless, Atll binding to O°®-CMG and O°-CEG
adducts has not been yet characterized nor explored. Generally, unlike MGMT, Atl
proteins lack the alkyltransferase activity or any other type of enzymatic activity or
catalytic activity (316,355,356). Consequently, Atl proteins are believed to protect cells
against the adverse and toxic effects of O°-alkylG adducts by flagging those lesions for

subsequent repair mostly via recruiting NER proteins (315,357).
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4.2 Aims and objectives

The overall aim of the work described in this chapter was to investigate whether
novel O°alkylG adducts (O°-CMG and O°-CEG) are substrates for MGMT and
recognized by Atl1. The current work investigated 2 preparations of O®-CMG containing
23 mer ODNs (DW1 and 44) as well as 2 preparations of O°*-CEG containing 23 mer
ODNs (RA1 and LH1). DW1 and 44 had different DNA base sequence whilst RA1 and

LH1 had the same base sequence as indicated in Table 2.1.
The specific aims and objectives are as follows
1- Determination of kinetics of methyl group transfer to MGMT.

2- Determination of ICs, (represents the amount of O°-alkylG adducts required to
decrease MGMT activity to 50%, compared to control) for a range of SS and DS O°-
alkylG containing ODNs (O°-MeG, 0°-CMG and O°-CEG).

3- Assessment of alkyl group removal by MGMT via restriction endonuclease site
deprotection assay using 3 REs which were Pstl and Sfcl for O°-MeG (15) and O°-
CMG (44) as well as O°-CEG ODNSs (LH1). However, the other O°>-CEG ODN (RA1)
was digested with PST1 only. Mbol was used to digest O°-CMG ODN (DW1)
alongside the corresponding O°-MeG and control G ODNs, namely, GMe and ConG.

4- Comparing alkyl group transfer under standard MGMT incubation conditions and
under new developed MS conditions by restriction endonuclease site deprotection

assay using Pstl enzyme.

5- Exploring Atll binding to a range of O°-alkylG (O®-MeG, O°-CMG and O°-CEG)
adducts in DS synthetic ODNs using EMSA.
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4.3 Results

MGMT activity titration assay was performed as described in Section 2.2.10.
and the results were used to calculate protein limiting amounts of MGMT to be used in
the MGMT inactivation assay using Excel 2010 software set to linear fitting R?*= 0.99.

The protein limiting amounts for MBP-MGMT was 50 fmole (10 active fmole).

4.3.1 Kinetics of methyl group transfer to MGMT

Kinetics of methyl group transfer to MGMT following MBP-MGMT incubation
with [*H]-methylated substrate DNA were examined under assay conditions as
described in Section 2.2.10. [*H]-methyl group showed rapid transfer even within 30
minutes (74% transfer) with complete transfer after 90 minutes when a plateau is
achieved (Figure 4.1). Based on this result, MBP-MGMT pre-incubation with O°-alkylG
adducts was established to be for 90 minutes allowing complete alkyl group transfer to

MGMT during MGMT inactivation assays.

4.3.2 MGMT inactivation by O°-alkylG containing ODNs

The main aim of this experiment is to examine the ability of MGMT to repair O°-
MeG, O°-CMG and O°-CEG adducts. MBP-MGMT was pre-incubated at 37°C with both
SS and DS 0°-MeG (15), O°-CMG (DW1 and 44), O°-CEG (RA1 and LH1) as well as
control G (16) 23 mer ODNs then MGMT inactivation was investigated as described in
Section 2.2.14. A pilot experiment was firstly carried out using a very wide range of

concentrations to establish the range to use for each O°-alkylG ODNs (SS and DS).

Results of the MGMT inactivation assay showed that both assayed SS and DS
ODNs containing O%-alkylG adducts (O°-MeG (15), O°-CMG (44) and O°-CEG (RA1
and LH1)) inactivated MGMT and inhibited its action on [°*H]-methylated substrate DNA
as shown in the inactivation curves in Figure 4.2. MGMT inactivation was in all cases
linear with R?=0.99 or better. However, for DW1 (O°-CMG ODN), only DS but not SS
caused MGMT inactivation. SS DW1 ODN failed to cause 50% MGMT inactivation at

increasing concentrations up to 250 nM.

136 |



Chapter Four

220 -
200 -
180
160
140
120
100
80
60
40
20

0 T T T T T T 1
0 30 60 90 120 150 180 210

Radioactivity transferred
(counts per minute)

Incubation time at 37°C (minutes)

Figure 4.1: Kinetics of methyl group transfer to MG MT

MBP-MGMT (50 fmole; 10 fmole by activity) was incubated with [*H]-methylated
substrate DNA (containing tritiated O°-MeG adduct) for several time intervals (30, 60,
90, 120 and 180 minutes). Then radioactivity transferred to MGMT were determined
and plotted against incubation time.

SS control G ODNs did not cause MGMT inactivation at any of the chosen
concentrations. Meanwhile, DS G ODN did not cause MGMT inactivation at the lowest
chosen concentration (10 nM); however, at higher employed concentrations decrease
in MGMT activity was observed, the max reported decrease was 30% of the original
MGMT activity. MGMT inactivation curves were used to extrapolate ICsy values for
each ODN as shown in Table 4.1. Recorded ICs, values were 0.17+0.02, 0.07+0.01,
0.80+0.14, 0.42+0.04, 15.7+2.1, 2.60+0.33, 0.98+0.11, 27.00+1.70 and 7.50+0.50 nM
for SS 15, DS 15, SS 44, DS 44, DS DW1, SS LH1, DS LH1, SS RA1 and DS RA1,
respectively. Notably, recorded ICg, values of the two investigated OS-CEG ODNs, RA1
and LH1, were different. I1Cso values of SS and DS RA1 ODN were approximately 7-fold
the corresponding figures of LH1. Similarly, ICs, values of the two investigated O°-CMG
ODNs (DW1 and 44) showed wide variation that reached 37-fold for DS ODNSs.
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Figure 4.2: Inactivation of MGMT by  O°-alkylG containing ODNS (SS & DS).

MBP-MGMT (50 fmole; 10 fmole by activity) was pre-incubated for 90 minutes at 37°C
with increasing concentrations of SS or DS 23 mer ODNs: (A) unmodified control G
ODN (16) or O®-MeG (15) or (B) O°-CMG (DW1 or 44) or (C) O°-CEG (RA1 or LH1) in
presence of CT-DNA. Excess [*H]-methylated substrate DNA was then added and
incubated with the mixture at 37°C for further 90 minutes followed by determination of
MGMT remaining activity via radioisotopic assay. SS ODNSs are represented by open
symbols while DS ODNs are represented by closed ones.
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Table 4.1: IC50 values (nM) for the inactivation of
containing ODNSs.

MGMT proteins by O6-alkylG

ODN |C50 (nM) P value R IC50
SS 0°-MeG (15) 0.17+0.02
0.007 2.41+0.35
DS O°-MeG (15/17) 0.07+0.01*
SS O°-CMG (44) 0.80+0.14
0.010 1.90+0.20
DS O°-CMG (44/17) 0.42+0.04*
SS 0°-CMG (DW1) ND
ND ND
DS 0°-CMG (DW1/C) 15.70+2.10
SS O°-CEG (LH1) 2.60+0.33
0.008 2.66+0.23
DS O°-CEG (LH1/17) 0.98+0.11**
SS 0°-CEG (RA1) 27.00+1.70
0.001 3.62+0.45
DS O°-CEG (RA1/17) 7.50+0.50”

Values are mean+SD of three different experiments. P value using independent t-test
for DS ODNSs vs. SS ones. R ICsg: ICsg 0f SS ODNSs/ ICsq of corresponding DS ODNSs.
ND denotes not determined.

For all studied 06—alkyIG containing ODNs except DW1, ICg, values for DS
ODNs were statistically significantly lower than that of SS ODNs. Ratio of ICg, values
(R \cs0) consisted of 1Cso 0f SS ODNss to that of DS ODNSs recorded values of 2.41+0.35,
1.90+0.20, 2.66+0.23 and 3.62+0.45 for O°-MeG (15), O°-CMG (44) and O°-CEG (LH1
and RA1) containing ODNSs, respectively. Ricso values highlighted that, for all studied
O°%-alkylG containing ODNs, DS ODNs were more potent inhibitors of MGMT activity
than the corresponding SS ODNSs.

Further statistical analysis using independent t-test revealed statistical
significant differences between recorded ICs, values (nM) for SS 44, LH1 or RAL vs.
SS 0°-MeG (P values = 0.001, 0.006 and <0.001, respectively), as shown in Table 4.2.

By the same token, statistical analysis displayed statistical significant difference
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between recorded ICs, values (nM) for DS 44, DW1, LH1 and RA1 vs. DS O%-MeG (P
values = 0.001, <0.001, <0.001 and 0.001, respectively), as shown in Table 4.2.

Table 4.2: Results of statistical analysis for IC 5o values (nM).

Independent t-test for IC 5 values (nM) P value
SS O°-CMG (44) vs. SS 0°-MeG 0.001
SS O°-CEG (LH1) vs. SS O°-MeG 0.006
SS 0O°-CEG (RA1) vs. SS 0O°-MeG <0.001
DS O°-CMG (44/17) vs. DS 0°-MeG 0.001
DS 0O°-CMG (DW1/C) vs. DS O°-MeG <0.001
DS O°-CEG (LH1/17) vs. DS O°-MeG <0.001
DS O°-CEG (RA1/17) vs. DS 0O°-MeG 0.001

P values were calculated using independent t-test.

4.3.3 Restriction endonuclease site deprotection as  say

Data shown in previous section demonstrated inhibition of MGMT activity
following pre-incubation with O°-MeG, O°-CMG and O°-CEG containing ODNS.
Restriction endonuclease site deprotection assay was carried out using three REs; Pstl
and Sfcl for 16, 15, 44 and LH1, whilst, DW1, GMe and ConG were digested by Mob1.
RA1 was digested by Pstl. The RE sites for 23 mer ODNs used in this study are
illustrated in Figure 2.3. Moreover, restriction endonuclease site deprotection assay,
using Pstl enzyme, was carried out under two different experimental conditions:
standard MGMT incubation conditions (O°-alkylG containing ODNs or control G ODN
were pre-incubated with MGMT in presence of Buffer | and BSA prior to subsequent
digestion with Pstl (Section 2.2.15)) and MS analysis incubation conditions (MGMT
was incubated with O°-alkylG containing ODNSs in presence of buffer | only (Section
2.2.15)).
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Figure 4.3 demonstrated that, for all investigated ODNs (O°-alkylG and control
G), untreated ODNs have shown a single band corresponding to intact DS ODNs
during non-denaturing PAGE. In addition, Figure 4.3 showed that, for each O°-alkylG
containing ODN incubated with either Pstl or Sfcl only, a single band corresponding to
intact DS ODNs was detected by non-denaturing PAGE. This finding showed that O°-
MeG, O°-CMG (in 44 ODN) and O°®-CEG (in RA1 and LH1 ODNSs) adducts totally
blocked both Pstl and Sfcl RE sites as evidenced by inability of both enzymes to digest
any of the O°-alkylG containing ODNSs.

However, for all studied REs, blocking of restriction sites was almost completely
reversed by MGMT pre-incubation with each of alkylated ODNs. Thus MGMT pre-
incubation with either O°-MeG (15), O°-CMG (44) and O°-CEG (LH1 and RA1) ODNs
restored the RE sites enabling subsequent Pstl and Sfcl cleavage of ODNs almost to
completion (except for RAL that was digested with Pstl only and not to completion)
showing bands of smaller digested ODN fragments during non-denaturing PAGE.
Moreover, for each alkylated ODN, incubation with MGMT alone had no remarkable
effect as the DS ODNs band migrated unchanged during PAGE. Whilst, Pstl or Sfcl
efficiently digested control G ODN almost to completion and this was not affected by
pre-incubation with MGMT. Similar to Pstl, Figure 4.4 showed that O°®-CMG in DW1
and 0°-MeG in GMe blocked Mbol restriction sites and this effect was reversed by pre-
incubation with MGMT. However, the corresponding control G ODN (ConG) was

digested by Mbol with or without MGMT pre-incubation.

Similar to standard MGMT incubation conditions, the new experimental
conditions, MS incubation conditions (in Buffer | only without BSA) enabled Pstl RE to
differentiate between alkylated and control ODNSs. Pstl restriction sites were blocked by
0O°-alkylG adducts. However, MGMT pre-incubation with alkylated ODNs under MS
incubation conditions enabled MGMT repair of O°-alkylG adducts restoring RE sites
enabling Pstl RE cleavage of duplex alkylated ODNs as shown in Figure 4.5.
Regarding control G ODN, Pstl RE efficiently digested it to completion which was not
affected by pre-incubation with MGMT.
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Figure 4.3: Pre-incubation with MGMT of DS ODNs con
enables cleavage by (A) Pstl and (B) Sfcl.

23 mer ODNs (0.5 pmole), of the sequence 5-GAA CTX CAG CTC CGT GCT GGC

CC-3' where X is either O®-MeG (15) or O°®-CMG (44) or O°-CEG (LH1, RA1) or

unmodified G base for control G (16) ODN, pre-incubated with MGMT (10 active

pmole) at 37°C for 4 hours (in IBSA buffer ) then digested by Pstl or Sfcl (37°C for 1

hour) then analyzed by 20% non-denaturing PAGE.
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Figure 4.4: Pre-incubation with MGMT of DS ODNs con

23 mer ODNs of the sequence 5-GAA CTG CGX ATC CGT GCT GGC CC-3' where X
is either O°-MeG (GMe) or O°-CMG (DW1) or unmodified G base for control G ODN.
MGMT (10 active pmole) was pre-incubated with ODNs (0.5 pmole) at 37°C for 4 hours
(in IBSA buffer) then digested by Mbol (37°C for 1 hour) then analyzed by 20% non-

denaturing PAGE.
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Figure 4.5: Pre-incubation with MGMT of DS ODNs con

enables cleavage by Pstl under MS conditions.

0°®-MeG (15), O°-CMG (44), O°-CEG (LH1, RA1) or unmodified G base for control G
ODN 23 mer ODNs (0.5 pmole) pre-incubated with MGMT (10 active pmole) ODNs at

37°C for 6 hours (in buffer 1) then digested by Pstl (37°C for 1 hour) then analyzed by

20% non-denaturing PAGE.
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4.3.4 Atl1 binding to  O°-alkylG containing ODNs by EMSA

Following Atl1 incubation with O®-MeG (15, GMe), O°>-CMG (DW1, 44), O°*-CEG
(LH1, RA1) or control G (16, ConG) ODNSs, Atll protein was able to bind efficiently to
0°%-MeG, 0°-CMG and O°-CEG containing ODNs changing alkylated ODNs mobility
through non-denaturing gel matrix causing band shift during PAGE analysis as shown
in Figure 4.6 A&B. However, Atll couldn’t bind to any of the examined control G ODNs
since both 16 and ConG DS control G ODN migrated normally following incubation with

Atll protein.

4.4 Discussion

Results presented in this chapter demonstrated that O°-MeG, O°-CMG, O°-CEG
containing ODNs but not control G ODNs were able to inactivate MGMT protein (50%
inhibition of MGMT activity). In addition, all investigated O°-alkylG adducts (O°®-MeG,
0°®-CMG, O°-CEG) blocked examined REs sites that were restored by pre-incubation
with MGMT. Pstl RE was able to differentiate between O°-alkylG containing ODNs (O°-
MeG (15), O°-CMG (44) and O°-CEG (LH1 and RAL1)) and the corresponding normal
control G (16) ODN. Similarly, Mbol RE differentiated between O°-alkylG containing
ODNs (O°-CMG (DW1) and 0°-MeG (GMe)) and the corresponding normal control G
(ConG) ODN. Moreover, all examined O%-alkylG adducts (O°-MeG, 0°-CMG, O°-CEG)

were recognized by Atll protein.

4.41 MGMT inactivation results

Regarding O°-CMG adduct, the reported ability of O°~CMG adduct to inactivate
MGMT lends further support to the results by Senthong et al., who reported inactivation
of MGMT following pre-incubation of the protein with DS 13 mer ODNs containing O°-
CMG adduct (296). Meanwhile, the current study is the first study demonstrating
MGMT inactivation curves for 23 mer ODNs containing O°®-CMG adduct. Results of the
current study are consistent with many previous studies that reported the ability of Q°-
MeG containing ODNSs to inactivate MGMT protein (294,296).
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Figure 4.6: EMSA exploring Atl1 interaction with

0°-alkylG containing ODNs

Atl1 (0.5 pmole) was pre-incubated with 23 mer ODNs containing either: (A) O°®-MeG
(15) or O°-CMG (44) or O°-CEG (LH1) or unmodified control G ODN (16), (B) O°-MeG
(GMe) or O°-CMG (DW1) or unmodified control G ODN (ConG) at 37°C for 20 minutes

(in buffer I) then analyzed by 12.5% non-denaturing PAGE.
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However, our result highlighting the ability of O®-CMG to inactivate MGMT
protein contradicts previous researches stating that O°>-CMG adduct is not a substrate
for MGMT (208). The difference in observations between our study and previous work
is potentially attributed to different experimental conditions. Our study was conducted
using ODNs that contained a single DNA adduct in a defined DNA base sequence
whilst previous report investigations relied on CT-DNA reacted with [**C ]-carboxy-N-
nitrosoglycolic acid that induced the formation of O°-CMG adducts in CT-DNA
alongside other DNA adducts. Although, Margison and Shuker, reported MGMT
inactivation following incubation with carboxymethylated DNA, their conclusion that O°-
CMG adduct is not a substrate for MGMT was based on the inability of detection of
transfer of *C-labelled carboxymethyl groups to protein, as assayed by radioisotopic
assay. Alternatively, they attributed the inactivation of MGMT to a substantial O°-MeG
adduct, that was formed as a byproduct of DNA carboxymethylation process and
potentially interfered with MGMT repair of O°>-CMG adduct. Therefore, further MS
analysis of MGMT protein following reaction with O®-CMG ODNs is critically required to
resolve this conflict.

As for O°-CEG adduct, it is quite a novel adduct that has not been studied
before and the current work is the first to provide an evidence on the ability of such
adduct to inactivate MGMT protein suggesting that O°-CEG adduct is a substrate for

MGMT repair which was confirmed by further assays.

Numerous mechanisms could be used for explaining the ability of O°®-alkylG
containing ODNSs to inactivate MGMT protein. Firstly, inhibition of MGMT activity could
be attributed to competitive inhibition as a consequence of alkylated ODNs tight binding
to MGMT protein which might interfere with ability of MGMT protein to repair any other
present O°-alkylG adducts (269,279). This mechanism could explain the ability of DS
control G to achieve a certain level of MGMT inactivation (Highest employed
concentration of DS G ODN caused 30% reduction in MGMT activity compared to
control MGMT). Secondly, MGMT inactivation of O°-alkylG containing ODNs is
potentially a consequence of alkyl group transfer from the modified guanine base to
MGMT active cysteine residue (Cys-145) (275). However, MGMT inactivation assays
could not provide enough evidence about mechanisms involved in inhibition of MGMT
activity by O®-alkylG containing ODNs. For O®-MeG adduct, there is ample literature to
support the latter mechanism (358,359). However, as for O°>-CMG and O°-CEG little or
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no evidence is available about the mechanisms of MGMT inactivation to support any of

the suggested mechanisms over the other.

Therefore, further MS analysis of MGMT incubated with alkylated ODNSs is
indispensable for verification of the inactivation mechanism since in the former case
alkyl group would remain in the ODN following MGMT incubation, whilst in the latter
case the alkyl group would be transferred to MGMT causing mass shift in the MGMT

tryptic peptide containing the active site.

Recorded ICs, values for both SS and DS O°-alkylG ODNSs (Table 4.1) revealed
a statistically significant difference between ICs, of DS O°-alkylG ODNs compared to
corresponding SS O°-alkylG ODNs indicating that DS O°-alkylG containing ODNs more
efficiently inactivated MGMT compared to the corresponding SS ODNs. Moreover,
Ricso (ICso of SS ODNSs/ ICs, of corresponding DS ODNs) was 2.41+0.35, 1.90+0.20
and 2.66+0.23 and 3.62+0.45 for O°-MeG (15), O°-CMG (44), O°-CEG (LH1 and RA1)
containing ODNSs, respectively. These ratios displayed that ICs, values of SS O°-alkylG
containing ODNSs were at least 2-fold of that of corresponding DS O°-alkylG containing
ODNSs. In other words, SS O°-alkylG containing ODNs required at least twice the
required amount of DS O°-alkylG containing ODNSs to achieve 50% inhibition of MGMT

activity.

Moreover, DW1 (O®CMG) ODN displayed a more remarkable difference
between SS and DS ODNs as SS DW1 failed to achieve 50% MGMT inactivation at
concentrations up to 250 nM, whilst, DS DW1 demonstrated ICso at 15.7+2.1 nM.
Notably, the other examined O°-CMG ODN (44) achieved 50% MGMT inactivation
using both SS and DS 44 ODN. ICs value of DS DW1 ODN approximately was 37-fold
that of DS 44 ODN. The difference between 44 and DW1 ODNs might be attributed to
local DNA sequence context. Similarly, a remarkable difference was reported between
the two examined O°®-CEG ODNSs, namely, LH1 and RA1, since ICs, values of SS and
DS RA1 ODN were approximately 7-fold the corresponding figures of LH1 despite both
ODNs had the same DNA sequence. These results highlighted a problem, therefore,
further MS investigations were required to confirm the identity of the alkyl adducts at
the O° position of the modified guanine base of ODNs 44, DW1, LH1 and RA1 to
investigate the reason behind the recorded differences between 44 vs. DW1 and LH1
vSs. RAL.
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The higher ability of DS O°-alkylG ODNSs to inhibit MGMT activity is potentially

attributed to number of reasons that may act solely or in combination. First of all,
MGMT binds DS DNA with slightly higher affinity than SS DNA (360). Moreover, slower
dissociation rates of MGMT and DS DNA substrate complex compared to SS DNA
substrates could potentially contribute to better nucleotide flipping and alkyl group
displacement. However, in contrast with our results, Mijal et al., reported that relative
MGMT reaction rates were not significant when performed with DS substrates
compared to SS ones, except for the human mutant E166G that repaired O°-pobG
more efficiently when DS substrates were employed (341). The disagreement in the
results between the previous study and the present work is attributed to totally different
experimental conditions in terms of the type of the assay, nature of alkyl adduct as well

as size of DNA substrates employed.

The present work has shown ICsy values (nM) of 0.17+0.02 and 0.07+0.01 nM
(mean+SD) for SS and DS 0°-MeG ODNSs, respectively and 0.80+0.14 and 0.42+0.01
nM (mean+SD) for SS and DS O°-CMG (44) ODNSs, respectively. Whilst, DS DW1 (O°-
CMG ODN) showed ICg, of 15.7+2.1 (nM). Previous studies reported that 1Cs, values
for O%-alkylG were 15.7 nM (DS O°-MeG 16 mer ODNSs) (294) and 0.9 nM and 1.7 nM
for 0°~MeG and O°-CMG, respectively (DS 13 mer ODNSs) (296). Notably, reported
difference in recorded ICs, values for O°®-MeG and O%-CMG ODNs between previous
studies and the current work is potentially a consequence of the difference in the size
of the DNA substrates as well as the effect of the local DNA sequence context
(sequence of the DNA that surrounds O°-alkylG adduct) (291).

These results highlighted that for both SS and DS alkylated DNA substrates the
potent MGMT inactivator was O°-MeG followed by either O°®-CMG or O°-CEG. Since
the variations in inactivation assay results recorded for the two different preparations of
either O°-CMG (44 & DW1) or O°-CEG (LH1 & RA1) ODNSs interfered with stating
which is the more potent MGMT inactivator. Results of the current work are consistent
with previous reports stating that MGMT repair preference is markedly dependant on
the alkyl group identity. Consistently, they suggested that MGMT repair efficiency
diminishes as adduct size increase which could be explained by the generation of
steric hindrance in MGMT active site pocket (275,290,361).
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4.4.2 Restriction endonuclease site deprotection as  say

Restriction endonuclease site deprotection assay provides great potential as a
technique to investigate the mechanism of MGMT inactivation by O®-alkylG containing
ODNs. 0O°-MeG blocks RE sites, therefore, if MGMT functions through removal of the
alkyl group, the blocked RE sites should be restored following pre-incubation of MGMT
with O°-alkylG containing ODNs providing initial insights of MGMT repair mechanisms.

Subsequent investigation of MGMT mediated repair of the three studied O°-
alkylG adducts involved restriction endonuclease site deprotection assay using 3 REs
Pstl, Sfcl and Mbol which demonstrated several important findings. Firstly, O°®-MeG (in
15 ODN), O°-CMG (in 44 ODN) and O°-CEG (in LH1 and RA1 ODNSs) adducts were
able to block the RE sites for Pstl enzyme. That was evidenced by the inability of Pstl
to digest any of the O°-alkylG containing ODNSs (15, 44, LH1 and RAL), without MGMT
pre-incubation. Secondly, MGMT efficiently repaired the three examined O°-alkylG
adducts restoring RE sites enabling Pstl digestion of O°-alkylG containing ODNs
almost to completion (except for RALl the reaction was not complete), following
incubation with MGMT. In addition, similar findings were reported for Sfcl RE that was
used for digesting 15, 44 and LH1 ODNs. Results of the present work were consistent
with previous studies demonstrated similar findings for 0O°-MeG and O°-CMG
containing ODNs (296,313).

Conclusively, Pstl and Sfcl REs were able to differentiate between O°-alkylG
containing ODNs (0°®-MeG (15), O°-CMG (44) and O®-CEG (LH1 and RA1, by Pstl
only)) and the corresponding normal control G (16) ODN. The current study is the first
demonstrating the ability of Mbol RE to differentiate between O°-alkylG containing
ODNs (O%-MeG (GMe) and O°-CMG (DW1) and the corresponding normal control G
(ConG) ODN.

The significance of the previous results involves providing initial evidence of the
mechanism of MGMT mediated repair of O%MeG, O°>-CMG and O°-CEG adducts
suggesting the removal of the alkyl group from the alkylated ODNs. However, further
MS analysis of MGMT protein incubated with O°-alkylG containing ODNSs is required to

confirm this hypothesis.
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Notably, restriction endonuclease site deprotection assay, using the RE Pstl,
was carried out under two experimental conditions. Initially, it was performed under
standard MGMT incubation conditions where MGMT was incubated with alkylated
ODN: s in presence of both buffer | and BSA (340,362).

However, standard MGMT incubation conditions were not appropriate for MS
analysis as BSA tryptic peptides could interfere with MGMT tryptic peptides. To remedy
this situation, new MS incubation conditions were developed incubating MGMT with
alkylated ODNSs in buffer | without BSA and the efficiency of the new incubation
conditions were compared to standard ones via restriction endonuclease site
deprotection assay, using the RE Pstl. Results showed that the elimination of BSA from
incubation mixtures did not appear to have a major impact on MGMT repair of O°-
alkylG adducts and it was approximately as effective as standard MGMT incubation
conditions. This conclusion was evidenced by the fact that the newly developed MS
incubation conditions enabled MGMT repair of O%-MeG, O°-CMG and O°®-CEG adducts.
Our results are in line with previous work that used similar incubation conditions
studying MGMT repair of O°-alkylG adducts via MS analysis of alkylated MGMT tryptic
peptides (296,341).

4.4.3 EMSA results

Present work investigated the ability of DNA damage sensing protein Atll, to
bind to O°-MeG, O®-CMG and O°-CEG adducts in all investigated ODNs. Results of the
current study showed that, Atl1 protein exhibited an efficient ability to bind the three
examined O°-alkylG adducts. Results of the present work are in line with previous
studies that have demonstrated the ability of Atll to bind specifically to and tightly to a
wide range of O%-alkylG adducts (312,313). Atl1 binds SS DNA containing O°-MeG, O°-
benzylG and O°-(4-bromothenyl)G or O°-HOEtG (314), and DS ODNSs containing O°-
MeG as well as O°-pobG adducts (315). Nevertheless, the current study is the first
demonstrating that Atl1 could efficiently bind to O°®-CMG and O°-CEG causing a visible
gel band shift during EMSA analysis. These results confirm the Atll overlapping of
MGMT substrate specificity which raises the question of the evolutionary relationship
between the MGMT and Atl1.
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4.5 Conclusion

0%-MeG, 0°-CMG adducts as well as the novel O®*-CEG adduct are substrates
for the DNA repair protein MGMT and recognized by DNA damage sensing protein
Atl1. The three studied O°-alkylG adducts could efficiently inhibit MGMT activity when
presented in SS or DS ODNSs, whilst, DS O°-alkylG containing ODNs are more potent
MGMT inactivators compared to SS ODNs. Moreover, O°®-MeG, 0°-CMG and O°-CEG
block RE site for the two investigated REs Pstl and Sfcl. Nevertheless, MGMT pre-
incubation with O%-MeG, O°-CMG and O°-CEG containing ODNs restored RE sites
enabling Pstl and Sfcl subsequent digestion of alkylated ODNs. Consistently,
mechanisms by which MGMT repair novel adducts O°-CMG and O°-CEG are notably
intriguing and substantially compelling to MS analysis of MGMT reacted with O°-alkylG

containing ODNSs to clarify them.
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5 Chapter 5: Repair of O°alkylG adducts containing ODNs by MGMT
analysed by MS to identify and quantify alkylation

5.1 Introduction

MGMT has been shown to be crucial for cellular protection against the
carcinogenicity and mutagenicity of formed O°-alkylG adducts (269,363). There is a
vast literature describing studies on O°-alkylG adduct repair by human MGMT protein
(269,275,364). MGMT is a remarkable protein that, alone in one step, can repair O°-
alkylG adducts via the transfer of the alkyl group from the O° position of the modified
guanine base to the active site cysteine residue (Cys-145) within MGMT (288,296,341).
Following this alkyl group transfer, the MGMT peptide containing this active site
(MGMT-ASP) now contains the alkyl group and since this results in a mass change it
can be detected by MS. A previous study demonstrated both methyl and
carboxymethyl group transfer to the MGMT-ASP following incubation with O°>-MeG and
0O°®-CMG containing ODNSs, respectively (296).

Mijal and Kotandeniya demonstrated the transfer of the pob group to the active site
(MGMT-ASP) following MGMT reaction with DNA ODNs containing O®-pobG via MS
(288,341). Kotandeniya et al. (288) developed a MS based approach to investigate the
kinetics of MGMT mediated repair of O°®-pob adducts placed within DNA ODNSs
representing modified rat H-ras sequence opposite either C or T, and reported faster
rates of alkyl group transfer when O°®-pobG base was paired with T rather than with C.

The efficiency of MGMT mediated repair of O%-alkylG adducts is affected by a
variety of factors including alkyl group structure and local DNA sequence context (291).
The relative rates of repair of O®-alkylG adducts by rat MGMT in alkylated DNA have
been reported to decrease with the mass of the alkylation: methyl > ethyl > n-propyl >
n-butyl > isopropyl, isobutyl (due to branched alkyl chain) > 2-hydroxyethyl (365).
Previous suggestion was later contradicted by a recent study in 2007 stated that the
rates of alkyl group transfer to human MGMT active site were as follows: (benzyl >
methyl > ethyl > 2-hydroxyethyl > pob) highlighting that the identity of the alkyl group
plays a more pivotal role in MGMT repair preference rather than size (290).The effect
of annealing of the DNA substrate (SS or DS) on the efficiency of MGMT mediated
repair of the O%-alkylG adducts has not been fully explored.
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5.2 Aims and objectives

Data shown previously (Chapter 4) indicated the inactivation of MGMT following
incubation with ODNs containing (O®-MeG, O°-CMG and O°-CEG). Hence, the overall
aim of this chapter was to investigate the mechanism of MGMT inactivation by Q°-
MeG, O%*-CMG and O®-CEG adducts and to confirm that this was a consequence of the
transfer of alkyl group from O°-alkylG containing ODNs to the MGMT-ASP.

The specific objectives were:
1- To identify/characterise peptides from MBP-MGMT using MALDI-TOF MS.

2- To demonstrate that alkylation of MBP-MGMT can be detected by MALDI-TOF MS
following incubation of ODNs containing O°-MeG, O°®-CMG and O°-CEG.

3- To compare (qualitatively) the transfer of alkyl groups from two preparations of O°-
CMG (DW1 and 44) and O°-CEG (RA1 and 2" preparation (LH1)) 23 mer ODNs so as

to investigate the significant difference found in MGMT ICs values (Chapter 4).

4- To compare relative levels of unmodified and alkylated MGMT-ASP using a further
MGMT tryptic peptide fragment as the internal control, following MGMT reaction with
SS and DS 0O°-alkylG ODNSs.

5- To compare MGMT repair preference for O°>-MeG, O°-CMG and O°-CEG adducts.

6- To perform MS analysis of chemically modified synthetic MGMT-ASP to confirm the

identity of the alkyl groups transferred to MGMT following reaction with O°>~-CMG and
O°-CEG ODNSs multiple preparations.
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5.3 Results

MBP-MGMT protein was incubated with excess alkylated ODNs (13 mer and 23
mer) prior to MS investigations (Section 2.2.17).

5.3.1 Identification of MBP-MGMT tryptic peptides

MALDI-TOF MS analysis of MBP-MGMT following digestion with trypsin
revealed 26 peptides (10 MGMT; 16 MBP) (Figure 5.1). The peptide which contained
the active cysteine residue (Cys145) generated an ion with m/z 1315.73 [M+H]" in the
digest of the unmodified protein. Tandem MS (LC-Orbitrap) confirmed that this ion was
indeed MGMT-ASP (Data are not shown). The peptide fingerprint spectrum of MBP-
MGMT is dominated by two ions (m/z 1247.63 [M+H]" and 1315.73 [M+H])
corresponding to MGMT-TP 7 (166-175, EWLLAHEGHR) and MGMT-ASP (136-147,
GNPVPILIPCHR), respectively.

MGMT tryptic peptides were matched to their constituent protein using
MASCOT (UniProtKB/Swiss-Prot; Last modified January 10, 2017). There was a good
agreement (MASCOT score 114 and 54% coverage) to MGMT_HUMAN (Accession
number: P16455) (113 amino acids out of the total of 207; expect=8X10?), as shown in
Figure 5.2. MGMT identified tryptic peptides are shown in Table 5.1.

Only 54 % of the MGMT sequence is detected, which is attributed to the
remainder generating tryptic peptides with m/z that are either too small — and therefore
in the region of the spectrum dominated by matrix species or too large to be
successfully detected. MS data was acquired from 800-2300 m/z and for the peptides
expected in this range there was sequence coverage of 86% (113 out of 131 amino

acids).
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Figure 5.1: MALDI-TOF mass spectra of MBP-MGMT tryp
Sequences of MGMT and MBP tryptic peptides identified with (*) and (#), respectively. Peaks with triangles (&) represent trypsin autolysis products.

Peak intensities are shown in arbitrary units on the y-axis.
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TP 1 2 3 4
1 MDKDCEMKRT TLDSPLGKLE LSGCEQGLHELKGKGTSA ADAVEVPAPA

51 AVLGGPEPLM QCTAWLNAYF HQPEAIEEFP VPALHHPVFQ QESRQVLW
5 6 ASP

101 KLLKVVK FGE VISYQQLAAL AGNPKAARAV GGAMRGNPVP ILIEHRVVC

7 8 9
151 SSGAVGNYSG GLAVEWLLA HEGHRLGKPG LGGSSGLAGA WLKGAGATSG

201 SPPAGRN

Figure 5.2: MGMT sequences detected using MALDI-TOF  MS.

Identified peptides are shown in red; the active site peptide (MGMT-ASP) is underlined.
54% sequence coverage (Peptide tolerance 0.2 and allowed missed cleavages, 2); TP:
tryptic peptides.

A single peptide was not detected (VVCSSGAVGNYSGGLAVK, 148-165)
(m/z=1667.8421) which is perhaps due to the hydrophobic amino acids supressing its
release from the C18-Ziptips.

The Mascot search also identified the MBP fusion protein, with a high Mascot
score (128) attributed to MALE_ECO57 (Accession number=POAEX9) and 52%
sequence coverage (expect=9X10®) as shown in Figure 5.3. Detected MBP tryptic

peptides are shown in Table 5.2.

As for MGMT the lack of full sequence coverage of MBP is attributed to the m/z
ratios of such peptides falling outside the reasonable detection range. In meeting the
first objective, it is evident that MALDI-TOF MS data has confirmed the identity of MBP-
MGMT protein that has been identified by western blot analysis (Section 3.3.4).
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Table 5.1: MGMT peptides arising from digestion of

MBP-MGMT with trypsin and detected using MALDI-TOF  MS.

Peptide Am_ino Measured Expected mass | Error (ppm) Missed Peptide
name acids mass cleavages

MGMT-TP1 1-8 999.4544 999.3871 67 1 MDKDCEMK
MGMT-TP2 1-9 1155.4780 1155.4882 -9 2 MDKDCEMKR
MGMT-TP3 10-18 931.4867 931.5022 -17 0 TTLDSPLGK
MGMT-TP4 19-32 1555.7580 1555.7712 -8 0 LELSGCEQGLHEIK
MGMT-TP5 108-125 1905.9890 1905.9996 -6 0 FGEVISYQQLAALAGNPK
MGMT-TP6 126-135 959.5071 959.5130 -6 1 AARAVGGAMR
MGMT-ASP 136-147 1315.7160 1315.7231 -6 0 GNPVPILIPCHR
MGMT-TP7 166-175 1247.618 1247.6207 -2 0 EWLLAHEGHR
MGMT-TP8 176-193 1668.9240 1668.9359 -7 0 LGKPGLGGSSGLAGAWLK
MGMT-TP9 194-206 1085.5160 1085.5261 -9 0 GAGATSGSPPAGR
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Figure 5.3: MBP sequences detected using MALDI-TOF  MS.

Detected peptides are shown in red. 52% sequence coverage (Peptide tolerance 0.2 and
allowed missed cleavages, 2). TP: tryptic peptides.

5.3.2 Detection of methyl group transfer to MGMT, via the peptide MGMT-ASP
following MBP-MGMT repair of O°-MeG adducts in 13 mer (303B) and 23 mer
(15) ODNs

Initially, qualitative MS analysis of tryptic fragments of MBP-MGMT protein
revealed the transfer of a methyl group from 0°-MeG to MGMT-ASP, following incubation
with both SS and DS 0°-MeG 13 mer (303B) and 23 mer (15) ODNs (Figures 5.4 and
5.5). Both O°-MeG 13 mer (303B) and 23 mer (15) ODNs were capable of producing
methylated MGMT-ASP (GNPVPILIPMe-CHR) that presents at m/z 1329.74 [M+H]"
Figure 5.4 | and Il (SS & DS 0°-MeG 13 mer, respectively) and Figure 5.5 | and Il (SS &
DS 0°-MeG 23 mer, respectively). In both cases (13 and 23 mer O°-MeG ODNSs) the
recorded mass shift in MGMT-ASP is reported with respect to a methyl group transfer
(mass shift = 14.01 Da).
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Table 5.2: MBP peptides arising from digestion of M

BP-MGMT with trypsin and detected using MALDI-TOF M S.

P Start-End Measured mass Expected mass Error (ppm) e Peptide
name cleavages

MBP-TP1 61-72 1423.7493 1423.7354 9 1 VTVEHPDKLEEK
MBP-TP2 73-92 2213.3347 2213.0702 15 0 FPQVAATGDGPDIIFWAHDR
MBP-TP3 93-109 1766.9570 1766.8887 11 0 FGGYAQSGLLAEITPDK
MBP-TP4 110-124 1857.0355 1856.9257 1 1 AFQDKLYPFTWDAVR
MBP-TP5 115-124 1267.6460 1267.6397 5 0 LYPFTWDAVR
MBP-TP6 146-153 893.5003 893.5018 -19 0 DLLPNPPK
MBP-TP7 154-163 1201.5951 1201.6026 -14 0 TWEEIPALDK
MBP-TP8 216-226 1189.7020 1189.7118 -15 0 AGLTFLVDLIK
MBP-TP9 229-245 1897.9399 1897.8312 -7 0 HMNADTDY SIAEAAFNK
MBP-TP10 278-299 2139.3523 2139.1484 1 0 GQPSKPFVGVLSAGINAASPNK
MBP-TP11 304-321 2097.2070 2097.0313 5 0 EFLENYLLTDEGLEAVNK
MBP-TP12 322-331 1011.6041 1011.6124 17 0 DKPLGAVALK
MBP-TP13 332-342 1336.6410 1336.6306 -5 1 SYEEELAKDPR
MBP-TP14 343-352 1076.5304 1076.5332 9 0 IAATMENAQK
MBP-TP15 353-370 2110.2368 2110.0176 13 0 GEIMPNIPQMSAFWYAVR
MBP-TP16 389-396 932.5024 932.5087 9 1 DAQTRITK
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l: SS 0°-MeG containing ODN (13 mer)

Intensity [a.u]

Il: DS O°-MeG containing ODN (13 mer)

lll: DS unmodified control ODN (13 mer)

Figure 5.4: Mass Spectra of tryptic digests of MBP-  MGMT reacted with ODNs of
the sequence GCCATGXCTAGTA where X is (land Il)  O°-MeG or (lll) control G
(374/113) ODN.

| & 1l. SS (303B) and DS (303B/113) O°-MeG ODNSs, respectively. Multiple peptides
were attributable to alkylation as well as the ASP ion (m/z 1315.73) observed when
MGMT was incubated with unmodified ODN as well as SS and DS 303B ODNSs. A.
Unmodified MGMT-ASP (GNPVPILIPCHR, 136-147) m/z 1315.73. B. Methylated
MGMT-ASP  (GNPVPILIPMe-CHR, 136-147) m/z 1329.74. C. MBP-TP13
(SYEEELAKDPR, 332-342) m/z 1336.54. Peak intensities are shown in arbitrary units
on the y-axis and intensity scale is the same for all panels.
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l: SS 0°-MeG containing ODN (23 mer)
A B
C
x1l ll lln
II: DS O°-MeG containing ODN (23 mer)
L1 L l Ly
IIl: DS unmodified control ODN (23 mer)
i .
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Figure 5.5: Mass Spectra of tryptic digests of MBP-  MGMT following reaction with
ODNs of the sequence GAA CTX CAG CTC CGT GCT GGC CC where Xis (I and
1) 0°-MeG or (Ill) control G (16/43) ODN.

| & Il. SS (15) and DS (15/43) 0°-MeG ODNSs, respectively. Multiple peptides were
attributable to alkylation as well as the ASP ion (m/z 1315.73) observed when MGMT
was incubated with unmodified ODN as well as SS and DS 15 ODNs. A. Unmodified
MGMT-ASP (GNPVPILIPCHR, 136-147) m/z 1315.73. B. Methylated MGMT-ASP
(GNPVPILIPMe-CHR, 136-147) m/z 1329.74. C. MBP-TP13 (SYEEELAKDPR, 332-
342) m/z 1336.54. Peak intensities are shown in arbitrary units on the y-axis and
intensity scale is the same for all panels.
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In addition, MS analysis of tryptic digests of MBP-MGMT incubated with control
G (13 mer and 23 mer) ODNs generated multiple MGMT and MBP peptides including
unmodified MGMT-ASP (GNPVPILIPCHR) but there was no trace of methylated
MGMT-ASP as shown in Figure 5.4 Ill & Figure 5.5 Ill (13 mer G & 23 mer G,

respectively).

5.3.3 MBP-MGMT repair of O°-CMG adducts in 13 and 23 mer ODNs (SS & DS)

Three O°-CMG ODN preparations were investigated: O°-CMG 13 mer (OW18
SS and DS), O°-CMG 23 mer first preparation (DW1; both SS and DS) and O°-CMG 23
mer second preparation (44/43; DS only due to unavailability of the SS ODN).
Primarily, MGMT mediated repair of O°-CMG adduct was demonstrated following
reaction with both SS & DS O°-CMG 13 mer ODNSs. Figure 5.6 | and Il show the ion
formed from carboxymethylated MGMT-ASP (m/z 1373.74 [M+H]") following the
reaction with SS & DS O°-CMG 13 mer ODNSs, respectively, alongside other ions.

For the 23 mer O%-CMG ODN, DW1, carboxymethylated MGMT-ASP ion was
detected following MGMT incubation with DS O®*-CMG 23 mer ODN (DW1/C) (Figure
5.7 1), but not SS O°>-CMG 23 mer ODN (DW1) (Figure 5.7 1). In both 13 mer (SS &
DS-OW18) and DS DW1 (23 mer) O°-CMG ODNSs, the recorded mass shift in MGMT-
ASP was reported with respect to a carboxymethyl group transfer (mass shift = 58.01
Da). MS analysis of MGMT incubated with the second preparation of 23 mer O°*-CMG
ODN (44/43) did not show any evidence of carboxymethylation, but evidence for alkyl
group transfer to MGMT was provided by the significant decrease in the unmodified
ASP ion signal, compared to control G ODN as shown in Figure 5.8I. This is associated
with the appearance of a new species, completely absent in the control, at m/z 1372.77
[M+H]". This ion with a mass shift of 57.04 from the unmodified peptide is assigned to
the transfer of a carboxamidomethyl (acetamide) group putatively. Other MGMT
peptides remained unaffected by incubation with DS 44 ODN, also supporting this

assignment rather than some non-specific adductation.

Unmodified MGMT-ASP, but not alkylated ASP, was detected in tryptic digests
of the unmodified protein reacted with G ODNs (13 and 23 mer Figure 5.6 Ill, 5.7 1lI
and 5.8 IlI, respectively). In addition, alkyl group transfer to MGMT-ASP was
guantitatively assessed as shown in an upcoming section.
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Figure 5.6: Mass Spectra of tryptic digests of MBP- ~ MGMT following reaction with
(I) SS O°-CMG (OW18), (Il) DS O°-CMG (OW18/113) or (llI) control G (374/113) 13
mer ODNSs.

Multiple peptides were attributable to alkylation as well as the ASP ion (m/z 1315.73)
observed when MGMT was incubated with unmodified ODN as well as SS and DS
OW18 ODNs. A. Unmodified MGMT-ASP (GNPVPILIPCHR, 136-147) m/z 1315.73. B.
MBP-TP13 (SYEEELAKDPR, 332-342) m/z 1336.54. C. Carboxymethylated MGMT-
ASP (GNPVPILIPCM-CHR, 136-147) m/z 1373.74. Peak intensities are shown in
arbitrary units on the y-axis and intensity scale is the same for the three panels (I, Il
and III).
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Figure 5.7: Mass Spectra of tryptic digests of MBP-  MGMT following reaction with
(I) SS O°-CMG (DW1), (Il) DS O°-CMG (DW1/C) or (lll) control G (16/43) 23 mer
ODNs.

Multiple peptides were attributable to alkylation as well as the ASP ion (m/z 1315.73)
observed when MGMT was incubated with unmodified ODN as well as SS and DS
DW1 ODNSs. A. Unmodified MGMT-ASP (GNPVPILIPCHR, 136-147) m/z 1315.73. B.
MBP-TP13 (SYEEELAKDPR, 332-342) m/z 1336.54. C. Carboxymethylated MGMT-
ASP (GNPVPILIPCM-CHR, 136-147) m/z 1373.74. Peak intensities are shown in
arbitrary units on the y-axis and intensity scale is the same for the three panels (I, I

and III).
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Figure 5.8: Mass spectra of tryptic digests of MBP-
or (Il) control G (374/113) ODNSs.
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MGMT reacted with (1) 44/43,

Multiple peptides were attributable to alkylation as well as the ASP ion (m/z 1315.73),
observed when MGMT was incubated with unmodified ODN as well as DS 44 ODN. A.
Unmodified MGMT-ASP (GNPVPILIPCHR, 136-147) m/z 1315.73. B. MBP-TP13
(SYEEELAKDPR, 332-342) m/z 1336.54. C. Putative carboxamidomethylated MGMT-
ASP (GNPVPILIPcarboxamidomethyl-CHR, 136-147) m/z 1372.77. Peak intensities
are shown in arbitrary units on the y-axis and intensity scale is the same for the two

panels (I and II).
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5.3.4 MBP-MGMT repair of O°-CEG adducts in SS (SRO1) and DS (SR01/113) 13
mer ODNs

Following incubation of MGMT with SS 13 mer SRO1, MS revealed the
modification of the active site by S-methylcysteine modified-ASP (m/z 1329.74 [M+H]")
only and showed no trace of S-carboxyethylcysteine modification (predicted m/z
1387.75 [M+H]") (Figure 5.9 1). Similarly, MS analysis of MGMT reacted with DS
SRO1/113 failed to detect carboxyethylated MGMT-ASP, however, methylated MGMT-
ASP was revealed at m/z 1329.74. Moreover, an additional species was detected at
m/z 1386.77 following reaction with SRO1/113 (Figure 5.9 1l). This ion was not
detected in the control and induced the mass shift of 71.04 Da from MGMT-ASP. As
with 44 ODN, the incubation of SRO1 with MGMT resulted in the transfer of an alkyl
group to MGMT-ASP and formation of an alkylated ASP that was utterly absent in
control.

However, the molecular weight of the detected peptide cannot be assigned to a
carboxyethylation as it was approximately 0.98 Da less than expected for the transfer
of carboxyethyl group to MGMT-ASP. Based on the analogy with carboxamidomethyl,
the detected species is putatively assigned to the transfer of carboxamidoethyl to
MGMT, following incubation with DS 13 mer SR0O1/113 which raises a question about
the identity of the alkyl group at the O°-position of the modified guanine base in SRO1.
Furthermore, the unmodified MGMT-ASP (m/z 1315.7 [M+H]") was detected after
incubation with G ODNs and after incubation with both SS and DS SRO1 13 mer
(Figure 5.9 111).

For SRO1 ODN, a quantitative analysis was conducted to compare the relative
abundance of the 2 detected modified MGMT-ASPs with the evaluation of the ratio R,
corresponding to putative carboxamidoethylated MGMT-ASP PA/methylated MGMT-
ASP PA; as explained in section 2.2.17.3. R, was zero (mean+SD, n=3) following
MGMT reaction with control and SS SRO1. By contrast, reaction with DS SR0O1/113
caused a significant increase in the R, to 0.62+0.13, with respect to the control and SS
SRO1 (P<0.001) (Table 5.3).
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Figure 5.9: Mass Spectra of MBP-MGMT tryptic peptid es following incubation
with (1) SRO1, (Il) SRO1/113 and (lll) unmodified G ODN (374/113).

Multiple peptides are attributable to alkylation as well as the ASP ion (m/z 1315.73),
which was observed when MGMT is incubated with unmodified ODN as well as SS and
DS SRO1. A. Unmodified MGMT-ASP (GNPVPILIPCHR, 136-147; m/z 1315.73). B.
Methylated MGMT-ASP (GNPVPILIPMe-CHR, 136-147; m/z 1329.74). C. MBP-TP13
(SYEEELAKDPR, 332-342; m/z 1336.54). D. Putative carboxamidoethylated MGMT-
ASP (GNPVPILIPcarboxamidoethyl-CHR, 136-147; m/z 1386.77). Peak intensities are
shown in arbitrary units on the y-axis and intensity scale is the same for the three
panels (I, Il and IlI).
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Table 5.3: R, for MBP-MGMT reacted with SRO1 and LH1a-c.

ODN ODN size R
SS DS

G 13-mer 0 0
SRO1 13-mer 0 0.62+0.137##

G 23-mer 0 0
LH1a 23-mer 0 1.03+0.037*
LH1b 23-mer 0.77+0.003" 7.2+40.347%%#
LH1c 23-mer 0.66+0.16 17.1+2.97%#

Values are mean+SD of 3 experiments. **P<0.01; ***P<0.001 (significantly different
from control G). #*P<0.001 (significantly different from corresponding SS ODN).

5.3.5 MS analysis of tryptic digests of MBP-MGMT fo llowing reaction with 23
mer O°-CEG containing ODNs

Four 23 mer O°-CEG containing ODNs were examined (RA1& LH1a-c).

5.3.5.1 MALDI-TOF MS analysis of carboxyethyl group transf er from SS & DS
RA1 ODN

Figure 5.10 (I and II) showed that carboxyethyl transfer to MGMT was observed
following MGMT reaction with 23 mer O°-CEG (RA1), either SS or DS, since
carboxyethylated MGMT-ASP was detected in tryptic fragments of MGMT (m/z
1387.75 [M+H]"). MGMT incubation with the RA1 (SS or DS) induced a shift in the
molecular weight of MGMT-ASP=72.02 Da which corresponds to the transfer of a
carboxyethyl group. The unmodified MGMT-ASP was present in the tryptic digest of
MGMT incubated with DS G as well as SS and DS RAL1 (Figure 5.10 III).
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Figure 5.10: Mass Spectra of tryptic digests of MBP ~ -MGMT reacted with ODNs of
the sequence GAA CTX CAG CTC CGT GCT GGC CC where X is (I and Il) O°-
CEG or (lIl) control G (16/43) ODN.

I & 1l. SS and DS RAL, respectively. Multiple peptides were attributable to alkylation as
well as the ASP ion (m/z 1315.73), which is observed when MGMT was incubated with
unmodified ODN as well as SS and DS RAl. A. Unmodified MGMT-ASP
(GNPVPILIPCHR, 136-147; m/z 1315.73). B. MBP-TP13 (SYEEELAKDPR, 332-342;
m/z 1336.54). C. Carboxyethylated MGMT-ASP (GNPVPILIPcarboxyethyl-CHR, 136-
147; m/z 1387.75). Peak intensities are shown in arbitrary units on the y-axis and
intensity scale is the same for the three panels (I, Il and III).
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5.3.5.2 MALDI-TOF MS analysis of tryptic peptides of MBP-M  GMT incubated with
SS LH1a and DS LH1a/43 ODNs

Figure 5.11 (I and II) showed that S-methylcysteine modified-ASP was detected
in tryptic peptides of MBP-MGMT protein that reacted with either SS or DS LHla.
However, transfer of carboxyethyl group to MGMT-ASP was not demonstrated
following incubation of MBP-MGMT with either SS or DS LH1a. In addition, similar to
SRO1 ODN, putative S-carboxamidoethylcysteine modified-ASP (m/z 1386.77 [M+H]")
was detected following reaction with DS LH1a ODN. Therefore, R, was calculated for
LH1a ODN to compare the relative abundance of the two detected alkylated MGMT-
ASPs showing that the PA of S-methylcysteine modified MGMT-ASP was
approximately the same as that of putative S-carboxamidoethylcysteine MGMT
modified ASP indicating R, to be 1.03+0.03 (mean+SD; n=3), after MGMT reaction with
DS LH1la. This result was statistically significant with respect to either control G or
corresponding SS ODNs (P<0.001) since R, was zero for both groups (Table 5.3).
Furthermore, the unmodified, but not alkylated, MGMT-ASP (m/z 1315.7 [M+H]") was
detected after incubation with control G ODNs (Figure 5.11 IlI).

5.3.5.3 MS analysis of tryptic digests of MBP-MGMT followi  ng reaction with SS
LH1b and DS LH1b/43 re-purified ODNs

The presence of S-methylcysteine as well as putative S-
carboxamidoethylcysteine modifications to MGMT following incubation with SS and DS
LH1a was unexpected, and to investigate further, LHla ODN was subjected to a
second purification step to investigate if the presence of these ions was due to
contamination (Figure 2.2). Purified LH1a was assigned lab number LH1b. Following
this purification and subsequent incubation with MBP-MGMT, both ions (S-
methylcysteine and putative S-carboxamidoethylcysteine modified MGMT-ASPS) were
still detected after reaction with either SS or DS LH1b (Figure 5.12 | and lI).
Quantitative analysis showed that, R, was 0 after reaction with control G that
significantly increased to 0.77+0.003 (mean+SD; n=3) (P<0.01; relative to control) and
7.2+0.34 (P<0.001, relative to both control & SS LH1b) following reaction with SS and
DS LH1b, respectively.
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Figure 5.11: Mass Spectra of MBP-MGMT following inc  ubation with (1) SS LH1a,
(I DS LH1a/43 and (ll) DS unmodified G ODN (16/4 3).

Multiple peptides were attributable to alkylation as well as the ASP ion (m/z 1315.73),
observed when MGMT was incubated with unmodified ODN as well as SS and DS
LH1la ODN. A. Unmodified MGMT-ASP (GNPVPILIPCHR, 136-147; m/z 1315.73). B.
Methylated MGMT-ASP (GNPVPILIPMe-CHR, 136-147; m/z 1329.74). C. MBP-TP13
(SYEEELAKDPR, 332-342; m/z 1336.54). D. Putative carboxamidoethylated MGMT-
ASP (GNPVPILIPcarboxamidoethyl-CHR, 136-147; m/z 1386.77). Peak intensities are
shown in arbitrary units on the y-axis and intensity scale is the same for the three
panels (I, Il and IlI).
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Figure 5.12: Mass spectra of MBP-MGMT reacted with (1) LH1b, (I1) LH1b/43 and
(1) control 16/43 ODN focusing on locations and m  asses of modified MGMT
active site peptides.

Multiple peptides were attributable to alkylation as well as the ASP ion (m/z 1315.73),
observed when MGMT was incubated with unmodified ODN as well as SS and DS
LH1b ODN. A. Unmodified MGMT-ASP (GNPVPILIPCHR, 136-147; m/z 1315.73). B.
Methylated MGMT-ASP (GNPVPILIPMe-CHR, 136-147; m/z 1329.74). C. MBP-TP13
(SYEEELAKDPR, 332-342; m/z 1336.54). D. Putative carboxamidoethylated MGMT-
ASP (GNPVPILIPcarboxamidoethyl-CHR, 136-147; m/z 1386.77). Peak intensities are
shown in arbitrary units on the y-axis and intensity scale is the same for the three
panels (I, Il and III).
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This result indicates that PA of detected putative carboxamidoethylated MGMT-
ASP was seven times that of methylated MGMT-ASP, following MBP-MGMT reaction
with DS LH1b/43. From this data, it is clear that the second purification of LH1a did not
eliminate S-methylcysteine modified MGMT-ASP. Further, the second step of
purification of LH1a facilitated the detection of S-carboxamidoethylcysteine modified
MGMT-ASP and enabled it for the first time after incubation with SS LH1b (Table 5.3).

5.3.5.4 MS analysis of tryptic digests of MBP-MGMT followi  ng reaction with SS
LH1c and DS LH1c/43 ODNs

A second fraction of 23 mer ODN (LH1a) was subjected to further purification
trying to eliminate or at least minimise the unexpected alkyl modified ASPs. Purified
LH1a ODNs were assigned the lab code LH1c. Figure 5.13 | and Il demonstrated that
both S-methylcysteine and putative S-carboxamidoethyl modified ASPs were detected
in tryptic digests of MBP-MGMT incubated with SS (LH1c) or DS (LH1c/43) ODNSs.

In addition, as with the second purification, final purification of 23 mer LHl1a
ODNSs yielded LH1c ODN still allows the detection of either S-methylcysteine or S-
carboxamidoethylcysteine modified MGMT. Moreover, Figure 5.13 Il showed that the
unmodified MGMT-ASP was detected after incubating MGMT with unmodified control
ODNSs, and did not show any traces for alkyl modified MGMT-ASPs.

Additional analysis (R,) displayed that final purification reduced the intensity of
methylated MGMT-ASP PA to seventeen times less than that of putative
carboxamidoethylated MGMT-ASP (R,=17.1+2.9 (mean+SD, n=3); P<0.001 with
respect to both control G), when MBP-MGMT was incubated with purified LH1c/43.
Moreover, R, for LH1c/43 was statistically significant with respect to that of SS LH1c
that had R, of 0.66+0.16. However, recorded R, for LH1lc was statistically non-
significant with respect to control G ODN (P>0.05); as shown in Table 5.3.
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Figure 5.13: MALDI-TOF spectra of MBP-MGMT reacted  with () SS LH1c, (Il) DS
LH1c/43 and (l1l) control G ODN (16/43) focusing on  locations of modified MGMT-
ASPs.

Multiple peptides were attributable to alkylation as well as the ASP ion (m/z 1315.73),
observed when MGMT was incubated with unmodified ODN as well as SS and DS
LH1c ODN. A. Unmodified MGMT-ASP (GNPVPILIPCHR, 136-147; m/z 1315.73). B.
Methylated MGMT-ASP (GNPVPILIPMe-CHR, 136-147; m/z 1329.74). C. MBP-TP13
(SYEEELAKDPR, 332-342; m/z 1336.54). D. Putative carboxamidoethylated MGMT-
ASP (GNPVPILIPcarboxamidoethyl-CHR, 136-147; m/z 1386.77). Peak intensities are
shown in arbitrary units on the y-axis and intensity scale is the same for the three

panels (I, Il and III).
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5.3.6 MS analysis of chemically modified synthetic MGMT-ASP

In order to help to confirm the identity of transferred alkyl groups to MGMT-
ASPs following incubation with various preparations of O°®-CMG and O°-CEG ODNS,
synthetic MGMT-ASP was incubated with iodoacetic acid (carboxymethylating agent),
iodoacetamide (carboxamidomethylating agent), 2-bromopropionic acid
(carboxyethylating agent) and 2-bromopropionamide (carboxamidoethylating agent).
Then chemically modified synthetic MGMT-ASPs were analysed by MS (Section
2.2.17.1).

Figure 5.14 (I, V) shows that iodoacetamide reaction with MGMT caused a
57.03 Da mass shift with the alkylated peptide observed at m/z 1372.75 [M+H]". This
result supports the assignment of the alkyl group at the O° position of modified G base
in this 44 ODN (Figure 5.8) as carboxamidomethyl rather than the carboxymethyl
group. Whilst Figure 5.14 (ll, VI) shows that iodoacetic acid generated a
carboxymethylated ion at m/z 1373.73 [M+H]" (58.01 Da mass shift), consistent with
the O°®-CMG ODNSs results (DS DW1 and OW18; Figure 5.6 and 5.7).

In addition, the other amide (2-bromopropionamide) caused a mass shift of 71.04
Da cf. carboxamidoethylated MGMT-ASP detected at m/z 1386.76 [M+H]"; as shown in
Figure 5.14 (lll, VII). While, 2-Bromopropionic acid incubation with MGMT-ASP
generated an ion at m/z 1387.74 [M+H]" (72.02 Da mass shift from the ASP) assigned
as carboxyethylation Figure 5.14 (IV, VIII), which is consistent with the O°>-CEG ODN
results (RAL; Figure 5.10).

This highlights that both LH1 and SRO1 ODNs do not contain carboxyethyl
modification at the O° position of the modified G base but that instead they possessed
a carboxamidoethyl modification as evidenced by the recorded mass shift (71.04 Da) in
MGMT-ASP following LH1 and SRO1 ODNSs incubation with MGMT (Figure 5.9, 5.11-
13).

In addition, MS analysis of mixture of tryptic peptides of MBP-MGMT that was
incubated with 44 and DW1 ODNSs, separately, demonstrated the presence of the two
peaks at m/z 1372.7 and 1373.7 [M+H]" (Figure 5.15 I-lll). The same result was
reported for LH1 and RA1; as shown in Figure 5.15 IV-VI.
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Figure 5.14: Mass spectra of chemically modified sy  nthetic MGMT-ASP.

Synthetic MGMT-ASP (1 pM) was chemically modified via incubation with 50 mM: (I, V) lodoacetamide, (Il, VI) lodoacetic acid, (lll, VII) 2-
Bromopropionamide or (IV, VII) 2- Bromopropionic acid. A. Unmodified MGMT-ASP (GNPVPILIPCHR, 136-147) m/z 1315.72. B.
Carboxamidomethylated MGMT-ASP (GNPVPILIPcarboxamidomethyl-CHR, 136-147) m/z 1372.75. C. Carboxymethylated MGMT-ASP
(GNPVPILIPCM-CHR, 136-147) m/z 1373.73. D. Carboxamidoethylated MGMT-ASP (GNPVPILIPcarboxamidoethyl-CHR, 136-147) m/z 1386.76. E.
Carboxyethylated MGMT-ASP (GNPVPILIPCE-CHR, 136-147) m/z 1387.74. Peak intensities are shown in arbitrary units on the y-axis and intensity
scale is the same for panels (I, II, [ll and IV). Panels V-VIII are magnified inserts with the same intensity scale.
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Figure 5.15: Mass spectra of tryptic digests of MBP  -MGMT incubated with either O°®-CMG or O°-CEG containing ODNSs.

(I) Mixture of tryptic digests of MBP-MGMT incubated with 44 and DW1 (O°-CMG) ODNSs, (Il Ill) Tryptic digests of MBP-MGMT incubated with either
44 or DW1, respectively. (IV) Mixture of tryptic digests of MBP-MGMT incubated with RA1 and LH1 (O°-CEG) ODNSs, (V, VI) MBP-MGMT incubated
with  LH1c or RA1 ODNs, respectively. A. Two peaks at m/z 1372.75 &1373.73 B. Carboxamidomethylated MGMT-ASP
(GNPVPILIPcarboxamidomethyl-CHR, 136-147) m/z 1372.75. C. Carboxymethylated MGMT-ASP (GNPVPILIPCM-CHR, 136-147) m/z 1373.73. D.
Two peaks at m/z 1386.76 &1387.74 E. Carboxamidoethylated MGMT-ASP (GNPVPILIPcarboxamidoethyl-CHR, 136-147) m/z 1386.76. F.
Carboxyethylated MGMT-ASP (GNPVPILIPCE-CHR, 136-147) m/z 1387.74. Peak intensities are shown in arbitrary units on the y-axis and intensity

scale is the same for panels (I, II, lll) and (IV, V, VI).
177 |



Chapter Five

5.3.7 Quantitative comparison of MGMT repair of SS vs. DS OS-alkylG

containing ODNs

The ratio (R,) of the PA of unmodified MGMT-ASP was compared to the PA of
MGMT-TP 7 (EWLLAHEGHR) to monitor disappearance of unmodified MGMT-ASP
following incubation with alkylated ODNs; as explained in section 2.2.17.3. For LH1
preparations, quantitative analyses were conducted for LH1c merely, because it was
the purest available preparation of LH1 containing the least amount of O°-MeG as

evidenced by previous quantitative R; results.

Regarding 13 mer ODNSs, following incubation of MGMT with the control G 13
mer ODN, R, was found to be 0.58+0.03 (mean+SD, n=3), whereas R, significantly
decreased to 0.20+0.01 (P<0.001), 0.10+0.01 (P<0.01), 0.26+0.01 (P<0.001) and
0.12+0.03 (P<0.001) following MGMT reaction with 303B, 303B/113, OW18 and
OW18/113, respectively, compared to unmodified protein (Table 5.4). Moreover, there
was a significant difference between R, for SS vs. DS 0°-MeG (303B) and O°-CMG
(OW18) ODNs (P<0.01 and P<0.05, respectively). Whilst both SS and DS SRO1
reaction with MGMT did not cause a statistically significant change (P>0.05) in R,
pointing out a non-significant change in the abundance of unmodified MGMT-ASP.
Recorded R, values were 0.59+0.02 and 0.48+0.05 for SS and DS SROL1, respectively
(Table 5.5).

Quantitative analysis for 23 mer ODNs revealed significant decrease in R, from
0.63+0.04 for G 23 mer ODN (mean+SD, n=3) to 0.08+0.01, 0.02+0.002, 0.28+0.003,
0.03+0.01, 0.22+0.001, 0.16+0.001, 0.33+0.01 and 0.26+0.01 for 15, 15/43, DW1/C,
44, RA1, RA1/C, LH1c and LH1c/43, respectively. Recorded P values were (P<0.001)
for all ODNs except DW1/C (P<0.05) and SS & DS LH1c (P<0.01); with respect to
control. However, MGMT incubation with DW1 didn't cause a significant change in R,
(0.54+0.001; P>0.05). R, results of all DS 23 mer O°-alkylc ODNs were statistically
significantly different from that of the respective SS ODN. P values were P<0.01,
P<0.05, P<0.001, P<0.05 for SS vs. DS 15, DW1, RA1 and LH1c, respectively (Table
5.4 & 5.5).
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Table 5.4: Summary for R , and R; for MGMT reacted with Oﬁ—alkyIG ODNSs.

ODN size SS DS DS/SS
Nucleo-base
(Lab no.) Ro R, R, R, R, R,
13-mer
G (374) - - 0.58+0.03 - - -
23-mer
(16) - - 0.63+0.04 ) ) )
lg’(')r;er 0.20+0.01™ 0.58+0.01" 0.10+0.01"# 0.71+0.03™* 0.53+0.05 | 1.2+0.06
0°-MeG e
Zcz’fg)er 0.08+0.01" 0.38+0.01"™ 0.02+0.002""# 0.62+0.01""## 0.26+0.02 | 1.6+0.01
el | 0.26:0.0170%¢ 0.28+0.01°90@ 0.12+0.03™* 0.63+0.001%® | 0.46+0.10 | 2.3+0.10
0°-CMG (OW18)
%S{,r\?f)r 0.54+0.001¢¢ - 0.28+0.003%@®¢ 0.44+0.10*@®® 0.52+0.01 -
O°-CEG Z(ggnle)r 0.22+0.0017"®®° | 0.006+0.0004™®@@ | 0.16+0.001*#@@@ | (01+0.001"**@@€ | 75+0.04 | 1.7+0.2

Ro: Unmodified MGMT-ASP PA/MGMT-TP 7 PA; R;: Alkylated ASP PA/IMGMT-TP 7 PA. Values are mean+SD of 3 experiments. *P<0.05; **P<0.01;

**P<0,001 (significantly different from control G; one way ANOVA). “P<0.05; *P<0.01; **P<0.001 (significantly different from corresponding SS O°-
alkylG ODN; one way ANOVA). ®P<0.05; ®®®P<0.001 (significantly different from corresponding O°>-MeG ODN; non-paired t test).
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Table 5.5: Summary for R , and R; for MGMT reacted with SRO1, LH1c or 44 ODNSs.

?B.N DN sire SS DS DS/SS
R, R: Ro R: Ro Rq
SRO1 13-mer 0.59+0.02 - 0.48+0.05 0.06+0.01"* 0.81+0.1 -
LH1c 23-mer 0.33+0.01" 0.003+0.001 0.26+0.017* 0.09+0.01" " 0.80+0.03 30+10
44 23-mer - - 0.03+0.01™ 0.63+0.02™ - -

Ro: Unmodified MGMT-ASP PA/IMGMT-TP 7 PA; R;: Alkylated ASP PA/IMGMT-TP 7 PA. Values are mean+SD of 3 experiments. *P<0.05; *P<0.01;
**P<0.001 (significantly different from control G; one way ANOVA). “P<0.05; "#P<0.01; *#P<0.001 (significantly different from corresponding SS O°-
alkylG ODN; one way ANOVA).
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Additional quantitative analyses were conducted to assess the relative repair of
O°®-alkylG in SS vs. DS ODNs by MGMT by comparing the repair ratio (R;) of PA of
alkylated MGMT-ASP to that of PA of MGMT-TP 7 among all groups (Section
2.2.17.3). Concerning 13 mer ODNSs, there were clear differences in R; between the
differing ODNs being 0 after reaction with control G ODNs, and which increased
significantly to 0.58 +0.01 (mean+SD, n=3) (P<0.001), 0.71+0.03 (P<0.001), 0.28+0.01
(P<0.05), 0.63+0.001 (P<0.05), 0.06+0.01 (P<0.05) after incubation of MGMT protein
with 303B, 303B/113, OW18, OW18/113 and SRO1/113, respectively. Since
carboxamidoethyl modified MGMT-ASP was not detected in tryptic fragments of
proteins following incubation with SRO1, therefore, R; was zero. R;s of all DS 13 mer
O°%-alkylG ODNs were statistically significantly different from that of the respective SS
ODN (P<0.05) (Table 5.4 & 5.5).

Furthermore, there were clear differences in R; among 23 mer Oe—alkyIG ODNSs.
R; was zero using the control G ODNSs, but increased significantly to 0.38+0.01
(mean+SD, n=3) (P<0.001) and 0.62+0.01 (P<0.001), 0.44+0.10 (P<0.05), 0.63+0.02
(P<0.001), 0.006+0.0004 (P<0.001), 0.01+0.001 (P<0.001) and 0.09+0.01 (P<0.01)
after incubation of MGMT protein with 15, 15/43, DW1/C, 44, RAl, RA1/43 and
LH1c/43, respectively, compared to control. However, MGMT reaction with SS LH1c
induced a non-significant increase in R; (0.003+0.001; P>0.05), with respect to control.
In addition, Ry was zero for DW1 since no carboxymethylated peptides were detected.
Furthermore, R; results from incubation with the DS Oe—alkylG ODN were statistically
significantly different from those found with the respective SS ODN (P<0.001 for SS vs.
DS 15 and RA1; P<0.05 for SS vs. DS DW1,; P<0.01 for SS vs. DS LH1c) (Table 5.4 &
5.5).

Further statistical analysis comparing 13 mer O°-CMG R, and R; (SS & DS) to
the corresponding O°-MeG results displayed significant differences between O°®-MeG
and O%-CMG results (P<0.001 for SS R, and R;, P<0.05 for DS R;). Conversely, there
was no statistical difference in R, between DS 0°-MeG and O°-CMG (P>0.05).
Consistently, statistical analysis for 23 mer ODNs, namely, 0°>-MeG, O°>-CMG (DW1)
and O°-CEG (RA1), revealed that R, and R; of the new examined adducts O°®-CMG
and O°-CEG (SS & DS) were statistically significantly different from those of the
corresponding O°-MeG (P<0.001). Both 13 mer and 23 mer ODN results indicated that
MGMT efficiently repaired O®-MeG over corresponding O°>-CMG and O°-CEG.
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5.4 Discussion

The work described above demonstrates that O%-MeG, O®-CMG as well as O°-
CEG adducts are repaired by human MGMT in a reaction that results in the transfer of
the alkyl groups (methyl, carboxymethyl or carboxyethyl), respectively, from the O°
position of the modified guanine base to MGMT. The peptide that is the ‘proxy’ readout
of this reaction contains the active cystinyl residue (Cys-145). It has been shown that
the newly developed MALDI-TOF based approach was able to differentiate between
two preparations of 23 mer ODNs, namely, 44 and DW1, that both were supposed to
contain O°®-CMG adduct. Since, the transfer of carboxymethyl group was observed
following reaction with DS DW1 but not 44 ODN. As for O°-CEG containing ODNSs,
among all assayed 13 mer and 23 mer preparations, only the RA1 of 23 mer O°-CEG
ODN demonstrated the transfer of carboxyethyl group to MGMT-ASP following their
reaction.

This study is the first report of the repair of O°>-CEG adduct by MGMT displaying
the transfer of carboxyethyl group from a modified guanine base to MGMT. Data shown
could be used as evidence for the classification of this O°>-CEG adduct as a MGMT-
repairable one. This raises the question about the potential pathways of the formation

of this novel adduct and whether this adduct is present in vivo.

Following incubation of MGMT with O°-alkylG containing ODNs, MS revealed
ions that corresponded to the both MBP and MGMT tryptic peptide as well as MGMT-
ASP accompanied by mass increases consistent with the transfer of methyl (14.01 Da),
carboxymethyl (58.01 Da) or carboxyethyl (72.02 Da) to MGMT-ASP. This leads to the
conclusion that alkyl group transfer is the primary product as a consequence of O°-
alkylG adducts repair by MGMT. This observation is consistent with a previous report
demonstrating alkyl group transfer to MGMT using alkylated DS 13 mer ODNs
containing both O°-MeG and O°-CMG adducts (296). However, the previous study
reported a 57 Da mass shift following reaction with DS O°-CMG 13 mer ODN. Whilst,
the current work finds a mass shift of 58 Da consistent with transfer of carboxymethyl
group to MGMT-ASP following incubation with both 13 mer (SS & DS OW18) and 23
mer (DS DW1) O°-CMG ODNs. According to the Unimod database for protein
modifications, the expected mass change due to transfer of carboxymethyl group is

58.005 Da (366), whilst 57 mass shift of a cysteine residue corresponds to the transfer
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of a carboxamidomethyl group (367). The discrepancy in results between previous
work and the current study may be due to the difference in the identity of the alkyl

adduct or in MS conditions or even both.

A major aim of this work was to compare qualitatively the transfer of alkyl
groups from the two examined O%-CMG 23 mer ODN preparations to MGMT; namely
DW1 and 44. Results indicate that MGMT incubated with DS (but not SS) DW1 ODN
allows the transfer of a carboxymethyl group to MGMT-ASP as evidenced by the
detection of a carboxymethylated MGMT-ASP ion. These findings confirm that DW1
ODN was O°-CMG containing ODN and provided further assurance about the identity
of the alkyl group at the O° position of the modified G base as a carboxymethyl group.
Conversely, qualitative MS results showed that MGMT incubation with DS 44 ODN
resulted in generation of an alkylated MGMT-ASP ion peak at 1372.7 m/z [M+H]" with a
recorded mass shift of 57 Da which was not detected in tryptic peptides of the control
group. This putative alkylated MGMT-ASP was suggested to be due to the transfer of
carboxamidomethyl group instead of a carboxymethyl group to MGMT. These findings
were verified by MS analysis of chemically modified (carboxymethylated and
carboxamidomethylated) synthetic MGMT-ASP showing that carboxymethylation
(CH,COOH) and carboxamidomethylation (CH,CONH,) of synthetic MGMT-ASP
generated [M+H]" ions at m/z 1373.7 (58 Da mass shift) and 1372.7 (57 Da mass

shift), respectively.

Furthermore, this MS approach was able to distinguish between the three
assayed O°-CEG ODN preparations; namely, 13 mer O°*-CEG ODN (SRO1) as well as
23 mer O°-CEG ODNs RA1 and LH1 preparations as it revealed major differences in
terms of the m/z ratio of the detected alkylated ASPs and subsequently the induced
change of MGMT-ASP molecular weight. A single preparation of 23 mer O°-CEG,
which is RA1, enabled carboxyethyl group transfer to MGMT confirming the identity of
the alkyl modification at the O° position of the modified G base as carboxyethyl group
(368). However, MS analysis of SRO1 as well as LH1 a, b and ¢ showed the transfer of
an alkyl group causing mass shift of 71.04 Da to the active site peptide, and by analogy
to carboxamidomethyl, it was tentatively assigned to carboxamidoethylated MGMT-
ASP (also known as propionamide) (369,370) which was then supported by control
experiments.
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MS analysis of MGMT reacted with 44, SRO1 and LH1 ODNSs coupled with the
synthetic ASP results highlighted that previously mentioned ODNs did not contain the
expected alkyl adducts at the O° position of the modified G base. However, 44 ODN
contained carboxamidomethyl alkyl group instead of carboxymethyl and both SRO1
and LH1 contained carboxamidoethyl instead of carboxyethyl. Mass spectroscopic
identification of amidated peptides is relatively straight forward as amidation decreases
the mass of the intact ion -0.98 Da which is due to replacement of OH group with NH,
(371). Possibly that was a result of the use of ammonia for DNA bases de-protection
wherein ammonia reacted with the COOH groups forming the CONH, chemical entities.
However, further tandem MS analysis is required to confirm these results.

In addition, further purifications of the initial preparation LH1a minimized the
intensity of the methylated ASP, and increased the relative intensity of the
carboxamidoethylated species. From this it could be concluded that LH1 ODN
contained some containment O%-MeG and that the repeated cycles of purifications

minimised it.

Our qualitative MALDI-TOF MS based approach investigating MGMT repair of
the O°-MeG lesions displayed the same repair preference for both DS and SS ODNs
when either presented as 13 or 23 mer contexts since methylated ASP ions was
detected in tryptic digests of MGMT incubated with either DS or SS methylated ODNs
(13 and 23 mer). Consequently, similar results were observed for O°-CMG containing
13 mer ODNs (OW18) as well as O°-CEG containing 23 mer ODNs (RA1) as alkylated
ASP ions were detected after reaction with either SS or DS ODNSs. In contrast, our
qualitative assay of MGMT repair of O°-CMG lesion (in 23 mer ODN; DW1) highlighted
that MGMT preferentially repaired specified adducts when presented in DS ODNSs over
SS ones. This observation was supported by inability of our MALDI-TOF MS assay to
detect the alkylated MGMT-ASP ions (S-carboxymethylcysteine) in tryptic peptides of
MGMT reacted with SS DW1. However, S-carboxymethylcysteine modified MGMT-

ASP was successfully detected following incubations with the corresponding DS DW1.

This difference in qualitative results trying to examine MGMT repair preferences
urged further quantitative analyses to compare MGMT repair preference for each SS
and DS ODN via calculating R, and R;, Results of gquantitative analyses conducted
showed that for both O°-MeG (303B, 15) and O°-CMG (OW18, DW1) containing ODNs
presented as 13 or 23 mer contexts as well as 23 mer O°-CEG ODN (RA1), MGMT
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exhibited significantly higher repair preference for DS ODNs compared to the
corresponding SS ones as indicated by lower Rys for DS ODNs compared to SS ones.
The significant recorded decline in the R, indicated a decrease in unmodified-ASP due
to the alkylation process. This finding was confirmed by calculating R; ratios for SS and
DS alkylated ODNs which indicated that R; was significantly higher with DS alkylated
ODNs compared to the corresponding SS ones. Since the increase in R; ratio indicates
a higher abundance of alkylated MGMT-ASP, therefore, the observed changes in Ry
confirmed that DS O°MeG (303B, 15) and O°®-CMG (OW18, DW1) and 23 mer Q°-
CEG (RA1) containing ODNs were more susceptible to MGMT repair than the
corresponding SS ODNSs.

Our results were consistent with a previous research reported that MGMT
reacts more quickly with ODNSs that are DS vs. SS (360), as MGMT appears to bind DS
DNA with slightly higher affinity than SS DNA. Another possible explanation could be
due to the stability of MGMT-DNA complex formed that might be more stable with DS
DNA rather than SS substrates. However, another study stated insignificant difference
in MGMT reaction rates between SS and DS 0°-MeG and O°-pobG containing ODNs
(341). Mechanism of MGMT repair of O°-alkylG adducts in DS DNA has been
extensively examined by previous literature studies (278,279,282) and it is explained in
details in chapter 1 of the current study. Moreover, previous researches confirmed the
ability of MGMT to bind SS DNA (284), potentially via co-operative binding.

Furthermore, poor MGMT repair of O°®-CMG lesion when presented in SS 23
mer ODN was observed, that was in contrast with SS 13 mer ODN containing the same
adduct. This finding could be attributed to the contribution of local DNA base sequence
context. Several studies reported that MGMT repair efficiency of O°-alkylG lesions is

influenced by the surrounding nucleotide environment (290,372,373).

Notably, quantitative results of 23 mer ODNs (R, and R;) highlighted significant
differences in MGMT repair preference of the 3 investigated O°-alkylG adducts namely;
0°®-MeG, 0°*-CMG and O°-CEG. Highest MGMT repair preference was observed for O°-
MeG over either O°-~CMG or O°-CEG. These results are consistent with previous
reports stating that MGMT repair preference of O°-alkylG adducts is mainly dependent
on the nature of the alkyl group at the O° position of the modified guanine. R, and R; for
DS O°-alkylG ODNs suggest that MGMT preferentially repairs O°-CMG > O°-CEG

which accord well with a previous study documenting that MGMT repair preference
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decreases with the increase of the size of the alkyl adducts (290). This conclusion is
contradicted by results of SS O°-alkylc ODNs indicating higher MGMT repair
preference for O°-CEG vs. O°-CMG which might be ascribed to the DNA sequence.
Therefore, more accurate comparison requires 2 ODNs (O°%-CMG and O°-CEG

containing ODNSs) of the same DNA sequence.

Similarly for LH1c, R, and R; displayed significant differences between DS and
SS ODNSs pointing out that MGMT efficiently repaired DS LH1c over corresponding SS
one. This result is in accordance with the reported O°-MeG, O°-CEG and O°-CMG
results confirming more efficient MGMT repair for DS over SS alkylated ODNs. Whilst,
there were no significant differences in R, calculated for DS vs. SS SRO1.
Nevertheless, significant elevation in R; following MGMT reaction with DS SRO1
indicated a higher repair preference for DS SRO1 vs. SS ODN. Both quantitative SRO1
and LH1 results indicated a higher MGMT repair preference for O°-carboxamidoethylG

adduct when presented in DS ODNSs relative to SS ones.

The difference in the quantitative results between SRO1 and LH1c ODNs is
possibly explained in terms of presence of O®-MeG adduct contaminant in the ODNs
preparations. O°-MeG is the primary substrate for MGMT therefore it might have
interfered with the transfer of the carboxamidoethyl group. A previous study has
reported that human wild type MGMT repaired O°-MeG lesion twice as fast as O°-pobG
whilst other MGMT mutants did not repair any O°®-pobG until all of the O%-MeG was
removed (341).

The main strengths of this MS based approach is that it enabled the detection
of the transfer of a wide range of alkyl moieties to MGMT-ASP following MGMT
incubation with a wide a range of O®-alkylG containing ODNSs, even some of these alkyl
groups were unexpected. However, the major caveats of the current work is lack of
tandem MS data to confirm the identity of detected alkylated peptides as well as all of

results were one point analysis rather than a kinetic approach.

5.5 Conclusion

A MALDI-TOF MS approach has been developed and shown to successfully
detect the presence of O°-alkylG lesions (O°-MeG, O°-CMG and O°-CEG) in DNA via

186 |



Chapter Five

MS analysis of MGMT tryptic peptides following incubation with alkylated ODNSs. In
addition, this approach found a preference for MGMT to repair DS O°-alkylc ODNs
over SS ones. This MALDI-TOF MS approach establishes a platform for the
identification and quantification of O°-alkylG adducts in human DNA generally and

human colorectal cancer DNA especially.
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6 Chapter 6: Detection and quantification of 0°®-MeG adducts in methylated
CT-DNA

6.1 Introduction

There is compelling evidence from epidemiologic data that endogenously
formed NNOC play a pivotal role in colorectal cancer etiology (60,374). NNOC are pro-
carcinogens that undergo metabolic activation before they can react with DNA and
trigger DNA alkylation forming O°-alkylG adducts including O°-MeG (156,184). The
formation and persistence of 0°MeG in cellular DNA has drastic biological
consequences that include mutagenicity, clastogenicity and carcinogenicity (212).
Moreover, there is a direct mechanistic link between O°-MeG formation and colorectal
carcinogenesis as 0°-MeG adduct is tightly associated with mutational activation of K-

ras oncogene (235).

Hence, the detection of O%-alkylG adducts, more specifically of O°-MeG adduct
is potentially used for monitoring exposure to NNOC. In general, O%-alkylG adducts are
formed in low amounts in DNA and they constitute only 6-8% of total alkylated DNA
adducts (156). Therefore, the identification and quantification of such adducts require
highly sensitive techniques especially when analyzing human DNA samples where
limited amounts of human tissue and/or DNA are available (253). Several methods
have been successfully used to detect O°>-MeG adduct including immunoassays (257),
Immunoaffinity-HPLC (246,375) and *?P-postlabeling assays (261). Recently, MS
based analytical approaches have contributed to the identification and quantification of
0°®-MeG adducts as well as O°>-CMG adducts (263,254) and ultra-high pressure liquid
chromatography—tandem MS (UHPLC-MS/MS) has been used to quantify of O°-MeG
and O°-CMG adducts in intestinal cell line (253).

Work in previous chapters (Chapter 5) has shown that alkyl adducts in ODNs
can be qualitatively detected as the alkyl modified MGMT tryptic peptide by MALDI-
TOF. To the best of our knowledge, no previous studies have reported a methodology
that was able to detect O°>-MeG in DNA via MGMT.
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6.2 Aims and objectives

The aim of this work is to develop a MALDI-TOF MS based methodology to
detect and quantify O°-MeG adducts in TMZ modified CT-DNA using the known
function of MGMT. MGMT can irreversibly transfer methyl groups from a modified
guanine base to its active cysteine residue. Herein, MS detection of methylated MGMT-
ASP in tryptic fragments of MGMT following its reaction with methylated CT-DNA can
be used as a tool for O°>-MeG adduct detection and subsequent quantification. As a
consequence, it is necessary to determine LOQ and the linearity of detector response

for MGMT-ASP in both unmodified as well as methylated forms.
The specific objectives of this work were as follows:

1. To estimate the LOQ of synthetic unmodified and methylated MGMT-ASP standard
(both light and heavy isotope labelled).

2. To examine the linearity of MALDI-TOF MS quantification of both unmodified and
methylated synthetic MGMT-ASP standards.

3. To develop a novel assay to quantify methylated of MGMT-ASP in MBP-MGMT
and his-MGMT tryptic digests following incubation of MGMT with CT-DNA that has
been methylated in vitro by TMZ.

4. To estimate the LOQ for O°-MeG adduct in CT-DNA using the newly developed

technique.

6.3 Results

6.3.1 LOQ of synthetic MGMT-ASP standards

Here the LOQ is defined as a S/N ratio of 10 (253). Synthetic versions of both
unmodified and methylated MGMT-ASP were used for the determination of the lowest
LOQ. Stable isotope (C™N™) proline labelled MGMT-ASP (unmodified as well as

methylated) are used as internal standards for quantification purposes.
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6.3.1.1 LOQ of synthetic unmodified MGMT-ASP standard

Preliminary experiments were conducted using unlabelled MGMT-ASP
standard to investigate the most appropriate solvent for dissolution of lyophilized
peptide standards. Several different protocols were investigated: in the first, MALDI-
TOF MS analysis of the 4 serial dilutions of NEM-capped MGMT-ASP (Section 2.2.18)
failed to detect below 0.5 pmole/uL (Figure 6.1).
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Figure 6.1: MALDI-TOF data to obtain the LOQ for sy nthetic NEM-capped MGMT-
ASP (pH 8).

A. Unmodified synthetic MGMT-ASP (GNPVPILIPCHR, 136-147, m/z=1315.73). B.
Synthetic NEM-capped MGMT-ASP (m/z 1440.77). C. Putative NEM amino adduct
(m/z 1565.82). Peak intensities are shown in arbitrary units on the y-axis. The intensity
scale of each panel is 20X that of the previous panel except for panels | and Il which
are at the same scale. Amounts indicate absolute amounts of the synthetic standard
spotted on the sample plate and analyzed.
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At 5 pmole/uL, two additional species were detected at m/z 1315.73 [M+H]"
assigned to unmodified MGMT-ASP and at m/z 1565.82 [M+H]". The latter was also
present at 0.5 pmole/uL and assigned to an adduct formed as a result of the non-
specific reaction of NEM with amino groups (NEM amino adduct ion). This protocol
achieved a LOQ of 500 fmole/pL for unlabelled NEM-capped synthetic MGMT-ASP
standard. Due the potential errors from the NEM reaction, this protocol was slightly
modified, to remove the cysteine capping step. However, this failed to lower the LOQ
(Figure 6.2), although the putative NEM amino adduct ion was not detected at m/z

1565.82 supporting the assignment of NEM interference.
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Figure 6.2: MALDI-TOF data to obtain the LOQ for sy  nthetic unmodified MGMT-
ASP (pH 8).

A. Unmodified synthetic MGMT-ASP (GNPVPILIPCHR, 136-147, m/z=1315.73). Peak
intensities are shown in arbitrary units on the y-axis. The intensity scale of each panel
is 100X that of the previous panel except for panels | and Il which are at the same
scale. Amounts indicate absolute amounts of the synthetic standard spotted on the
sample plate and analyzed.
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In order to increase the sensitivity of the developed assay the protocol was
modified by changing the peptide solvent to 0.2% formic acid in 20 mM Tris-HCI pH 4
then NEM capping of reduced cysteine residues at pH 8 (2" protocol, Section 2.2.18).
NEM-capped MGMT-ASP was now detectable at 50 fmole/uL with a LOQ <50 fmole/uL
(Figure 6.3). However, this protocol did not remove the putative NEM adduct m/z
1565.8. Furthermore, unmodified MGMT-ASP was detected in the serial dilutions of
concentrations higher than 50 fmole/uL indicating that the NEM concentration was not
sufficient or the reaction was not optimized in the changed solution conditions (Figure
6.3).
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Figure 6.3: MALDI-TOF data to obtain LOQ for synthe tic NEM-capped MGMT-ASP
(pH 4 then 8).

A. Unmodified synthetic MGMT-ASP (GNPVPILIPCHR, 136-147; m/z 1315.73). B.
Synthetic NEM-capped MGMT-ASP (m/z 1440.77). C. Putative NEM amino adduct
(m/z 1565.82). Peak intensities are shown in arbitrary units on the y-axis.The intensity
scale of each panel is 10X that of the previous panel. Amounts indicate absolute
amounts of the synthetic standard spotted on the sample plate and analyzed.
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Further amendments to the protocol were made, the NEM capping step was
conducted at pH 7 to avoid the NEM adduct formation and the NEM concentration was
increased (30 mM) (Section 2.2.18.). MS analysis showed an improved in the LOQ to <
20 fmole/pL; (Figure 6.4.) However, traces of unmodified MGMT-ASP ion as well as

NEM amino adduct ion were still detected with attendant quantitative imprecision.

g | i ji B I: 5 fmole
) HH‘ HIM (0L INHINI NENIHHM W I:H Il MHHH IHIIHIH{HIHIHHIMIIM‘ 0 A0
| SIN=12 II: 20 fmole
0 § i i [I: 50 fmol
. L1
A i i IV: 0.5 pmole
40001 E ------ i i i i----i C

Figure 6.4: MALDI-TOF data to obtain LOQ for synthe tic NEM-capped MGMT-ASP
(pH 4 then 7).

A. Unmodified synthetic MGMT-ASP (GNPVPILIPCHR, 136-147; m/z 1315.73). B.
Synthetic NEM-capped MGMT-ASP (m/z 1440.77). C. Putative NEM amino adduct
(m/z 1565.82). Peak intensities are shown in arbitrary units on the y-axis.The intensity
scale of each panel is 10X that of the previous panel. Amounts indicate absolute
amounts of the synthetic standard spotted on the sample plate and analyzed.
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The next iteration skipped the NEM capping step and achieved LOQ < 20 fmole/pL
(Figure 6.5).
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Figure 6.5: MALDI-TOF data to obtain the LOQ for sy  nthetic LOQ of synthetic
unmodified MGMT-ASP (pH 4).

A. Unmodified synthetic MGMT-ASP (GNPVPILIPCHR, 136-147; m/z 1315.73). Peak
intensities are shown in arbitrary units on the y-axis. The intensity scale of each panel
is 10X that of the previous panel. Amounts indicate absolute amounts of the synthetic
standard spotted on the sample plate and analyzed.
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Using C*N™ proline labelled unmodified MGMT-ASP, the same protocols were
investigated revealing that 2™ protocol achieved a limit of detection < 500 fmole/uL
again ions at m/z 1571.82 was present (Figure 6.6) and assigned to C**N*® labelled

NEM amino adduct ion (due to NEM non-specific reaction with amino groups).
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Figure 6.6: MALDI-TOF data to obtain the LOQ for sy  nthetic C **N*° proline
labelled NEM-capped MGMT-ASP (pH 8).

A. C*®*N"unmodified synthetic MGMT-ASP (GNPVPILIPCHR, 136-147; m/z 1321.73).
B. Synthetic NEM-capped C™N™ labelled MGMT-ASP (m/z 1446.77). C. Putative
C™N"*® labelled NEM amino adduct (m/z 1571.82). Peak intensities are shown in
arbitrary units on the y-axis. The intensity scale of each panel is 10X that of the
previous panel. Amounts indicate absolute amounts of the synthetic standard spotted
on the sample plate and analyzed.
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Though both protocols 3™ and 4™ achieved similar limits of detection <20

fmole/uL (Figure 6.7 and 6.8) the 3™ protocol also had a NEM amino adduct and

incomplete cysteine capping (Figure 6.7).
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Figure 6.7: MALDI-TOF data to obtain the LOQ for sy
labelled NEM-capped MGMT-ASP (pH 7).
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A. corresponds to unmodified synthetic C*3*N*® labelled MGMT-ASP (GNPVPILIPCHR,
B. corresponds to synthetic NEM-capped C™N* labelled

136-147; m/z=1321.73).
MGMT-ASP

(m/z 1446.77). C. Putative C*N® labelled NEM amino adduct (m/z

1571.82). Peak intensities are shown in arbitrary units on the y-axis. Max peak intensity
of each panel is 10X that of the previous panel. Amounts indicate absolute amounts of
the synthetic standard spotted on the sample plate and analyzed.
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Based on these results, heavy proline labelled MGMT-ASP internal standard

was used for the rest of the study with reduced and unmodified cysteines to ensure the

accuracy of quantitation.
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Figure 6.8: MALDI-TOF data to obtain the LOQ for sy
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A. Unmodified synthetic C*N®™ labelled MGMT-ASP (GNPVPILIPCHR, 136-147;
m/z=1321.73). Peak intensities are shown in arbitrary units on the y-axis. The intensity
scale of each panel is 10X that of the previous panel. Amounts indicate absolute
amounts of the synthetic standard spotted on the sample plate and analyzed.
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6.3.1.2 LOQ of the synthetic methylated MGMT-ASP standard

Figure 6.9 and 6.10 show that the LOQ of synthetic versions of methylated
MGMT-ASP (unlabelled m/z=1329.74 and C**N*® Proline labelled m/z=1335.74) was
found to be <20 fmole/uL.
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Figure 6.9: MALDI-TOF data to obtain the LOQ for s  ynthetic methylated MGMT-
ASP.

A. Methylated synthetic MGMT-ASP (m/z 1329.74). Peak intensities are shown in
arbitrary units on the y-axis. The intensity scale of each panel is 10X that of the
previous panel. Amounts indicate absolute amounts of the synthetic standard spotted
on the sample plate and analyzed.
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Figure 6.10: MALDI-TOF data to obtain the LOQ for s  ynthetic C **N**° proline
labelled methylated MGMT-ASP.

A. C®N* proline labelled methylated synthetic MGMT-ASP  (m/z 1335.74). Peak
intensities are shown in arbitrary units on the y-axis. The intensity scale of each panel
is 5X that of the previous panel. Amounts indicate absolute amounts of the synthetic
standard spotted on the sample plate and analyzed.
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6.3.2 Establishment of linearity of quantitative MA  LDI-TOF MS approach

Serial dilutions of four synthetic versions of MGMT-ASP were prepared. Herein,
the PAs corresponding to MGMT-ASP standard ions were measured using MALDI-
TOF MS and plotted against absolute amount of MGMT-ASP standard that was
analyzed in fmole. Linear correlations with an R? value of 0.9947, 0.9982, 0.9985 and
0.9998 were obtained for unmodified unlabelled MGMT-ASP standard, unmodified
heavy-isotope labelled MGMT-ASP internal standard, unlabelled methylated MGMT-
ASP standard and heavy-isotope labelled methylated MGMT-ASP internal standard,
respectively, (Figure 6.11 A-D.)

6.3.3 Detection of methylated MGMT-ASP in tryptic digests of MBP-MGMT
following incubation with TMZ-modified CT-DNA and r  e-captured by
amylose coated beads

A new approach using amylose coated magnetic beads was developed to
capture MBP-MGMT following its incubation with either TMZ-modified CT DNA or
unmodified CT-DNA (negative control) as described in Section 2.2.21. This detected a
large number of MBP (20) and MGMT (9) tryptic peptides including MGMT-ASP. A
Mascot search of detected tryptic peptides indicated significant matching between
theoretical MGMT_HUMAN peptides and recombinant MGMT tryptic peptides masses
with 62 hits and 49% of MGMT amino acid sequence coverage (Expect=0.012).
Methylated MGMT-ASP was also detected in tryptic digests of MBP-MGMT protein that
was incubated with TMZ-modified CT-DNA (Figure 6.12). Methylated MGMT-ASP was
not detected in tryptic digests of MBP-MGMT incubated with unmodified CT-DNA.
Although initial results in the early protocol stages hinted at some applicability to this
approach, it was hindered by lack of reproducibility and inconsistency of the results.
Further trials failed to recapture the MBP-MGMT protein from CT-DNA using amylose
coated magnetic beads. This result was confirmed by both MS analysis that did not
detect MBP-MGMT tryptic peptides (Data not shown).
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Figure 6.11: Dose response curve of synthetic versi  ons of MGMT-ASP standard
against MALDI-TOF MS PA for each ion.

A. Unlabelled unmodified MGMT-ASP standard.
B. C*N™ proline labelled unmodified MGMT-ASP internal standard.
C. Unlabelled methylated MGMT-ASP standard.
D. C**N*® proline labelled methylated MGMT-ASP internal standard.
(Values are mean+SD, n=3).
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In order to confirm MS results, following MBP-MGMT incubation with DNA and
recovery with amylose coated magnetic beads, the beads were boiled with 1X SDS-
PAGE LB to elute any bound proteins. Eluted protein fractions were resolved on 12%
SDS-PAGE and very faint MBP-MGMT bands were detected indicating poor protein

recovery by amylose magnetic beads following DNA incubations (Figure 6.13).
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Figure 6.12: MS detection of methylated MGMT-ASP in  tryptic peptides of MBP-
MGMT incubated with methylated CT-DNA (On-bead dige  stion).

MBP-MGMT (16 pmole; 4 active pmole) was incubated with (I) TMZ-modified CT-DNA
(500 pg containing 3 pmole O°-MeG adduct) or (1) Unmodified CT-DNA then recovered
by amylose beads. Tryptic peptides were desalted followed by MALDI-TOF MS
analysis. A. Unmodified MGMT-ASP (GNPVPILIPCHR, 136-147; m/z=1315.73). B.
Methylated MGMT-ASP (GNPVPILIPMe-CHR, 136-147; m/z=1329.74). C. MBP-TP13
(SYEEELAKDPR, 332-342; m/z=1336.54). Peak intensities are shown in arbitrary units
on the y-axis and the intensity scale is the same for both panels.
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Figure 6.13: SDS-PAGE analysis of MBP-MGMT protein  incubated with CT-DNA
then re-captured with amylose beads.

From left to right, are lanes for: MWM. Molecular weight marker (10 puL) MBP-MGMT.
protein extract was directly loaded onto the gel (2 pug) A. Three replicates of MBP-
MGMT protein (2 pug) recaptured by amylose coated beads, following protein incubation
with CT-DNA (overnight incubation with beads at 4°C). B. Three replicates of MBP-
MGMT protein (2 ug) recaptured by amylose coated beads, following protein incubation
with CT-DNA (1 hour incubation with beads at 4°C). Protein fractions were resolved on
12% SDS-PAGE followed by Instant Blue® Coomassie staining.

6.3.4 Detection of methylated MGMT-ASP in tryptic digests of MBP-MGMT
following incubation with methylated CT-DNA followe d by in-solution

protein digestion

To overcome the inconsistency of amylose coated beads in rescuing the MBP-
MGMT a new approach was developed (Section 2.2.22) based on in-solution protein

digestion following MBP-MGMT incubation with CT-DNA in presence of buffer I.
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6.3.4.1 Validation of the in-solution protein digestion pr otocol via assessment of

protein recovery

MBP-MGMT was incubated with unmodified CT-DNA that was previously
sonicated, (Section 2.2.22). Tryptic peptides were desalted and spiked with C*N*
proline labelled unmodified ASP internal standard to assess the percent of protein
recovery prior to analysis. This protocol gave 5.0+0.1% of protein recovery (0.80+0.02
pmole MGMT-ASP was detected in the tryptic digest); Figure 6.14.1. Increasing protein
recovery was fundamental for increasing the assay sensitivity; further DNA sonication
after incubation with the protein improved protein recovery to 11.0+0.2% (1.7+0.03
pmole of MGMT-ASP were detected); Figure 6.14.1l. Although post-incubation
sonication successfully increased protein recovery from 5% to 11%, this level of protein

recovery was still not adequate.

6.3.4.2 LOQ of 0°-MeG adduct in TMZ-modified CT-DNA

MBP-MGMT was incubated with methylated CT-DNA containing 0.5, 1, 2 and 4
pmole of O°-MeG adduct per mg of CT-DNA (0.25, 0.5, 1 and 2 pmole absolute amount
of O%-MeG adduct). Methylated CT-DNA was sonicated twice pre and post protein
incubation, then the protein was digested in-solution as described in Section 2.2.22.
Tryptic digests were further spiked with C**N*° proline labelled methylated ASP internal
standard. Figure 6.15 shows that methylated MGMT-ASP was detected in tryptic
fragments of protein incubated with methylated CT-DNA contained 1, 2 and 4 pmole of
0°®-MeG adduct mg™ CT-DNA whilst it was not detected following protein incubation
with 0.5 pmole adduct mg™ CT-DNA with a S/N>10.

A non-statistically significant linear correlation was obtained when MS PA of
detected methylated MGMT-ASP was plotted against absolute amount of O°-MeG
adducts in methylated CT-DNA (fmole of O°-MeG adducts incubated with MBP-MGMT
determined by radioisotopic assay) (Figure 6.16). In addition to the failure of detection
of methylated ASP (Figure 6.14.1), this protocol failed to achieve the next goal which
was quantification of the detected methylated MGMT-ASP using the internal standard.

Failure of quantification was due to the mass coincidence between C*N® proline
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labelled methylated ASP parent ion at m/z=1335.74 and the ion due to MBP-TP13 at

m/z=1336.54. This prevented accurate determination of PAs.

Intensity [a.u]
>
@)

.

b

b

T 13|00 T T T T 13‘10 T T 1320 T T T T 13|30 T T T T 13|40 T T T T 13|50 T /
m/z

Figure 6.14: MALDI-TOF mass spectra of MBP-MGMT inc  ubated with CT-DNA.

MBP-MGMT (16 pmole; 4 active pmole) was incubated with unmodified CT-DNA (500
1g) then digested via in-solution trypsin digestion. Tryptic peptides were desalted then
spiked with C**N** proline labelled unmodified MGMT-ASP (internal standard) followed
by MALDI-TOF MS analysis. I. CT-DNA was sonicated prior to incubation with MGMT
only. Il. CT-DNA was sonicated prior and after incubation with MGMT A. Unmaodified
MGMT-ASP (GNPVPILIPCHR, 136-147; m/z=1315.73). B. C™N™ proline labelled
unmodified MGMT-ASP internal standard. m/z=1321.73. C. MBP-TP13
(SYEEELAKDPR, 332-342) m/z=1336.54. Peak intensities are shown in arbitrary units
on the y-axis and max peak intensity is the same for both panels.
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Figure 6.15: MS detection of methylated MGMT-ASP in  tryptic peptides of MBP-
MGMT incubated with methylated CT-DNA (In-solution digestion).

MBP-MGMT (16 pmole; 4 active pmole) was incubated with TMZ-modified CT-DNA
containing 0.5 pmole (1), 1 pmole (I1), 2 pmole (lIl), 4 pmole (IV) O°-MeG adduct mg™
CT-DNA or unmodified CT-DNA (V) then digested via in-solution trypsin digestion.
Tryptic peptides were desalted the spiked with C**N™ proline labelled methylated
MGMT-ASP (internal standard) followed by MALDI-TOF MS analysis. A. Unmodified
MGMT-ASP (GNPVPILIPCHR, 136-147; m/z=1315.73). B. Methylated MGMT-ASP
(GNPVPILIPMe-CHR, 136-147; m/z=1329.74). C. C**N™ proline labelled methylated
MGMT-ASP internal standard. m/z=1335.74. D. MBP-TP13 (SYEEELAKDPR, 332-
342) m/z=1336.54. Peak intensities are shown in arbitrary units on the y-axis and max
peak intensity is the same for all panels.
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Figure 6.16: Validation results for the MALDI-TOF M S method for detection of
methylated MGMT-ASP following MBP-MGMT incubation w  ith methylated CT-
DNA.

MBP-MGMT (16 pmole; 4 active pmole) was incubated with TMZ-modified CT-DNA
(0.5 mg) containing 0.5, 1 and 2 pmole absolute amounts of O°-MeG adduct (1, 2 or 4
pmole of 0°>-MeG mg™ CT-DNA adducts). Resulting mixtures were subjected to in-
solution tryptic digestion. Results are expressed as PA of methylated MGMT-ASP
versus amount of adduct incubated with MGMT protein.

6.3.5 MS analysis of his-MGMT following on-bead digestion after incubation
with CT-DNA

Work presented previously underlines the necessity of recovering MGMT
protein after incubation with DNA to improve protein recovery. Ni-coated magnetic
beads were used to recover his-MGMT fusion protein after incubation with unmodified
CT-DNA followed by on-beads tryptic digestion (Section 2.2.23). Figure 6.17 shows the
MALDI-TOF mass spectra of his-MGMT tryptic peptides, recovered by Ni-coated beads
after incubation with CT-DNA, displayed 9 MGMT peptides. The mass spectra
contained two prominent ions corresponding to MGMT-TP6 at m/z 1247.62 (166-175,
EWLLAHEGHR) and MGMT-ASP at m/z 1315.73 (136-147, GNPVPILIPCHR). The
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amino acid sequence of MGMT-ASP was confirmed by tandem MS (Results are not

shown).

=) MGMT-TP6 (EWLLAHEGHR, 166-175)
S, (Mm/z=1247.6279 [M+H]") |
> i
= i
cC ]
Q

=

1315.7303 [M+H]")

MGMT-ASP (GNPVPILIPCHR, 136-147)
(m/z

Trypsin autolysis peptide
MGMT-TP7 (LGKPGLGGSSGLAGAWLK, 176-193)

MGMT-TP8 (GAGATSGSPPAGR, 194-206)
MGMT-TP4 (LELSGCEQGLHEIK, 19-32)

L,

1000 1200 1400 1600 1800 2000
m/z

Figure 6.17: MALDI-TOF mass spectra of his-MGMT.

Peak intensities are shown in arbitrary units on the y-axis. Most two prominent ion
peaks are MGMT-ASP (in red) and MGMT-TP6 (in blue).
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Masses of detected peptides were searched against a human database
(UniProtKB/Swiss-Prot; Last modified January 10, 2017). The mascot PMF search of
generated tryptic peptides confirmed the identity of MGMT protein due to significant
matching between theoretical MGMT_HUMAN peptides and recombinant MGMT tryptic
peptide masses with a 92 Mascot score and 49% of MGMT amino acid sequence
coverage (102 amino acids sequence coverage out of the total 207; Expect=0.0002).
Figure 6.18 shows the MGMT sequence coverage achieved using the on-bead
digestion protocol. Of the full sequence (207 amino acids) 76 are undetectable which is
attributed to small tryptic peptides in the region of the spectrum dominated by matrix
species, or too large to be successfully detected, or inefficient digestion. MALDI-TOF
MS analysis achieved 78% amino acid sequence coverage. ldentified MGMT peptides
are listed in Table 6.1.

1 MDKDCEMKRTTLDSPLGKLE LSGCEQGLHE I LGKGTSA ADAVEVPAPA
™ 1 23 4

51 AVLGGPEPLM QCTAWLNAYF HQPEAIEEFP VPALHHPVFQ QESRQVLW

101 KLLKVVK EGE VISYQQLAAL AGNPIRARAV GGAMEBNPVPILIPCHR VVC
5 ASP

151 SSGAVGNYSG GLAVEWLLA HEGHRLGKPG&GGSSGLAGANLKGAGATSG
6 7 8

201 SPPAGRN

Figure 6.18: MGMT sequences detected using MALDI-TO F MS analysis of his-
MGMT tryptic peptides.

Identified peptides are shown in red; highlighted sequence indicates tryptic MGMT-ASP
with the active site cysteine residue. 49% sequence coverage (Peptide tolerance 0.5
and allowed missed cleavages, 2).

209 |



Chapter Six

Table 6.1: MGMT tryptic peptides identified using M

ALDI-TOF and Mascot database searching following on

digestion of his -MGMT.

-bead tryptic

Peptide name Séig_ Measured mass Exr;r::z(;;ed (I;rpr?nr) clgﬂ;?/zzcjas Peptide
MGMT-TP1 2-8 868.4295 868.3466 95 1 DKDCEMK
MGMT-TP2 9-18 1087.6010 1087.6033 -2 1 RTTLDSPLGK
MGMT-TP3 10-18 931.4431 931.5022 -63 0 TTLDSPLGK
MGMT-TP4 19-32 1555.8220 1555.7712 32 0 LELSGCEQGLHEIK
MGMT-TP5 108-125 1905.9820 1905.9996 -9 0 FGEVISYQQLAALAGNPK
MGMT-ASP 136-147 1315.7660 1315.7231 33 0 GNPVPILIPCHR
MGMT-TP6 166-175 1247.6650 1247.6207 35 0 EWLLAHEGHR
MGMT-TP7 176-193 1668.9670 1668.9359 19 0 LGKPGLGGSSGLAGAWLK
MGMT-TP8 194-206 1085.5190 1085.5261 -7 0 GAGATSGSPPAGR
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6.3.6  Determination of unmodified MGMT-ASP recover vy

The next goal was to determine the recovery of unmodified MGMT-ASP following
his-MGMT incubation with CT-DNA using internal standard (C**N™ proline labelled
synthetic unmodified MGMT-ASP (Section 2.2.23.1.) Following incubation of his-MGMT
with unmodified CT-DNA, Ni-coated magnetic beads successfully recovered 47.3+0.5 %
(n=3) of unmodified MGMT-ASP which was used as an indicator of the protein recovery.
Unmodified ASP recovery was calculated using the equation in Section 2.2.23.1. Figure
6.19 shows the region of the MALDI-TOF mass spectra of his-MGMT tryptic digest,
following incubation with CT-DNA, indicating both unmodified MGMT-ASP and internal
standard (C**N*® proline labelled synthetic unmodified MGMT-ASP) ions.

A B
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£

1312 1314 1316 1318 1320 1322 1324 1326 1328 1330 1332

m/z

Figure 6.19: Region of mass spectra of his-MGMT inc  ubated with CT-DNA then
recovered with Ni-coated magnetic beads indicating the locations of unmodified
MGMT-ASP ion and internal standard ion.

A. Unmodified MGMT-ASP (GNPVPILIPCHR, 136-147) m/z=1315.73. B. Synthetic
C™N*® proline labelled unmodified MGMT-ASP standard (m/z 1321.74). Peak intensities

are shown in arbitrary units on the y-axis.
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In addition, further analysis was conducted comparing protein recovery using
PureProteome™ Magnetic Beads and TALON® Magnetic Beads. Figure 6.20 shows
detected ions for both unmodified MGMT-ASP and C™N*® proline labelled synthetic
unmodified MGMT-ASP internal standard using PureProteome™ and TALON® Magnetic

Beads.

__________________________________________

1312 ' 1314 ' 1316 1318 1320 1322 1324 1326 ' 1328

m/z

Figure 6.20: Comparing unmodified MGMT-ASP recovery  using PureProteome™
and TALON ® Magnetic Beads.

His-MGMT (50 pmole) was incubated with CT-DNA (2 mg), recovered by Ni-coated
magnetic beads, and treated in situ with trypsin. Resulting tryptic peptides were spiked
with synthetic C**N** proline labelled unmodified MGMT-ASP (internal standard, 10
pmole). I. His-MGMT recovered with PureProteome™ Magnetic Beads. Il. His-MGMT
recovered with TALON® Magnetic Beads. A. Unmodified MGMT-ASP (GNPVPILIPCHR,
136-147; m/z 1315.73) B. Synthetic C**N® proline labelled unmodified MGMT-ASP
standard (m/z 1321.74). Peak intensities are shown in arbitrary units on the y-axis, the
intensity scale is the same for both panels | and II.
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Table 6.2 shows PAs of MGMT-ASP (PA unmodiied) @nd internal STD (PA smp) as

well as calculated recovery for each tested bead system. %Recovery unmodiies Was
52.9+6.9 and 47.6+3.8 (mean+SD; n=3) for PureProteome™ Magnetic Beads and
TALON® Magnetic Beads, respectively. The difference in recovery percent between the
two systems was found to be not statistically significant (P>0.05).

Table 6.2: Comapring %Recovery nmodiiea Of MGMT-ASP by PureProteome™ and
TALON® Magnetic Beads following protein incubation with CT -DNA.

Ni coated
Beads PA unmodified PA st %Recovery unmodified
PureProteome™ 338.7+19.3 129.0+12.2 52.9+7.0
TALON® 222.3+11.3 93.3+4.0 47.6+3.8

Values are mean+SD (n=3).

6.3.7 Validation of the novel on-bead tryptic diges  tion approach

6.3.7.1 LOQ of 0°%-MeG adduct in TMZ-modified CT-DNA

To test the applicability of the analytical methodology for analysing human DNA
samples, we investigated the LOQ of 0°MeG adduct in TMZ-modified CT-DNA via
examining the ability of novel MS assay to detect methylated MGMT-ASP in tryptic digest
of his-MGMT protein following incubation with TMZ-modified CT-DNA containing various
levels of O°-MeG). His-MGMT was incubated with TMZ-modified CT-DNA containing
various levels of O°-MeG adduct followed by recovery of his-MGMT using Ni-coated
beads. On-bead tryptic digestion and desalting of tryptic peptides were conducted as
described in Section 2.2.24.1. MS analysis of his-MGMT tryptic peptides demonstrated
the detection of methylated MGMT-ASP (GNPVPILIPMe-CHR, 136-147) in MGMT tryptic
peptides following protein incubation with methylated CT-DNA and the recorded LOQ for
his-MGMT based detection of O°-MeG adduct in methylated CT-DNA was <0.05 pmole
0°®-MeG adduct mg™ methylated CT-DNA. Figure 6.21 shows the region of the mass
spectra of his-MGMT incubated with methylated CT-DNA (containing 0.125, 0.25, 0.5
pmole O°-MeG adducts mg™ methylated CT-DNA) indicating both unmodified as well as
methylated MGMT-ASP ions.
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Figure 6.21: Detection of methylated MGMT-ASP intr  yptic digests of his-MGMT
reacted with TMZ-modified CT-DNA.

His-MGMT (50 pmole) reacted with TMZ-modified CT-DNA (2 mg) that contained (1) 0.125
(1) 0.25 () 0.5 pmole O%MeG adducts mg* methylated CT-DNA  or with  (IV)
unmodified CT-DNA then protein was recovered by Ni-coated magnetic beads, and
treated in situ with trypsin. A. unmodified synthetic MGMT-ASP (GNPVPILIPCHR, 136-
147; m/z 1315.7303). B. Methylated MGMT-ASP (GNPVPILIPMe-CHR, 136-147)
m/z=1329.74. Peak intensities are shown in arbitrary units on the y-axis and max peak
intensity is the same for all panels.

Moreover, unmodified MGMT-ASP was detected in tryptic peptides of the fusion
protein incubated with unmodified CT-DNA and there was no S-methylcysteine modified
MGMT-ASP (Figure 6.20 IV). Consequently, the observed PAs of methylated MGMT-ASP
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were plotted against levels of O®-MeG adducts indicating a linear correlation but not

statistically significant (Figure 6.22).
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Figure 6.22: Validation results for the MALDI-TOF M S method for detection of
methylated MGMT-ASP following his-MGMT incubation w  ith methylated CT-DNA.

His-MGMT (50 pmole) was incubated with TMZ-modified CT-DNA (2 mg) containing 0.25,
0.5 or 1 pmole of O°-MeG adducts. Resulting mixtures were subjected to on-bead tryptic
digestion. Results are expressed as PA of methylated MGMT-ASP vs. amount of adduct
incubated with MGMT protein. No peaks corresponding to methylated MGMT-ASP
(m/z=1329.74) were detected in control unmodified CT-DNA with S/N>10.

6.3.7.2 Determination of methylated MGMT-ASP recovery

The optimised approach was verified by considering the recovery of methylated
MGMT-ASP (%Recoverymetnyiated) following his-MGMT incubation with methylated CT-DNA
using the C**N*® internal standard. The ratio PA jemyiaed/PA ve.sto Was used to quantify
unknown recovered methylated MGMT-ASP (Section 2.2.24.2). Results demonstrated
recovery of 39.84+0.9%, 41+3.6% and 48+7.5% (mean+SD; n=3) for methylated MGMT-
ASP fragments following his-MGMT incubation with methylated CT-DNA containing 100,
200 and 400 fmole of O°-MeG adducts, respectively as shown in Figure 6.23

demonstrating a non-statistically significant linear correlation.
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Figure 6.23: Validation results for the quantitativ. = e MALDI-TOF MS method for
quantification of methylated MGMT-ASP using synthet  ic C**N*° proline labelled
methylated ASP internal standard.

His-MGMT (50 pmole) was incubated with TMZ-modified CT-DNA (2 mg) containing 100,
200 or 400 fmole O°*-MeG adducts. Resulting mixtures were subjected to on-bead tryptic
digestion; tryptic peptides were spiked with synthetic C**N*® proline labelled methylated
ASP (internal standard, 250 fmole). Results are expressed as fmole of methylated MGMT-
ASP versus amount of adduct incubated with MGMT protein.

6.4 Discussion

Results presented here demonstrated the detection and quantification of O°>-MeG
adducts in CT-DNA via MS analysis of MGMT tryptic peptides following protein incubation
with TMZ-modified CT-DNA. Since MGMT protein has a wide range of O°-alkylG adducts
specificity, this approach could be used to characterise O°-alkylguanine adducts in human
colorectal DNA. The his-MGMT on-bead protocol achieved recovery of 48% and 41% for
both unmodified and alkylated MGMT-ASP, cf. the MBP-MGMT in-solution digestion

protocol (recovery 11%).
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Quantitation of proteins and peptides by MS has the potential of lowering cost and
time outlays compared to other conventional assays particularly antibody based assays
(376). Results here indicate that MBP-MGMT based approaches had major limitations
including the inconsistency of protein recovery with amylose coated magnetic beads. In
addition, when MBP-MGMT was digested in presence of CT-DNA (in-solution digestion)
protein recovery was low. Interferences from MBP-TP13 ion peaks as well as the heavy
methylated internal standard ion peak also prevented the quantification of O°-MeG in
DNA. To address this, a his-MGMT on-bead protocol was developed and provided higher
recoveries of both unmodified and alkylated MGMT-ASP.

The in-solution digestion protocol (using MBP-MGMT), gave a LOQ for O®-MeG in
CT-DNA of ~1 pmole 0°-MeG mg™ CT-DNA cf. 50 fmole O°-MeG adduct mg™ for on-
bead digestion (using his-MGMT). Upadhyaya et al., (203) reported a LOQ for O°®-MeG of
3 fmole mg™ CT-DNA using LC/MS whereas Bussche et al., (253) reported 30 fmole O°-
MeG mg™ CT-DNA using UHPLC-MS/MS. The variations in O°®-MeG LOQs in DNA results
between previous studies and the current work is attributable to a variety of reasons.
Firstly, different experimental conditions as both previous studies detected O°-MeG
adduct in DNA not via MS analysis of MGMT digests. Secondly, previous studies
employed different MS approaches either LC/MS or UHPLC-MS/MS.

The his-MGMT approach was based upon the recovery of his-MGMT using Ni-
coated magnetic beads from DNA followed by on-bead tryptic digestion. In classical
protocols, recovered proteins are eluted from beads by boiling with 1X SDS-PAGE LB
then separated on SDS-PAGE followed be staining, destaining, band excision and finally
proteins are digested in situ in the gels (377). These digestion protocols are laborious and
time consuming and furthermore may increase contamination with keratin and other
proteins. Additionally, in-gel digestion workflow leads to sample fractionation which could
cause loss of analyte that may have a deleterious effect on the identification and
quantification of the low abundant O°-alkylG. All these factors can profoundly affect the
quality of the samples and compromise the sensitivity of the protocol. As a consequence,
the on-bead digestion strategy was developed to bypass these many steps and provide a
valid tool for combined protein elution and digestion which decreased the overall time and
handling steps of the experiment. Previously published methods have utilized on-bead

digestion protocols coupled with MS analysis for identification of proteins (378—381).
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Highest quantitation confidence and measurement precision for peptides in
complex samples is usually obtained via using a known concentration of synthetic
versions of each analyte peptide containing an amino acid labelled with a stable isotope
(for example, C*® or N*°) that are used as internal standards (382,383). The current study
used two heavy labelled internal standards which were C**N* proline labelled unmodified
MGMT-ASP as well as C**N*® proline labelled methylated MGMT-ASP. The latter was
used for quantification of methylated MGMT-ASP in tryptic digest of MBP-MGMT protein
after reaction with methylated DNA and the former internal standard was used to assess
the recovery of unmodified MGMT-ASP in order to investigate the influence of MGMT
incubation with DNA, tryptic digestion (either on-bead or in-solution) and sample clean up
on recovery. Furthermore, synthetic versions of unlabelled methylated and unmodified
MGMT-ASP were obtained to investigate the lower LOQ of these peptides to examine
their detectability using MALDI-TOF and to assess the sensitivity of the newly developed

approach.

Notably, a linear correlation between O°-MeG adduct level in methylated CT-DNA
and PA of methylated MGMT-ASP ion detected by MALDI-TOF MS analysis was reported
using either MBP or his MGMT fusion proteins. This non-statistically significant linear
correlation suggests the stoichiometric MGMT repair of O°-MeG adducts as stated by

previous literature studies (275,284).

The presented work explored several approaches or protocols to achieve the
lowest possible LOQ for the synthetic peptides that were supplied as lyophilized powder.
Results demonstrated poor detection of MGMT-ASP principally because of the improper
solubilization of the lyophilized peptide when it was dissolved in basic solvent primarily
due to the basic nature of the peptide. Additionally, results displayed NEM non-specific
reaction with amino groups within the synthetic peptide forming putative NEM amino
adduct at m/z 1565.8 which contributed to the poor detection of the NEM capped MGMT-
ASP at 1440.7. Maleimides such as NEM are considered fairly specific for SH groups and
at pH>7 where reactivity towards primary amines increases (384,385). To remedy that,
the primary solvent for all synthetic peptides was changed to 0.1% formic acid in 20 mM
Tris-HCI pH 4 which markedly improved peptide solubility achieving lower LOQ ranged
between 5-20 fmole for all studied synthetic versions of MGMT-ASP. However, work
presented showed that none of the operated protocols succeeded in getting rid of the
NEM amino adduct even after either changing the peptide solvent or the pH of the
capping reaction or both. Consequently, for both unlabelled and heavy labelled
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unmodified MGMT-ASP, it was obligatory to avoid the cysteine capping to ensure

guantitation accuracy.

The determination of LOQ of both unmodified and methylated MGMT-ASP either
for unlabelled or heavy isotope labelled followed by establishment of the linearity of the
measurement of the quantitative MALDI-TOF MS assay established a platform for the
identification of O°-alkylG adducts in DNA as well as the quantification of O%>-MeG adduct

using heavy isotope labelled methylated internal standard.

6.5 Conclusion

Proof of concept work has demonstrated the detection and quantification of O°-
MeG adduct via MS identification of methylated MGMT-ASP in tryptic peptides of his-
MGMT protein reacted with methylated CT-DNA whilst alkylated ASP was not detected
following protein incubation with control unmodified CT-DNA. Together with the data
shown in previous chapter using O°-alkylG containing ODNs, this suggests that this newly
developed MS approach could be potentially used for combined detection of O°-MeG

adduct as well as a wide range of MGMT repairable O°-alkylG adducts in human DNA.
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7 Chapter 7: Characterization of O°-alkylG adducts in human colorectal DNA

7.1 Introduction

Colorectal cancer is the third most commonly diagnosed cancer type worldwide
(7). The incidence of and mortality from colorectal cancer has been on the rise worldwide
among men and women aged younger than 50 years (386). Colorectal carcinogenesis is
described as a multistage evolution process that involves both environmental and genetic
factors (22,86,387,388). Colorectal cancer genetic alterations have been clearly defined,;
however, environmental risk factors are still to be fully characterized (389). Genetic factors
account for 5-10% of diagnosed colorectal carcinoma cases (388). On the other hand,
epidemiologic data highlighted that approximately 30-70% of colorectal cancer cases are
attributed to dietary factors (42,390,391).

Colorectal cancer genetic alterations include GC:AT transition mutations in the
codons 12 or 13 of K-ras oncogene that are often detected in colorectal tumours (392).
O°®-alkylG adducts are known mutagenic and carcinogenic DNA alkyl adducts that, in the
absence of repair, can induce GC:AT transition mutations and recombinations in the form
of sister chromatid exchanges (212). O°-alkylG adducts are formed upon human exposure
to carcinogenic AAs. Human exposure to AAs is unavoidable and could result from either

environmental exposure to pre-formed AAs or in-vivo formation of NNOC (60,157,393).

Recent reviews have highlighted a number of dietary factors as colorectal cancer
risk factors including the consumption of red and processed meats potentially by heme-
catalysed formation of carcinogenic NNOC (58,180,201). NNOC can alkylate colorectal
DNA via alkylation of O°-position of guanine base either directly or after their metabolic
activation. NNOC formation cannot be accurately estimated from meat consumption alone

due to in situ processing required for their formation (60).

Furthermore, human intestinal lumen contains a wide range of biogenic amines
including polyamines and primary amines (192,394). Body pool of biogenic amines are
either due to ingestion of variety of food products (186,395) including fish (396,397), meat
(398), cheese (399), wine (400,401) and vegetables (402). The most common dietary

biogenic amines are histamine, tyramine, cadaverine, 2-phenylethylamine, spermine,
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spermidine, putrescine and tryptamine (189). In addition, biogenic amines are potentially
formed endogenously through the microbial decarboxylation of corresponding amino acids
(403). Biogenic amines available in the gut lumen are potential precursors for the
formation of carcinogenic NNOC. Highly reactive NNOC could be formed by the reaction
of amines and/or amides with nitrosating agents subsequently, they could alkylate
colorectal DNA (154) contributing significantly to colorectal cancer carcinogenesis.
Moreover, both mutagenic O°-MeG and O°-CMG adducts formation was reported to arise

from nitrosated glycines abundant in human gut lumen (262,404).

Human colorectal DNA contains variable amounts of DNA alkyl adducts generally
and O°-alkylG adducts specifically and these levels are sufficiently high to induce adverse
biological effects especially in DNA repair mechanisms deficient cells (185,257,392).
Furthermore, three studies detected O%-MeG adduct in DNA isolated from colorectal
and/or gastric tissue samples that were collected from patients in Manchester area (257—
259). Isolated DNA samples were digested into nucleosides and fractionated by HPLC
then isolated O°-MeG adduct were quantified by RIA technique using mouse monoclonal
a-0°-MeG antibodies. In vivo detection of O°-CMG adduct was demonstrated in animal
studies (197). Similarly, earlier study demonstrated the detection of O°®~CMG adduct in
colonic exfoliated cells from healthy individuals who were on high red meat diet via
immunohistochemistry technique using polyclonal O°-CMG specific antibodies (185). Both
immunohistochemistry and RIA techniques relied on the use of a primary antibody to
detect a single specific adduct. Though antibody-based methods are suitable tools for
verification, qualified antibodies are generally unavailable especially for new biomarker
candidates. No previous techniques provided a valid tool for either detection of the overall
load of O°-alkylG adducts or identification of novel adducts that might be present in human

colorectal DNA.

Given the enormous potential for exposure to different AAs, O%-alkylG adducts
(other than O°-MeG and O°®-CMG) are almost certain to be present. However, and most
critically, current methodology does not allow the assessment of overall levels of O°-
alkylG adducts, which could be considered as the potentially pro-mutagenic “load” in
colorectal DNA, nor are the identities of adducts other than O%-MeG and O°-CMG in
colorectal DNA known. This lack of knowledge becomes even more important because
both the rate of repair and the mutagenic potential of an O°-alkylG adduct will depend

upon the alkyl group itself, and its local DNA sequence context.
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Hence our hypothesis was that colorectal DNA contains a range of hitherto
unknown O°-alkylG adducts and that colorectal cancer risk will depend upon both the type
and relative levels of these. Identifying and quantifying these adducts and establishing
their mutagenic potential and ease of repair will comprehensively address the role of

endogenous nitrosation in human cancer.

7.2 Aims and objectives

The overall aim of work in this chapter is to employ the newly developed MS based
assay to assess NNOC exposure by identifying then quantifying O°-alkylG DNA adducts
that result from their exposure in human colorectal DNA, using the known action of the
DNA repair protein, MGMT, to irreversibly transfer the alkyl group from the O° position of

the modified guanine bases to an active site cysteine residue in MGMT.
Specific aims and objectives of are as follows:

1. To determine to what extent there is a range of O°-alkylG adducts present in human

colorectal DNA.

2. To quantify O°-MeG adducts present in human colorectal DNA using synthetic C**N*
labelled methylated MGMT-ASP; internal standard.

3. To determine to what extent known O°-alkylG adducts (i.e O°-MeG and O°-CMG)

contribute to total O°-alkylG adduct levels in human colorectal DNA.

7.3 Results

7.3.1 Analysis of human colorectal DNA samples

7.3.1.1 Demographic characteristics

The current study investigated 13 human colorectal DNA samples (10 tumour

samples, 3 normal samples, 3 paired normal and tumour DNA samples) that were
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collected from 10 participants of which 6 were men, 2 were women, whilst 2 participants’
demographic data were not available. The mean (+SD) age for 8 individuals was 69+14.
All study participants were presenting with colorectal carcinoma at hospitals with in
Manchester area (caecal carcinoma (2/8; 25%), sigmoid carcinoma (2/8; 25%) and rectal
carcinoma (4/8, 50%)); as shown in Table 7.1. In addition, 7 of them were non-smokers
(87.5%) and 1 was current smoker (19 cigarettes per day, 12.5%). Regarding, alcohol
drinking habits, 4 were non-drinkers, 1 was an occasional drinker and 3 were drinkers (1
consumed <10 units/week; 2 consumed >10 units/week); as shown in Appendix 3.
Information regarding participants’ medication usage, at the time of sample collection, was

obtained from 8 participants as summarized in Appendix 3.

Table 7.1: Demographic characteristics of study par ticipants indicating age, and
tumour location.

Human colorectal DNA Age T
sample ID

25 73 Caecal
31 80 Caecal
39 77 Sigmoid
44 81 Rectal
50 75 Rectal
74 47 Sigmoid
78 73 Rectal
79 43 Rectal

Data are adapted from (256).

7.3.1.2 MGMT activity

MGMT activity was evaluated by a previous study in both normal and tumour
colorectal tissues of the same patient and data was available for 7 participants only; as
indicated in Table 7.2. Results shows that MGMT activity in tumour tissue (123+29;
mean+SD n=7) was statistically significantly higher than that of normal colorectal tissue
(90+10; mean+SD n=7) (P<0.01).
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Table 7.2: Results of MGMT activity as well as K-ra s mutations.
Human MGMT MGMT
colorectal DNA activity in activity in K-ras normal K-ras tumour
sample ID normal tissue | tumour tissue

25 N/A N/A Normal codon 12C/T
31 76 183 Normal codon 12C/T
39 85 107 Normal codon 13A
44 95 133 codon 12A Normal
50 105 103 Normal Normal
74 81 110 codon 13A codon 12C/T
78 102 100 Normal Normal
79 87 128 Normal codon 12A

N/A denotes data were not available. Data are adapted from (256).

7.3.1.3 K-ras gene mutations

K-ras codon 12 or 13 mutations were investigated by a previous study where their
results revealed that, for the same 8 patients, K-ras mutations were detected in 2 out of 8

normal colorectal tissue samples (20%) and 5 out of 8 tumour samples (63%) (Table 7.2).

7.3.1.4 Identification of O°-alkylG adducts in human colorectal DNA

MALDI-TOF based approach was used for the identification of O°-alkylG adducts
in human colorectal DNA. His-MGMT fusion protein was incubated with human colorectal
DNA (either extracted from normal or tumour tissue) then alkylated peptides were
processed for MALDI-TOF MS analysis (Section 2.2.25.3).

Mass spectra of tryptic digests of MGMT incubated with human colorectal DNA
samples detected multiple MGMT peptides including unmodified MGMT-ASP as well as
other ions those ions were believed to correspond to alkylated MGMT active site
fragments. This proposal was based upon three main points. Firstly, those ions were not

detected in the control sample where MGMT was incubated with unmodified CT-DNA;
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second, their m/z did not correspond to either any of MGMT tryptic peptides or a known
contaminant (such as keratin peptides). Finally, m/z of some of those ions, but not all,
corresponded to the transfer of known alkyl groups to MGMT-ASP. Putative alkylated
MGMT-ASP ions were classified as definite, probable or possible alkylated MGMT-ASPs
or even unknown as explained in Table 2.52 and this classification was based on the data

attained in previous chapters of the current study regarding the proposed alkyl adduct.

Putative alkylated MGMT-ASP ions m/z [M+H]" were as follows: 1329.7, 1359.7,
1373.7, 1386.7, 1410.7, 1459.7, 1461.7, 1477.7, 1530.7, 1546.7, 1562.7. The m/z of
putative alkylated MGMT-ASP ions and the frequency of their occurrence across all the
investigated (13) human colorectal DNA samples were summarized in Table 7.3. S/N for
all detected modified alkylated MGMT-ASP were greater than 10. In addition, our analysis
did not detect any alkylated MGMT-ASP ions in control sample (his-MGMT incubated with
unmodified CT-DNA).

Among detected putative alkylated MGMT-ASPs ions, probable methylated
MGMT-ASP ions (S-methylcysteine m/z 1329.74 [M+H]"; recorded mass shift 14 Da
corresponds to methyl group transfer to MGMT-ASP cysteine residue) were detected in
tryptic digests of his-MGMT following incubation with 12 human colorectal DNA samples.
These results demonstrated that probable O®-MeG was detected in 2 out of a total of 3
(66%) normal DNA samples and in all of investigated tumour DNA samples (100%; Table
7.3).

Furthermore, probable carboxymethylated MGMT-ASP fragments (S-
carboxymethylcysteine m/z 1373.73 [M+H]"; recorded mass shift 58 Da corresponds to
carboxymethyl group transfer to MGMT-ASP cysteine residue) were detected in tryptic
digests of his-sMGMT following incubation with 8 human colorectal tumour DNA samples.
These results highlighted that probable O°®-CMG adduct was detected in 8 out of a total of
10 (80%; Table 7.3) tumour DNA samples. However, probable O°-CMG adducts were not
detected in any of investigated normal DNA samples since S-carboxymethylcysteine
modified ASP was not detected in tryptic digests of his-MGMT incubated with any of
normal DNA samples. In addition, the novel MALDI-TOF based approach successfully
detected an ion at m/z 1386.7 [M+H]" where the recorded mass shift 71 Da corresponds to
the transfer of carboxamidoethyl (propionamide) group to the cysteine residue of MGMT-

ASP and it was classified as a probable O°-carboxamidoethylG adduct and it was
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detected in 2 out of a total of 10 (20%) tumour DNA samples. This novel adduct was not

detected in DNA of any of normal human colorectal DNA samples.

Figure 7.1 showed MS spectra for his-sMGMT reacted with 2 human colorectal
tumour DNA samples (96T and 25T) as well as control his-MGMT (incubated with
unmodified CT-DNA) indicating the detected probable alkylated MGMT-ASPs (methylated,
carboxymethylated and carboxamidoethylated). Furthermore, two other ions were
detected in digest of MGMT incubated with human colorectal DNA at m/z 1359.7 and
1461.7 [M+H]" which were proposed to be assigned to the transfer of hydroxyethyl and
pyridyoxobutyl alkyl group, respectively.

7.3.2 MGMT repair of O°-HOEtG and O°-pobG adducts

In order to help to confirm the identity of the two ions at m/z 1359.7 and 1461.7
[M+H]*, MGMT was incubated with the corresponding synthetic DS O°-alkylG ODNSs,
namely, O°-HOEtG and O°®pobG ODNs. Mass spectra of MGMT digests following
incubation with O%-OHEthG and O°-pobG ODNSs revealed the detection of 2 ions at m/z
1359.7 and 1462.7 [M"+H"], respectively (Figure 7.2 and 7.3). This result lends further
support to the assignment of the ion detected at 1359.7 to the transfer of hydroxyethyl
group to MGMT. However, ion detected at m/z 1461.7 [M*+H"], following MGMT
incubation with human colorectal DNA, is approximately 1 Da less than
pyridyloxobutylated MGMT-ASP that was detected at m/z 1462.7 [M*+H']; as shown in
Figure 7.3. Based upon above result, it could be concluded that possible O°-HOEtG
adduct was detected in one human tumour DNA sample as MALDI-TOF MS analysis of
tryptic digests of his-MGMT incubated with tumour DNA sample detected S-hydroxyethyl
modified MGMT-ASP (m/z 1359.7) [M*+H"].

A further seven putative alkylated MGMT-ASPs were detected: of which one ion
was found in 5 samples (m/z 1410.7 [M"+H"]), 1 was found in 4 DNA samples (m/z 1461.7
[M*+H™]), 1 in 3 (m/z 1477.7 [M"+H"]), 1 in 2 (m/z 1562.7 [M*+H']) and 3 in just one DNA
sample (m/z 1459.7, 1530.7 and 1546.7 [M*+H]).
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Table 7.3: Putative alkylated MGMT-ASP ions detecte d in tryptic digests of his-MGMT reacted with human DNA that has been extracted
from either macroscopically normal or malignant tis sue samples from the colon and rectum.

Putative alkylated MGMT-ASP ions detected in trypti ¢ digests of his-MGMT incubated with human colorect al DNA
Human m/z
colorectal .
DNA Tissue 1359.7
sample ID 1329.7 Po- 1373.7 1386.7 1410.7 1459.7 1461.7 1477.7 1530.7 1546.7 1562.7
Pr-Me HOEt Pro-CM | Po- CEt U U U U U U U
19N Control + - - - - - - - - - -
19T Tumour + - + = = i - - -
25T Tumour + - + - - - - - -
31T Tumour + - + = - = - - - - -
39N Control - - - - - - - - - - -
39T Tumour + - + - - + = + + + +
44N Control + - - - - - - - - - -
44T Tumour + = = = - - - + - - +
50T Tumour + - + - - - - - - -
74T Tumour + = = - - - - - - -
78T Tumour + + - - + - - - - - R
79T Tumour + - + - + - + = - - -
96T Tumour + - + + + - + - - - -

(+): putative alkylated MGMT-ASP was detected with S/N ratio >10; (-): putative alkylated MGMT-ASP was not detected (S/N ratio <10). (N) DNA was
extracted from macroscopically normal human colorectal tissue taken approximately 5 cm form tumour edge. (T) DNA was extracted from human
colorectal tumour tissue. Pr-Me and Pr-CM denote probable methylated and carboxymethylated ASP ions, respectively. Po-HOEt and Po- CEt denote
possible  hydroxyethylated and carboxamidoethylated ASP ions, respectively. U denotes unknown or unidentified ions.
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Figure 7.1: Mass spectra of hissMGMT reacted with h  uman colorectal DNA.

His-MGMT (50 pmole) incubated with 2 mg of human colorectal DNA (1) 96T; (Il) 25T and (lll) unmodified CT-DNA. A. Unmodified MGMT-ASP
(GNPVPILIPCHR, 136-147; m/z 1315.73). B. Probable methylated MGMT-ASP (GNPVPILIPMe-CHR, 136-147; m/z 1329.74.) C. Probable
carboxymethylated MGMT-ASP (GNPVPILIPCM-CHR, 136-147) m/z 1373.73. D. Probable carboxamidoethylated MGMT-ASP (GNPVPILIP
carboxamidoethyl -CHR, 136-147; m/z 1386.77). Peak intensities are shown in arbitrary units on the y-axis and intensity scale is the same for all
panels. S/N >10 for all detected alkylated MGMT.
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Figure 7.2: Mass spectra of MGMT reacted with (I) D S 23 mer O°®-HOEtG adduct containing ODN and (Il) 23 mer contr ol G ODN.

A. Unmodified MGMT-ASP (GNPVPILIPCHR, 136-147; m/z 1315.7). B. MBP-TP13 (SYEEELAKDPR, 332-342; m/z 1336.54. C. Hydroxyethylated
MGMT-ASP (GNPVPILIPHOEt-CHR, 136-147; m/z 1359.7). Peak intensities are shown in arbitrary units on the y-axis and the intensity scale is the

same for panels | & Il. Right panel is zoomed into left panel.
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Figure 7.3: Mass spectra of MGMT reacted with (I) D S 13 mer O°-pob adduct containing ODN and (lI) 13 mer control G ODN ().

A. Unmodified MGMT-ASP (GNPVPILIPCHR, 136-147; m/z 1315.7). B. MBP-TP13 (SYEEELAKDPR, 332-342; m/z 1336.54. C. Pyridyloxobutylated
MGMT-ASP (GNPVPILIPpob-CHR, 136-147; m/z 1462.7). Peak intensities are shown in arbitrary units on the y-axis and the intensity scale is the
same for panels | & Il. Right panel is zoomed into left panel.
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7.3.3 Quantification of 0°-MeG and O°-CMG adducts in human colorectal DNA

Following identification of O°-alkylG adducts present in human colorectal DNA
samples, MGMT tryptic digests were spiked with C**N* proline labelled methylated
MGMT-ASP (internal standard). O°®-MeG adduct levels in colorectal DNA samples were
quantified via the quantification of the methylated MGMT-ASP (Section 2.2.25.3). 0°-MeG
adduct was present in human colorectal DNA at concentrations of 6.7+0.3-11.1+0.8 and
19.2+0.9-78.2+7.9 nanomole O%-MeG/mole dG for normal and tumour DNA, respectively.
Table 7.4 shows concentrations of O°®-MeG adducts detected in human colorectal DNA
that have been determined by the current study (using his-MGMT and MALDI-TOF
approach) as well as a previous published study (using RIA technique) (256).

Table 7.4: Comparison of Concentrations of  0°-MeG adducts detected in DNA by
the current study and a previous published study.

Human Nanomole of O°-MeG adduct per mole of dG

colorectal mean+SD (n=3)

sargglleAlD Norme(x:\g;ssue Tum01(11r_)t;ssue RIA (N)® RIA (T)°
19 6.7+0.3 20.7+1.8 N/A N/A
25 N/A 19.2+0.9 N/A 25
31 N/A 20.2+1.3 N/A 20
44 11.1+0.8 21.8+1.4 5 5
50 N/A 47.5+6.9 N/A 48
74 N/A 21.4+0.8 N/A 26
79 N/A 19.6+0.9 N/A 19
96 N/A 78.2+7.9 N/A N/A

®Data of the current study (adduct was quantified by his-MGMT and MALDI-TOF
technique). "Data of previous published study (256) (adduct was quantified by RIA). (N)
DNA was extracted from macroscopically normal human colorectal tissue taken ~5 cm
from the tumour edge. (T) DNA was extracted from human colorectal tumour tissue. N/A
denotes data are not available. dG denotes 2'deoxyguanosine.

The levels of O°-MeG adduct in tumour DNA were significantly higher than those in
normal DNA from the same individual for the two analysed pairs (P<0.01) demonstrating
significantly higher O°-MeG adduct in tumour colorectal DNA compared to the normal. The
ratio of O°>-MeG adduct in normal DNA to that in tumour DNA was 0.33 and 0.51 for the

two investigated pairs 19C&T and 44C&T, respectively.
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In addition, label free quantitation of O°>~-CMG adducts was carried out as explained
in Section 2.2.25.3. Levels of O°>-CMG in human colorectal tumour DNA ranged between
21.53+2.32 and 68.24+5.71 nanomole O°®-CMG/mole dG; as shown in Table 7.5. Further
statistical analysis revealed no association between O°-MeG and O°-CMG levels in
human colorectal DNA (P=0.93). Ratio of levels of O°-CMG (nanomole of per mole of dG)
to that of O°®-MeG was variable among various samples and ranged between 0.44+0.04
and 3.30+0.28.

Table 7.5: Levels of O%-CMG detected in human colorectal tumour DNA.

D Nanomole of O°-CMG | Nanomole of OZ—_CMG per mole of dG
colorectal DNA adduct per mole of dG fnanomole of O°-MeG per mole of dG
sample ID (mean+SD (n=3)) (mean+SD (n=3))

19T 68.24+5.71 3.30+0.28

25T 26.44+2.75 1.38+0.14

31T 40.96+2.22 2.03+0.11

50T 48.83+3.10 1.03+0.07

74T 21.53+2.32 1.01+0.11

79T 26.81+2.17 1.37+0.11

96T 34.46+2.74 0.44+0.04

7.3.4 Association between 0°MeG adduct level and MGMT activity or K-ras

mutations

There was no significant relationship between O°®-MeG adduct level and either

MGMT activity or K-ras mutations (P=0.7 and 0.5 respectively).

7.4 Discussion

Results presented in the current chapter demonstrated successful development of
a sensitive and reproducible assay for both identification and quantification of O°-alkylG
adducts in human colorectal DNA samples via MALDI-TOF MS analysis of MGMT tryptic
peptides following protein incubation with human colorectal DNA samples. These results
shows that this novel approach can detect both known and as yet unidentified O°-alkylGs
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and suggests that human colorectal DNA contains a range of O°-alkylG adducts that

probably constitute only a fraction of the DNA alkyl adductome.

Probable O°-MeG adduct was detected in all 10 tumour colorectal DNA samples
and in two out of three of the analyzed normal colorectal DNA samples pointing out 100%
and 66% methylation frequencies for tumour and normal colorectal DNA samples,
respectively. Results of the current study are consistent with a previous study by Jackson
et al., (259) who reported higher methylation frequency in tumour DNA samples (32%-
62%) compared to normal DNA samples (33%-48%). Furthermore, another study
conducted in 2000 in Manchester area reported higher methylation frequency for DNA
isolated from tumour tissue (52%) compared to 43% for normal DNA samples (257).
Conversely, a published study reported that colorectal tumour DNA was less methylated
than DNA from adjacent mucosa with methylation frequencies of 14% and 80%,
respectively (258). The reported methylation frequency for DNA isolated from tumour
samples in the present study is higher than that for any of other previous studies. A
number of different causes could account for this variation in methylation frequency
between the current study and previous published studies. Among them the most
important is the size of investigated DNA population or number of examined samples
since both previous studies as well as the current work were based on relatively small
number of patient samples. The current study examined samples that were collected from
a smaller number of individuals (13 total samples, 3 normal and 10 tumour; collected from
10 participants only) compared to other studies who examined larger number of DNA

samples that ranged from 58-62 normal samples and 55-58 tumour samples (257,259).

Furthermore, probable O°-CMG adduct was detected in 8 out of a total of 10 (80%)
tumour DNA samples. However, O®-CMG adduct was not detected in any of the examined
normal DNA samples. The present work is the first detecting O°>-CMG adduct in human
colorectal cancer DNA. However, a previous study reported in vivo detection of O°*-CMG
adduct in human blood DNA samples (262). Current results accord well with a previous
study that documented in vivo detection of O°>~-CMG adduct in DNA from exfoliated colonic
cells collected from stools of human volunteers who consumed high red meet diet for 15
days (185). In addition, a previous research reported the detection of trace levels of O°-
CMG adduct in exfoliated human colonocytes where the obtained low intensity signal was
explained by the fact that, volunteers were on a normal not high red meat diet (253).
Consistently, in vivo O°-CMG adduct detection was reported in gastric biopsies and in

intact small intestine from rats that were treated with N-nitrosopeptide N-acetyl-N*-prolyl-
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N*-nitrosoglycine and in HT-29 cells treated with diazoacetate demonstrating that O°-CMG
adduct is a potential product of colorectal DNA alkylation damage (185,197). The inability
of the current work to detect O°>-CMG adduct in normal human colorectal DNA does not
confirm the absence of this adduct from normal colorectal DNA, as it might be present, but
in levels below its limit of detection. In addition, the current study has investigated only
three normal colorectal DNA samples, thus, there is not enough evidence to make a clear
conclusion regarding the detection of this adduct in human normal colorectal DNA.
Therefore, more samples of human normal colorectal DNA have to be examined to

provide further support to the initial findings of the current study.

In addition to the detection of both probable 0O°®-MeG and O°-CMG adducts,
present work demonstrated detection of two O°-alkylG adducts, for the first time in human
colorectal tumour DNA. Firstly, possible O°-HOEtG adduct was detected in a single
tumour DNA sample whilst probable O°-carboxamidoethylG adduct was detected in two
tumour DNA samples. No previous researches have detected these two adducts in human
colorectal tumour DNA samples. More O°-alkylG adducts are believed to be present in
human colorectal DNA since the present study has detected various peptide ions whose
m/z ratios did not match any of MGMT tryptic peptides and they were totally absent in
control samples. Consistently, unidentified peptide ions are potentially resulting from
alkylation of MGMT-ASP.

Current work mainly relied on MALDI-TOF MS analysis for detection of alkylated
MGMT-ASPs and the evidence of the detection of the alkylated peptides following MGMT
incubation with human colorectal DNA was based on the following three criteria: first, m/z
of detected ions, second, recorded change in the molecular weight of the ASP (observed
mass shift) and the third one is S/N>10. Therefore, further tandem MS analysis is
required to confirm identities of detected peptides that were assigned to alkyl group
transfer to MGMT, plus, to provide information about the structural identities of detected

but unidentified ions.

A number of different mechanisms acting either singly or in combination could
account for the detection of O°-alkylG adducts in human colorectal DNA. Among these,
haem-catalysed endogenous formation of highly reactive NNOCs that could alkylate DNA
in an electrophilic attack which are formed upon nitrosyl haem mediated endogenous
nitrosation of either dietary amines or amides (180,374). Furthermore, DNA alkylation is

potentially a result of a nitrosation reaction that is mediated by bacteria within the colon or
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by macrophages within chronically inflamed sites (393,405,406). In addition, exogenous
exposure to AAs via dietary, environmental or occupational sources may contribute to the
overall load of O%-alkylG adducts. By analogy, O°>-CMG adduct potentially arises from the

nitrosation of bile component glycocholic acid that could also alkylate DNA (208).

Both O°-MeG and O°-CMG are believed to be products of nitrosated glycine.
Therefore, the detection of these two adducts in human colorectal DNA supports the
hypothesis that nitrosation of glycine occurs in human Gl tract contributing particularly to
colorectal cancer risk. In addition, data of the current study highlighted that O°-MeG and
0°-CMG are the most commonly occurring adducts in human colorectal DNA samples,
compared to the other two detected adducts O°-carboxamidoethylG and O°-HOEtG. This
could be related to their glycine precursor. Glycine has a unique chemical structure in
terms of having no substituents on a-carbon and that appears to significantly increase
DNA damaging potential of the nitrosated amino acid (407). Meanwhile, detection of novel
adducts in human colorectal tumour DNA lends further support to the hypothesis that
amino acids other than glycine are potentially being nitrosated in human Gl tract and their

nitrosation products might contribute to colorectal cancer risk.

Nevertheless, further mechanisms might contribute to O°-HOEtG adduct formation,
such as exogenous exposure to the known human carcinogen ethylene oxide (408) which
is a common environmental carcinogen, industrial chemical and a component of cigarette
smoke (409). In vivo detection of O°-HOEtG adduct has not been reported by previous
studies, whilst, N’-HOEtG adduct was detected in human blood samples as well as
human lymphocytes of both smokers and non-smokers (410,411). It's well established
that N’-alkylG adducts are more predominant DNA lesions than O°-alkylG adducts where
the former constitutes 75% of the alkylation products whilst the latter represents only 6-8%
of alkylated DNA adducts. This could be used as an explanation for the detection of the
N’-HOEtG prior to its corresponding O°-alkylG adduct as N’-HOEtG adduct is far more
easier to detect (156).

Regarding the probable O°-carboxamidoethylG adduct, the alkyl group at the O°
position of the modified guanine base is carboxamidoethyl group; also known as
propionamide a by-product of acrylamide monomer; that is an environmental carcinogen
of numerous industrial and laboratory applications (412). Moreover, dietary exposure to
acrylamide is well established upon consumption of carbohydrate-rich food cooked at high

temperatures (>120 °C) such as: baked potatoes, crisps and cookies (413). Acrylamide is
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formed in food through a multistep process known as Maillard reaction in which the
asparginine amino acid reacts with a reducing sugar such as glucose or fructose
(414,415). Based on the evidence of acrylamide carcinogenicity in animals, it has been
classified as a probable carcinogen (Group 2A) by IARC and the association between
acrylamide exposure and colorectal cancer incidence has been previously suggested as
well as other types of human cancers (416-419). Acrylamide adduct detection in human
blood was reported by previous studies (420), however, to the best of our knowledge
detection of DNA acrylamide adducts has been exclusively reported in animal but not
human studies that documented detection of both N’ and N* acrylamide-derived guanine
adducts but with different alkyl moieties (421).

The detection of O°-MeG and O°-CMG adducts in human colorectal DNA might be
indicative risk factor for colorectal cancer (41). O°-MeG is a known pro-mutagenic adduct
that its persistence is associated with carcinogenicity and cytotoxicity. Reported O°-MeG
carcinogenicity is mainly due to its mispairing potential inducing predominantly (>80%)
GC:AT transition mutations. However, biological consequences of non-repaired O°*-CMG
adducts are less well described with in vivo evidence of its pre-mutagenic properties
inducing TP53 gene mutations (approximately equal amounts of transitions and
transversions) establishing a direct mechanistic link between O°-CMG adduct and

colorectal cancer aetiology (246).

To discuss the benefits of the newly developed approach non-specificity to a single
0°%-alkylG adduct comes first as it could be used for the characterisation of the overall load
of O°%-alkylG adducts. Additionally, it could be applied for both qualitative and quantitative
aspects of human DNA analysis. This technique allows accurate and reproducible
quantitation of O®-alkylG adducts in terms of quantifying detected alkylated peptides using
heavy labelled internal standards. Although the current study has only quantified the
methylated ASP using the internal standard, accurate quantitation of other alkylated
peptides could be achieved using the respective heavy labelled internal standards to shed
light on the contribution of their corresponding adducts to the colorectal carcinogenesis.
Results highlighted the sensitivity of the assay to the low level of O°-alkylG adducts as
well as low cost. However, the limitations of the current protocol include lack of tandem
MS data that are indispensable to confirm the identity of the putative alkylated peptides
detected in MGMT digest following incubation with human DNA in order to ascertain that
the right O®-alkylG adducts have been targeted. Notably, the novel assay analysed

relatively large amounts of human colorectal DNA which had a positive facet making the
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detection of O%-alkylG occurring in low amounts possible. In order to remedy this, MS
analysis could be carried out by further sensitive MS techniques such as Orbitrap or triple
quadrupole. In addition, a possible limitation of the newly developed approach is the
potential O°-MeG adduct interference with other O%-alkylG adducts transfer to MGMT.

7.5 Conclusion

Results of the current work acknowledge the applicability of this novel approach for
simultaneous detection of overall DNA alkylation damage in human colorectal DNA; using
the action of MGMT protein and coupled to MALDI-TOF MS analysis. Identification of
novel O°%-alkylG adducts in human colorectal DNA aids to unravel mechanistic basis of
colorectal cancer as well as characterising endogenous nitrosation damage in Gl tract.
Furthermore, this approach could be useful in investigating the association between O°-
alkylG and other types of human cancer such as breast, ovarian or prostate cancer or
even the potential association between DNA alkylation damage and other health problems

such as male or female infertility.
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8 Overall discussion and future work

8.1 Overall discussion

Human exposure to a plethora of environmental and dietary AAs as well as
endogenously formed AAs, namely, NNOC may well generate numerous mutagenic
O°®-alkylG DNA adducts potentially causing a complex array of genomic modifications
contributing to colorectal cancer carcinogenesis (247,256,257). This study displayed
the development of novel MALDI-TOF MS based approach that detected a range of
putative O°-alkylG DNA adducts, namely, O°®-MeG, O°-CMG and O°-HOE!G in the DNA
of human colorectal cancer tissue. Additionally, 0°®-MeG adduct was detected in DNA
of macroscopically normal human colorectal tissue from colorectal cancer patients.
Moreover, the developed approach enabled the quantification of the detected O°-MeG.
In addition, further seven ions were detected in the digests of MGMT incubated with
human colorectal DNA, which could potentially represent alkyl modified MGMT-ASPs.

However, the identities of such ions have not yet been defined.

These results accord well with a previous study that demonstrated detection of
a diverse assortment of O°-alkylc DNA adducts in human gut lumen, specifically,
gastric DNA from both malignant gastric mucosa and normal mucosa of gastric cancer
patients, but they did not examine any human colorectal DNA (260). They also reported
a significant positive association between dietary nitrate intake and O°-alkylG levels in

human gastric malignant tissue.

Characterization of O°-alkylG adducts has been used in biomonitoring studies
that aim at examining toxicological and carcinogenic potential of environmental, dietary
and occupational chemicals (422). The utility of MS analysis in both detection and
guantification of such adducts is previously reported (253,423), where previously
established methodologies detected O°-alkylG adducts in DNA isolated from tissues,
cells, blood and saliva as well as DNA from in vitro studies. However, the current study
utilised the known action of DNA repair protein MGMT to transfer the alkyl group to
MGMT-ASP followed by MS detection of the tryptic alkyl modified MGMT-ASP to
identify and quantify O%-alkylGs in human colorectal DNA. This modification enabled

using a high amount of human DNA alongside avoiding any possible DNA interference
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with the MS analysis since MGMT protein was recaptured from the DNA and analysed
by MS individually following its tryptic digestion. The current work demonstrated the
detection of different O°-alkylG adducts in human colorectal DNA; although MGMT repair
rates for theses adducts vary. Even the poorly repaired O°-alkylG adduct, O°>-HOEtG, was
detected. This was attributed to using a vast excess of MGMT repair protein as well as

long incubation times.

Although the current study was based on a small number of participants, it
demonstrated the development of a novel methodology that could potentially contribute
to the characterization of the overall load of O%-alkylG adducts in human colorectal
cancer DNA which provide mechanistic information on human colorectal cancer
pathogenesis. In addition, characterization of the overall load of O°-alkylG adducts
enables considerable improvements in defining individual colorectal cancer risk, paving
the way for more informative monitoring and intervention studies. Moreover, these
findings provide further support to the initial hypothesis of the involvement of AAs in
human colorectal cancer aetiology as well as their toxicological mode of action.
Although the current work did not focus on the identification of the specific AAs that
might have contributed to the pathogenesis, it's suggested that NNOC, from

endogenous or exogenous sources are involved.

Moreover, among the main contributions of the current work was the
demonstration of MGMT ability to repair O°-CMG and O°-CEG alongside O°-MeG in
synthetic ODNs via MGMT inactivation assay and restriction endonuclease site
deprotection assay. Moreover, MALDI-TOF MS analysis of MGMT reacted with O°-
CMG, OS-CEG and 0°®MeG ODNs indicated the transfer of carboxymethyl,
carboxyethyl as well as methyl groups to MGMT-ASP, respectively, confirming the
mechanism of MGMT repair of these studied adducts. In addition, it was indicated that
0°®-CMG and O°-CEG alongside O°-MeG were recognised by damage sensing protein
Atll.

The current study focused on investigating the MGMT repair of a range of O°-
alkylG adducts in ODNs, using an MGMT inactivation assay, to examine whether the
developed MALDI-TOF MS based assay would be able to detect them in human DNA
or not. These O°alkylG adducts included O°-MeG, O°-CMG and O°-CEG. Ability of
MGMT to repair O°>-CMG was a matter of controversy with contradicting results

reported by previous studies (208,296). The current work examined MGMT ability to
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repair O®-CMG in 2 putative O°-CMG containing ODNs of different DNA sequence
contexts, namely, 44 and DW1. Similarly 2 preparations of putative O°-CEG 23 mer
ODNSs (LH1 and RA1) were examined. Results of MGMT inactivation assay highlighted
remarkable differences in ICs, for 44 ODN and DWL1. Firstly, MGMT pre-incubation with
DS but not SS DW1 caused 50% MGMT inactivation. Conversely, both SS and DS 44
ODN pre-incubation with MGMT demonstrated 50% MGMT inactivation. The variation
in ICs results created some doubt about the identity of the alky groups at the Q°
position of the modified guanine at the two O°®-CMG ODNs 44 and DW1. In addition, it
raised a question whether O°>-CMG adduct is a substrate for MGMT repair is SS as well
as DS or not. Notably, IC5, of DS DW1 ODN was 37-fold that of DS 44 displaying
higher MGMT repair preference for 44 ODN vs. DW1. Similarly, the two investigated
O°®-CEG ODNs LH1 and RAL1 displayed unexpected and significant difference in both
SS and DS ICs, results where ICso of SS and DS RA1 ODN were approximately 7-fold
the corresponding figures of LH1 ODN highlighting that the alkyl adduct in LH1 ODN is
a better substrate for MGMT repair compared to RAL.

MALDI-TOF MS analysis of MGMT reacted with 44 and DW1 ODN was able to
unravel the reason behind the unexpected ICs, differences demonstrating that these
two ODNSs contained 2 different alkyl groups at the O° position of the modified guanine
bases where DW1 was confirmed to contain a carboxymethyl group whilst 44 ODN
turned out to contain the carboxamidomethyl group. In addition, quantitative MS results
were consistent with MGMT inactivation assays as it confirmed higher MGMT repair
preference for 44 ODN compared to DW1. In addition, MS results assured the inability
of MGMT to repair SS DW1 that might have raised an assumption about the inability of
MGMT to repair O°>-CMG adducts in SS DNA unless later contradicted by the results of
SS 13 mer O°-CMG ODN (OW18) and attributing this finding in DW1 potentially to the
effect of local DNA sequence context. Findings of the current research contribute to
resolving the conflict regarding the ability of MGMT to repair O°®-CMG adduct as well as
providing knowledge about the mechanism of the repair, however, it significantly
highlights the impact of local DNA sequence context on MGMT ability to repair this
adduct.

In addition, MALDI-TOF MS analysis of MGMT following incubation with LH1
and RAL revealed that RA1 was O°-CEG-containing ODN whilst LH1 contained
alternatively a carboxamidoethyl group. Quantitative MS results of RA1 and LH1

accord well with MGMT ICsq results confirming higher MGMT repair preference for LH1
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compared to RAL. Conclusively, both MGMT inactivation assay results as well as and
guantitative MS displayed higher MGMT repair preference for the two investigated
amide adducts (carboxamidomethyl (-CH,CONH) in 44 ODN and carboxamidoethyl (-
CH,CH,CONH,) in LH1 ODN) compared to the corresponding carboxylic acid alkyl
adducts (carboxymethyl (-CH,COOH) in DW1 ODN and carboxyethyl (-CH,CH,COOH)
in RA1 ODN).

Although, the study objectives did not include investigating MGMT repair of
carboxamidoethyl (propionamide) adduct, data obtained from LH1 ODNs paved the
way for the identification of this adduct in human colorectal DNA, which was not related
to acrylamide gels. Since proteins were subjected to on-bead digestion protocols
following reaction with human colorectal DNA not in-gel digestion.

Moreover, MGMT inactivation assay findings highlighted that O°-MeG is the
most potent MGMT inactivator followed by O°-CEG then O°-CMG. However, this result
could be related to the difference in local DNA sequence between DW1 (O°-CMG
containing ODN) and RA1 (O°-CEG containing ODN). In addition, both quantitative MS
results as well as MGMT inactivation assays demonstrated that DS O°-alkylc ODNs
are better substrates for MGMT repair compared to the corresponding SS ODNSs, under

the operated experimental conditions.

In conclusion, the results of the present study acknowledge the development of
a novel MALDI-TOF MS based approach for characterization of the overall load of O°-
alkylG adduct levels in human colorectal DNA extracted from both normal and tumour
tissue via analysis of MGMT peptides following protein reaction with alkylated DNA.
Furthermore, findings of the study demonstrate a great potential for applying this
detection and quantification method in future mechanistic studies evaluating the
association between O°-alkylG adducts and other types of human cancer such as

breast cancer.
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8.2 Future work

1- Investigating overall load of O°-alkylG adducts in a larger number of human
colorectal DNA samples from malignant colorectal tissue, normal colorectal tissue from
a colorectal cancer patient as well as normal colorectal tissue from healthy individuals

in order to characterise O®-alkylG adducts in these three populations.

2- Tandem MS analysis to confirm the identity of putative alkylated MGMT-ASPs as
well as to identify the unknown ions detected in the digests of MGMT reacted with

human colorectal DNA.

3- Tandem MS analysis to confirm the findings of the MS analysis of MGMT reacted
with O°-alkylG ODNSs.

4- Investigating the probable association between: red/processed meat consumption,
dietary nitrate intake and/or dietary NNOC intake and O°-alkylG adduct levels in human

colorectal DNA.
5- Investigating the probable association between: MGMT activity in human colorectal
tissue and/or methylation of CpG island of MGMT promoter region and O°-alkylG

adduct levels in human colorectal DNA.

6- Investigating the probable association between: smoking, alcohol consumption,
gender and/or occupation and O®-alkylG adduct levels in human colorectal DNA.
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Appendices

Query 81 ATGGACAAGGAT TGTGAAAT GAAACGCACCACACTGGACAGCCCTTTGCGGAAGCTGGAG 140
wrer 0 WML,
Query 141 CTGICTGGITGTGAGCAGGGT CTGCACGAAATAAAGCT CCTGGECAAGGGGACGTCTGCA 200
wrer o LALLM,
Query 201 GCTGATGCCGTGGAGGT CCCAGCCCCCCCTGCGGT TCTCGGAGGT CCCGAGCCCCTGATG 260
wrer s WL LU,
Query 261 CAGIGCACAGCCTGGCTGAATGCCTATTTCCACCAGCCCGAGGCTATCGAAGAGTITCCCC 320
wrer a0 WAIMDMILILINLINLI Y.
Query 321 GIGCCGGCTCTTCACCATCCCGITTTCCAGCAAGAGTCGTTCACCAGACAGGTGITATGG 380
et as0 DAL DU L DB
Query 381 AAGCTGCTGAAGGTTGTGAAATTCGGAGAAGTGATTTCTTACCAGCAATTAGCAGCCCTG 440
A I TN A T AT
Query 441 GCAGGCAACCCCAAAGCCGCGCGAGCAGT GGGAGGAGCAATGAGAGCCAATCCTGTCCCC 500
wrer s WML Y
Query 501 ATCCTCATCCCGTGCCACAGAGT GGT CTGCAGCAGCGGAGCCGT GGECAACTACTCCGGA 560
et s MRS
Query 561 GGACTGGCCGTGAAGGAATGGECT TCTGGECCCATGAAGGCCACCGGT TGGGEGAAGCCAGEC 620
et son BLALLIBL NIV
Query 621 TTGGGAGGGAGCTCAGGT CTGGCAGCEECCTGECTCAAGGGAGCGGGAGCTACCTCGEEC 680
wrer sso WMIOULIDLINL LY.
Query 681 TCCOCGOCTGCTGGOCGAAAC 701

N R
Sbjct 610 TCCOCGOCTGCTGGCCGAAAC

Appendix 1: Nucleotide sequence alignments of MGMT cDNA.

Nucleotide sequence alignments were generated by Blast database; as explained in
Section 2.2.3.
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x10 3 |-ES! Scan (0.1-0.1 min, 7 Scans) Frag=175.0V 19williamsD06.d Subtract (2) Deconvoluted
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x10 3 -ESI Scan (0.1-0.1 min, 4 Scans) Frag=175.0V 13williamsD11.d Subtract (3) Deconvoluted
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Appendix 2: Electrospray ionization mass spectra of (I) LH1c and (ll) RA1 ODNs.

This work was conducted by Centre of Chemical Biology, Department of Chemistry,
University of Sheffield.
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Appendix 3: Demographic characteristics of study pa rticipants indicating smoking, alcohol and medicati on usage.
Non- ..
Al . Anti- Anti- Benzo- Cortico- Ho- Iron . opioid Clatelte
sample | Smoking Alcohol . . . . ; : receptor Laxative ; pain
histamine | muscarinic | diazepine steroid : supplement pain :
ID antagonist : killers
killers
25 sr':grll;ar Non-drinker | Non-user User Non-user [ Non-user | Non-user Non-user Non-user | Non-user User
31 sr':igrll;ar Non-drinker | Non-user User Non-user | Non-user | Non-user Non-user Non-user | Non-user User
39 srl:ll(())rll_er Non-drinker | Non-user User Non-user [ Non-user | Non-user Non-user Non-user User User
44 sr’:c(;rll;ar Non-drinker | Non-user Non-user Non-user | Non-user | Non-user User Non-user | Non-user | Non-user
- < 1
50 e 10units/ Non-user User User Non-user | Non-user Non-user Non-user | Non-user User
smoker week
Non- >10
74 . Non-user User Non-user | Non-user | Non-user Non-user User Non-user User
smoker units/week
78 er- Occ_a5|onal Non-user User Non-user | Non-user | Non-user Non-user Non-user | Non-user User
smoker drinker
Smoker
(2-19 >10
79 . . Non-user User Non user User Non user Non-user Non user | Non user User
cigarettes/ | units/week
day)
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