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Abstract 

 

DNA alkylating drugs have been used as frontline medications to treat cancer for decades. 

Their chemical reaction with DNA leads to the blockage of DNA replication, which 

impacts cell replication. While this impacts rapidly dividing cancerous cells, this process 

is not selective and results in highly variable and oftentimes severe side effects in patients 

undergoing alkylating-drug based therapies. This observation supports the need for the 

development of biomarkers able to identify patients who effectively respond to certain 

therapies and recognize those who instead will develop serious side effects. The use of 

DNA adducts as predictive biomarkers has been proposed by several studies and herein 

reviewed. This dissertation focuses on the development and application of analytical 

methods able to comprehensively screen DNA adducts produced by alkylating drugs.  

The first study of this dissertation evaluates busulfan reactivity with DNA. Busulfan can 

promptly react with DNA, therefore, taking advantage of our DNA adductomic approach, 

DNA adducts formed by reacting busulfan with calf-thymus DNA were characterized. 

Samples collected from 6 patients undergoing busulfan-based chemotherapy prior to 

allogeneic hematopoietic cell transplantation were analyzed for the presence of busulfan-

derived DNA adducts. Among the 15 adducts detected in vitro, 12 were observed in the 

patient blood confirming the presence of a large profile of DNA adducts in vivo. Two of 

the detected adducts were structurally confirmed by comparison with synthetic standards 

and quantified in patients.  

Similarly, in the second study, an extensive profile of DNA adducts generated by 

cyclophosphamide was characterized. Cyclophosphamide is metabolically activated and 

converted to phosphoramide mustard and acrolein, which are responsible for its efficacy 
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and toxicity. Our DNA adductomic method has been optimized and tailored to maximize 

the detection of cyclophosphamide-derived adducts. Furthermore, the use of 15N-bacterial 

DNA served as further confirmation for DNA adduct identification and structural 

elucidation. This investigation led to the detection of 40 DNA adducts in vitro and 20 DNA 

adducts in patients treated with cyclophosphamide.  

The last study focused on the synthesis of a cyclophosphamide-derived DNA adduct to be 

used for quantitation and as an internal standard for future studies. Departing from reported 

synthetic schemes, several different approaches were tested. This study is currently 

ongoing, but the reaction schemes tested allowed for a better understanding of dGuo-

alkylation regioselectivity.    

Overall, the work described in this thesis set the stage for the evaluation of a relationship 

between busulfan and cyclophosphamide DNA adducts and therapy outcome to identify 

DNA adducts to be used to stratify patients and distinguish who will benefit from therapies 

from those who may experience severe adverse toxic outcomes. 
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Chapter 1. DNA adduct use as predictive biomarkers in alkylating drug-based therapies. 

 

The following chapter gives background and context to the studies carried out in this 

dissertation. The concept of chemotherapy personalization, predictive biomarkers and the use 

of DNA adducts as predictive markers will be discussed.  
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1.1 Chemotherapy toxicity is a key issue for cancer patients with a broad impact 

on public health. 

 

The administration of chemotherapeutic drugs typically results in side effects in patients.1 

Chemotherapy-related side effects can dramatically vary, from being slightly debilitating to 

severe and life-threatening (Figure 1).1 In many cases, they interfere with the administration 

of the desired cancer treatment and adversely affect patientôs quality of life. Recent studies 

support the strong impact that chemotherapy has on its recipients.2,3,4,5 For example, a study 

conducted in Australia, evaluating chemotherapy recipients and their quality of life, reported 

that 86% of the study participants had at least one side effect, and 60% had at least one serious 

side effect.2 Generally speaking, side effects are very common when chemotherapy is 

administered to patients. Furthermore, side effects are also strongly variable in different 

patients.6,7 Indeed, it is now well known that patients with the same cancer may respond 

differently to the same chemotherapeutic regimen.8  

 

Figure 1 Alkylating drug-based chemotherapy side effects.1 

For years, it was generally accepted a size-fits-all chemotherapy approach that would have 

potentially led to major side effects. In this context, a critical examination of the National 

Cancer Instituteôs Common Terminology Criteria Version 4 suggests that the rigor with which 
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toxicities are graded is driven more by tolerability than by the actual side effects and their 

impact on patient lives.1 This has driven the underreport of toxicities and therefore, possibly, 

cancer treatment and patient life being less than optimum.1 The common presence of side 

effects and the extreme variability in therapy response call for a departure from the one-size-

fits-all approaches to more personalized ones, able to minimize side effects and increase 

therapy efficacy. 

The increasingly high number of people potentially exposed to chemotherapeutics side effects 

makes this topic a broad and relevant public health issue. Indeed, according to cancer statistics, 

39.5% of men and women will be diagnosed with cancer at some point during their lifetimes, 

and many will require chemotherapy.9 Nowadays, in the United States only, each year, 

chemotherapy is administrated to 650,000 cancer patients, in outpatient oncology clinics.10 

This burden is expected to increase as the number of new cancer cases per year is expected to 

rise to 23.6 million by 2030, corresponding to an increase in the number of chemotherapy 

recipients and a consequent increase in the number of patients experiencing related toxicity.11  

The common side effects interfering with patient health and treatment and the increasing 

number of people in need of these medications underline the urgent need for measures able to 

minimize chemotherapy toxicity and its impact on public health. Chemotherapy toxicity 

continues to lead to extremely high human and economic costs; together with loss of workdays 

and need for caregiver time, an increased number of hospitalizations and the extensive use of 

drugs for palliation and pain control is predictable. Therefore, the evaluation and development 

of tools able to predict therapy outcomes and design effective personalized treatment are 

critically needed. 
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1.2 Departing from a ñone size fits allò therapy approach to mitigate 

chemotherapy toxicity. 

 

Advancements in the understanding of cancer biology demonstrated the heterogeneous nature 

of cancer.12,13,14 Together with the biological genetic differences between patients, patients 

suffering from the same phenotypical disease may have different genetic aberrations and 

abnormalities in their tumor.7, 8 For this reason, different therapy outcomes may be observed 

when patients are treated with the same anticancer agents.8 Cancer treatments need to address 

patient and cancer-specific molecular defects, together with the tumor-specific 

microenvironment.8 Therefore, therapies initially based only on the physiological 

characteristics of the disease (e.g. histopathology and location), are rapidly evolving and 

becoming more and more patient-oriented.12  

Biomarkers have a key role in assisting in this transition. Biomarkers are generally defined as 

any medical indicator that can be measured accurately and reproducibly.15, 16 In the context of 

precision medicine in oncology, research ranges from efforts to identify diagnostic biomarkers 

(to detect the occurrence of cancer early in patients), prognostic biomarkers (to predict the 

natural course of the disease), and predictive biomarkers (to predict the clinical outcome in the 

presence of a specific therapy) (Table 1).17, 18 Of particular interest, in the context of precision 

cancer chemotherapy are predictive biomarkers.  

Table 1 Diagnostic, prognostic, and predictive biomarkers. 

Biomarker Definition Example of Currently 

Used Markers 

Diagnostic Marker can detect the 

occurrence of cancer 

in patients 

Cologuard18 

Circulating DNA or 

microRNA18 

Breast Lymph Node 

(BLN) Assay18 
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Prognostic Marker can predict 

the natural course of 

the disease 

Analysis of mutations 

(e.g. BRCA1-2)18 

Carcinoembryonic antigen 

(CEA)19 

Predictive Marker can predict 

the clinical outcome 

in the presence of a 

specific therapy 

Analysis of mutations 

(e.g. Epidermal growth 

factor receptor gene 

change)12 

 

Predictive biomarkers have the key role of determining the probability of obtaining a response 

to treatment and informing therapeutic decisions.12 Currently, several means for tumor 

molecular stratification, including transcriptomics, metabolomics, proteomics, and immune 

profiling, are being developed.20, 21, 22 The evaluation of one of these marker levels can inform 

doctors on which drugs to administer to the patient and possibly the optimal dose. Furthermore, 

they can be useful to optimize and tune treatments to improve therapy efficacy.12 Several 

predictive biomarkers that rely on genomic sequencing are currently approved by U.S Food 

and Drug Administration (FDA), and European Medicines Agency (EMA), for biomarker-

guided therapeutic indications.12 However, many chemotherapeutic drugs are available and 

they target a plethora of different biological mechanisms in the cell. Therefore, there is a need 

for different markers depending upon the cellular mechanism targeted in such therapies.   

DNA adducts may be of particular interest as predictive biomarkers, when chemotherapy is 

based on DNA alkylating drugs.23, 24 Cancer therapy is often administered as a cocktail of two 

or three drugs, which covers different molecular targets.8 In this cocktail, DNA alkylating 

drugs are one of the most used medications.8 They are used in over half of all chemotherapy 

patients and for numerous cancer treatments of 57 different types of cancer.8 Alkylating agents 

are electrophilic molecules that can bind to several electron-rich functional groups in the cell 
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via first- or second-order nucleophilic substitutions.8, 24 In particular, when reacting with DNA, 

alkyl-groups are transferred to it, resulting in covalent modifications interfering with DNA 

transcription and cell division and therefore generating cytotoxicity.8,25,26 Since a natural 

relationship between DNA damage and alkylating agents exists, DNA adducts have been 

evaluated as possible predictive biomarkers in the last 35 years. 

 

1.3 Formation and relevance of DNA adducts as predictive biomarkers for 

alkylating drugs-based treatments. 

 

As mentioned above, alkylating drugs are commonly used as a cancer treatment. Depending 

upon the drugôs chemical structure, they can directly react with the DNA impeding cell 

replication or they need to be metabolically activated to generate DNA damage (DNA 

adducts), which impedes cancer cell replication. 8,25,26,27 In general, DNA adducts can be 

defined as the reaction product of chemicals and nucleophilic sites (electron-rich, S, N, O), in 

DNA.28 Depending upon the chemical involved and its reaction mechanisms, DNA can be 

modified on several functional sites and atoms; reactive sites in DNA include especially the 

N7, N2, and O6 positions of guanine; N1, N3, and N7 positions of adenine; the O2 and O4 positions 

of thymine; and the O2 and N4 positions of cytosine (Figure 2).28 The large variability in 

possible alkylating positions and in the chemicals that may be interacting with these alkylating 

reactions on DNA calls for techniques able to comprehensively profile DNA adducts. 
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Figure 2 Nucleobase positions that commonly react with electrophiles (highlighted in red). 

 

Cytotoxic effects of DNA adducts are related to their interference with DNA transcription and 

cell division.25 Indeed, there are three main mechanisms involved: i) the presence of alkyl 

groups on DNA bases prevents DNA synthesis and RNA transcription, leading to the DNA 

being fragmented by repair enzymes; ii) the formation of crosslinks prevents DNA from being 

separated for duplication or transcription; iii) DNA modifications inducing mispairing of 

nucleotides leading to mutations and permanent genetic changes.8,29,30 When considering DNA 

adducts generated by chemotherapeutic drugs, together with the three reaction mechanisms, 

there are several other variables involved with their cytotoxic mechanisms in cancer cells. 

Indeed, the efficiency with which a DNA adduct is generated strongly depends on the drug 

uptake, activation, and detoxification in the cell.27 For instance, if the drug is either not 

activated or quickly detoxified, it will not have the desired effect (Figure 3).27,29 Additionally, 

as above mentioned, a plethora of DNA adducts can be generated. Mono-adducts are 

generically known to be less toxic than crosslinks. Indeed, mono-adducts are more easily 
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repaired and therefore being less persistent in DNA.31 Finally, the ability of DNA adducts to 

persist in the DNA influence replication and transcription and possibly induce double-strand 

breaks and initiate apoptosis.26 High DNA damage levels trigger cell cycle proteins which 

either arrest the cell cycle for DNA repair or induce apoptosis.26 Therefore, treatment success 

is related to DNA adducts being persistent and only located in cancer cells.26 Instead, treatment 

failure and therapy toxicity happen when DNA damage is repaired and there is high damage 

to noncancerous cells, respectively.26,32 Levels of adducts may inform both therapy resistance 

and toxicity, where a too low and too high presence of the adducts is detected, respectively. 

Moreover, the type of adduct may also inform therapy toxicity when the adduct cannot be 

repaired due to the patient lack of specific repair pathways or presence of a metabolic pathway. 

For instance, Fanconi Anemia (FA) patients are unable to repair interstrand crosslinks, 

therefore a lower dose of alkylating drugs is given to avoid therapy toxicity. A balance of DNA 

damage may be identified in order to reach a therapy that is effective but not toxic. Considering 

all these variables playing a role in the activity of these drugs, the characterization and profiling 

of all the DNA modifications induced by therapy have the unique potential to provide an 

overview of the contribution of all these mechanisms to the therapy outcome (Figure 3). 
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Figure 3 Mode of action of alkylating drugs. 

 

1.4 Overview of evidence of DNA adductsô relationship with therapy outcome and 

current pitfalls . 

 

DNA adduct formation is the key step for alkylating agent cytotoxicity and related therapy 

effectiveness. Therefore, DNA adducts have been suggested to be used as predictive 

biomarkers. Indeed, cancer cell DNA is modified to induce apoptosis and cell death (Figure 

3).30 The persistence and amount of DNA damage related to these chemicals in either healthy 

or cancer cells inform the possible resistance mechanisms at work as well as therapy 

drawbacks.8 Greater efficiency is reached when DNA adducts are higher and confined in 

cancer cells.8 Several studies evaluated i) the use of DNA adducts for therapy personalization 

and ii) the correlation between DNA adducts from alkylating anticancer drugs and 

chemotherapy outcomes.33, 34,35,36,37 Herein, we discuss data pertaining to chemotherapy-

derived DNA adducts and cellular response, with a particular emphasis on patient-focused 

studies.  

First, to support the use of DNA adducts for therapy personalization, two studies quantified a 

chemotherapy-derived DNA adduct and evaluated differences in patient populations, which 

theoretically differed in DNA damage susceptibility.38 Indeed, the two studies were focused 

on FA and non- FA patients and obese and non-obese patients, respectively.39, 40 FA patients 

lack specific DNA damage repair mechanisms that make them hypersensitive to alkylating 

agents and require a lower dose of the drug compared to non-FA patients prior to hematopoietic 

cell transplantations.41 In the first study, Johnson and colleagues measured via liquid 

chromatography- mass spectrometry (LC-MS), one cyclophosphamide-derived interstrand 
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DNA cross-link, guanosine-NOR-guanosine (G-NOR-G), and compared its levels in FA 

patients and non-FA patients.39 The two populations evaluated were administered 

cyclophosphamide as a preparative regimen before hematopoietic cell transplantations. The 

MS method used in this work focused on the detection and quantitation of one adduct, G-NOR-

G. The authors of this study found that FA patients produced 15-fold higher adducts than non-

FA patients even at lower administration doses.39 This evidence highlighted the potential for 

use of DNA adducts to identify sensitive populations and therefore potentially for therapy 

personalization. In a second study, Johnson and colleagues measured the above-mentioned 

cyclophosphamide-derived DNA-adduct G-NOR-G in obese patients (BMIÓ25), to evaluate 

the impact of weight-related doses in overweight patients.40 The study used the analytical 

method used for the previous study and found that there was no difference in absolute G-NOR-

G exposure between the overweight/obese and lean groups, despite the higher doses given to 

the overweight/obese patients. These results highlighted the altered metabolism and 

disposition of cyclophosphamide in obese patients. However, the relationship with therapy 

outcome was not explored. Overall, the study supports the possible use of DNA adducts for 

identifying patients with impaired or enhanced drug metabolism, which may lead to 

unsuccessful and/or toxic therapies.  

Given that levels of DNA adducts have been demonstrated to be able to identify individual 

differences in drug metabolism and DNA repair 39, 40, multiple studies have been focusing on 

assessing their relationship with therapy outcomes. Different patient populations, 

chemotherapy regimens, analytical methods and endpoints were studied. Overall, the data 

available regarding the relationship between DNA alkylation and therapy outcomes in patients 
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are encouraging the use of DNA adducts as a predictive marker. Almost all the studies found 

a relationship between levels of the adduct and the clinical outcome.  

Specifically, Pieck and colleagues were the first to measure the relationship between DNA 

damage and outcome.42 They measured, through voltammetry, oxaliplatin-DNA adducts and 

observed, after 24 and 48 hours from the infusion, an increased amount of DNA damage in 

subjects who had benefited from therapy. In another study, Hoebers and colleagues tested the 

predictive value of cisplatin DNA adduct levels in head and neck squamous cell carcinoma 

patients treated with cisplatin radiation.35
 
32P post labeling was used to quantify intrastrand 

guanosineïguanosine adducts (GG adducts) and adenosineïguanosine adducts (AG adducts). 

Patients with higher GG adduct levels in primary tumors had significantly better disease-free 

survival.35  

Additional clinical studies, focusing on cisplatin, another widely used DNA alkylating 

chemotherapeutic drug, have shown that therapy outcome correlates to DNA adduct levels in 

peripheral blood cells.8 In evaluating the relationship between DNA adducts and therapy 

outcome, Zimmerman, and Wang and colleagues also evaluated the use of chemotherapy 

microdoses.43-45 Microdosing is a future possible approach to DNA adduct based-therapy 

personalization as a small dose of chemotherapy is given to the patients with DNA adduct 

profile measurements in subsequent blood draws or even biopsies.8 , with the resulting 

measurements used to minimize side effects and determine the best treatment dose. In this 

context, Zimmermann and colleagues hypothesized that oxaliplatin-DNA adduct levels formed 

in vivo in peripheral blood mononuclear cells (PBMC), were proportional to tumor shrinkage 

caused by chemotherapy. In addition, adducts induced by subtherapeutic "diagnostic 
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microdoses" were proportional to those induced by therapeutic doses and were also predictive 

of response to chemotherapy.45 Four colorectal cancer cell lines were cultured with 

therapeutically relevant or diagnostic microdose concentrations of 14C-oxaliplatin. The 14C 

label enabled the quantification of oxaliplatin-DNA adduct level with accelerator mass 

spectrometry (AMS). Oxaliplatin-DNA adduct formation was correlated with oxaliplatin 

cytotoxicity for each cell line as measured by the 3-4,5-dimethylthiazol-2,5-

diphenyltetrazolium bromide (MTT) viability assay. Six colorectal cancer patients received by 

intravenous route a diagnostic microdose containing 14C-oxaliplatin prior to treatment, as well 

as a second 14C-oxaliplatin dose during FOLFOX chemotherapy (chemotherapy regimen 

which uses folinic acid (leucovorin, FOL), fluorouracil (5-FU, F), and oxaliplatin (Eloxatin, 

OX), termed a "therapeutic dose". Oxaliplatin-DNA adduct levels from PBMC correlated 

significantly to the mean tumor volume change of evaluable target lesions (5 of the 6 patients 

had the measurable disease). Oxaliplatin-DNA adduct levels were linearly proportional 

between microdose and therapeutically relevant concentrations in cell culture experiments and 

patient samples, as was plasma pharmacokinetics. Overall, this study supports both the use of 

DNA adducts as predictive biomarkers and of microdosing as a future possible application in 

patients. 

While encouraging results were found by several studies, there are limitations as well, that 

need to be considered. All the studies mentioned were achieved in a small patient population 

and need to be expanded to statistically significant population sizes. Furthermore, there are 

several possible pitfalls and difficulties to overcome when evaluating responsiveness and 

measuring DNA damage in patients. For instance, patients undergoing chemotherapy regimens 

are usually administered a cocktail of drugs, which therefore increases the complexity of the 
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profile of adducts that needs to be analysed.8 In this context, two studies highlight drug co-

administration as a possible study confounder. Motzer and colleagues investigated cisplatin 

DNA adducts in germ cell tumors and ovarian cancer cells.46 They evaluated the relationship 

between cisplatin DNA adducts determined via atomic absorption spectroscopy and 

immunohistochemistry and outcome in 36 patients, without finding any correlation. The 

authors highlighted the co-administration of three different chemotherapeutic agents as 

possible confounding factors for these results. In another study, Zimmermann and colleagues 

studied DNA adducts of bladder-cancer patients micro-dosed with carboplatin, and a 

relationship between high DNA adduct levels and better responders was observed, further 

supporting the hypothesized relationship between DNA damage and therapy outcome.43 

However, in the study it was highlighted that not all the responders had high platinum-adduct 

levels. For this reason, the authors tested the second hypothesis that another drug used in the 

treatment may have been responsible for low platinumïDNA adduct levels to enable a 

response. Therefore, the effect of the adjuvant drug gemcitabine was tested in a xenograft 

model, where both carboplatin and gemcitabine were administered. The amount of DNA 

adducts generated by the drug treatment was related with tumor response (shrinkage), to the 

treatment. Results from the study indicate that a combined threshold of DNA adducts must be 

reached by either one of the drugs or both combined to induce a response. These conclusions 

support the need for analytical methods able to comprehensively characterize DNA adducts 

generated by each drug and identify markers able to monitor the overall chemotherapy action. 

The above-mentioned studies were focusing on and using techniques able to measure one 

specific adduct or, on the other hand, the overall DNA damage without being able to 

distinguish and select specific markers which may correlate with the outcome.  
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In conclusion, there is evidence supporting the relationship between DNA adducts and therapy 

outcomes. However, bigger population sizes and analytical methods able to identify markers 

for observing each drugôs fate are needed. In the present study, we developed and applied 

(Chapters 2 and 3), an analytical method able to profile all DNA adducts generated by two 

alkylating drugs, busulfan, and cyclophosphamide. Busulfan and cyclophosphamide were 

chosen as drug-models because of their differences in metabolic activations. While 

cyclophosphamide is highly metabolized, busulfan does not need any metabolic activation to 

obtain its action. Our LC-MS-based analytical method is able to detect DNA damaged derived 

from the drugs and their metabolites in one single analysis. Possible markers to be evaluated 

in future studies were identified for these two widely used chemotherapy drugs.  

 

1.5 Analytical strategies for measuring DNA adducts as predictive biomarkers. 

 

Several different analytical techniques to measure DNA adducts were used in the above-

mentioned studies. However, only specific DNA adducts were measured with no screening for 

additional adducts which may better or more completely represent therapeutic outcomes. For 

instance, immunoassay for DNA adducts detection depends on the interaction between an 

antibody and a specific DNA adduct or class of DNA adducts of interest.47 While being easily 

accessible by non-specialized personnel and the only available technique able to measure DNA 

adducts in intact tissues at clinical-useful sensitivity (1 every 108 nucleosides), they rely on the 

expensive and time-consuming development and production of antibodies able to selectively 

bind to one or a class of DNA adducts.48 This leads to the assay being naturally focused on a 

few or a class of adducts at the time. Further immuno-assay limitations include possible cross-
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reactivity and nonlinear analytical responses, as well as the large amounts of DNA necessary 

for each analysis.8 

Another widely used method for DNA adducts detection is 32P-post labeling.49, 50 The 

limitations of this technique involve its lack of specificity and the impossibility of a structural 

evaluation, possible false negative arising from the lack of detection of deglycosylated adducts 

and the use of radioactive material and lack of internal standards for quantitation. However, 

this technique is ultra-sensitive, allowing for the measurement of 1 adduct every 1010 

nucleosides, and has been used for decades. It consists of four major steps: i) enzymatic 

digestion of DNA to nucleoside 3ǋ-monophosphates; ii) enrichment of the adduct fraction of 

the DNA digest; iii) 5ǋ-labeling of the adducts by transfer of 32P-orthophosphate from [ɔ-

32P]ATP mediated by polynucleotide kinase (PNK); iv) chromatographic or electrophoretic 

separation of the labeled adducts or modified nucleotides and quantitation by measurement of 

their radioactive decay. Thanks to its sensitivity, this technique has been largely used to 

evaluate DNA adducts generated by several different exposures. Hoebers and colleagues used 

32P post labeling for quantifying DNA adducts in patients with head and neck cancer.35 

Conversely from immunoassay, 32P-post labeling is labor intensive and works also with a very 

low amount of DNA.  

Finally, MS-based techniques have been largely used to detect and quantify DNA adducts. 

MS-based techniques are indeed highly sensitive and require low amount of DNA.51 However, 

due to instrumental limitations at the time of the studies considered in this thesis, only one or 

few DNA adducts could be detected and monitored. Because of the highly selective nature, 

sensitivity rivaling and at times surpassing that of 32P-post labeling, and the ability to perform 
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accurate quantitation using stable isotope dilution, numerous works have been carried out by 

using LC-MS/MS approaches. DNA adducts generated by several chemotherapeutic drugs 

have been detected and quantified.31, 39, 52 While offering many advantages, LC-MS-based 

methods require expensive equipment, trained personnel, and time-consuming sample 

preparation to minimize the matrix effect. Furthermore, the synthesis of isotopically-labeled 

standards for absolute quantitation may require significant time and cost. 

In addition to tandem MS, two other MS-based techniques have been used for DNA adducts 

detection in the context of predictive markers discovery: inductively coupled plasma-MS (ICP-

MS) and accelerator mass spectrometry (AMS). These are high throughput and less labor 

intensive than LC-MS-based approaches, but by only measuring the amount of metals in the 

sample, it lacks structural information. ICP-MS has been used by Bonetti and co-workers for 

measuring platinum-DNA adducts in leukocytes of patients undergoing cisplatin and 

carboplatin therapy.53 AMS is the technique that reaches the highest sensitivity being able to 

detect analytes to attomoles levels.50, 54 Briefly, AMS is an ultra-sensitive MS-based technique, 

which is able to detect ions accordingly to their momentum charge and energy. AMS 

accelerates atoms up to energies of million electron volts. This enables AMS to measure 

isotopic ratios for specific elements to a level of 1 in 1015. Due to its high sensitivity (with a 

detection limit of 1ï10 adducts/1012 nucleotides), this technique has been used in evaluating 

the relationship between DNA adducts derived from chemotherapeutic drugs and clinical 

outcomes.43, 45, 55 However, the sample has to be labelled with an isotope (e.g. 14C), in order to 

evaluate the concentration of the analyte in the matrix. Therefore, limitations to this technique 

include the inability to use isotope-labelled compounds and the lack of analyte mass 

determination or fragmentation ion spectra to confirm structural identity. Furthermore, 
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contaminations due to the unbound isotopically-labelled drug must be considered when 

analyzing samples via AMS.8 

Thanks to the development of new MS technologies, DNA adductomics is growing as a 

promising technique for the evaluation of DNA adducts deriving from alkylating drugs. DNA 

adductomics is an LC-MS-based analytical method that can simultaneously screen for multiple 

DNA adducts by taking advantage of the common structural features of DNA adducts (the 2ǋ-

deoxyribose-nucleobase structure).56,57, 58 This technique was developed in Dr. Balbo 

laboratory and it is extremely useful thanks to its high sensitivity, its capability to retrieve 

structural information and screen for multiple adducts, both reported and new, at the same 

time.51,8 These features overcome several limitations related to the use of DNA adducts as 

predictive biomarkers such as the co-administration of multiple alkylating drugs, an ultra-low 

abundance of analytes, and structural characterization. DNA adductomics has been recently 

used by Solivio and colleagues to profile DNA adducts generated by a newly developed 

alkylating drug in vitro and in animals and relate them with therapy outcomes.57 In the present 

work, DNA adductomics is used to profile DNA adducts derived by alkylating drugs, first in 

vitro and subsequently in patients.  
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1.6 Hypothesis and Scope of the Thesis. 

 

Each year 650,000 cancer patients receive chemotherapy in the United States and this number 

is going to increase in the next years, due to the increased number of cancer diagnoses.10 

Chemotherapy is known to generate side effects due to its mechanism of action which damages 

healthy cells along with cancer cells.59 Currently, due to the lack of biomarkers, the ñone-size-

fits-allò approach is at the core of the therapies commonly used. However, as mentioned above, 

due to the patient genetic background and type of cancer, dramatically different outcomes are 

observed.8 Predictive biomarkers are needed to distinguish who is going to benefit from 

chemotherapy and who is instead going to develop side effects.8 Thanks to technical 

innovations and performance improvements in instrumentation, detectable and quantifiable 

DNA adducts are candidate predictive biomarkers in the case of alkylating drugs, since their 

formation is a key step for their cytotoxicity and related therapy effectiveness.8 Furthermore, 

DNA adducts are an integrative measure of drug metabolism as well as DNA damage repair.8 

Thanks to instrumental progress, which makes DNA adducts detectable and quantifiable DNA 

adducts can be potentially used as biomarkers and their relationship with therapy outcome has 

been explored and demonstrated.8  

Our general hypothesis is that chemotherapeutic drugs interact with DNA to generate a wide 

profile of DNA adducts, which relates with therapy outcome. Due to the complexity of the 

adductome resulting from chemotherapy regimens and the possible presence of several adducts 

deriving by the interaction of a drug or its metabolites with DNA, an analytical method able to 

monitor all the drug-derived adducts is needed. In this work we hypothesize that alkylating 

drugs are able to generate a wide profile of structurally different DNA adducts which can be 

efficiently captured by our DNA adductomic approach. In addition, we hypothesize that this 
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profile may be present in patients exposed to these drugs, with varying patterns, depending on 

individual metabolism and DNA repair capacity, which ultimately may be related to treatment 

outcome.  

To test our hypothesis, we use two drugs in vitro and in patients, with two grades of 

complexity: busulfan, which does not require any metabolic activation to be able to react with 

DNA and cyclophosphamide, which instead requires metabolic activation and therefore 

generates a complex mixture of reactive metabolites potentially able to create DNA damage. 

Understanding the magnitude of the DNA adduct profile, developing an analytical method able 

to profile the whole DNA adductome of different drugs, and finally characterizing it for the 

drug of interest is the first critical step for the discovery of predictive biomarkers. These studies 

are aimed at creating a list of possible biomarkers to be tested in the clinic in relationship to 

therapy outcome for future use for chemotherapy personalization 

In Chapter 2 we explore the DNA adductome generated by busulfan and took advantage of our 

DNA adductomic approach to characterize DNA adducts formed by reacting busulfan with 

calf-thymus DNA. Samples collected from patients undergoing busulfan-based chemotherapy 

before allogeneic hematopoietic cell transplantation were analyzed for the presence of 

busulfan-derived DNA adducts. Furthermore, the two most intense adducts were synthesized, 

structurally confirmed by comparison with synthetic standards, and quantified in patients. 

DNA adducts standards will be used in future studies involving large patient population to 

draw a relationship between DNA adduct profiles and therapy outcome. Similarly, in Chapter 

3 we explore the DNA adductome generated by cyclophosphamide (CPA) in vitro and in 

patients undergoing CPA-based chemotherapy before allogeneic hematopoietic cell 

transplantation. CPA generates a wide list of metabolites able to react with DNA. This aspect 
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differentiates the two drugs. Finally, due to the high complexity of the chemical synthesis of 

CPA-DNA adducts, their attempted synthesis and the results obtained are reported in Chapter 

4.  



21 

 

Chapter 2- Characterization and quantitation of busulfan DNA adducts in vitro 

and in blood of patients receiving busulfan therapy. 

 

The following chapter describes work that was previously published in and is adapted with 

permission from Molecular Therapy- Oncolytics (Valeria Guidolin, Yupeng Li, Foster C. 

Jacobs, Margaret L. MacMillan, Peter W. Villalta, Stephen S. Hecht, Silvia Balbo, 

Characterization and quantitation of busulfan DNA adducts in the blood of patients receiving 

busulfan therapy, Molecular Therapy - Oncolytics, Volume 28, 2023, Pages 197-210, ISSN 

2372-7705, https://doi.org/10.1016/j.omto.2023.01.005).60 

The study was performed by Valeria Guidolin and was co-authored by Yupeng Li, Foster 

Jacobs, Margaret L. MacMillan, Peter W. Villalta, Stephen S. Hecht, and Silvia Balbo. The 

authors would like to thank Dr. Laura Maertens and Carsten Spry for their help with the patient 

sample collection. We also wish to thank the patients for their participation in this study. 

Additionally, we acknowledge the hard work and dedication of the nurses and other medical 

personnel of the M Health Fairview University of Minnesota Medical Center for their help 

with collecting the samples. We thank Robert Carlson for editorial assistance.  
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2.1 Introduction  

 

As discussed in Section 1.1., chemotherapeutic-derived side effects are a public health 

concern as are oftentimes observed in patients and the number of patients undergoing these 

types of therapies is increasing. Since an association between alkylating drug-based 

chemotherapy outcome and cancer cell DNA modifications naturally exists (Figure 3)61, 

and there are a number of studies supporting this relationship, it is reasonable to investigate 

the use of DNA adducts formed by alkylating drugs for patient stratification with our novel 

mass spectrometry-based approach.8 As discussed in Section 1.4, biomarkers able to 

inform therapy personalization are missing, together with analytical methods able to 

overcome the aforementioned limitations (e.g. co-administrations).  

Busulfan (BU, [1,4-butanediol dimethanesulfonate, 1, Figure 4, Panel B.), is an alkylating 

agent used for the treatment of a variety of cancers including chronic myelogenous 

leukemia (CML).62 BU is also widely used in combination with other chemotherapeutic 

agent for pre-transplantation conditioning of patients undergoing allogeneic hematopoietic 

cell transplantation (HCT).63, 64 Similar to other alkylating drugs, BU-based therapy side 

effects include bone marrow suppression, myelosuppression, and hyperpigmentation, as 

noted by the FDA.62 Although a clear benefit has been observed using the regimen of 

cyclophosphamide (CPA) with high-dose oral BU in pre-transplantation conditioning65, 66, 

high systemic exposure to BU has been associated with veno-occlusive disease and child 

neurotoxicity.67-69 Low systemic exposure to BU, however, may result in leukemic relapse 

and increased risks of graft-rejection.70, 71 Altogether these observations indicate a narrow 

therapeutic window for BU-based therapy in the clinic.72 
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To inform the optimal dose of BU for cancer patients, efforts have been made to monitor 

its concentration in plasma. It appears that intravenous injection of BU provides more 

consistent per-dose plasma area-under-the-curve (AUC) than oral administration in 

patients with chronic myelogenous leukemia.73, 74 The optimal plasma concentration has 

been suggested to be 78 ï 101 mg × h/L in patients receiving intravenous BU after 

allogeneic HCT.75 However, controversies regarding the advantage of monitoring 

systematic exposure of BU have been reported due to the presence of confounders and, 

ultimately, therapeutic dose monitoring has only been suggested in patients undergoing 

high-dosage BU treatment.72 Indeed, many retrospective studies evaluating the association 

of BU exposure to clinical outcomes were confounded by heterogeneity in the conditioning 

regimens and the baseline patient characteristics.72 

BU-derived DNA adducts can be considered as clinical outcome prediction biomarkers. 

The evaluation of their profile could provide more accurate information on the interaction 

of the drug with its target to be used to support predictive information for adjusting BU 

dose. This may be even more important when BU is used in combination with other 

alkylating drugs since BU-related drug-drug interactions have been observed.76 However, 

to the best of our knowledge, these DNA adducts have not been fully characterized before, 

but only hypothesized to take part in BU-related cytotoxicity.77 Indeed, BU is a bifunctional 

alkylating drug, which contains two methanesulfonate groups and does not require 

metabolic activation to react with DNA. Once BU is hydrolyzed, the methanesulfonate 

groups are released and carbonium ions are generated. The latter react with nucleobases, 

interfering with all the mechanisms related with DNA replication and transcription. In this 

context, BU can form both mono-alkylation and cross-links. 
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In this work, we examine the hypothesis that BU reacts with DNA generating a plethora of 

DNA adducts which can be profiled by our adductomic approach (Figure 4, Panel A).56, 

78, 79, 58 This hypothesis is tested in vitro in BU-treated calf thymus and bacterial DNA. 

Two of the adducts detected were structurally characterized via high-resolution mass-

spectrometry and NMR and isotopically labelled standards were synthetized for isotope-

dilution based quantitation. Afterwards, we tested our second hypothesis that the adducts 

detected in vitro can inform the DNA adduct discovery in patients (Figure 4, Panel A). 

Detection of the adducts in vivo in blood DNA of cancer and Fanconi Anemia patients 

receiving BU therapy was demonstrated, along with the establishment of a quantitative 

method for use in large sample population studies. Overall, this study supports the 

formation of BU-DNA adducts in patients, the use of the adductomic approach to profile 

and characterize alkylating drug -derived DNA damage and generated a list of possible 

predictive biomarkers to be tested in relationship with therapy outcome.  
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Figure 4 Representation of our study rationale (A) and of the workflow (B) of adductomic analysis of 

DNA samples. In the in vitro conditions with less complexity, DNA adducts are more readily identified due 

to their relatively higher concentrations. This allows for a DNA adduct library generation that can be 

informative for in vivo evaluation of patient DNA samples. 
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2.2 Materials and Methods 

 

2.2.1 Chemicals and supplies. Methanol (MeOH, LC-MS grade), acetonitrile (ACN, 

LC-MS grade), isopropanol (IPA) and formic acid (FA, 98% v/v) were purchased from 

Fluka (St. Louis, MO, USA). Water was purified by a Milli-Q system (Milford, MA, USA). 

Cell Lysis Solution, Proteinase-K and RNase-A were purchased from Qiagen 

(Germantown, MD, USA). DNase I recombinant expressed by Pichia pastoris (R-DNase, 

10,000 U/mg), phosphodiesterase-1 extracted from Crotalus adamanteus (PDE-1, 0.4 

U/mg), recombinant alkaline phosphatase expressed by Pichia pastoris (R-ALP, 7,000 

U/mg), and calf thymus DNA (CT-DNA) were purchased from Roche (St. Louis, MO, 

USA). Single membrane filtration devices Microcon (10 kDa cutoff, 0.5 mL) were 

purchased from Amicon (Billerica, MA, USA). Silanized vials (0.3 mL, 1.2 mL and 4 mL) 

were purchased from ChromTech (Apple Valley, MN, USA). [15N5]2ǋ-Deoxyguanosine 

(dGuo) was purchased from Cambridge Isotope Laboratories. All other chemicals and 

supplies were purchased from Sigma-Aldrich or Fisher Scientific. 

2.2.2 Synthesis of Chemical Standards.  

N'-(9-((2R,4S,5R)-4-Hydroxy-5-(hydroxymethyl)tetrahydrofuran -2-yl)-6-oxo-6,9-

dihydro-1H-purin -2-yl)-N,N-dimethylformimidamide (2, N2-dmf-dGuo). N,N-

Dimethylacetamide dimethyl acetal (2.0 mL) was added to a solution of dGuo (3.5 mmol, 

1.0 g) in MeOH (9.5 mL). The reaction mixture was stirred at room temperature for 3 days. 

After reaction, the precipitated white solid was filtered and washed with cold MeOH. The 

solid was dried and used directly without further purification (1.05 g, 93%). 1H NMR (500 

MHz, DMSO-d6) ŭ 11.31 (s, 1H, H1), 8.55 (s, 1H, (CH3)2NCH=N-), 8.03 (s, 1H, H8), 6.25 
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(dd, J = 7.9, 6.1 Hz, 1H, H1ǋ), 5.29 (d, J = 3.9 Hz, 1H, 3ǋ-OH), 4.93 (t, J = 5.5 Hz, 1H, 5ǋ-

OH), 4.37 (dq, J = 6.1, 3.0 Hz, 1H, H3ǋ), 3.83 (td, J = 4.6, 2.5 Hz, 1H, H4ǋ), 3.57 (dt, J = 

11.7, 5.1 Hz, 1H, H5ǋa), 3.51 (ddd, J = 11.6, 5.8, 4.4 Hz, 1H, H5ǋb), 3.16 (s, 3H, -CH3), 

3.03 (s, 3H, -CH3), 2.59 (ddd, J = 13.5, 8.0, 5.7 Hz, 1H, H2ǋa), 2.23 (ddd, J = 13.2, 6.1, 2.9 

Hz, 1H, H2ǋb). For the synthesis of the isotopically labeled compound [15N5]2, N,N-

dimethylacetamide dimethyl acetal (1.0 mL) was added to a solution of [15N5]dGuo (5.0 

mg, 0.018 mmol) in MeOH (1.0 mL). After stirring at room temperature for 3 days, the 

reaction mixture was dried to remove most of the solvent and diluted with H2O (0.5 mL) 

before performing reverse phase HPLC purification using Waters Associates (Milford, 

MA) systems equipped with a Shimadzu SPD-10A 0.2 mm Prep UV-vis detector (254 nm). 

A Luna 5 ɛm C18(2) 100  250 Ĭ 10 mm column purchased from Phenomenex (Torrance, 

CA) was used for the separation. A 50 min program was used with a flow rate of 4 mL/min 

and a gradient starting from 5% MeOH in H2O for 10 min, then increasing linearly to 90% 

MeOH in H2O over 25 min. After holding at 90% MeOH in H2O for 3 min, the gradient 

was returned to the initial condition of 5% MeOH in H2O over 5 min. The system was 

equilibrated for 7 min before the next injection. The desired product [15N5]2 was collected 

at the retention time of 22 min. 1H NMR (500 MHz, MeOD) ŭ 8.64 (d, J = 2.3 Hz, 1H, 

(CH3)2NCH=15N-), 8.06 (dd, J = 11.3, 7.8 Hz, 1H, H8), 6.37 (ddd, J = 7.7, 6.1, 1.4 Hz, 1H, 

H1ǋ), 4.55 (dt, J = 6.1, 3.0 Hz, 1H, H3ǋ), 4.01 (q, J = 3.5 Hz, 1H, H4ǋ), 3.79 (dd, J = 12.0, 

3.6 Hz, 1H, H5ǋa), 3.72 (dd, J = 12.0, 3.9 Hz, 1H, H5ǋb), 3.21 (s, 3H, -CH3), 3.12 (s, 3H, -

CH3), 2.73 (dddd, J = 13.6, 8.3, 6.1, 2.7 Hz, 1H, H2ǋa), 2.39 (dddd, J = 13.5, 6.2, 3.2, 1.3 

Hz, 1H, H2ǋb). 



28 

 

N'-(7-(4-Bromobutyl) -6-oxo-6,7-dihydro-1H-purin -2-yl)-N,N-

dimethylformimidamide (3, N2-dmf-Gua-N7-butylbromide). A solution of 7 (0.5 

mmol, 161 mg) and 1,4-dibromobutane (2.5 mmol, 300 ɛL) in N,N-dimethylformamide 

(DMF, 2.0 mL) was stirred at room temperature for 14 days. The reaction mixture turned 

from a white suspension to a clear yellow solution after 8 days. After completion, the 

reaction mixture was subjected directly to reverse phase HPLC for purification using the 

same conditions described for the synthesis of [15N5]2. The desired product 3 eluted at 30.4 

min as the major peak. After drying under a stream of N2, compound 3 was collected as a 

white solid (101 mg, 60%). 1H NMR (500 MHz, DMSO-d6) ŭ 11.34 (s, 1H, H1), 8.60 (s, 

1H, (CH3)2NCH=N-), 8.01 (s, 1H, H8), 4.26 (t, J = 6.7 Hz, 2H, -CH2CH2CH2CH2Br), 3.53 

(td, J = 6.7, 2.2 Hz, 2H, -CH2CH2CH2CH2Br), 3.14 (s, 3H, -CH3), 3.01 (s, 3H, -CH3), 1.96 

ï 1.86 (m, 2H, -CH2CH2CH2CH2Br), 1.79 ï 1.66 (m, 2H, -CH2CH2CH2CH2Br). 13C NMR 

(126 MHz, DMSO) ŭ 158.90 (C4), 157.64 ((CH3)2NCH=N-), 156.45 (C2), 155.27 (C6), 

143.40 (C8), 110.70 (C5), 45.12 (-CH2CH2CH2CH2Br), 40.46 (-CH3), 34.51 (-CH3), 34.30 

(-CH2CH2CH2CH2Br), 29.24 (-CH2CH2CH2CH2Br), 29.06 (-CH2CH2CH2CH2Br). HRMS 

(Orbitrap): [M+H]+ calcôd 341.0720, 343.0700; 286.0298, 288.0278; found 341.0665, 

343.0641; 286.0329, 288.0310. For the synthesis of the isotopically labeled compound 

[15N5]3, 1,4-dibromobutane (20 ɛL) was added to a solution of [15N5]2 in DMF (0.5 mL). 

The reaction mixture was stirred at room temperature for 14 days. After reaction, the 

reaction mixture was subjected directly to reverse phase HPLC and the desired product 

[15N5]3 was collected at the retention time of 30.3 min under the same conditions described 

for the synthesis of [15N5]2. HRMS (Orbitrap): [M+H]+ calcôd 346.0572, 348.0552; 

291.0150, 293.0130; found 346.0578, 348.0648; 291.0343, 293.0314.  
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N',N'' -(Butane-1,4-diylb is(6-oxo-6,7-dihydro-1H-purine-7,2-diyl))bis(N,N-

dimethylformimidamide) (4, bis(N2-dmf-Gua-N7)butyl and N'-(7-(4-hydroxybutyl) -

6-oxo-6,7-dihydro-1H-purin -2-yl)-N,N-dimethylformimidamide (5, N2-dmf-Gua-N7-

butanol). To a solution of 3 (0.22 mmol, 101 mg) in DMF (1.5 mL), compound 2 (0.29 

mmol, 94 mg) was added. The reaction mixture was stirred at 60 °C for 2 days, then 

analyzed by reverse phase HPLC directly under the same conditions described for the 

synthesis of [15N5]7. The desired products 4 and 5 were collected at 25.6 and 26.0 min, 

respectively, in very low yields (< 1%). The isotopically labeled compounds [15N5]4 and 

[15N5]5 were synthesized in the same way as 4 and 5. A solution of 2 (16.2 mg, 0.05 mmol) 

was added to a DMF (0.5 mL) solution of [15N5]3. The reaction mixture was stirred at 60 

°C for 2 days. After reaction, the resulting mixture was subjected to reverse phase HPLC 

directly using the same separation conditions as described above. The desired compounds 

[15N5]4 and [15N5]5 were collected at retention times of 25.6 and 26.0 min, respectively. 

Compound 4 was fully characterized by one- and two-dimensional NMR and HRMS. 1H 

NMR (500 MHz, MeOD) ŭ 8.59 (s, 2H, (CH3)2NCH=N-), 7.99 (s, 2H, H8), 4.48 ï 4.30 

(m, 4H, N-CH2CH2-), 3.18 (s, 6H, -CH3), 3.10 (s, 6H, -CH3), 2.18 ï 1.69 (m, 4H, N-

CH2CH2-). 
13C NMR (126 MHz, MeOD) ŭ 160.50 (C4), 159.44 (CH3)2NCH=N-), 158.85 

(C2), 144.92 (C8), 112.03 (C5), 47.45 (N-CH2CH2-), 41.29 (-CH3), 35.16 (-CH3), 28.84 

(N-CH2CH2-). HRMS (Orbitrap): [M+H]+ calcôd 467.2374; found 467.2359.However, 

parent is in lower abundance than its fragment m/z 266.1310.  The structure of [15N5]4 was 

confirmed by HRMS. HRMS (Orbitrap): [M+H]+ calcôd 472.2226, 266.1310, 261.1458; 

found 266.0663 and 261.2174 (no parent mass was observed, as above noted due to in-

source fragmentation and spontaneous loss of Boc-group in the source).  
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Compound 5 was characterized by 1H NMR and HRMS. 1H NMR (500 MHz, MeOD) ŭ 

8.61 (s, 1H, (CH3)2NCH=N-), 8.07 (s, 1H, H1), 8.01 (s, 1H, H8), 4.37 (t, J = 7.1 Hz, 2H, -

CH2CH2CH2CH2OH), 4.18 (t, J = 6.4 Hz, 2H, -CH2CH2CH2CH2OH), 3.19 (s, 3H, -CH3), 

3.11 (s, 3H, -CH3), 1.99 (p, J = 7.3 Hz, 2H, -CH2CH2CH2CH2OH), 1.68 (dt, J = 14.1, 6.6 

Hz, 2H, -CH2CH2CH2CH2OH). HRMS (Orbitrap): [M+H]+ calcôd 279.1564; found 

279.1573. The structure of [15N5]5 was confirmed by HRMS. HRMS (Orbitrap): calcôd 

[M+H] + 284.1416; found 284.1414.  

7,7'-(Butane-1,4-diyl)bis(2-amino-1,7-dihydro-6H-purin -6-one) (6, N7G-Bu-N7G). 

To a solution of 4 (~1 mg) in MeOH (0.5 mL) was added 28 ï 30% NH4OH solution (0.1 

mL). The reaction mixture was stirred at room temperature overnight. After completion, 

the reaction mixture was dried by a stream of N2 and the residue was reconstituted in H2O 

before subjecting it to reverse phase HPLC for purification using the same conditions 

described for the synthesis of [15N5]2. The desired product 6 eluted at 21.1 min. 1H NMR 

(500 MHz, MeOD) ŭ 7.69 (s, 2H, H8), 4.31 (t, J = 6.8 Hz, 4H, N-CH2CH2-), 4.08 (t, J = 

6.9 Hz, 4H, N-CH2CH2-). 
1H NMR (500 MHz, DMSO-d6) ŭ 7.63 (s, 2H, H8), 4.20 (t, J = 

6.4 Hz, 4H, N-CH2CH2-), 3.92 (t, J = 6.8 Hz, 4H, N-CH2CH2-). HRMS (Orbitrap): [M+H]+ 

calcôd 357.1530; found 357.1525. The isotopically labeled compound [15N5]6 was 

synthesized using the same method used for 6. To a solution of [15N5]4 in MeOH (0.5 mL) 

was added 28 ï 30% NH4OH solution (0.1 mL) and the mixture was stirred at room 

temperature overnight. After reaction, the solvent was removed by drying with a stream of 

N2 and the residue was reconstituted in H2O before subjecting it to reverse phase HPLC 

for purification using the same conditions described for the synthesis of [15N5]2. The 
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desired product [15N5]6 was collected at 21.2 min. The structure of [15N5]6 was confirmed 

by HRMS. HRMS (Orbitrap): [M+H]+ calcôd 362.1382; found 362.1382.  

2-Amino-7-(4-hydroxybutyl) -1,7-dihydro-6H-purin -6-one (7, N7G-Bu-OH). 

Compound 7 and its isotopically labeled analog [15N5]7 were synthesized similarly as 

compound 6. The desired product 7 eluted from HPLC at 20.1 min under the same 

conditions described for the synthesis of [15N5]2. The desired product [15N5]7 was collected 

at 20.0 min. The structure of compound 7 was confirmed by 1H NMR and HRMS. 1H NMR 

(500 MHz, DMSO) ŭ 10.70 (s, 1H, H1), 7.89 (s, 1H, H8), 6.07 (s, 2H, N2-NH2), 4.41 (t, J 

= 5.2 Hz, 1H, -OH), 4.17 (t, J = 6.9 Hz, 2H, -CH2CH2CH2CH2OH), 1.77 (p, J = 7.1 Hz, 

2H, -CH2CH2CH2CH2OH), 1.32 (dt, J = 14.1, 6.6 Hz, 2H, -CH2CH2CH2CH2OH). HRMS 

(Orbitrap): [M+H]+ calcôd 224.1142; found 224.1141. The structure of [15N5]7 was 

confirmed by HRMS. HRMS (Orbitrap): [M+H]+ calcôd 229.0994; found 229.0993.  

 

2.2.3 DNA isolation and purification.  

15N-DNA Generation. Escherichia coli (MG1655 strain) was cultured in 15N-labeled 

minimal medium (5 mL) at 37 °C overnight for three generations to obtain a uniformly 

labeled 15N-strain. The OD600 was used to monitor bacterial growth until stationary phase. 

The bacteria culture was centrifuged at 3000³g for 10 min at 24 °C. The bacterial pellet 

was re-suspended in 50% glycerol in bacterial medium solution, frozen and stored in ī80 

°C until use. 15N-labeled minimal medium (1 L) was prepared using 200 mL of M9 salts 

(Na2HPO4Å7H2O, 64 g KH2PO4, 15 g, NaCl, 2.5 g, and 15NH4Cl, 5.0 g in deionized H2O, 

1 L), and added to 20 mL of glucose (20%; Sigma-Aldrich), 2 mL of MgSO4 (1 M; Fisher 
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Scientific), and 100 µL of CaCl2 (1 M; Fisher Scientific). A starter culture was prepared 

by inoculating 10 µL of 15N- and 14N-stock bacteria into 5 mL of medium and grown 

overnight. Fifty µL of cells were then inoculated in 1 L of medium and incubated overnight. 

Cells were centrifuged and the pellet stored at -80° C until use.  

Bacterial DNA Isolation. Cells were re-suspended in 25 mL of Cell Lysis Solution 

(Qiagen) and treated with 150 µL each of Proteinase-K (24 h, 24 °C) and RNase-A (2 h, 

24 °C). Proteins were precipitated by adding 7.5 mL of Protein Precipitation Solution 

(Qiagen). The pellet was discarded and the supernatant was transferred into a new tube 

containing an equal amount of cold isopropanol (IPA) to precipitate the DNA. The mixture 

was centrifuged, the supernatant was discarded and the DNA pellet was sequentially 

washed with 70 % (v/v) IPA in H2O and 100% IPA. The DNA pellet was dried, 

resuspended in buffer (20 mM Tris, 2 mM MgCl2 pH 7.4), and stored at -20ęC. The yield 

and purity of the DNA were assessed using a nanodrop UV/Vis spectrophotometer 

monitoring the 260 and 280 nm wavelengths. 

Sample Collection from Patients and Whole Blood DNA Extraction . This study was 

approved by the University of Minnesota Institutional Review Board (No. 1506M74263). 

All patients signed IRB approved informed consent in accordance with the Declaration of 

Helsinki. Blood (~3 mL) was obtained from 4 cancer and 2 Fanconi Anemia patients 

undergoing allogeneic HCT receiving BU as part of their preparative regimen. Patients 

received a 2 h infusion of intravenous BU prior to their HCT. Whole blood was obtained 

from a central venous catheter immediately prior to the first dose of BU (0 h) and within 

24 h after the completion of the BU infusion protocol for a total of 6 baseline samples to 

be compared to the matching 6 samples post-treatment. Whole blood DNA extraction was 
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performed immediately after the sample collection. Whole blood DNA extraction was 

performed using Qiagen DNA extraction kits (Qiagen, Valencia, CA) by the 

manufacturer's instructions with slight modifications as previously reported.80 DNA 

amounts were estimated by UV and subsequently determined by HPLC analysis of dGuo 

in enzymatic hydrolysates as described below. DNA samples (10 ï 50 µg in 200 µL of Tris 

buffer) were spiked with 30 fmol of [15N5]N7G-Bu-OH and 50 fmol of [15N5]N7G-Bu-N7G 

as internal standards and subjected to enzymatic hydrolysis as described below.  

 

2.2.4 DNA Exposure to BU in vitro. CT-DNA (100 µg) or 14N- and 15N-bacterial DNA 

(100 µg each; 1:1 ratio) was dissolved in Tris buffer (20 mM Tris, 2 mM MgCl2, pH 7.4). 

BU (in DMSO) was added to the DNA solutions separately to reach a final concentration 

of 100 µM in each batch. This is close to the levels measured in patient plasma of previous 

studies. 81 The total volume of the corresponding sample was 200 µL. The resulting mixture 

was incubated at 37 °C overnight. DNA exposed to DMSO (1% v/v) was used as a negative 

control. DNA isolation was performed by IPA precipitation. Briefly, 1 mL of cold IPA was 

added to each sample vial. The precipitated DNA was isolated, washed sequentially with 

1 mL each of 70% IPA and 100% IPA twice and dried under a stream of N2. All steps of 

the protocol were performed using silanized glass vials.  

 

2.2.5 DNA hydrolysis and sample enrichment.  

 

DNA Enzymatic Hydrolysis. DNA obtained above was dissolved in Tris buffer and 

incubated with R-DNase (0.5 U/µg DNA) at room temperature overnight. The following 
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day, an additional amount of R-DNase (0.5 U/µg DNA) and R-ALP-1 (0.4 U/µg DNA) 

and PDE-1 (0.02 mU/µg DNA) were added and the mixture was incubated at 37 °C for 70 

min. The mixture was further incubated at room temperature overnight. After hydrolysis, 

enzymes were removed via filtration (Microcon, 10 kDa cutoff) by centrifuging at 12000 

g for 60 min. The filtrate was collected for the analyte analysis and dGuo quantitation. 79 

 

dGuo Quantitation by HPLC. Quantitation of dGuo was carried out using a Dionex 

UltiMate 3000 RSLCnano System (Thermo Scientific, Waltham, MA) with a UV detector 

set at 254 nm. A 300 µm ID ³ 15 cm C18 column (2 µm, 100 Å) (Thermo Scientific, 

Waltham, MA) was used with (A) H2O and (B) MeOH as the mobile phase. The injection 

volume was 1 µL and the flow rate was 15 µL/min. Starting from 5% B for 2 min, a linear 

gradient was applied increasing from 5% to 25% B in 10 min. The gradient increased to 

95% B in 3 min and was held for 5 min before returning back to the initial condition in 2 

min. The instrument was equilibrated for 3 min (25 min total run time) before the next 

injection. A calibration curve for dGuo (0.0625 ï 50 ng/µL in H2O) was run in triplicate 

and used to calculate the dGuo content in each sample.82 

 

2.2.6 Sample Enrichment and Purification. DNA hydrolysates were partially purified 

by solid-phase extraction using Strata-X cartridges (30 µm, Phenomenex, Torrance, CA) 

that were activated with 3 mL of MeOH and preconditioned with 1 mL of H2O. The 

hydrolysates were loaded on the cartridges, washed sequentially with 1 mL of H2O, and 1 

mL of 5% MeOH in H2O and the analytes were eluted with 1 mL of 100% MeOH and 1 
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mL of MeOH containing 2% formic acid and both fractions were evaporated to dryness 

and reconstituted in 2% MeOH in H2O (LC-MS grade, Fluka) to a final volume of 20 µL 

prior to MS analysis.83  

 

2.2.7 Adductomic Data Dependent Analysis-Constant Neutral Loss/ MS3 (DDA-

CNL/MS 3) method and data analysis.  

 

LC Conditions. An aliquot of 1 ɛL DNA hydrolysate was injected in a nanoflow UPLC 

system (Ultimate 3000 RSLCnano UPLC, Thermo Scientific, Waltham, MA). The UPLC 

system was equipped with a 5 ɛL autosampler injection loop. Chromatographic separation 

was achieved using a hand-packed commercially available fused-silica emitter (230 × 

0.075 mm ID, 15 ɛm orifice, New Objective, Woburn MA) with C18 stationary phase (5 

ɛm, 100, Luna Phenomenex, Torrance, CA). The mobile phase consisted of (A) 0.05% 

(v/v) formic acid in H2O and (B) CH3CN. The eluent was held at 2% B for 2 min, brought 

to 20% B in 24 min, then to 60% B in 10 min, to 98% B in 1 min, and then maintained at 

98% for 4 min. The column was re-equilibrated for 4 min. The injection valve position was 

switched at 6 min to take the injection loop out of the flow path. 

 

Mass Spectrometry. All the MS-based analyses were conducted using a hybrid high-field 

Orbitrap mass spectrometer (Fusion, Thermo Scientific, Waltham, MA). The LC system 

was interfaced to the mass spectrometer using a Nanoflex ESI ion source (Nanoflex 

Thermo Scientific, Waltham, MA), which operated in positive ion mode at 2.5 kV. The ion 

transfer tube temperature was 300°C, and the RF lens (%) setting was 60. The DDA-
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CNL/MS3 method consisted of a full scan with data-dependent MS2 and a neutral loss MS3 

acquisition (NL-MS3). The full scan (m/z 150ï750) was performed with quadrupole 

filtering, maximum injection time of 50 msec, automatic gain control target of 50%, and a 

resolution setting of 120,000. Data-dependent MS2 parameters were: dynamic exclusion of 

30 sec, mass tolerance of ± 5 ppm, repeat count of 1, minimum intensity of 2³104, and a 

cycle time of 3 sec. A MS2 exclusion list of 18 masses, consisting of unmodified 

deoxyribonucleosides and their electrostatically bound dimer ions, was included in the 

method with a mass tolerance of ± 5 ppm.83 The MS2 scan events were triggered on the 

basis of an intensity threshold of 5³103. The MS2 fragmentation was performed with a 

quadrupole isolation width of m/z 1.5, HCD collision energy 30%, Automatic Gain Control 

(AGC) value of 400%, maximum injection time of 54 ms, and Orbitrap detection at a 

resolution setting of 30,000. For the NL-MS3 data acquisitions, the MS2 product ions were 

isolated by the ion trap with an isolation window of m/z 1.5, and the MS3 fragmentation 

was triggered upon observation of the neutral loss of the 2¡-deoxyribose (dR) or the base 

moieties (-dR: 116.0474, -G: 151.0494, -A: 135.0545, -T: 126.0429, -C: 111.0433; all 

within a mass tolerance of ± 5 ppm). Masses of the respective 15N- nucleosides were also 

included. The MS parameters for the NL-MS3 scan were 30% HCD fragmentation, 

Orbitrap detection resolution of 15,000, AGC value of 200% and a maximum injection 

time of 200 ms.  

 

Data Analysis. For DNA adduct screening data analysis, RawConverter 

(http://fields.scripps.edu/rawconv/) was used to convert the Thermo Scientific raw data 

http://fields.scripps.edu/rawconv/
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files to mzXML files which were imported into a SQL database, where data filtration on 

the basis of MS3 triggering ion m/z and retention time was performed. MS3 triggering ions 

present in the exposed samples with both m/z (±5 ppm) and retention times (± 30 s) 

different from those in the control samples were selected and reported as putative BU-DNA 

adducts. The absence of the putative BU-DNA adducts in the control samples were further 

confirmed by generating extracted ion chromatograms for all the putative DNA adduct 

precursor masses at 5 ppm mass tolerance using the Qualbrowser component of the 

Xcalibur 3.0 software package (Thermo Scientific, Waltham, MA). The MS2 and MS3 

spectra of each putative DNA adduct were subsequently evaluated for structural 

information and the peak areas of the precursor mass were determined. 

The presence of the resulting adducts was further confirmed using 14N- and 15N-DNA 

exposed to the drug, processed as described above, and mixed in a 1:1 ratio prior to LC-

MS analysis.  

 

Figure 5 15N-14N DNA generation and DNA adduct coupling scheme. 

In this resulting sample, the presence of co-eluting peaks and MS3 events corresponding to 

14N- and 15N-labeled version of the same adduct supports adduct identification. Briefly, the 
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mass difference between 14N and 15N corresponding to the presence of 2, 3, 4, 5, 6, 7, 8, 9 

or 10 15N in the molecule was added to each DNA adduct uniquely found in the exposed 

CT-DNA sample. The resulting masses were manually searched in QualBrowser in the 

15N-DNA sample and MS2 and MS3 spectra were investigated and compared to that of the 

corresponding putative adducts found in CT-DNA. The same retention time (±0.1 min), 

neutral loss and fragmentation patterns were expected. Furthermore, the presence of a co-

eluting peak and MS3 event corresponding to the 14N-version of the putative DNA adduct 

was verified. DNA adducts uniquely present in the exposed sample and having the 

corresponding 14N- and 15N- peaks were annotated.  

 

2.2.8 Targeted MS method for investigating and quantitating BU-DNA adducts in 

human blood. 

LC Conditions. The DNA hydrolysates were reconstituted in 20 ɛL of 2% MeOH in H2O 

(LC-MS grade, Fluka) and 1 ɛL was injected with the same UPLC system and column 

conditions as described in the adductomic DDA-CNL/MS3 method. The mobile phase 

consisted of (A) 5 mM NH4OAc in H2O and (B) ACN The elution program included an 

isocratic step (2% of B for 5.5 min at 0.9 ɛL/min), followed by a two-step linear gradient 

of B (3%/min for 19 min and 19%/min for 2 min, both at a flow rate of 0.3 ɛL/min) and it 

concluded with a washing isocratic step, performed at 98% of B for 2 min at 0.3 ɛL/min. 

At the end of the elution program, the LC-system was equilibrated for 3 min at isocratic 

conditions (2% of B, 0.9 ɛL/min). The injection valve position was switched at 6 min to 

take the injection loop out of the flow path. 
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Mass Spectrometry. The targeted DNA adduct analysis was performed using the targeted 

MS2 analysis of 15 BU derived-DNA adducts (Table 2), with a quadrupole isolation 

window width of m/z 1.5, maximum injection time of 54 ms, AGC of 1000%, and 

resolution setting of 30,000. MS fragmentation was performed using HCD with a stepped 

collision energy (25%). The fragmentation of the DNA adduct precursor ions [MH]+ results 

in neutral loss of the dR, G, A, T or C moiety to produce the corresponding [MH-dR]+, 

[MH-G]+, [MH-A]+, [MH-T]+, and [MH-C]+ product ions whose masses were extracted for 

detection of the adducts.  

 

Busulfan-derived DNA adduct quantitation.  

Limits of detection (LODs) for adducts N7G-Bu-N7G (6, Figure 6) and N7G-Bu-OH (7) 

were determined using their H2O solutions. Limits of quantitation (LOQ), accuracy, and 

precision for the MS quantitation method were determined by analyzing CT-DNA enriched 

with different amounts of synthesized standards 6 and 7 (0, 5, 10, 50, 100, 200 fmol for 

adduct 6 and a constant amount of 10 fmol of [15N5]6; 0, 1, 5, 10, 30, 100 fmol for adduct 

7 and a constant amount of 5 fmol of [15N5]7). Each sample was prepared in triplicate. The 

LOQ was defined as the lowest amount added to CT-DNA that produced a coefficient of 

variation (CV) lower than 20%. Accuracy was determined by comparing added and 

measured amounts of the adducts at each level. Precision was determined by the intraday 

CV in the triplicate samples. Quantitation of the adducts was done comparing the sample 

peak area with a calibration curve (0.05, 0.1, 0.3, 0.5, 1, 3, 10, 100, 200 fmol for adducts 6 

and 7).  
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2.3 Results 

 

2.3.1 Analysis of Putative Busulfan DNA Adducts Formed in vitro. 

A top-down DNA adductomic approach was utilized for the comprehensive 

characterization of BU-derived DNA adducts in CT-DNA treated with the drug in vitro 

(Figure 4- Panel A, study rationale). The adductomic data dependent-constant neutral loss-

MS3 (DDA-CNL/MS3) method can simultaneously screen for multiple DNA adducts by 

taking advantage of the common structural features of DNA adducts (the 2ǋ-deoxyribose-

nucleobase structure). In this study, the neutral loss of the 4 nucleobase moieties (G, 

151.0494 amu; A, 135.0545 amu; T, 126.0429 amu; and C, 111.0433 amu) and the 2ǋ-

deoxyribose moiety (116.0474 amu) were monitored and coupled with subsequent MS3 

fragmentation triggered upon neutral loss observation to gain additional structural 

characterization.  

Using the DDA-CNL/MS3 method, DNA hydrolysates of BU-treated and untreated CT-

DNA were analyzed and compared. Data analysis was performed as previously reported, 

and ions corresponding to DNA adducts present only in the exposed sample were 

considered.78 Briefly, scrutiny of the MS2 and MS3 spectra for each MS3-triggering ion 

confirmed that the fragments observed were resulted from a DNA adduct and were used to 

exclude any MS3-triggering ions resulting from artifacts or false positives. Specifically, for 

each ion, the MS3 spectrum was scrutinized to i) confirm the presence of one of the 

nucleobases and/or its fragments as product ions and ii) evaluate that the accurate mass 

corresponding to the modification accounts for a realistic chemical formula. Furthermore, 

the precursor extracted ion chromatogram (EIC) was evaluated to confirm its peak-like 
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shape and a minimum of four sticks across the peak. Finally, the retention times of the full 

scan, MS2 and MS3 spectra were evaluated to confirm that they coincided. Full-scan EICs 

for all candidate DNA adduct ions were generated for the exposed and nonexposed 

samples, and only ions that were uniquely present in the exposed sample were annotated. 

Further confirmation was gained by evaluation of presence of the adducts in both the 14N 

and 15N form when combining the analysis of 14N and 15N-DNA exposed with BU. 

Table 2 Ions detected during the adductomic screening of calf-thymus DNA (CT-DNA) and their relative 

retention times (RT), neutral losses (NL), presence in E. coli DNA (indicated with the number of 15Ns 

present), and in blood DNA of patients receiving BU therapy. 

[M+H] + RT (min) NL  

E. coli DNA 

(Number of 
15N atoms) 

Patient 

Blood 

DNAa 

224.1135 8.6 N 5 X 

257.0880 8.6 dR 5 X 

262.0860 18.0 C - X 

264.6485 8.3 G 5 X 

290.1724 8.2 G 5 X 

298.1430 28.9 A 5 X 

300.1401 29.0 A 5 X 

302.0920 16.0 G 5 - 

306.1560 6.4 dR 5 X 

316.1349 34.5 G 10 - 

357.1531 9.6 G 10 X 

358.1276 17.7 dR 5 X 

378.1330 17.9 dR - X 

418.1390 15.0 dR 5 X 

432.1823 28.3 dR 7 - 
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441.2218 8.2 G 5 X 

449.1726 15.6 dR 10 X 

465.2080 49.7 T - - 

469.1782 15.6 dR - - 

482.2170 49.9 T - - 

a The X indicates if adduct detected in at least one patient 

 

A total of 20 compounds matching all the criteria were identified as putative BU-DNA 

adducts and listed in Table 2. As illustrated in Figure 6, a putative adduct with m/z 

357.1530 shows a typical chromatogram with MS traces of a clear full scan peak aligning 

well with its MS2 and MS3 signals. The neutral loss of guanine observed in the MS2 

fragmentation, together with the appearance of the guanine ion [Gua+H]+ in the MS3 

fragmentation suggests that this putative DNA adduct is likely to be a cross-link product 

of the drug with two guanine bases. We thus tentatively assign the structure of this adduct 

as N7G-Bu-N7G 6 (Figure 6). 
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Figure 6 Panel A: Extracted ion chromatogram (m/z 357.1530), and MS2 and MS3 spectra obtained for one 

detected DNA adduct upon hydrolysis of CT-DNA reacted with BU. Panel B: MS2 spectra of the m/z 

357.1530 parent ion, highlighting the neutral loss of guanine. Panel C: MS3 spectra of the ion m/z 

357.1530, highlighting the loss of the modification and the appearance of guanine leading to the hypothesis 

of a guanine-guanine crosslink.  

 

2.3.2 Confirmation of the Putative Busulfan DNA Adducts Using 15N-labeled DNA. 

15N-Labeled E. coli DNA is a useful tool to further confirm the putative BU-DNA adducts 

listed in Table 2.83 A 1:1 mixture of unlabeled and 15N-labeled E. coli DNA exposed to 

BU was hydrolyzed and purified following the same approach described for the analysis 

of CT-DNA. The hydrolysate was analyzed by the same adductomic DDA-CNL/MS3 

method, with the exception that 15N-labeled deoxyribonucleosides were included as 

monitored neutral losses. The acquired MS data were processed by the same approach 

described above. Only the peaks present in both 14N- and 15N-MS traces were considered 

as putative BU-DNA adducts, a representative example of which is shown in Figure 7.  
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Figure 7 Panel A: Extracted ion chromatogram of one detected adduct with m/z 357.1530, its 15N-version 

m/z 367.1234 and the corresponding MS2 scan events. Panel B: MS2 spectra of the ion m/z 357.1530 and 

the hypothesized structure. Panel C: MS2 spectra of the ion m/z 367.1233 and the hypothesized structure. 

Ion m/z 202.1071 is not related with the analyte of interest.  

 

In this analysis, the presence of the two co-eluting peaks with m/z 357.1534 (unlabeled) 

and 367.1231 (15N-labeled) agreed with the putative BU cross-link adduct 6 observed in 

Table 2 and Figure 6. The mass difference of 9.9703 amu (indicating 10 15N-labeled 

nitrogens) provides further evidence of forming the cross-link 6, since each guanine 

contains 5 nitrogens.  

We then manually excluded any peaks from the list of Table 2 (the column of unlabeled 

CT-DNA) that were not confirmed by the 14N/15N paired pattern in the BU-treated E. coli 

DNA. The number of putative BU-DNA adducts thus decreased to 15 as shown in Table 

2. Insights on DNA adduct types were given by the mass difference between the 14N/15N 

paired peaks. As mentioned above, a mass difference of 4.9852 amu (corresponding to the 
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adduct with 5 nitrogen atoms), indicates that the DNA adduct is a modification on a single 

Gua or Ade nucleobase (mono adduct); while a mass difference of 6.9890 or 9.9703 amu, 

corresponds to a cross-link DNA adduct. Therefore, a total of 4 cross-links and 11 mono 

adducts are identified to be formed from BU treatment of DNA in vitro.  

 

2.3.3 Targeted Analysis of Putative Busulfan DNA Adducts in the Blood of Patients. 

The presence of the putative BU-derived DNA adducts was investigated in the blood DNA 

of patients undergoing BU treatment. Blood samples were collected from 6 patients 

receiving BU therapy (Table 3). Samples were taken prior to the first administration 

(baseline sample) and within 24 h after the completion of the BU therapy (exposed sample).  

Table 3 Diagnosis, sex and levels of DNA adducts 6 and 7 in patients receiving BU-based chemotherapy.  

Patient Diagnosis Sex 
N7G-Bu-N7G (6) 

Adducts/10
6

 Nucleosides 

N7G-Bu-OH (7) 

Adducts/10
6

 Nucleosides 

1 
Acute myeloid 

leukemia F 0.62 12.8 

2 
Acute myeloid 

leukemia F 1.54 26.7 

3 Fanconi anemia F 0.38 ND 

4 
Multiple sulfatase 

deficiency F 2.02 13.7 

5 
Acute myeloid 

leukemia F 0.62 28.2 

6 Fanconi anemia M 1.60 26.3 
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The paired blood DNA samples were analyzed using a targeted MS method for the 15 

putative BU-DNA adducts (Table 2) observed in vitro. Twelve of the adducts were 

detected in at least one of the blood samples. Interestingly, two putative DNA adducts with 

m/z 357.1531 (tentatively assigned to be N7G-Bu-N7G, 6) and 441.2218 (unknown) were 

present in all the 6 blood DNA samples of patients receiving BU therapy (Table 4). Some 

adducts such as that with m/z 224.1135 (tentatively assigned to be N7G-Bu-OH, 7) and 

449.1726 (unknown) were also detected in 5 out of 6 patients.  

Table 4 Detection of ions identified in the DNA adductomic screening in patients undergoing busulfan-

based chemotherapy. (*) refers to masses of ions previously hypothesized in relationship to busulfan 

exposure (in pink, the detected ions for each patient). 

[M+H] + Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 

224.1135* Y Y N Y Y Y 

257.0880 N Y N N N Y 

264.6485 Y N N N N N 

290.1724 N N Y N N Y 

298.1430 N N Y N N N 

300.1401 N Y Y N N N 

302.0920 N N N N N N 

306.1560 N Y N Y Y Y 

316.1349 N N N N N N 

357.1531* Y Y Y Y Y Y 

358.1280 Y N N Y N Y 

418.1390 N N N Y N Y 

432.1820 N N N N N N 

441.2218 Y Y Y Y Y Y 

449.1726 Y N Y Y Y Y 
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469.1782 N N N N N N 

 

These results identified the BU adduct profile to be used to define the interaction of the 

drug with its molecular target in patients. These efforts lead to the development of a 

quantitative/profiling method pairing the quantitation of the most common BU-derived 

DNA modifications, adducts 6 and 7, with the profiling of all the 15 detected putative DNA 

adducts. 

 

2.3.4 Chemical synthesis of busulfan-derived DNA adducts. 

The synthesis of adducts 6 and 7 is illustrated in Figure 8. The same scheme was followed 

for the synthesis of their corresponding isotopically labeled analogs.  
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Figure 8 Synthesis of BU-derived DNA adducts 6 and 7 and their isotope-labeled standards. Asterisks (*) 

indicate the 15N in the labeled dGuo derivatives. Reagents and conditions: (i) N,N-dimethylacetamide 

dimethyl acetal, MeOH, room temperature (rt), 3 d; (ii) 1,4-dibromobutane, DMF, rt, 14 d; (iii) 2, DMF, 60 

°C, 2 d; (iv) NH4OH, MeOH, rt, overnight. 

 

The synthesis started with a common step in which the N2-NH2 of dGuo was first protected 

with the dimethylformamidine group to improve the regioselectivity of the alkylation 

reaction by 1,4-dibromobutane with 2. This alkylation reaction requires nearly 2 weeks to 

complete and room temperature stirring to achieve a better outcome. Then the intermediate 

3 was reacted with excess 2 to yield the cross-link precursor 4, which was easily converted 

to the final compound 6 via the NH4OH-catalyzed deprotection reaction. During the cross-

linking step, the bromine atom of 3 also underwent hydrolysis and formed the mono adduct 

precursor 5. This precursor was readily converted to the mono adduct 7 by treatment with 

NH4OH in MeOH. The same route was followed starting from [15N5]dGuo to obtain the 

corresponding isotopically labeled analogs of 6 and 7.  

 

2.3.5 Characterization of busulfan-derived DNA adducts 

One critical aspect of the characterization of BU-derived DNA adducts 6 and 7 is to 

confirm the regioselective attack of the Gua-N7 position in the alkylation steps of Figure 

8. During the first alkylation step, compound 3 was formed as the major product. As shown 

by Figure 9, the heteronuclear multiple bond correlations (HMBCs) between the 

methylene group (H1ǋ) and the 5- and 8-carbons of the guanine base clearly demonstrate 

that the alkylation reaction is Gua-N7-selective under the mild conditions used.  
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Figure 9 HMBC spectra of compound 3. 

No such correlation is observed between the same methylene group and the 4-carbon of 

the guanine base. The chemical structure of 7 is thus the Gua-N7 alkylation product since 

the hydrolysis step and the deprotection step will not change the alkylation position. 

For the structural assignment of the cross-link adduct 6, additional HMBC evidence was 

needed for the second alkylation reaction by the intermediate 3 with 2. As shown in Figure 

10, correlations similar to those described for compound 3, between the methylene group 

(H1ǋ) and the Gua C5 and C8, were clearly observed. No signal was observed between the 

same methylene group and Gua C4 further supporting the structure of intermediate 4.  
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Figure 10 HMBC spectra of compound 4. 

 

Similarly, the regioselectivity of the final cross-link 6 remains the same after the 

deprotection reaction from compound 4. 

The MS study of the synthesized standards provided convincing evidence for their 

structural assignments. MS fragmentation patterns of 6 and 7 both agreed with likely 

pathways. As shown in Figure 11, the major product ion of the cross-link adduct 6 is m/z 

206.1033, which is the fragment ion resulting from the loss of a guanine; the major product 

ion of the mono adduct 7 is m/z 224.1138, which is the fragment ion resulting from the loss 

of the alkyl modification.  
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Figure 11 HRMS analysis of synthetic standards of cross-link 6 and mono adduct 7. MS2 spectra of A= 

cross-link 6 and B= mono adduct 7. In panel A, loss of guanine and appearance of fragment m/z 206.1033 

is observed. In Panel B, loss of the modification and appearance of guanine with m/z 152.0563. 

 

The isotope-labeled chemical standards [15N5]6 and [15N5]7 eluted at the same HPLC 

retention time compared to the unlabeled adducts 6 and 7 in the BU-exposed CT-DNA 

(Figure 12). Their MS2 fragmentation patterns were also identical to the unlabeled 
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standards, with the most abundant product ions being m/z 211.0876 and 157.0412, 

respectively. 

 

Figure 12 Chromatograms resulting from co-injection of standards with the CT-DNA sample exposed to 

BU for analyte confirmation. Panel A: extracted ion chromatogram of m/z 224.1135 and 229.0986. Panel B 

and C: relative MS2 spectra. Panel D: extracted ion chromatogram of m/z 357.1531 and 362.1382. Panel E 

and F: relative MS2 spectra. 

 

2.3.6 Quantification of N7G-Bu-N7G and N7G-Bu-OH in blood DNA of patients 

undergoing busulfan-based chemotherapy. 

The targeted HPLC-NSI-HRMS/MS method was used for the quantitation of the cross-link 

adduct 6 and the mono adduct 7 in the blood DNA of BU-exposed patients (Figure 8). The 

LOD and LOQ for adduct 6 were 0.015 and 0.05 fmol on-column, respectively; the LOD 

and LOQ for adduct 7 were 0.025 and 0.25 fmol on-column, respectively. Standard curves 
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for both compounds were established by analyzing solutions containing a fixed amount of 

isotope-labeled adducts (6: 7.5 fmol; 7: 5 fmol) mixed with increasing amounts of the 

unlabeled standards, followed by regression analysis of the calculated and experimentally 

determined relative response ratios (Figure 13). Solvent blanks were periodically injected 

to detect potential analyte carry-over. The concentration ranges for the calibration curves 

and validation experiments were chosen to cover the range of the levels of adducts found 

in human DNA samples.  

 

Figure 13 Panel A: Representative extracted ion chromatogram of adducts 6 and 7 and relative internal 

standards in patient DNA. Panel B and C: Measured and spiked amount of adducts 6 and 7 for method 

validation. 

 

The calibration curves showed good linearity within the concentration ranges (R2 = 0.99 

for 6 and 0.98 for 7). The assay accuracy was determined as a percentage of the added 

amount of adducts to 20 ɛg of CT-DNA. The adducts were detected with excellent 
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accuracies of 94% and 101.48% (n = 6) for 6 and 7, respectively. Good linearity was also 

observed across the tested concentration ranges in the accuracy study. The precision of this 

assay was also satisfactory, with 6.9% for 6 and 7.6% for 7 by calculating the average of 

the coefficient of variation (CV) at each concentration of the curve. The total recoveries 

averaged 81% and 64% for 6 and 7 respectively.  

As shown by Table 3, both the cross-link 6 and the mono adduct 7 were readily detected 

in most patients. The mono adduct 7 occurred in much higher abundance than the cross-

link adduct 6. The concentration of 7 was 6.8 ï 20.6 times higher than that of 6 in each 

patient except for patient 4. A high interindividual variation was observed in the levels of 

adducts 6 and 7. This may be due to the difference of total BU dose given to the patients, 

to interindividual difference in forming and repairing DNA adducts or to a combination of 

both.   
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2.4 Discussion 

In this study, we characterized for the first time BU-derived DNA adducts in the blood of 

HCT patients receiving this therapy. Twelve out of 15 putative DNA adducts observed in 

vitro were detected in patients. Two of them were characterized to be the cross-link DNA 

adduct 6 and the mono DNA adduct 7. A quantitative method for the analysis of these two 

adducts was developed to be combined with the screening analysis for all other BU-derived 

DNA modifications identified here. This study provides a promising approach to develop 

predictive biomarkers for future use to monitor the effects of BU and support personalized 

therapies. 

 The mechanism of action for DNA alkylating drugs such as BU is their ability to 

damage DNA. However, this interaction can also result in therapy toxicities especially 

when high-dosage treatment is required.84 On the other hand, low doses of alkylating drugs 

result in insufficient cancer cell DNA damage, which has been associated with drug 

resistance and therapy failure.84 A fine balance needs to be found to administer these drugs 

at appropriate concentrations. Furthermore, patient-specific aspects, such as DNA repair 

mechanisms or drug metabolisms, are variables that may dramatically influence the 

generation of DNA damage and therefore the efficacy of the treatment. A profile of BU-

derived DNA adducts provides integrated information on the drug activity and individual 

variables that may influence it and therefore is an excellent candidate as a predictive 

biomarker in precision oncology.84 

 There are limited studies showing the addition products of BU with glutathione.85-

87 Scian and coworkers studied the role of busulfan-related metabolite EdAG and the action 

of busulfan on intact proteins, highlighting novel mechanisms of busulfan toxicity.88-90 
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However, to the best of our knowledge, no study has characterized DNA adducts formed 

by BU. Iwamoto and coworkers demonstrated that BU caused DNA damage at 5'-GA-3' 

and 5'-GG-3' sequences in vitro with the detection of two structurally unknown adducts.91 

They concluded that the generation of cross-links may be a strong mechanism of BU 

cytotoxicity. Souliotis and colleagues highlighted the relevance of mono adducts in 

therapeutic effect, supporting a two-steps mechanism of generation of cross-linked 

adducts. Indeed, cross-links may be generated by a delayed binding to a second site in 

DNA.92 Therefore, repair of mono adducts may interfere with the generation of cross-

linked adducts and module the drug cytotoxicity.92 Interstrand lesions are thought to play 

a central role in the cytotoxic response because they prevent DNA strand separation which 

is required for DNA replication and transcription.93 Overall, these observations support the 

importance of monitoring the full profile of adducts rather than focusing only on few major 

ones. DNA adductomics allows for a comprehensive investigation of the genotoxicity of 

xenobiotics and their metabolites, by detecting simultaneously all the DNA modifications 

resulting from the interactions of these chemicals of interest with the DNA. Compared to 

more traditional ways of studying drug metabolism and its interactions with nucleic acids 

by pursuing specific targets proposed on the basis of reported knowledge, DNA 

adductomics allows to screen for all DNA addition products, including both known and 

previously unidentified DNA modifications. 

In the present study, we first investigated the formation of BU-DNA adducts in our in vitro 

samples with BU-exposed CT-DNA and 14N-/15N-DNA mixture from E. coli, and 

identified 4 putative cross-links including adduct 6 and 11 mono adducts including adduct 

7. Since the synthesis and characterization of all adducts would require enormous effort, 
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we focused on the development of a quantitative method for the 2 major adducts 6 and 7 

in the profile, namely those that were present in most samples. In the future, these two 

adducts will serve as standards for the development of analytical methods aimed at 

profiling all DNA adducts and evaluating their relationship with patient outcome.  

 The chemical synthesis of 6 and 7 was pursued for absolute characterization and 

development of a quantitative method to be used in parallel to the profiling. The synthetic 

strategy for synthesizing the cross-link adduct 6 utilized two sequential alkylation reactions 

instead of the classical method of treating dGuo with the alkylating agent (such as nitrogen 

mustard94 and bis(2-chloroethyl)ethylamine95) in a one-step reaction. The advantages of 

our method are (1) allowing a full NMR characterization of the Gua-N7-alkyl product 

obtained from each alkylation reaction and (2) yielding cleaner reaction mixtures for a 

better separation of the desired product. We failed to identify desired products from the 

reaction mixture of dGuo with BU or 1,4-dibromobutane due to the complexity of the 

HPLC traces.  

 The success of the first-step alkylation (Scheme 1) is critical. This reaction requires 

a long reaction time (14 days) with mild stirring at room temperature to achieve 

completion. Increasing the reaction temperatures (e.g., 60 °C) or use of different solvents 

(e.g., DMSO) and added bases (e.g., Et3N, DBU, K2CO3) failed to facilitate the reaction; 

all the reactions yielded much more complex products with no improved yields of the 

desired product 3. For the second-step alkylation, the reaction yield for compound 4 is very 

low even with excess starting material 2. The product 5 is considered the hydrolysis product 

from 3 during the second-step alkylation reaction in a similar low yield. The mild condition 

from the first-step alkylation reaction did not work for the second-step alkylation, even 
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after up to 14 days. One important observation is that the excess amount of NH4OH used 

for the deprotection reaction of 4 could degrade the product 6 but did not appear to affect 

compound 7. 

 Using the synthesized standards, we were able for the first time to quantify BU-

derived DNA adducts in patients. The concentrations of 7 ranged from 12.8 to 28.2 

adducts/106 nucleotides (except for patient 3), significantly higher than those of 6 which 

ranged from 0.38 to 2.02 adducts/106 nucleotides. Out of the 15 putative DNA adducts 

detected in vitro, 12 were detected in at least one patient undergoing BU-based 

chemotherapy. Interestingly, several DNA adducts are in common among patients 

underlining a general reaction mechanism between BU and DNA. Chemical modifications 

to guanine and adenine are observed to be the most frequent ones as commonly reported in 

past investigations of alkylating drugs.92, 94-96 An isotope dilution method was developed 

and validated for quantifying the cross-link adduct 6 and the mono adduct 7. The cross-

link adduct 6 and the mono adduct 7 were formed at high levels, ranging from 0.3 to 2 and 

from 1 to 263 adducts every 106 nucleosides, respectively. The higher amount of the mono 

adduct is consistent with the observations of Soulioti, Palom and Hemminki in the cases of 

cyclophosphamide and mytomicin exposure.92, 96, 97 However, due to the small number of 

patients in the present study with different doses and imprecise therapy time courses, the 

evaluation of the effects of adducts 6 and 7 on therapeutic outcome was not possible but 

can be done in the future.  
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2.5 Conclusion 

 

In conclusion, we explored for the first time the BU-DNA adductome using a DNA 

adductomic approach. This resulted in a list of 15 putative DNA adducts formed by BU 

treatment in CT-DNA. Twelve of the 15 adducts were detected in the blood DNA of 6 

patients undergoing BU treatment, supporting our second hypothesis. Two of the detected 

adducts were characterized to be the cross-link DNA adduct 6 and the mono DNA adduct 

7 by comparison to their corresponding synthesized standards. An isotope dilution HPLC-

NSI-HRMS/MS method was developed to quantify the 2 adducts in the blood DNA. Their 

formation occurred in relatively high concentrations, suggesting their potential as 

promising biomarkers for the investigation of interindividual differences in BU-induced 

DNA adducts for patient stratification. Future work should focus on a larger patient 

population and on the relationship between the adducts identified and therapy outcome.  
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3 Chapter 3- LC-MS screening of cyclophosphamide DNA damage in vitro and 

in patients undergoing chemotherapy treatment. 

 

The following chapter describes work that was previously published in and is adapted with 

permission from Chemical Research in Toxicology. Reprinted with permission from Valeria 

Guidolin, Foster C. Jacobs, Margaret L. MacMillan, Peter W. Villalta, and Silvia Balbo, Liquid 

ChromatographyïMass Spectrometry Screening of Cyclophosphamide DNA Damage In Vitro 

and in Patients Undergoing Chemotherapy Treatment, Chem. Res. Tox, 2023, DOI: 

10.1021/acs.chemrestox.3c00008. Copyright 2023 American Chemical Society.  

The study was performed by Valeria Guidolin and was co-authored by Foster Jacobs, Margaret 

L. MacMillan, Peter W. Villalta, and Silvia Balbo. The authors would like to thank Dr. Laura 

Maertens and Carsten Spry for their help with the patient sample collection. We also wish to 

thank the patients for their participation in this study. Additionally, we acknowledge the hard 

work and dedication of the nurses and other medical personnel of the M Health Fairview 

University of Minnesota Medical Center for their help with collecting the samples. We thank 

Robert Carlson for editorial assistance. 
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3.1 Introduction  

 

Cyclophosphamide (CPA) is largely used in the therapy of numerous cancers, autoimmune 

disorders, and primary amyloidosis. Furthermore, it is on the World Health Organization's 

List of Essential Medicines. CPA is activated by CYP2B6 enzyme into 4-

hydroxycyclophosphamide, which interconverts rapidly with its tautomer, 

aldophosphamide.98,99 Aldophosphamide is subsequently (i) detoxified by ALDH enzymes 

to make carboxycyclophosphamide, (ii) decomposed into acrolein and phosphoramide 

mustard (PM), which are responsible for almost all therapeutic effects and adverse effects 

(Figure 14). 98,99 Indeed, phosphoramide mustard has been correlated with ovarian and 

liver toxicity, instead, acrolein has been correlated with lung and bladder toxicity. 100,101, 

102 

 

Figure 14 Cyclophosphamide (CPA) metabolic activation. In red, active, and potentially toxic CPA 

metabolites. CPA is activated by CYP to aldophosphamide, which generates phosphoramide mustard (PM) 
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and acrolein. On the other hand, aldophosphamide is converted by aldehyde dehydrogenase to 

carboxyphosphamide. 

Both PM and acrolein are known to generate crosslinks and monoadducts (Figure 14). 

Specific DNA adducts generated by CPA in vitro and in vivo have been previously 

evaluated with LC-MS methods (Figure 15). 103,104,39,31 The chemical mechanism of DNA 

alkylation involves an initial intramolecular SN2 reaction to form an aziridinium 

intermediate, which then reacts with DNA. The N7 position of guanine (G) has been 

described as the preferred site of binding, resulting in mono- and cross-linked adducts: 

Nor-G, Nor-G-OH, and G-Nor-G.28 Monoadducts at N7 of G are subject to depurination 

and ring opening giving rise to strand scission, followed by cell death.28 Furthermore, 

reactions between CPA and nucleosides other than guanine are possible and have already 

been reported for melphalan and mechlorethamine.105, 106, 103 In this context, other reactions 

may also occur at N3-dA, N3-dC, N1-dA, and O6-dG. Cytotoxic effects may also occur as a 

result of cross-linking. It has been suggested that under certain conditions, in addition to 

N7, alkylating agents may attack other nitrogen atoms and oxygen atoms of DNA.107, 108 

Cross-links have been reported between N7dG-N3dA. Gruppi and colleagues also reported 

the formation of Fapy-DNA adducts in calf thymus DNA and human mammary cell line 

after exposure to bis-(2-chloroethyl)-ethylamine.103 In addition, it is important to underline 

that also acrolein is formed during CPA metabolism. Acrolein reacts primarily with 

guanines in DNA by Micheal addition followed by ring closure to form Acr-dG DNA 

adducts.109 Pawlowicz and colleagues studied the reaction between acrolein and 

nucleobases different than guanine. They have detected various DNA adducts of 

deoxyadenosine, cytidine, and thymidine. In another study, Pawlowicz and colleagues 
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evaluated the reaction products between acrolein and thymidine and confirmed the 

presence of one of the characterized thymidine-adduct in calf-thymus DNA.110 

 

Figure 15 Panel A: CPA previously reported DNA adduct structures. Panel B: scheme for LC-MS analysis 

of CPA-DNA adducts. 

A screening to comprehensively evaluate all the possible DNA adducts generated by CPA 

has been missing. CPA has a complex metabolic pathway and generates several metabolites 

able to interact with DNA, together with increasing the production of reactive oxygen 

metabolites. Indeed, acrolein-related bladder toxicity is observed in patients undergoing 

CPA therapy.111 Therefore, a complete understanding of the adductome generated by CPA 

would be helpful to draw a relationship with the therapy outcome. Currently, CPA therapy 

has only been personalized based on renal functions and body weight. However, drug 

metabolism and DNA damage repair may play a central role in the therapeutical activity 

and side effects of the drug.  
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As above reported, previous work has been done in patients undergoing CPA -based 

therapy to support the role of DNA adducts in identifying sensitive populations (e.g. 

Fanconi Anemia).39 In this case, only one adduct was evaluated due to instrumental 

constraints. In the present study, we comprehensively screen and characterize CPA-DNA 

damage in vitro with our DNA adductomic approach. We then explore the presence of the 

DNA adducts characterized in vitro in patients undergoing CPA-based chemotherapy 

treatment. To our knowledge, this is the first report of a CPA-DNA adduct profile in vitro 

and in patients. 
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3.2 Materials and Methods 

Caution: Bis(2-chloroethyl)amine and cyclophosphamide are carcinogenic. They should 

be handled in a well-ventilated fume hood with extreme caution and with appropriate 

protective equipment.  

3.2.1 Reagents for DNA Adductomics. As reported in Chapter 2.  

 

3.2.2 15N-DNA Generation. As reported in Chapter 2.   

 

3.2.3 Bacterial DNA Isolation. As reported in Chapter 2. 

 

3.2.4 Sample Collection from Patients and Whole Blood DNA Extraction. This study 

was approved by the University of Minnesota Institutional Review Board (No. 

1506M74263). Blood (~3 mL) was obtained from 6 cancer patients receiving CPA as part 

of their therapeutic regimen. Patients received a 2 h infusion of intravenous CPA. Whole 

blood was obtained from a central venous catheter immediately prior to the first dose of 

CPA (0 h) and within 24 h after the completion of the CPA infusion protocol for a total of 

6 baseline samples to be compared to the matching 6 samples post-treatment. One baseline 

sample was lost due to blood coagulation. Whole blood DNA extraction was performed 

immediately after the sample collection. Whole blood DNA extraction was performed 

using Qiagen DNA extraction kits (Qiagen, Valencia, CA) by the manufacturer's 

instructions with slight modifications as previously reported.80 DNA amounts were 
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estimated by UV and subsequently determined by HPLC analysis of dG in enzymatic 

hydrolysates as described below. DNA samples (10-50 µg in 200 µL of buffer) were spiked 

with 30 fmol of [13C10
15N5]-Acr- deoxyguanosine (dG), [15N5]-N

2-ethyl-deoxyguanosine 

(dG) and [15N5]-N
6-methyl-deoxyadenosine (dA).  

 

3.2.5 Cyclophosphamide Quantification in Patient Plasma. Plasma concentrations of 

CPA were measured via LC-MS. We developed and validated the following method to 

quantify CPA. Plasma from individuals who were not exposed to CPA was used for method 

development and validation. d4-CPA, 10 ng, was used as internal standard and was spiked 

in 100µL of plasma. Plasma was then processed through SPE Strata-X. Cartridges were 

washed with 3mL of MeOH, re-equilibrated with 1mL of water and then the sample was 

washed with water (1mL), 40% MeOH (1mL), and 1mL of 100% MeOH was then 

collected and dried. The sample was then reconstituted in 20 µL of 50% MeOH and 1 µL 

was injected for the LC-MS analysis. The samples were analyzed using a TSQ Vantage 

Instrument (Thermo) coupled with a Dionex Ultimate 3000 UHPLC system (NCS-3500RS 

pump and WPS-3000PL autosampler) equipped with a Zorbax C18 column (5 ɛm x 150 x 

0.5mm, Agilent, Germany). The mobile phase consisted of an aqueous solution of formic 

acid/ammonium formate (A) and MeOH(B). The elution program included a three-step 

linear gradient of B (3%/min for 5 min and 30%/min for 2 min, 1.36%/min for 2 min, all 

at 10 ɛL/min) and it concluded with an isocratic washing step, performed at 95% of B for 

0.1 min at 5 ɛL/min. At the end of the elution program, the LC-system was equilibrated 

for 4.9 min at isocratic conditions (2% of B, 5 ɛL/min).  
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The mass spectrometer was run in the positive ESI mode, using the following parameters: 

spray voltage, 3500 V; decluster voltage, 10V; RF S-lens, 130 V; vaporizer temperature, 

150 °C; capillary temperature, 350 °C; N2 sheath gas pressure, 15; collision pressure 1.5 

mTorr; collision energy, 16V; peak width, Q1 0.2; scan width, 0.4 m/z; scan time, 0.1 sec. 

The MS/MS system was operated using the following mass transitions for detection: d4-

CPA m/z 261Ą 120, m/z 261Ą 140, m/z 265Ą 124, m/z 265Ą 140. 

The analyte in the samples was quantified using linear calibration curves relating the ratio 

of varying amounts of CPA and a constant amount of d4-CPA to the area ratio of the 

appropriate analyte to internal standard MS/MS transitions. Calibration curves were 

constructed using 50 ng/µl of d4-CPA and a range from 0-25 µg/µl.  

 

3.2.6 Cyclophosphamide activation in vitro and DNA exposure. In order to activate 

CPA in vitro, in vivo reaction conditions must be mimicked and according to the following 

study by Otto and colleagues112, S9 enzyme mix and the NADPH cofactor are required for 

CPA activation in vitro. CPA (100ɛM), 0.5mg/mL S9 and 15mg/mL NADPH were used. 

CT-DNA (100 µg), bacterial DNA (100 µg), and 15N-bacterial DNA (100 µg) dissolved in 

Tris buffer (20 mM Tris, 2 mM MgCl2 pH 7.4) were added to the mixture where CPA was 

activated. DNA was isolated as reported below.  

DNA Exposure to Bis(2-chloroethyl)amine. CT-DNA (100 µg), bacterial DNA (100 µg), 

and 15N-bacterial DNA (100 µg), were dissolved in Tris buffer (20 mM Tris, 2 mM MgCl2 

pH 7.4). Bis(2-chloroethyl)amine was added to the DNA solutions separately (100 µM). 

The total volume of the samples was 200 µL and they were incubated at 37 °C overnight. 
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DNA isolation was performed by IPA precipitation. Briefly, 1 mL of cold IPA was added 

to each sample vial. The precipitated DNA was isolated, washed with 1 mL 70% IPA and 

1 mL 100% IPA and dried under a nitrogen stream. All steps of the protocol were 

performed using silanized glass vials.  

DNA Hydrolysis and Deoxyguanosine Quantitation via HPLC. As reported in Chapter 

2. 

dG Quantitation by HPLC.  As reported in Chapter 2.  

 

3.2.7 Evaluation of Sample Enrichment and Purification. Several CPA-DNA adducts 

have been previously investigated. Therefore, to optimize a sample preparation that 

maximizes both the detection of known DNA adducts and the possible detection of 

previously unidentified DNA adducts, we evaluated several different strategies (Table 6). 

DNA isolated from the blood of cancer patients was purified by solid-phase extraction 

(SPE) using Strata-X cartridges (30 µm, Phenomenex, Torrance, CA). After washing with 

3 mL of MeOH and equilibrating with 1 mL of H2O, the samples were loaded on the 

cartridges, washed with 1 mL of H2O and with 1 mL of 5% MeOH and eluted with 1 mL 

of 100% CH3OH and 2% formic acid in MeOH sequentially. The last two eluted fractions 

were evaporated to dryness and reconstituted in 2% MeOH /H2O to a final volume of 20 

µL.  

3.2.8 LC Conditions for Adductomic MS Analysis. The dried hydrolyzed DNA 

samples were reconstituted in 20 ɛL of 2% MeOH/H2O (LC-MS grade, Fluka) and 1 ɛL 

was injected for LC-MS analysis. The LC was performed using a nanoflow UPLC 
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(Ultimate 3000 RSLCnano UPLC, Thermo Scientific, Waltham, MA). The UPLC was 

equipped with a 5 ɛL loop and reversed-phase (RP) chromatographic separation was 

performed using a hand-packed commercially available fused-silica emitter (230 × 0.075 

mm ID, 15 ɛm orifice, New Objective, Woburn MA) with C18 stationary phase (5 ɛm, 

100, Luna Phenomenex, Torrance, CA). The mobile phase consisted of an aqueous solution 

of 0.05% (v/v) formic acid (A) and CH3CN (B). The elution program included an isocratic 

step (2% of B for 5.5 min at 0.9 ɛL/min), followed by a three-step linear gradient of B 

(0.75%/min for 24 min and 4%/min for 10 min, 19%/min for 2 min, all at 0.3 ɛL/min) and 

it concluded with an isocratic washing step, performed at 98% of B for 3 min at 0.3 ɛL/min. 

At the end of the elution program, the LC-system was equilibrated for 3 min at isocratic 

conditions (2% of B, 0.9 ɛL/min). The injection valve position was switched at 6 min to 

take the injection loop out of the flow path. 

3.2.9 Evaluation of LC Conditions for MS Analysis.  

 

Given the polarity of the adducts forming from the reaction of CPA with DNA, together 

with RP phase chromatography, Hydrophilic interaction liquid chromatography (HILIC) 

was also tested to improve analyte retention, separation and peak shape (Table 7). HIL IC 

chromatography with an amide column was used for targeted detection of DNA adducts 

identified from the in vitro experiments. RP chromatography using a Luna C18 column 

and 0.05% FA/CH3CN was used for the untargeted screening of DNA adducts.  

3.2.10 Mass Spectrometry. As reported in Chapter 2.  

3.2.11 Untargeted Adductomic Screening Analysis. The screening method was 

performed using a data dependent acquisition-constant neutral loss/MS3 (DDA-CNL/MS3) 
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approach, consisting of full scanning with data dependent MS2 and neutral loss MS3 

acquisition (NL-MS3). The full scan (150ï750 m/z) was performed with quadrupole 

filtering, maximum injection time of 50 ms, automatic gain control target of 50%, and a 

resolution setting of 120,000. Data dependent parameters were: dynamic exclusion of 30 

s, mass tolerance of ± 5 ppm, repeat count of 1, minimum intensity of 2³104, and a cycle 

time of 3 s. An MS2 exclusion list of 18 masses79 consisting of unmodified nucleosides and 

their electrostatically bound dimer ions, was used with a mass tolerance of ± 5 ppm. MS2 

scan events were triggered using an intensity threshold of 5³103. The MS2 fragmentation 

was performed with a quadrupole isolation width of 1.5 m/z, HCD collision energy of 25%, 

AGC value of 400%, maximum injection time of 54 ms, and Orbitrap detection at a 

resolution setting of 30,000. For the NL-MS3 data acquisition, MS2 product ions were 

isolated in the ion trap with an isolation window of 1.5 m/z, and MS3 fragmentation 

triggered upon observation of the neutral loss of the 2¡-deoxyribose (-dR; 116.0474 u) or 

the base moieties (-G; 151.0494 u, -A: 135.0545 u, -T; 126.0429 u; -C; 111.0433 u ± 5 

ppm), or appearance of fragments m/z 196.0828 and m/z 180.0879, which are typical 

fragments for fapy adducts103, with HCD fragmentation of 30%, Orbitrap detection at a 

resolution of 15,000, AGC value of 200,000 and a maximum injection time of 200 ms. LC 

and injection conditions are as reported in the LC Conditions for the MS Analysis section. 

3.2.12 Targeted Adduct Analysis. The targeted adduct analysis was performed using 

targeted MS2 analysis of CPA-derived DNA adducts (Table 5), with quadrupole isolation 

widths of 1.5 m/z, maximum injection time of 54 ms, AGC of 1000%, and resolution setting 

of 30000. Fragmentation was performed using HCD with a collision energy of 25%. The 

fragmentation of the DNA adduct precursor ions [MH]+ results in neutral loss of the dR, 
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G, A, T or C moiety to produce the corresponding [MH-dR]+, [MH-G]+, [MH-A]+, [MH-

T]+, and [MH-C]+ product ions whose masses are extracted for detection of the adducts. 

LC and injection conditions are as reported in LC Conditions for the MS Analysis section. 

Acrolein adducts were quantified as reported by Paiano and colleagues113.  

3.2.13 Data Analysis. DNA adduct screening data analysis was carried out as described 

by Murray K. and colleagues.114 The absence of putative DNA adduct ion signals in the 

control samples were further confirmed by generating extracted ion chromatograms for all 

putative DNA adduct precursor masses at 5 ppm mass tolerance using the Qualbrowser 

component of the Xcalibur 3.0 software package (Thermo Scientific, Waltham, MA). MS2 

and MS3 spectra of each putative DNA adduct were subsequently evaluated for structural 

information and the peak area of the precursor mass was determined. Ions uniquely found 

in exposed samples were then confirmed by manually searching the corresponding 15N-

version of the hypothesized adduct in the 15N-labelled-DNA sample. MS2 and MS3 spectra 

of 15N-molecules were also compared with the ones observed in unlabeled CT-DNA. 
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3.3 Results 

 

3.3.1 CPA-DNA adduct screening in vitro and confirmation via 15N-labelled DNA. 

A top-down DNA adductomic approach was used to comprehensively characterize adducts 

derived from the interaction of CPA and its metabolites with DNA. Our DDA-CNL/MS3 

adductomic method can simultaneously screen for multiple DNA adducts by taking 

advantage of the common structural features of DNA adducts (2ǋ-deoxyribose-base-

modification or base-modification). In this study, the neutral loss of four DNA base 

moieties (G, 151.0494 u; A, 135.0545 u; T, 126.0429 u; and C, 111.0433 u) and the 2ǋ-

deoxyribose moiety (116.0474 u) and subsequent triggering of MS3 fragmentation for 

identification and characterization of DNA adducts both with (nucleoside adducts) and 

without (base adducts) the 2ǋ-deoxyribose moiety is used.56 Furthermore, it is well known 

that the DNA exposure to bis(2-chloroethyl)amine can generate formamidopyrimidines 

(fapy).103 Therefore, the appearance of fapy-specific fragments in the MS2 spectra (m/z 

196.0828 and m/z 180.0879), was also used as a determining factor to trigger an MS3 

event.103 

To comprehensively profile CPA-derived DNA adducts, we investigated the in vitro 

reactivity of CPA with DNA by both activating CPA and by exposing the DNA directly to 

a known CPA metabolite. Purified CT-DNA was exposed to CPA and its metabolites and 

re-isolated using our optimized procedure involving DNA precipitation with IPA. DNA 

was then resuspended in Tris buffer, and after enzymatic hydrolysis and sample 

enrichment, the samples were analyzed by LC-HRMS. Data analysis was conducted using 

a reported tool114 and through manual evaluation by i) confirming the ions are only present 



73 

 

in the sample exposed to CPA or its metabolite and not in control samples, ii) evaluating 

the chromatographic peak and mass spectra quality (peak shape, retention time, sticks 

under the peak, peak intensity), and iii) scrutinizing MS2 and MS3 spectra and accurate 

mass to tentatively assign a molecular formula to the ion.  

15N-Enriched DNA has been isolated in our laboratory from E. Coli, and exposed to CPA 

and its metabolite, for further confirmation of the presence and chemical structure of DNA 

adducts hypothesized during the screening in CT-DNA. Therefore, similar to CT-DNA, 

bacterial DNA was exposed similarly to CPA and its metabolite. Exposed 14N and 15N 

DNA were combined in a 1:1 ratio prior to injection and DNA adductomic analysis. In this 

combined sample, the presence of co-eluting peaks and MS3 events corresponding to 14 N- 

and 15 N-labeled versions of the same adduct was used to substantiate adduct identification. 

This scrutiny resulted in the identification of 40 CPA-derived DNA adducts. Table 5 

summarizes these results including the accurate mass of the ion detected, the retention time, 

the presence of an MS3 and lists the relevant fragment ions of the MS2 or MS3 spectra. The 

neutral loss that triggered an MS3 event, the accurate mass and the presence of certain 

fragments provided insights about the chemical structure of the adducts evaluated.  

Table 5 Ions detected during the adductomic screening and their relative retention times (RT), neutral 

losses (NL) or Fapy fragment appearance, their bacterial DNA mass difference (ȹ, amu, mass difference 

between 14N and 15N) and detection in blood DNA of cancer patients receiving CPA therapy. 

[M+H] + RT (min) 
MS3 

(Y/N) 

NL/Fapy 

fragments 

Relevant 

Fragments 

14N/15N-DNA 

from E. coli 

(ȹ u) 

Patient* 

Name 

(if known 

adduct) 

223.1302 9.49 Y Fapy G 5 X  

239.1251 8.1 N N/A G in MS2 5 X G-NOR-OH 

257.0912 5.25 Y G - 5  G-NOR 
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257.1357 4.83 N N Ethyl-A 5  NOR-Fapy-G 

280.1404 23.08 Y dR A 5   

308.1829 16.98 Y G - 5 X  

308.1353 20.34 Y dR  5 X Acr-dA 

310.1986 6.59 Y A - 5 X  

315.1313 14.24 Y G - 7 X  

316.1059 8.49 Y dR - 10 X  

324.1302 17.22 Y dR G 5 X Acr-dG 

324.1778 6.41 Y T - 5   

336.1283 14.01 Y Fapy G fragment 5   

337.162 8.87 Y dR - 5   

337.1622 45.9 Y A - 5   

337.1983 24.28 Y A - 5   

339.1775 6.97 Y dR G 5 X  

339.1777 8.71 Y dR A 5 X  

340.1741 5.89 Y G A in MS2 10 X  

342.1887 5.27 Y G Ethyl-A 5 X  

346.2224 14.36 Y Fapy A in MS2 10   

352.1729 7.47 Y G - 5   

353.1933 28.62 Y G - 5   

356.1565 7.17 Y dR - 5   

356.169 6.49 Y Fapy Ethyl G 10 X  

360.1100 14.94 Y A - 5 X  

372.1639 5.51 Y G G 10 X G-NOR-G 

374.1796 8.31 Y G A 10 X  

374.1796 8.31 Y A G 10   

374.1796 8.31 Y Fapy A-G 10   

376.1048 22.15 Y G - 5   
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378.1020 21.94 Y G - 5   

380.086 14.24 Y Fapy G 5   

383.1758 25.83 Y dR G 5 X  

390.1745 5.51 Y Fapy Ethyl-A 10 X Fapy-NOR-G 

408.1851 5.89 Y Fapy G 10   

426.1923 18.48 Y dR  5 X Paraldol-dG 

431.1785 7.81 Y dR Ethyl-G 5   

442.2398 6.75 Y dR G 5 X  

453.1517 26.25 Y dR A 5   

 

Figure 16 shows a typical example of DNA adduct characterization together with a 

differentiation of isomers. The ion m/z 374.1796 displays two different neutral losses, 

guanine and adenine, and the appearance of a fapy-fragment. This evidence, together with 

the accurate mass, lead to the hypothesis of the presence of two different DNA adducts as 

reported in Figure 16.  
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Figure 16 Panel A: extracted ion chromatogram (EIC) of the m/z 374.1796 adduct, and its MS2 and MS3 

triggered events. The EIC shows the presence of two peaks at respectively RT 7.09min and 7.92 min. 

Therefore, two isomers with that exact mass are present. MS3 spectra were evaluated to structurally 

characterize the two molecules. Panel B: MS3 spectra of the ion m/z 374.1796, RT 7.92 min, one displays 

the neutral loss of guanine and the other one, the presence of a Fapy-adduct, leading to the hypothesized 

structure. Panel C: MS3 spectra of the ion m/z 374.1796, RT 7.09 min, one displays the neutral loss of adenine 

and the other one, the presence of a Fapy-adduct, leading to the hypothesized structure. 

 

Furthermore, each ion in Table 5 was confirmed by detection of its corresponding 15N 

version. In Table 5, the mass difference between 14N and 15N ions (ȹ, u), gives further 

insights about the chemical structure of the DNA adduct detected (Figure 4). For example, 

a mass difference higher than 4.98517 amu indicates a probable crosslinked adduct. Indeed, 

11 putative crosslinks generated by CPA were detected. The ion m/z 372.1632 (Figure 17), 
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is confirmed to be a crosslink displaying a mass difference between 14N and 15N of 9.97 

amu (Table 5).  

 

Figure 17 Panel A: EIC of one detected adduct with m/z 372.1632, its 15N-version m/z 382.1335 and the 

corresponding MS2. Panel B: MS2 spectra of the ion m/z 372.1632 and the hypothesized structure. Panel C: 

MS2 spectra of the ion m/z 382.1335 and the hypothesized structure.  

 

A representative example of the 15N-confirmation analysis is shown in Figure 17. The data 

showed refers to a known cross-link resulting from alkylation of CPA and two guanine 

bases (G-NOR-G). The ion detected in CT-DNA is detected as m/z+ 9.97034 u, suggesting 

the presence of two purines in the structure. Furthermore, for both ions a neutral loss of 

guanine is detected, confirming the hypothesized structure, which also agrees with the mass 

spectra reported in the literature for the adduct G-NOR-G.  
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3.3.2 Detection of doubly charged DNA adducts. 

The presence of doubly charged DNA adducts was also evaluated in our data analysis. One 

example is reported in Figure 18.  

 

Figure 18 Detection of doubly charged DNA adduct. Panel A: XIC of ion m/z 186.5855, its 13C isotopologue 

m/z 187.0872, the singly charged molecule m/z 372.1639, and the MS2 triggered event for ion m/z 186.5855. 

Panel B: MS spectra of the ion m/z 186.5855. Panel C: MS2 spectra of the ion m/z 186.5855 shows the 

presence of the loss of guanine (m/z 221.1154) and appearance of guanine (m/z 152.0572).  

The ion m/z 186.5855 is uniquely present in the sample exposed to CPA. Observing 

isotopic distribution of ion m/z 186.5855, it could be noted that the mass difference between 

its 12C and 13C isotopologue is 0.5 u. This mass difference is diagnostic of a doubly charged 

species. This is further confirmed by the XIC of its 13C and of the singly charged ion. 

Finally, the MS2 spectrum of ion m/z 186.5855 gave insights about the possible structure, 

by displaying a neutral loss of guanine and appearance of guanine. This suggested that the 

adduct G-NOR-G is present also as a doubly charged species. Together with G-NOR-G, 

several adducts were detected as doubly charged ions.   



79 

 

 

3.3.3 Sample preparation and chromatography evaluation.  

Several CPA-derived DNA adducts were studied and quantified in previous works (Figure 

16)31, 103, 104. A sample preparation involving SPE was used in all the reported methods. In 

this context, we tested previously reported SPE protocols together with our SPE protocol 

(above reported). SPE conditions tested are reported in Table 6. Results from the different 

methods tested were compared based on the intensities of DNA adducts and the number of 

putative DNA adducts detected. Overall, the best results were observed when a Strata-X 

cartridge was used, and the sample was washed with 5% MeOH (Table 6) as measured by 

higher intensities of known adducts and a greater number of detected putative DNA 

adducts.  

Table 6 Sample enrichment conditions tested for maximizing coverage and the intensities of the known 

adducts. 

Condition Cartridge  Washing Conditioning Washing 

after 

sample 

loading 

Fraction 

Collected 

Evaluation of 

Performance 

1 Strata-X 3mL 

MeOH 

1mL water 3mL Water 

1mL 10% 

MeOH 

1mL 

MeOH 

1mL 2% 

FA 

Intensity of 

knowns: ++ 

Coverage of 

Unknowns: 

+++ 

2 Strata-X 3mL 

MeOH 

1mL water 3mL Water 

1mL 5% 

MeOH 

1mL 

MeOH 

1mL 2% 

FA 

Intensity of 

knowns: +++ 

Coverage of 

Unknowns: 

+++ 

3 Oasis 

Max 

6mL 

MeOH 

6mL 0.2N 

NaOH 

6mL 0.01N 

NaOH 

6 mL 

MeOH 

Intensity of 

knowns: ++ 
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6mL 0.01N 

NaOH IN 

MeOH 

2mL water 

8mL 1M 

Amm. Ac. 

6mL 5% 

MeOH 

Coverage of 

Unknowns: + 

4 Sola SCX NA 1 mL 5% 

NH3 in 

MeOH 

1 mL 0.1N 

HCl 

1mL 0.1N 

HCl 

1mL 

HCO2H 2% 

1mL 

HCO2H 2% 

in MeOH 

1mL Water 

1mL 25% 

water/ 70% 

MeOH/ 5% 

NH3 

Intensity of 

knowns: ++ 

Coverage of 

Unknowns: + 

5 Off-line 

FC 

As 

reported 

in 79 

NA NA Between 

nucleosides 

Intensity of 

knowns: + 

Coverage of 

Unknowns: + 

 

Our DNA adduct LC-MS screening was achieved by using our traditional chromatographic 

method, as previously reported.58, 78 However, the results highlighted the need for an 

improved chromatography (Table 7, Figure 19).  

 

Table 7 Chromatographic conditions tested for maximizing column retention, peak shape and detection 

coverage. 

Condition Stationary 

Phase 

A B Elution 

Program 

Evaluation 

of 

Performance 
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1 Luna C18 FA 0.05% ACN 2% B 5.5ô at 

0.9 ɛL/min 

B 0.75%/min 

24ô 

4%/min 10ô 

19%/min 2ô 

all at 0.3 

ɛL/min  

98% of B for 

3ôat 0.3 

ɛL/min 

Retention: + 

Peak Shape: 

+ 

Coverage of 

Unknowns: 

+++ 

2 Luna C18 Ammonium 

acetate 1mM 

ACN 2% B 5.5ô at 

0.9 ɛL/min 

B 0.75%/min 

24ô 

4%/min 10ô 

19%/min 2ô 

all at 0.3 

ɛL/min  

98% of B for 

3ôat 0.3 

ɛL/min 

Retention: + 

Peak Shape: 

+ 

Coverage of 

Unknowns: 

+++ 

3 ZIC HILIC FA 0.05% ACN 95% B 5.5ô at 

1 ɛL/min 

95% B 0.5ô at 

0.3 ɛL/min 

B -4.74%/min 

19ô 

0.3 ɛL/min  

5% of B for 2ô 

at 0.3 ɛL/min 

Retention: ++ 

Peak Shape: 

+ 

Coverage of 

Unknowns: 

++ 

4 Amide FA 0.05% ACN 95% B 5.5ô at 

1 ɛL/min 

95% B 0.5ô at 

0.3 ɛL/min 

B -4.74%/min 

19ô 

Retention: 

+++ 

Peak Shape: 

+++ 

Coverage of 

Unknowns: 

++ 
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0.3 ɛL/min  

5% of B for 2ô 

at 0.3 ɛL/min 

5 Hypercarb FA 0.05% ACN 2% B 5.5ô at 

0.9 ɛL/min 

B 0.75%/min 

24ô 

4%/min 10ô 

19%/min 2ô 

all at 0.3 

ɛL/min  

98% of B for 

3ôat 0.3 

ɛL/min 

Retention: 

+++ 

Peak Shape: 

+ 

Coverage of 

Unknowns: + 

 

 

Figure 19 Examples of the chromatography of 4 DNA adducts with five different chromatographic 

conditions (Luna C18 with FA or Ammonium Acetate, ZIC column, Amide column and HyperCarb 

column). 
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Indeed, RP chromatography with Luna C18 stationary phase led to a poor retention and 

peak shape of several of our analytes of interest. Therefore, we tested four different 

stationary phases, two RP (C18 and Hypercarb) and 2 HILIC (amide and ZIC), and two 

different aqueous mobile phases (FA and ammonium acetate). The endpoints evaluated 

were: 1. Retention time, 2. Peak shape and 3. Number of DNA adducts detected. In Figure 

19, we reported an example of the chromatography of 4 DNA adducts, previously detected 

with our untargeted screening. Overall, the best peak shape and retention are achieved 

when using a HILIC-chromatography with an amide column. The use of a ZIC or a 

Hypercarb stationary phase decreased the peak shape quality. However, the highest number 

of MS3 spectra and possible putative adducts was observed when using our traditional 

method with Luna C18 and formic acid 0.05%. This confirmed our comprehensive 

approach in the untargeted screening. Therefore, we used the amide column for our targeted 

approach in patients.  

 

3.3.4 Screening of CPA-DNA adducts in patients undergoing chemotherapy.  

 

All 40 adducts detected in purified DNA were then targeted using MS/MS in patients 

undergoing CPA treatment. Blood, around 3 mL, was collected from 6 patients undergoing 

chemotherapy with CPA. Each patient had a different treatment regimen and diagnosis 

(Table 8).  

Table 8 Patient, age, sex diagnosis, dose, measured levels of CPA and Acr-dG before and after 

administration.  
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Patient Age Sex Diagnosis Dose 

Plasma 

CPA 

(ɛG/mL) 

Acr-dG before 

administration 

(adducts/109 

nucleosides) 

Acr-dG after 

administration 

(adducts/109 

nucleosides) 

1 11 M 

Acute 

lymphobla

stic 

leukemia 

60 

mg/kg 
0.584 1.1 130.8 

2 15 M 

Acute 

lymphobla

stic 

leukemia 

60 

mg/kg 
2.677 NA 156.6 

3 5 M 
Neuroblast

oma 

1500 

mg/m2 
2.073 0.5 178.1 

4 15 F 

Myelodys

plastic 

syndrome 

14.5 

mg/kg 
0.501 2.8 163.8 

5 6 F 
Fanconi 

anemia 

10 

mg/kg 
0.925 0.3 53.5 

6 10 F 

Multiple 

sulfatase 

deficiency 

50 

mg/kg 
0.126 0.5 134.7 

 

Samples before and after treatment were analyzed. DNA was extracted from whole blood 

and enzymatically hydrolyzed. Our optimized sample preparation and chromatography 

were used to screen the DNA adducts previously detected in our in vitro systems. Samples 

were spiked with [13C10
15N5]Acr-deoxyguanosine (dG), [15N5]-N

2-ethyl-deoxyguanosine 

(dG) and [15N5]-N
6-methyl-deoxyadenosine (dA) for relative quantitation. A total of 20 

DNA adducts were detected in at least one patient after the therapy. The crosslink G-NOR-

G, m/z 372.1639, was detected in all the patients undergoing the treatment, together with 

the mono adducts, G-NOR-OH (m/z 239.1251) and m/z 223.1302. The presence of other 
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adducts was variable among the different patients. The known adduct Fapy-NOR-G (m/z 

390.1745) was detected in one patient. A total of 7 crosslinks and 13 monoadducts were 

detected in the samples evaluated.  

 

Figure 20 Panel A: Representative extracted ion chromatogram of 3 different adducts in patientôs DNA. 

Panel B and C and D, MS2 spectra and structures for the known adducts. D is an unknown adduct, therefore 

no structure is reported. 

 

Figure 20 contains a representative example of the chromatograms and mass spectra of the 

adducts m/z 372.1639, m/z 239.1251 and m/z 308.1825 in a patient sample after CPA 

treatment. The fragmentation of G-NOR-G results in the guanine neutral loss, and G-NOR-

OH fragments to guanine and the ethyl-G ion (m/z 178.0716). Finally, the ion m/z 308.1825 

shows a neutral loss of G.  

CPA is a prodrug and is known to generate acrolein when it is metabolized. Therefore, 

together with CPA-DNA adducts, three acrolein-specific DNA adducts, Acr- dG (m/z 
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324.1302), Acr- dA (m/z 308.1353) and N2-paraldol-dG (m/z 426.1923), were monitored 

and Acr- dG (m/z 324.1302) was quantified by comparing with the 15N-13C-Acr-dG spiked 

in each sample (30 fmol) and a calibration curve built with growing Acr-dG (0, 5, 10, 50, 

100, 200 fmol/column) and a constant amount of 15N-13C-Acr-dG (10 fmol /column). Pre-

CPA administration background levels, originating from endogenous sources113, were 

varying between 0.3 and 1.1 adducts/109 nucleosides. After exposure levels were instead 

between 53.5 and 163.8 adducts/109 nucleosides (Table 8). 

 

3.3.5 CPA quantitation in patient plasma. 

 

Blood samples were collected from patients undergoing different CPA therapies and 

dosages. Therefore, CPA plasma concentrations were evaluated in samples collected from 

patients. A LC-MS method able to quantify CPA in plasma samples was developed as 

reported in the Method Section. A calibration curve for CPA was linear in the range 

evaluated. Accuracy and recovery were determined by spiking six levels of CPA to a 

pooled non-treated plasma sample and, subsequently, performing the analysis. The 

recovery was calculated to be between 88 and 94%. There was excellent agreement 

between the added and quantified amounts, corresponding to 0.0625, 0.25, 0.5, 1.25 

(ng/µL) for CPA, agreed with the amount determined in the plasma of the non-treated and 

spiked with CPA, 0.077, 0.213, 0.662 and 1.199 (ng/µL). Correlations between the spiked 

and measured levels were all R2 > 0.97. The slope of the correlation curve between spiked 

and measured levels was 0.9839. The limits of quantitation (LOQ) and detection (LOD) 

for the CPA were estimated as 0.225 and 0.075 pg/on-column. Finally, the method was 
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then applied for plasma analysis. Levels of CPA in the samples are reported in Table 8 and 

ranged from 0.126 Õg/mL to 2.677 ɛg/mL.  
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3.4 Discussion 

 

In this study, we applied our LC-MS3 adductomics approach to screen for DNA adducts 

induced by the anticancer drug cyclophosphamide (CPA) and tested their potential to be 

used as predictive biomarkers of patients undergoing chemotherapy. The main findings of 

this study are: 1) a novel LC-MS3-based approach that profiles CPA adducts, 2) a list of 

CPA- putative adduct molecular weights detected in vitro and in patients undergoing CPA 

therapies; 3) identification of promising analytes to be developed as predictive biomarkers 

to support CPA treatment and to be validated for future use in precision medicine. 

CPA is one of the most used alkylating agents. CPA is known to alkylate the 7 position to 

form N7 guanine monoadducts and the N7-N7-guanine crosslink. CPA is a prodrug and is 

activated to phosphoramide mustard and acrolein, which are thought to be responsible for 

CPA cytotoxicity.115, 116 In addition, CPA is known to generate several other metabolites 

and increase ROS production possibly leading to the generation of multiple types of DNA 

adducts, which may relate with therapy toxicity and efficacy.117 

In the present study, our DNA adductomic approach is optimized to comprehensively 

screen and characterize CPA-related DNA adducts. Indeed, we demonstrate that the CPA-

adductome is more complex than what has been reported in the literature. CPA and its 

metabolites generated 40 DNA adducts in vitro. These adducts were confirmed by exposing 

15N-DNA to CPA, which also gave us insights into the chemical features of these adducts. 

Indeed, by evaluating the mass differences between the 15N and 14N DNA modifications 

we were able to distinguish 11 crosslinks from 29 monoadducts. According to previous 

reports, monoadducts are the most common CPA-related DNA lesions.31 Of these 40 DNA 
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adducts, G-NOR-G (m/z 372.1639), G-NOR (m/z 257.0912), and G-NOR-OH (m/z 

239.1251), Fapy-NOR-G (m/z 390.1745) and NOR-Fapy-G (m/z 257.1356) were already 

reported in the literature and detected in vitro and in rats exposed to CPA or its metabolites. 

The MS2 spectra collected were consistent with the ones previously reported by Chen H. 

and colleagues.104 Furthermore, the MS3 spectra collected in our work provide further 

confirmation of the chemical nature of the modifications. Indeed, the appearance of one of 

the nucleosides or one of their fragments (Table 5) gives insights into where the 

modification is located. In this context, we were able to detect, together with guanine DNA 

lesions, a thymidine, and numerous adenine DNA adducts. This is consistent with a 

previous study on DNA adducts, indicating that other nucleosides may also react with CPA 

and its metabolites.57 

In our work, we highlight the presence of doubly charged DNA adducts, which need to be 

considered when screening for DNA damage. In doubly charged DNA adducts, the charge 

can be on the nucleosides, on the modification, or on both. In a previous work118, the 

presence of a doubly charged DNA adduct displaying two charges on the modification was 

highlighted. In this work (Figure 18) we hypothesize that for adduct m/z 186.5855 the two 

charges are located on the nucleosides. This leads to the generation of two charged 

fragments: i) guanine (m/z 152.0569) and ii) the ion m/z 221.1149, which is generated by 

the loss of guanine (Figure 18). These observations may provide new indications on 

diagnostic fragmentations to consider when performing untargeted screening for DNA 

adducts. 

RP chromatography has been commonly used as a golden standard in DNA adduct 

analysis. However, while nano-LC methods lead to the best coverage in terms of putative 
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DNA adducts, it does not lead to a good peak shape and retention time of depurinating 

adducts commonly generated by the reaction between the phosphoramide mustard and 

DNA (Figure 19). We, therefore, tested different chromatographic strategies, obtaining the 

best results with HILIC chromatography using an amide column. HILIC chromatography 

has been used for nucleoside analysis at conventional flow rates but has not been used 

significantly investigated at nanospray flow rates as done here. In agreement with our 

results and the literature, the utilization of chromatography with ACN-rich solvent 

facilitates desolvation and ionization and therefore may lead to higher signals and better 

sensitivity for polar analytes (e.g. depurinating adducts), as compared to RP 

conditions.119,120,121 In addition, the use of the same solvent system for RP and HILIC leads 

to an easy switch between the two chromatographic techniques. 

In this work, we evaluated the presence of DNA adducts, that we had previously detected 

in vitro, in patients undergoing CPA treatment. To our knowledge, this is the first study 

investigating multiple DNA adducts in patients undergoing chemotherapy. We were able 

to detect 20 DNA adducts in the patient samples collected: 7 potential crosslinks and 13 

potential monoadducts, based on our 15N-DNA data (Table 5). These results confirm and 

expand what is reported in the literature and set the stage for future use of the detected 

molecules. Indeed, while there are already previous studies highlighting the formation of 

CPA-monoaducts and the relationship with cytotoxicity, crosslinks are known to be more 

cytotoxic because they can easily block DNA strand separation and therefore stop DNA 

replication and transcription.31  

G-NOR-G and G-NOR-OH adducts have been detected in all the patients undergoing the 

treatment. Only one previously reported Fapy-adduct has been detected in samples coming 
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from two different patients. In a previous manuscript, G-NOR-G has been quantified in 

patient population with impaired CPA metabolism or DNA damage repair. 38,39 Our work 

confirmed that G-NOR-G is detectable in human samples and we also demonstrate that 

several other adducts are formed in patients and must be evaluated when relating 

chemotherapy-derived DNA damage to patient outcome. Indeed, CPA generates several 

active metabolites which can potentially react with all DNA nucleosides. 

Acrolein is one of the products of CPA metabolism.98 Acrolein is known to generate several 

DNA adducts and is responsible for CPA-derived bladder toxicity. In a previous work, 

acrolein DNA adducts were detected in CPA-treated patients via immunoassay.115 

However, the analysis was done after one or several months following CPA administration. 

In our work, we evaluated the presence of three known acrolein adducts in patients. An 

increase in acrolein DNA adducts was observed in all the patients after CPA 

administration. Since acrolein is one of the molecules responsible for CPA side effects, its 

DNA adducts may be related to chemotherapeutic efficacy as well as toxicity. Therefore, 

in the future, acrolein adducts can be evaluated in concert with CPA side effects in patients 

and may serve as useful predictive biomarkers. Furthermore, their quantitation in human 

samples will serve the development of analytical methods aimed at profiling all DNA 

adducts and evaluating their relationship with patient outcomes.  

Finally, an LC-MS method to quantify CPA via isotope dilution in plasma was developed. 

The method was demonstrated to be sensitive and precise, with a LOD of 0.225 and a LOQ 

of 0.075 pg on-column. CPA amounts in patients were measured to vary from 0.126 µg/mL 

to 2.677 ɛg/mL. A direct correlation between the number of adducts detected and CPA 

concentration in plasma was not found. In the past, a relationship between G-NOR-G and 
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CPA was investigated and not found. While the CPA concentrations do not seem to 

correlate with DNA damage, levels of active CPA metabolites may relate to DNA adduct 

formation. This finding highlights the role that DNA adducts can have in alkylating-drug-

based precision medicine. Due to the small population tested in our study, the evaluation 

of the correlation between DNA adducts and patient outcomes was not possible. Future 

work should focus on a bigger number of patients and should allow for the determination 

of correlations between DNA damage profiles and patient outcomes. Furthermore, in our 

study, we only sampled one-time point after drug administration. More time points might 

be beneficial for understanding the persistence of DNA adducts in blood.  
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3.5 Conclusion 

 

In conclusion, we characterized the DNA adducts induced by CPA in experimental systems 

of differing complexity and biological significance. We identified several types of adducts 

(mono- and crosslinked adducts), supporting our hypothesis that several adducts are 

generated and can be captured by our DNA adductomic approach. As these adducts are 

expected to exert different toxicities, they can be used in the future to monitor CPA efficacy 

and toxicity in patient samples collected during clinical trials to support patient 

stratification for therapy personalization. Synthesis of one of the detected DNA adducts to 

be used as a standard for large population studies is discussed in the next chapter.  
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4 Chapter 4: Synthesis of bis-N7-guanine DNA-DNA cross-link of 

cyclophosphamide. 

 

The following chapter describes work that is currently in progress and working towards 

publication. We thank Dr. Yupeng Li for the collaboration with this study.  
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4.1 Introduction  

 

In this chapter we will solely focus on the synthesis of DNA adducts (Figure 14) formed 

by the chemotherapeutic drug, cyclophosphamide (CPA). As previously mentioned, CPA 

is largely used in cancer therapies.122, 123 CPA exerts its toxicity, by being converted in its 

reactive metabolites (Figure 14).124 Phosphoramide mustard reactions with nucleosides, 

nucleotides, and nucleic acids has largely been detected in vitro and in vivo.116, 39 The 

chemical mechanism of CPA- DNA alkylation involves an initial intramolecular SN2 

reaction to form an aziridinium intermediate, which then reacts with DNA. The N7 position 

of guanine has been described as the preferred site of binding, resulting in mono- and cross-

linked adducts: Nor-G, Nor-G-OH, and G-Nor-G. Monoadducts at N7 of guanine are 

subject to depurination and ring opening giving rise to strand scission, followed by cell 

death.31 

Our work focusing on a comprehensive screening of CPA DNA damage in calf-thymus 

DNA and in patients has been presented in Chapter 3. Our results demonstrated the 

existence of a complex adductome both in vitro and in vivo, due to the extensive metabolic 

activation of CPA. This highlights the need for a personalized evaluation of DNA damage. 

A correlation between DNA damage and patient outcome was out of the scope of that 

study. However, a key step for the use of DNA adducts as predictive biomarkers is to 

understand their relationship with therapy outcome in a large patient population and this 

will be done in the future. DNA damage and outcome evaluation can be envisioned in 

several ways. One of these involves the profiling of DNA adducts via LC-MS. The 

availability of chemical standards is necessary for absolute quantitation, sample 
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preparation optimization and population normalization.125, 126 When developing and 

validating methods for the analysis and quantitation of analytes via LC-MS, fully 

characterized, analyte-like standards, are needed.125 Indeed, LC-MS methods must be 

validated for accuracy, precision, linearity, and recovery by simulating the real sample 

conditions. Oftentimes, isotopically labelled- analytes are used as internal standards as they 

behave identically to the analyte, for evaluating sample to sample variations due to sample 

preparation recovery, ion suppression, instrument performance variability and for inter-

population comparisons.125 Therefore, the synthesis of analyte standards has a key role, not 

only in the structural characterization of the analyte, but also in the development, validation 

and application of LC-MS based analytical methods.  

In this work, we focus on the synthesis of one CPA-related DNA-DNA crosslink. As 

mentioned above, crosslinks are thought to be the major source of cytotoxicity. They are 

blocking the replication fork, impeding cell replication. Previous work has successfully 

synthesized the crosslink G-NOR-G (Figure 15) and developed LC-MS based analytical 

methods for the analyte quantitation.31 The crosslink G-NOR-G was previously quantified 

via isotope-dilution.39, 40 Results supported the authorsô hypothesis concerning the 

presence of a higher DNA damage in Fanconi Anemia patients, who were unable to repair 

crosslinks and the different CPA fates in obese patients. These studies suggested that G-

NOR-G may serve as a predictive biomarker, together with being an essential tool for DNA 

damage quantitation in patients. Therefore, to meet the goals of this study, we tested several 

strategies for G-NOR-G synthesis departing from the literature reported methods to new 

approaches (Figure 21). 
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C) Chlorinated Analogue 

 

D) Multi -Step Reaction 

 

Figure 21 Summary of reaction strategies evaluated in the present study (Panel A-D).  
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4.2 Material and Methods 

 

Caution: as reported in Chapter 2 and 3. 

4.2.1 Chemicals and supplies: as reported in Chapter 2 and 3. 

4.2.2 HPLC Method for reaction monitoring and peak isolation. 

Reactions were monitored and products were purified by HPLC using a Waters Associates 

(Milford, MA) systems equipped with a Shimadzu SPD-10A 0.2 mm Prep UV-vis detector 

(254 nm). A Luna 5 ɛm C18(2) 100  250 Ĭ 10 mm column purchased from Phenomenex 

(Torrance, CA) was used for the separation.127,128 A 50 min program was used with a flow 

rate of 4 mL/min and a gradient starting from 5% MeOH in H2O for 10 min, then increasing 

linearly to 90% MeOH in H2O over 25 min. After holding at 90% MeOH in H2O for 3 min, 

the gradient was returned to the initial condition of 5% MeOH in H2O over 5 min. The 

system was equilibrated for 7 min before the next injection. When a second purification is 

performed with an isocratic method, the same mobile phases and column were used as 

described above. However, percentages of A and B were determined on the basis of the 

analyte elution condition of the first round of separation.  

4.2.3 MS and NMR peak characterizations. 

 

NMR spectra were recorded on a Bruker 500 MHz spectrometer. Chemical shifts are 

reported as parts per million (ppm). Residual solvent peaks were used as an internal 

reference for 1H NMR (7.26 ppm CDCl3; 2.50 ppm DMSO-d6) and 13C NMR (77.2 ppm 

CDCl3; 39.5 ppm DMSO-d6). Peak splitting was abbreviated as follows: s = singlet, d = 

doublet, t = triplet, q = quartet, dd = doublet of doublets, dt = doublet of triplets, ddd = 
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doublet of doublet of doublets, bs = broad singlet, and m = multiplet. High resolution mass 

spectrometry (HRMS) of selected compounds was performed on an LTQ and Orbitrap 

Velos (Thermo Scientific, Waltham, MA). The MS is equipped with an ESI source, run in 

the positive mode and scan between 100 and 1000 m/z. Source tune settings based on flow 

were used. Thin-layer chromatography (TLC) utilized Polygram pre-coated silica gel TLC 

plate (40 x 80 mm, 0.2 mm thick) with 254 nm fluorescent indicator. TLC plates were 

visualized with permanganate stain when necessary, otherwise UV lamp irradiation 

sufficed. Flash chromatography was performed on SiliCycle 60 (70-150) mesh silica gel. 

Reactions were performed with oven-dried glassware and under an atmosphere of N2 

unless specified otherwise. 

4.2.4 Biomimetic synthesis of bis-N7-guanine DNA-DNA cross-link of 

cyclophosphamide. 
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Literature

 

Scheme 1. Reaction between dGuo and bis2-chloroethylamine hydrochloride 31, 124, 129. 

First, literature reported synthetic methods were evaluated. Several different conditions 

were tested for the biomimetic synthesis of N7-guanine DNA-DNA cross-link (3) of CPA. 

Product formation was monitored via HPLC and MS infusion using an LTQ and Orbitrap 

Velos MS as above reported.  
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Methods reported in the literature:  

1. Experimental conditions as reported in Malayappan et al.31 Briefly, bis(2-

chloroethylamine) hydrochloride (HCl salt of nornitrogen mustard, 11 mg, NOR, 1) was 

mixed with 2ǋ-deoxyguanosine (4.6 mg, 2) in 0.25M sodium acetate solution (1 mL). The 

reaction mixture was incubated at 37 °C for 5 hrs. At the end of incubation, NaCl (56 mg) 

was added, and the resulting solution was heated at 95 °C for 30 min.  

2. Experimental conditions as reported in Groehler et al.129 Briefly, 2 (500 mg, 1.87 mmol) 

was reacted with 1 (HCl salt of nornitrogen mustard, NOR 3.34 g, 18.7 mmol) in 

trifluoroethanol (25 mL) at 37 °C for 72 hrs under anhydrous conditions. The reaction 

mixture was dried under argon, and the resulting solid was washed with 1 mL of anhydrous 

ether three times to remove unreacted 1. 

3. Experimental conditions as reported in Hemminki et al.124 Briefly, 2 (300 mg, 0.623 

mmol) was reacted with 1 (HCl salt of nornitrogen mustard, 0.9 g, 5-039 mmol), with 

300uL of triethylamine (TEA) in trifluoroethanol (TFE, 25 mL) at overnight under reflux. 

The reaction mixture containing was dried under argon, and the resulting solid was washed 

with 1 mL of anhydrous ether three times to remove unreacted 1.  

4.2.5 Alternative synthetic strategies. 

Synthetic methods in the literature explored the use of tertiary amines.103, 104 Boc-protection 

is used for improving reaction selectivity and easing product purification. Therefore, we 

proceeded with the generation of a tertiary amine via Boc-protection, which then would 

have led to the synthesis of the desired product.  



102 

 

4.2.6 Boc protection of nitrogen mustard. 
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Scheme 2. Reaction between dGuo and Boc-protected. 103, 130  

This method follows the synthetic scheme reported by Gruppi et al.103, where the nitrogen 

mustard was a tertiary amine. To do so we protect the nitrogen mustard with a protecting 

group, which can afterwards be removed. Two approaches were evaluated for the mustard 

protection.  

1. A 1mM solution of 1 was prepared in DCM. To the solution were added TEA and 

(Boc)2O (4). The reaction mixture was stirred at room temperture for about 22 hours. After 

completion, the mixture was evaporated and the residue was purified through flash column 

chromatography (DCM/MeOH first, then Hexanes/EtOAc) to afford desired product as a 

colorless oil of 210 mg (yield: 87%).  



103 

 

2. Similarly to Thomas Glanmor Davies et al.130, a suspension of 1 in DCM was rapidly 

stirred with 1N NaOH solution in an ice bath, to which 4 was added. After stirring at rt for 

18 hours, DCM was added to the reaction mixture and the two phases were separated. The 

aqueous phase was further extracted with DCM. The combined organic layers were dried 

and concentrated to give desired product as a colorless oil of 176 mg with some unreacted 

(Boc)2O (yield 73%). Product was characterized by NMR. 

The reaction between Boc-protected NOR and deoxyguanosine was performed with 4 

different conditions.  

1. As described in 103, 2 (0.3mmol, 80 mg) and Boc-NOR (5) (0.1 mmol, 24 mg) and Et3N 

(0.3 mmol, 42uL), were dissolved in TFE (1 mL). The reaction was stirred at 37  

overnight (16 h). White solid precipitated as the reaction went on. Then 1.0 mL 0.1N HCl 

solution was added to the reaction mixture. The reaction mixture turned clean transiently 

and turned to a white suspension after stirring at 37  for about 5 hours. The white 

precipitate was filtered off using syringe filter. The filtrate was subjected to RP-HPLC for 

purification. Seven fractions were collected and analyzed via MS.  

2. Another batch was prepared with the same conditions, with the exception that after 

reaction, 0.1 mL 1N NaOH solution was added to neutralize HCl. Water and EtOAc were 

added. The organic layer was separated and purified through RP-HPLC to afford three 

major fractions.  

3. In a third batch, a different solvent and neutral thermal hydrolysis is tested. 2 (0.2 mmol, 

53 mg) and 5 (0.1 mmol, 24 mg) and HCl (0.1 N, 0.5mL), were dissolved in DMF (1 mL). 

The reaction was stirred at 45  overnight. Then the reaction mixture was heated to 100 
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 for 1.5 h to perform the complete neutral thermal hydrolysis. After reaction, the reaction 

mixture was subjected to RP-HPLC directly.  

4. In a fourth batch, excess of (Boc)2O and neutral thermal hydrolysis is tested. 2 (0.1 

mmol, 27 mg) and 5 (1 mmol, 242 mg) and Et3N (0.3 mmol, 42uL), were dissolved in TFE 

(1 mL). The reaction was stirred at 100  for 19 h. The reaction solution was then heated 

at 45  for 5 h by adding excess (Boc)2O. Boc-excess was used to derivatize the product 

(if formed), so that the desired product can be better retained on HPLC.  

4.2.7 Substitution of guanine with chloropurine.  

Other alternative strategies explored the use of chlorinated guanine analogue to increase 

the reactivity of guanine with the mustard. 
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Scheme 3. Reaction between chloropurine and bis2-chloroethylamine hydrochloride. 

Instead of deoxyguanosine, chloropurine is used and reacted with NOR. Chloropurine (2 

mmol, 339 mg, 6) and 1 (1 mmol, 178 mg), K2CO3 (2.2 mmol, 304 mg), and NaI (0.1 

mmol, 85mg), were dissolved in DMF (2 mL). The reaction mixture of a white suspension 

solution was stirred at 45  for 19.5 h. Reaction was monitored by HPLC.  

Finally, a multi-step approach was evaluated. For each step, several approaches were 

tested. 



105 

 

4.2.7 Multi -Step Reaction Strategy 
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Scheme 4. Multi -step reaction scheme; reaction between dGuo and di-bromo methane (Step 1), reaction 

between phtalamide and dGuo (Step 1A), deprotection of phtalamide dGuo (Step 1b) and reaction of 

bromo-ethyldGuo with amino-ethyldGuo. 

Step 1: reaction between dGuo and di-bromo methane 

Several synthetic strategies were evaluated for the synthesis of Gua-N7-ethylbromide (9). 

Product formation was monitored via LC, TLC, NMR and MS infusion, as above reported. 

1. Di-bromo methane (1 mmol, 86 uL, 8) and 2 (0.5 mmol, 133 mg) were reacted in DMF 

(3mL) with DIPEA (3mmol, 523 uL). The mixture was stirred at 100  overnight (17 h). 

No solid precipitated by adding water. The product was extracted with EtOAc extraction. 

2. 8 (0.5 mmol, 43 uL) and 2 (0.5 mmol, 133 mg) were reacted in DMA (1.5 mL). The 

mixture solution was stirred at 60  for 1 h. The solution turned to a clear solution at the 

beginning and to a white suspension in about 30 minutes. Then 0.5 mL 1N HCl solution 

was added. The reaction solution was heated to 100  for 0.5 h. The solution turned clear 

again at the beginning then turned to a white suspension after heating. Adding saturated 

NaHCO3 solution to basify the resulting solution. The precipitated yellowish solid was 

filtered and dried under the vacuum in the air. 
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3. Similar to Zhao and colleagues, 8 (0.5 mmol, 43 uL) and 2 (0.5 mmol, 133 mg) were 

reacted in DMSO (2mL). The mixture was stirred at 40  for 24 h. RP-HPLC suggested 

nearly no product was formed. Then the reaction mixture was heated to 60  for overnight 

(21 h). RP-HPLC suggested a complete consumption of deoxyguanosine131.  

4. 8 (0.5 mmol, 43 uL) and 2 (0.5 mmol, 133 mg) were reacted in DMSO (2mL) with the 

presence of NaI (0.5 mmol, 75 mg) and DBU (0.75mmol, 112 uL). The reaction mixture 

was stirred at 40  for 3 days. 

5. 8 (0.5 mmol, 43 uL) and 2 (0.5 mmol, 133 mg) were reacted in DMSO (2mL). The 

mixture was stirred at 40  for 3 days. 

6. Four conditions were synchronously tested as below reported. 

Condition 

# 

Reagents and Solvent Equivalents Molars Amount 

1 8 5.0 0.25 mmol 21.6 ɛL 

 2  1.0 0.05 mmol 13.4 mg 

 DBU 5.0 0.25 mmol 37.3 ɛL 

 DMSO   0.5 mL 

2 8 5.0 0.25 mmol 21.6 ɛL 

 2  1.0 0.05 mmol 13.4 mg 

 DMSO   0.5 mL 

3 8 5.0 0.25 mmol 21.6 ɛL 

 2  1.0 0.05 mmol 13.4 mg 

 NaI 5.0 0.25 mmol 37.5 mg 

 K2CO3 5.0 0.25 mmol 27 mg 

 DMSO   0.5 mL 

4 8 5.0 0.25 mmol 21.6 ɛL 

 2  1.0 0.05 mmol 13.4 mg 

 NaI 5.0 0.25 mmol 37.5 mg 

 K2CO3 5.0 0.25 mmol 27 mg 

 DMF   0.5 mL 
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All the reaction mixtures were heated at 45  for 3 days. After reaction, 10 ɛL of the 

reaction solution was taken for HPLC monitoring.  

7. Three conditions were synchronously tested as below reported.   

Condition 

# 

Reagents 

and 

Solvent 

Equivalents Molars Amount 

1 8 10.0 0.5 mmol 43.2 ɛL 

 2  1.0 0.05 mmol 13.4 mg 

 NaI 5.0 0.25 mmol 37.5 mg 

 K2CO3 10.0 0.5 mmol 69 mg 

 DMF   0.5 mL 

2 8 10.0 0.5 mmol 43.2 ɛL 

 2  1.0 0.05 mmol 13.4 mg 

 NaI 5.0 0.25 mmol 37.5 mg 

 KOH 10.0 0.5 mmol 28 mg 

 DMF   0.5 mL 

3 8 10.0 0.5 mmol 43.2 ɛL 

 2  1.0 0.05 mmol 13.4 mg 

 NaI 5.0 0.25 mmol 37.5 mg 

 K2CO3 10.0 0.5 mmol 69 mg 

 DMF   0.5 mL 

 

8. Three new conditions were compared aiming to increase the reaction yield of 9. All the 

reaction mixtures were heated at 60  for 17 h. Since the desired product was observed, 

the same conditions were repeated to evaluate the overall reaction reproducibility.  

Condition 

# 

Reagents 

and 

Solvent 

Equivalents Molars Amount 

1 8 10.0 0.5 mmol 43.2 ɛL 

 2  1.0 0.05 mmol 14.3 mg 

 NaI 5.0 0.25 mmol 37.5 mg 

 K2CO3 10.0 0.5 mmol 69 mg 

 DMF   0.5 mL 
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2 8 10.0 0.5 mmol 43.2 ɛL 

 2  1.0 0.05 mmol 14.3 mg 

 K2CO3 10.0 0.5 mmol 69 mg 

 DMF   0.5 mL 

3 8 10.0 0.5 mmol 43.2 ɛL 

 2  1.0 0.05 mmol 14.3 mg 

 K2CO3 20.0 1.0 mmol 138 mg 

 DMF   0.5 mL 

 

All the reactions were heated at 60  and monitored by HPLC for day 1 and day 2 (and 

day 3 if applicable). 

9. To optimize the reaction, a mild base Et3N was used instead of K2CO3. Meanwhile, 

trifluoroethanol was used as a solvent, since several papers used this solvent for 

synthesizing N7 adducts. All the reactions were heated at 60  and monitored by HPLC 

for day 1 and day 2. 

Condition 

# 

Reagents and 

Solvent 

Equivalents Molars Amount 

1 8 5.0 0.25 mmol 21.6 ɛL 

 2  1.0 0.05 mmol 14.3 mg 

 Et3N 10.0 0.5 mmol 70 ɛL 

 TFE   1.0 mL 

2 8 5.0 0.25 mmol 21.6 ɛL 

 2  1.0 0.05 mmol 14.3 mg 

 Et3N 10.0 0.5 mmol 70 ɛL 

 DMF   1.0 mL 

3 8 5.0 0.25 mmol 21.6 ɛL 

 2  1.0 0.05 mmol 14.3 mg 

 TFE   1.0 mL 

 

10. Weak bases were used and the reactions monitored after 1, 2 and 3 days.  

Condition 

# 

Reagents 

and 

Solvent 

Equivalents Molars Amount 
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1 8 10.0 0.5 mmol 43.2 ɛL 

 2  1.0 0.05 mmol 14.3 mg 

 Et3N 20.0 1.0 mmol 139 ɛL 

 DMF   0.5 mL 

2 8 10.0 0.5 mmol 43.2 ɛL 

 2  1.0 0.05 mmol 14.3 mg 

 NaHCO3 20.0 1.0 mmol 84 mg 

 DMF   0.5 mL 

 

11. These reaction conditions were evaluated to improve yield and reaction cleanliness.  

Condition 

# 

Reagents 

and 

Solvent 

Equivalents Molars Amount 

1 8 5.0 0.25 mmol 21.6 ɛL 

 2  1.0 0.05 mmol 14.3 mg 

 Et3N 10.0 0.5 mmol 70 ɛL 

 DMF   1.0 mL 

2 8 5.0 0.25 mmol 21.6 ɛL 

 2  1.0 0.05 mmol 14.3 mg 

 DMF   0.5 mL 

3 8 1.0 0.25 mmol 4.3 ɛL 

 2  1.0 0.05 mmol 14.3 mg 

 DMF   0.5 mL 

4 8 1.0 0.25 mmol 4.3 ɛL 

 2  1.0 0.05 mmol 14.3 mg 

 DMSO   0.5 mL 

 

Step 1a: synthesis and characterization of phthalamide- dGuo. 

 

Condition 

# 

Reagents 

and 

Solvent 

Equivalents Molars Amount 

1 10 1.0 0.5 mmol 127 mg 

 2  1.0 0.5 mmol 134 mg 

 DIPEA 3.0 1.5 mmol 261 ɛL 
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 DMF   2.0 mL 

The reaction solution was heated at 100  for 18 h. 

To improve the reaction yield, K2CO3 and an extended reaction time of 3 days were tested. 

Finally, different bases and the presence of NaI were tested. The reaction solutions were 

heated at 60  for 17 h. 

Condition 

# 

Reagents 

and 

Solvent 

Equivalents Molars Amount 

1 10 10.0 0.5 mmol 127 mg 

 2  1.0 0.05 mmol 13.4 mg 

 NaI 5.0 0.25 mmol 37.5 mg 

 K2CO3 10.0 0.5 mmol 69 mg 

 DMF   0.5 mL 

2 10 10.0 0.5 mmol 127 mg 

 2 1.0 0.05 mmol 13.4 mg 

 NaI 5.0 0.25 mmol 37.5 mg 

 KOH 10.0 0.5 mmol 28 mg 

 DMF   0.5 mL 

 

Step 1b: deprotection of phtalamide-dGuo. 

Reaction Scheme 8. Deprotection of dGuo-phtalamide 

Condition 

# 

Reagents 

and Solvent 

Equivalents Molars Amount 

1 11 1.0 - - 

 Hydrazine 

monohydrate 

excess - 50 ɛL 

 MeOH   0.2 mL 

 DMSO-d6   0.5 mL 

The reaction mixture of A in the mixed solvent of MeOH and DMSO-d6 was heated at 60 

 for 24 h. 
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4.3 Results 

Biomimetic synthesis of bis-N7-guanine DNA-DNA cross-links and mono-adducts of 

cyclophosphamide. 

Three reported conditions were tested for the synthesis of bis-N7-guanine DNA-DNA 

cross-links of CPA. Reaction mixtures were analyzed via HPLC to evaluate desired product 

formation (Figure 2 respectively reaction conditions 1, as reported by Malayappan and 

colleagues, reaction conditions 2, as reported by Groehler and colleagues and reaction 

conditions 3, as reported by Hemminki and colleagues).31, 124, 129 The three crudes did not 

show any major chromatographic peak which could correspond to the desired product 

generation.  

 

Figure 22 Reaction crude HPLC traces for reaction conditions 1-3.  

Reaction crudes were also analyzed via infusion at the LTQ ion trap. Only reaction 3 

showed the presence of the desired ion and relative fragmentation (Figure 22-23). 

However, isolation by HPLC fraction collection was not successful.  
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Figure 23 Mass spectra and fragmentation of ion m/z 372. 

Boc protection of nitrogen mustard and bis(2-bromoethyl)ethylamine. 

Boc- protected nitrogen mustard was synthesized as reported by Gruppi and colleagues and 

Davies and colleagues. The two reaction strategies resulted in respectively 81 and 73% of 

yield.  

Boc-protected nitrogen mustard was reacted with deoxyguanosine as above reported in 

Condition 1. Seven fractions were collected and injected at the LTQ ion trap. In Figure 24 

the reaction crude chromatogram. The first three fractions highlighted the presence of dGuo 

and Guo, meanwhile in Figure 25 there is a magnification of the chromatogram in the area 

of interest. Five possible compounds were hypothesized based on the mass detected. 

However, the desired product was not detected.  
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Figure 24 Reaction crude chromatogram. 

 

 

Figure 25 Magnification of the above chromatogram in the area of interest (fractions 4-7). 

 

 

Figure 26 Hypothesized reaction products. 

Fc1: 8.5min (5-10min)_dGuo & Gua 

Fc2: 17 min (10-15min)_dGuo & Gua 

Fc3: 18.5min (15-20min)_dGuo & Gua 

Fc7: 35-45min_[M+H]+:429.25 

Fc4: 20-25min_[M+H]+:150.00 amu 

 

Fc5: 25-30min_[M+H]+:168.08 amu 

Fc6: 30-35min_[M+H]+:324.25 & 679.58 amu 
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A different solvent and neutral thermal hydrolysis were tested in condition 2-4. Respective 

chromatograms show the presence of several peaks (Figure 27-29). Fractions across the 

whole chromatograms were collected and infused. The desired product was not detected in 

any fraction.  

 

Figure 27 Reaction crude chromatogram of condition 2. 

 

 

Figure 28 Reaction crude chromatogram of condition 3. 
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Figure 29 Reaction crude chromatogram of condition 4. 

 

Substitution of guanine with chloropurine. 

Chloropurine was used in place of guanine in this reaction. The chromatogram in Figure 

30 shows unreacted starting material A (20.8 min). The reaction mixture was further stirred 

at 45  for 24 h. HPLC analysis suggested the similar results. 

 

Figure 30 Reaction crude chromatogram. 

Reaction crude is injected at the LTQ mass spectrometer. Here below the hypothesized 

structures based on the accurate mass detected.   

45 , 19.5 h 
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Figure 31 Hypothesized reaction products. 

 

Multi -step reaction: synthesis and characterization of Gua-N7-ethylbromide. 

For step 1a in reaction Scheme 4 different pH and solvents were tested. In this context, 

Reaction 1 did not show any product. NMR data were collected on the yellow precipitate 

of Reaction 2 and they only showed the presence of guanine. Reaction 3 displayed a 

convoluted chromatogram. RP-HPLC was used to purify the reaction mixture. Fractions at 

23.1 min and 23.5 min were collected when using the 50-min method. These fractions were 

further purified by using a short isocratic method (50% MeOH). NMR and HRMS 

supported the presence of N9-product in the first fraction, while fraction 2 (27.1 min), was 

the desired N7-product. Reaction 4 and 5 showed the presence of the desired product with 

a very poor yield. For increasing the yield of reaction 4, reaction 5 tested four different 

conditions. All of them showed a clean reaction mixture and the presence of the desired 

product together with the N9- ethyl bromide Guo (Figure 32).  
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Figure 32 Reaction crude chromatograms with different conditions; highlighted the area of analyte of 

interest elution.  

NMR data supported the presence of the two molecules in the peak of interest, as 

highlighted in the carbon-nitrogen correlation in Figure 33.  

 

Figure 33 HMBC NMR spectra highlight the two isomers of bromo-ethyl dGuo. 

As condition 4 (Figure 32) was chosen for further improvement, in reaction 7, three new 

conditions were compared aiming at increasing the reaction yield of N7-
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bromoethylguanine. HPLC suggested that all three conditions formed the desired product 

(25.6 min peak) as the major peak. There were some side products formed. No shoulder 

peak at 25.3 min was observed in all the three conditions.  

 

Figure 34 Reaction crude chromatogram of condition 1-3. Highlighted the area of interest. 

Reaction 8 was set up to evaluate reaction 7 reproducibility. Condition 1 did not generate 

any major product peak. Condition 2 and 3 (Figure 35), displayed three major peaks at RT 

20.3 min, 25.5 min and 26.3 min. NMR and HRMS supported the presence of N2-cyclo-

dGuo in peak 1, N7-ethylbromo-N2-cyclo-Gua in peak 2 and N7-ethylbromo-N2-cyclo-

dGuo in peak 3 (Figure 35). These results highlighted that the reaction is not reproducible. 

Furthermore, they strongly indicated that N2-position of dGuo is more electrophilic under 

the basic condition used in this reaction than N7 -position. For this reason, a mild base is 

used in the next reaction set-up.  
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Figure 35 Reaction crude chromatograms day 1-3. Asterisks correspond to the three structures above 

reported.  

In reaction 9, Et3N was used instead of K2CO3. Furthermore, trifluoroethanol was also 

chosen as a solvent as reported in several manuscripts. 103, 104,129 When using condition 1, 

only three minor peaks were observed at 23.2 min, 23.7 min, and 26.2 min. Condition 2 

formed a very minor product peak at 23.6 min, with reaction yield not increasing when 

increasing the reaction time (Figure 36). However, product at RT 23.6 min is consistent 

with N7-ethylbromo-Gua. Condition 3 formed no new product. This indicates that weak 

bases such as Et3N are necessary to facilitate the alkylation reaction.  
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Figure 36 Reaction crude chromatogram with increasing reaction times. 

In reaction 10, two weak bases were evaluated: of Et3N and NaHCO3. Furthermore, DMF 

is used as reaction solvent. Major products were observed at 22.1 min, 23.5 min, and 25.4 

min. It has been confirmed that peak at 22.1 min was allylic side product; 23.5 min was the 

desired product; 25.4 min was N2-cyclo side product (Figure 37).  
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Figure 37 Reaction crude chromatogram. Asterisks for the peaks of interest; structures are hypothesized 

above.  

The kinetic of formation of side products together with their formation under different 

reaction conditions was evaluated (Figure 38).  
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Figure 38 A: reaction crude chromatogram for monitoring product formation over time. B: reaction crude 

chromatogram of reaction in DMSO at 40 °C. 

Considering that peak at 23.6 min from reaction 10 was the desired product, the goal of 

reaction 11 was to optimize the reaction conditions for a cleaner reaction with a slightly 

better yield. Furthermore, reaction reproducibility is tested. Overall, condition 1 showed 

the cleanest reaction mixture allowing for a higher recovery and easier clean-up process. 

This condition is also highly reproducible. Therefore, it is considered the optimized 

condition for the synthesis of the desired N7-ethylbromide product. 
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Figure 39 Reaction crude chromatogram. Asterisk is for the analyte of interest.  

After purification, HRMS and NMR spectra are collected for confirming the chemical 

structure (Figure 40).  

 

Figure 40 HRMS of the product of interest.  

 

Multi -step reaction: synthesis and characterization of phthalamide- dGuo. 
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The reaction was performed as in Scheme 7, in DMF with DIPEA. The reaction solution 

was heated at 100  for 18 h. HPLC traces (Figure 41) suggested that dGuo was not 

consumed completely. To push the reaction into completion, 158 mg (~ 1 eq.) of reagent 

10 was added. The reaction mixture was then heated at 100  for 24 h. HPLC traces 

suggested the disappearance of dGuo. NMR data support the presence of the desired 

product at RT 25.6 min.  

 

Figure 41 Reaction crude chromatograms: reaction crude was further heated to push reaction completion.  

Further HPLC purification led to the collection of two fractions at respectively RT 25.2 

and 25.6 min (Figure 42). NMR data supported the 25.2 min fraction being a mixture of 

N9-isomer and the deprotected product. The 25.6 min fraction was suggested to be the 

desired N7-product.  
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Figure 42 Chromatograms of the isolated fractions.  

To increase the reaction yield, an extended reaction time of 3 days and K2CO3 as a base 

are used. The chromatogram in Figure 43 highlighted the reaction going to completion and 

the presence of numerous reaction products. Several peaks were collected and 

characterized via NMR. Data demonstrated the presence of N1 and O6-phtalamide-dGuo 

(Figure 43-46). 
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Figure 43 Reaction crude chromatogram. Below the reaction product at RT 26.2 min, 27.3 min and 29.3 

min.  

 

Figure 44 HMBC evidence for the formation of N1-alkylated product. 
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Figure 45 HMBC evidence for the formation of O6-alkylated product. 

 

 

Figure 46 NMR (1H-NMR and 13C-NMR) evidence for the formation of O6-alkylated product. 
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To increase the reaction yield, different bases, and the addition of NaI were explored. 

HPLC suggested that both reaction conditions seemed working well with desired product 

formed as one of the major products (eluting times: 25.7 min and 26.2 min, Figure 47). 

The two reactions were combined for product purification. After evaporation, desired 

product was used directly for the next step.  

 

Figure 47 Reaction crude chromatogram for condition 1 and 2.  

The desired product was fully characterized by NMR and HRMS.  
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Figure 48 HRMS of phtalamide dGuo.  

 

Multi -step reaction: deprotection of phtalamide-dGuo. 

Deprotection of phtalamide- dGuo is performed with hydrazine. Reaction is performed as 

in Scheme 8. LC, as reported in the Method section, is used to remove the hydrazine excess 

and to isolate the desired product. Two fractions were collected corresponding to the two 

major peaks (RT 5min and 11 min, Figure 49). NMR and HRMS analysis showed the 

presence of respectively hydrazine and phtalamide in the two isolates.   
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Figure 49 Reaction crude and diluted reaction crude chromatogram: at RT ~ 3 min is eluting hydrazine and 

other unknowns and at RT ~ 11 min is eluting phtalamide.  

 

4.4 Discussion 

In this work, we evaluated several strategies for the chemical synthesis of the known CPA 

crosslink, G-NOR-G, gaining insights about the mechanism of formation of such a 

molecule. Previous studies have relied on the biomimetic synthesis of this and similar 

mustard-related molecules, with low reaction yields and lack of a complete NMR and 

HRMS characterization.31, 103, 124 Indeed, NMR data are necessary for evaluating the 

mustard binding site on the nucleoside. The evaluation of different synthetic strategies 

highlighted the presence of multiple additional variables to be considered in the synthesis 

of the desired product.  

As mentioned above, several synthetic schemes previously used, involved the incubation 

of dGuo with the mustard of interest followed by, sometimes precipitation of the products, 

and/or LC purification.31, 103, 124, 129 Three different reported strategies were tested in this 

work and lead to no chromatographic peaks being detected. The reaction conditions 
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reported by Hemminki and coworkers124 lead to the best results, being able to detect the 

ion with the desired mass and fragmentation via MS (Figure 23). This agrees with past 

studies which supported 1 being a poor alkylating agent at neutral conditions and SN2 

reactions being more favorable in anhydrous conditions. However, due to the low reaction 

yield and the possible hydrophilicity of the molecule of interest, isolation via RP-HPLC 

using most widely used conditions was not successful. For this reason, we pursued different 

synthetic strategies.   

The unsatisfactory results of the biosynthesis lead us to the hypothesis that 1, as secondary 

amine, is not reactive enough (Figure 24). This hypothesis was supported by results 

reported by Gruppi and colleagues103, where a successful synthesis of a crosslink with bis-

chloroethyl amine (tertiary amine) was obtained. Following this approach, to obtain a 

tertiary amine and to prevent side reactions and increase the hydrophobicity of the reaction 

product, NOR was chemically protected with a Boc group.  

Afterwards, reaction conditions were similar to the one reported by Gruppi and co-

workers.103 However, reaction of 5 with 2 leads to different products, supporting the 

hydrolysis of the substituted mustard during the reaction (Figure 24-29). The LC traces of 

the reaction mixtures, once the starting materials were no longer present, were convoluted, 

which highlighted the presence of several competing reaction processes.  

In parallel, the use of chloropurine to substitute dGuo, as reported by Chen and coworkers, 

was tested to selectively alkylate dGuo in N7-position and increase its reactivity.132 Indeed, 

Chen and coworkers studied the reaction regioselectivity when methylating 6-

chloropurine.132 However, this approach was not successful and lead again to the 

generation of complex mixtures where the desired product was not observed (Figure 30).  
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To overcome the difficulties encountered in the above reported strategies, a multi-step 

synthetic route was strategized (Scheme 4). Several advantages were envisioned with this 

synthetic approach: i) each synthon could be purified before the last step, minimizing side 

product formation, ii) synthons could be characterized by NMR to confirm regioselectivity, 

and iii) this method could be potentially expanded to other different CPA crosslinks by 

using different nucleosides or being able to obtain a regioselective reaction.  

When considering the synthesis of 9, numerous reaction conditions were tested. Our results 

highlight the key role of pH in the alkylation position and the role of solvent in the overall 

reaction products. In this context, if strong bases, such as K2CO3, are used, 1,2-

dibromoethane attacks N2-amino group first, as observed from Reaction 8, conditions 2 

and 3 (Figure 19-20). As above mentioned, our hypothesis is that the N2 position of dGuo 

becomes more electrophilic under the basic condition. For this reason, a mild base, such as 

Et3N was used.  

Reaction solvent was also changed after following the reported procedure. Several 

manuscripts103, 104, 129 use TFE as selected reaction solvent. However, our data show 

(Reaction 9, Figure 39), better yields when using DMF. Our hypothesis is that the higher 

pKa of DMF helps the reaction mechanism in the formation of Gua-N7-ethylbromide. 

Furthermore, several manuscripts use acidic conditions when using TFE as reaction 

solvent, therefore supporting our hypothesis that mild acidic conditions are needed to push 

the product generation.  

When performing these reactions, we collected information regarding the alkylation 

position selectivity on dGuo. As above discussed, pH and, and therefore, the base used in 
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the reaction has a crucial role on the selectivity for different positions. This evidence was 

also observed during the synthesis of phtalamide-dGuo (Figure 43-46). Our results showed 

that dGuo can be alkylated in three different positions: N1, O6 and N7. Indeed, when using 

K2CO3 as base in the reaction, the reaction goes to completion but only N1 and O6 products 

are observed.  

Regioisomers of phtalamide dGuo were fully characterized by NMR (Figure 44-46). For 

the first time, formation of such isomers is reported and characterized. After having 

successfully synthetized and characterized phtalamide- dGuo, the deprotection step 

revealed difficulties. Hydrazine is used to deprotect the reaction product and proceed to the 

final step (Step 2, Scheme 4). However, hydrazine needs to be removed from the reaction 

environment. LC-based product purification has been attempted in several manners with 

inconsistent and unsuccessful results (Figure 49). One hypothesis is that the resulting 

product is highly hydrophilic and therefore cannot be purified with our chromatographic 

conditions. Conditions reported by Malayappan and colleagues for the purification of G-

NOR-G were also tested without any success.31 An additional hypothesis is that the product 

has solubility issues in the solvent used for LC analysis thus preventing the product 

detection.  

Overall, our findings support a different reactivity of secondary and tertiary nitrogen 

mustards. Indeed, our results are not consistent with what previously reported by Gruppi 

and coworkers.103 Our multi-step reaction scheme highlighted the reactivity of different 

dGuo positions depending upon pH and solvent (e.g. DMSO vs DMS vs TFE). This is the 

first study, in our knowledge, thoroughly evaluating dGuo alkylation position.  
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Given the difficulties in the purification of the product from step 2a, also the final product 

may be difficult to purify and separate. Following these observations, three different 

approaches can be envisioned: 1) a different chromatography can be explored for 

purification, such as HILIC chromatography; 2) use an amidine-type protecting group on 

dGuo in order to increase its hydrophobicity as reported by Ohkubo and colleagues133; 3) 

use a base resistant protecting group such as Boc to increase product hydrophobicity.  
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4.5 Conclusions 

In this work we aimed at the synthesis and characterization of CPA-derived DNA adducts 

for use for DNA adduct quantitation and method validation for large population studies. 

Departing from literature-reported methods we evaluated alternative synthetic strategies, 

which involved either the use of protecting groups or a multi-step approach. Overall, none 

of these methods was successful in the synthesis of the desired product. However, the 

multi-step approach led to the synthesis and characterization of a different regio-isomer of 

alkylated dGuo, which was previously unreported. 

Different approaches for the purification and synthesis of the desired product can be 

envisioned. Since the desired product is highly polar, purification of product from step 2a 

may be obtained via HILIC chromatography.120, 121, 119 Another approach can involve the 

use of base-resistant protecting group such as Boc which would allow product purification 

via RP. Finally, a different reaction scheme as reported by Chen and co-workers can be 

evaluated (Figure 50). 132 
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Figure 50 Alternative approaches for G-NOR-G synthesis. 
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5 Conclusions, future directions, and public health impact 

 

Our work has demonstrated that multiple DNA modifications are generated in patients 

treated with two different alkylating drugs. Our DNA adductomics workflow is able to 

capture them in a comprehensive manner. Therefore, we have established an analytical 

approach able to satisfy the need for methods capable of detecting multiple DNA adducts 

in patients. This workflow can be used in future studies considering large patient 

populations and other alkylating drugs and may lead to the development of tools and 

approaches aimed at several public health-related applications (e.g. establishment of 

preventive and predictive biomarkers). For alkylating drugs, this method can be used to 

evaluate the relationship between the detected adducts and therapy outcome in the patient. 

Furthermore, given the overlap we observed between DNA adducts in vitro and in patients, 

DNA adducts generated by multiple alkylating drugs may be screened in vitro for 

subsequent evaluation of therapy-outcome relationship in vivo.  

Two different alkylating drugs were evaluated in this work: busulfan (BU) and 

cyclophosphamide (CPA). These two drugs were chosen due to their common use in the 

clinic and their differences in the reaction mechanism with DNA. CPA is activated by 

CYP-enzymes to be able to react with DNA, while BU can directly react with DNA. Our 

work demonstrated that both drugs generate a plethora of DNA modifications in patients, 

underlining that an analytical method able to screen for multiple predicted and unpredicted 

adducts is needed in order to be able to monitor the effects of various physiological 

processes influencing the formation of these adducts.  
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Given the extensive literature, which supports the relationship between DNA adducts and 

chemotherapy outcome in patients, future studies must address the overarching question of 

how the detected DNA adducts are truly relating with therapy outcome. To set the stage 

for these studies, herein we synthetized isotopically labelled standards of BU-DNA adducts 

that can be used as internal standards for analytical methods used in larger population 

studies. Similarly, several synthetic strategies were explored for the synthesis of one CPA-

crosslink. Similar approaches are translational to many alkylating drugs currently used in 

the clinic. 

Together with the evaluation of the relationship with therapy outcomes, the impact of 

clinic-related constrains on the DNA adduct evaluation, such as time of sample collection 

versus time of sample processing, must be evaluated. Indeed, it may not be feasible to have 

the samples processed as soon as the samples are collected in a routine manner. Therefore, 

studies evaluating DNA adducts stability, together with day-to-day assay evaluations 

should be performed.  

Another question derived from this work is related with DNA adduct kinetic of formation 

and elimination in addition to the question of which is the best sampling time for translation 

of this method into diagnostic routine tests. Indeed, different DNA adducts may have 

different kinetics of formation and repair and/or elimination. For instance, Malayappan and 

coworkers observed a maximum CPA-crosslink concentration between 4-8 hours from 

therapy administration, instead Souliotis found the highest concentration of melphalan-

derived DNA adducts after 8 hours from therapy administration.39,105 Moreover, DNA 

adduct repair efficiency influences the kinetics and studies reported that the DNA repair 
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capacity has a role in the relationship between DNA adducts and therapy outcome in 

patients.134,135 Therefore, studies evaluating the adducts kinetics in different drug 

combinations and cancer types can give insights in determining the most appropriate time 

for sample collection. 

Finally, given the successful establishment of the relationship between DNA adducts and 

therapy outcome8, the applicability in a clinic setting of these assays as routine analysis 

should be addressed. Indeed, to tailor and optimize the therapy for each patient, the therapy 

outcome must be predicted before administration. To do so, three different strategies can 

be envisioned: 1- microdosing in patients, 2- ex-vivo exposure and 3- the use of xenografts 

models.  

Microdose administration of DNA alkylating drugs has the advantage of avoiding 

medication side effects, due to the low drug concentration, while still generating DNA 

adducts. Therefore, a full dose can be tailored on the basis of the adducts deriving from the 

microdose, however adduct levels may be difficult to monitor due to their low 

concentration. Highly sensitive methods are needed to be able to capture the adducts 

generated by a microdose. Currently, AMS-based analytical methods are successfully 

exploring the role of DNA adducts in patients microdosed with platinum-based 

medications.43,45, 136,137,138  

Ex-vivo exposure involves DNA adduct monitoring in tumor or surrogate tissues treated in 

vitro with DNA alkylating drugs. The advantage of this strategy is that many different 

drugs and possibly combinations can be tested. However, several uncertainties and possible 

drawbacks reside in this possible method. For instance, the biological relevance in patients 
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of DNA adducts detected in vitro is uncertain and has to be tested. Furthermore, timing of 

sample collection is again an unknown variable. An additional uncertainty involves the 

type of tissue to analyze. Finally, there are ethical and patient concerns related with 

biopsies. Usually, to generate an accurate diagnosis, all the tissue collected during the 

biopsy is used. Hence there will be a low amount, or no tissue left for further studies. 

Therefore, the patients should undergo a second biopsy to collect more tissue for ex-vivo 

studies or surrogates of tumor tissues should be tested and possibly used. Studies are 

currently evaluating the possible use of circulating tumor DNA for patient 

stratification.139,140,35,141 

Finally, xenograft models have been tested and a relationship between DNA adduct levels 

in animals and patient outcome has been drawn. Mice were used to grow the tumors and 

then dosed with chemotherapy. Higher adducts were found in the mice tumor of patients 

that responded to the therapy. This approach has similar advantages and drawbacks of ex-

vivo studies.138,142,43 For instance tumor cells from the patient are needed to establish the 

xenograph model and a correlation between human and animal may be difficult to 

establish.  

In conclusion, DNA adducts may be a promising tool for monitoring alkylating-drug based 

chemotherapy and we have demonstrated the existence of an analytical workflow able to 

technically support the establishment of DNA adducts as predictive biomarkers. Future 

studies will evaluate the true relationship between the herein detected adducts and patient 

outcome together with addressing timing and DNA adduct and sample stability 
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uncertainties. Several approaches can be envisioned for applying them prior to dosing the 

patient with the therapy.   
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