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Abstract 

 Epichlorohydrin (ECH) is a three-carbon bifunctional alkylating agent used in the 

industrial production of epoxy adhesives and resins, glycerin, and pharmaceutical products. 

Owing to its status as a bifunctional alkylating agent, it can form several lesions with DNA, 

including monoadducts and cross-links. Additionally, studies of the risks of occupational 

exposure have linked ECH to increased risk of certain cancers and diseases. In an effort to 

support a proposed mechanism of cross-linking by ECH, both defined-sequence oligonucleotides 

and plasmid DNA were reacted and analyzed by direct infusion electrospray ionization time of 

flight mass spectrometry (ESI-TOF-MS). The final cross-linked product (Figure 1) identified as 

a product of reaction between ECH and plasmid, supporting the structure of the cross-link as it 

appears in DNA. Although no definitive results showing monoadduct have been found, methods 

have been developed for use with the Agilent Dual Jet Stream ESI source to analyze 

oligonucleotides, which should assist in identification of the monoadducts. Further study and 

optimization of reaction and sample preparation methods will be necessary to produce these 

lesions in analytically significant levels. 

 

Figure 1: N7G-N7G cross-link structure formed by ECH, observed by electrospray ionization 

mass spectrometry. 
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Introduction 

Bifunctional alkylating agents are a class of molecules with two electrophilic groups that 

can participate in SN2 reactions with biological molecules, such as nucleic acids or proteins. 

Compounds in this class are often classified as human carcinogens; however, some are 

paradoxically also used as anti-cancer drugs in chemotherapy. Bifunctional alkylating agents also 

see widespread use in industry, being important to the production of synthetic polymers, rubbers, 

adhesives, pharmaceuticals, and more.1 It has been estimated that approximately 4-10% of cancer 

deaths are related to occupational exposure to carcinogenic compounds.2  

 Because a bifunctional alkylating agent has two groups with electrophilic properties, such 

a molecule can participate in two SN2 reactions. The first reaction between bifunctional 

alkylating agents and DNA produces a lesion in which one of the electrophilic groups remain, 

known as a monoadduct. This remaining group may then participate in a second reaction with 

another nucleobase on either the same or opposite strand of DNA, producing lesions known as 

either intra- or interstrand cross-links, respectively (Figures 2 and 8).3 However, cross-link is 

often a minor product of the reaction between DNA and bifunctional alkylating agents, 

comprising 5% or less of total reaction products.4 Unpublished results in the Millard laboratory 

suggest that monoadducts can be mutagenic, resulting in errors during replication. This study in 

particular showed that Klenow and Bst polymerases can incorporate the wrong base opposite the 

monoadduct or 5’ to the ECH monoadduct, resulting in mutations.5 Additionally, other cross-

linking agents used in cancer therapy have been shown to be mutagenic, with persistent cross-

links correlating with mutagenicity.6, 7 These mutations may contribute to carcinogenic activity 

by introducing point mutations which would inactivate or over-activate important cellular 

signaling pathways related to cell death and proliferation, respectively, causing uncontrolled 

proliferation of cells. 
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Figure 2. A generalized mechanism of lesion formation by bifunctional alkylating agents.3 The 

alkylating agent is represented by the bent line, and double stranded DNA by the two parallel 

lines. 

 

      Despite the comparatively low prevalence of cross-link formation by most bifunctional 

alkylating agents, they still cause many problems for a cell. The formation of a covalent bond 

between two strands of DNA results in an inability to separate strands, which is necessary for 

fundamental functions of DNA, such as transcription and replication. The inhibition of these 

functions by cross-linking is cytotoxic, particularly to cells undergoing mitosis, meaning that 

rapidly dividing cells, such as those in cancer, are particularly susceptible to these toxic effects. 

Although some bifunctional alkylating agents do have promise as anti-cancer agents, cytotoxicity 

can vary wildly across different molecules in this class. Because of this, further study into 

various members of this class is required, including the mechanisms by which cross-links are 

formed, how these drugs kill cancer cells, and how they may cause cancers or mutations in 

healthy cells.8 

+ 
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Figure 3. (A) Structure of mechlorethamine (HN2), the simplest nitrogen mustard. (B) Proposed 

structure of the cross-link formed by the reaction of mechlorethamine with two guanines at N7.10 

 

      Among the earliest discovered and best understood bifunctional alkylating agents are the 

nitrogen mustards (Figure 3), tertiary amine compounds with two or more reactive chloroethyl 

groups. Study into these compounds, particularly as an agent against leukemia and other cancers, 

was prompted by discovery that sulfur mustard had toxic effects on white blood cells.11 As a 

result of nitrogen mustard therapy, however, secondary cancers have been shown to form.12 It is 

known that HN2 primarily reacts at N710 and is selective to 5’-GNC for the formation of 

interstrand cross-links,9 and HN2 is among the most aggressive cross-linking agents, with a high 

rate (approximately 5%) of cross-link formation.8 
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Figure 4. (A) Structure of diepoxybutane (DEB). (B) Structure of DEB cross-link between the N7 

atoms of two guanines.13 

 

  Another bifunctional alkylating agent studied in the Millard lab is 1,2,3,4-diepoxybutane (DEB, 

Figure 4), a four-carbon molecule containing two epoxide groups adjacent to each other. DEB is 

a metabolite of 1,3-butadiene, a compound that is used in industry in plastic and rubber 

production. 1,3-butadiene is also a common combustion product of organic molecules, is found 

in tobacco smoke, and is known to have negative health effects.14 Like the nitrogen mustards, 

DEB cross links at 5’GNC sites,15 and this activity occurs for all stereoisomers, but efficiency of 

cross-linking does vary.16 DEB also shows preference for reaction at N7 of guanine.13 
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Figure 5. Structure of Epichlorohydrin (ECH). 

      Epichlorohydrin (ECH, Figure 5), the subject of this research, is a three-carbon molecule 

containing two different functional groups: an epoxide, similar to DEB, and a chloride leaving 

group, similar to the nitrogen mustards. In this way, ECH can be seen as a sort of hybrid of the 

two molecules. ECH is used in the industrial production of epoxy resins, adhesives, polymers, 

glycerin, and pharmaceuticals, and previous work in the Millard laboratory has shown ECH to 

have cytotoxic effects.17 ECH exposure has also been correlated with increased rates of cancers 

of certain kinds and chromosomal aberrations upon exposure.18 ECH is increasingly used in U.S. 

industry; 213,000 metric tons were used in 1978, while 903,000 metric tons were consumed in 

2003.19, 20 More recently, ECH consumption in 2012 was estimated at approximately 1,520,000 

metric tons, projecting growth to 1,926,000 tons by 2017.1 Effects that may be attributable to 

chronic workplace exposure to ECH include increased risk of heart disease, leukemia, and other 

cancers.21 Additionally, studies of rat exposure have shown increased incidences of tumors. In 

rats exposed to ECH by inhalation, an increased incidence of tumors of the nasal cavity was 

observed.22 Rats exposed 5 times a week over two years by force-feeding of ECH-containing 

food showed a higher rate of squamous cell carcinomas, as well as a slight increase in mortality 

rate of the males.23 Due to these effects and observations, combined with the widespread 

industrial use of this compound and correlating risk of occupational exposure, the mechanism of 

cellular and genetic toxicity should be considered an important topic of study.  

      Similarly to its chemical cousins DEB and HN2, ECH binds to DNA and causes strand 

breaks, and reacts primarily at the N7 on guanine.17, 24 ECH has been shown to react with DNA 
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to form interstrand cross-links despite its short length compared to other bifunctional alkylating 

agents, reacting with almost equal preference for 5’-GGC or 5’-GC sequences.17 Because ECH 

has two different electrophilic groups, as opposed to the identical groups of DEB and HN2, it can 

react by two different mechanisms, producing different monoadduct intermediates on the way to 

cross-link formation (Figure 6). Previous studies on halogenated methyloxirane derivatives, 

including ECH, have shown them to react in one of two possible mechanisms, with varying rates 

of each reaction pathway based upon the specific leaving group.25 The first path, denoted as R1 

in Figure 8,26 is one in which the chloride group reacts by SN2, producing monoadduct with an 

intact epoxide (molecule B in Figure 8). In the second, denoted as R2, it is not the chloride group 

that reacts with N7, but rather the epoxide group, producing monoadduct with an intact chloride 

(molecule A), which in turn will undergo an intramolecular SN2 reaction, displacing the leaving 

group to form monoadduct B. In both pathways, molecule B is hypothesized to react with a 

second equivalent of guanine to form cross-link. Previous pH dependence studies in the Millard 

laboratory have shown ECH to be most efficient in its cross-linking reaction at pH 5, suggesting 

that R2 is the preferred pathway, as an acidic environment would protonate the epoxide, allowing 

it to more readily react with the nucleophilic lone pair on N7G.17 Additionally, previous results 

have found evidence of monoadduct with chloride being the primary monoadduct in reactions 

between ECH and pure deoxyguanosine, as well as evidence of cross-link, though these results 

need to be confirmed with the use of dsDNA.26, 33 This R2 reaction mechanism would be 

confirmed by the presence of molecule A as the major monoadduct formed in the reaction 

between ECH and DNA. 
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Figure 6. Theorized monoadduct (top, left and right) and cross-link (bottom) structures formed 

by ECH. 

      The goal of this research is to apply the same mass spectrometry methodology developed by 

Tretyakova to analyze the reaction products of DNA with DEB to similar DNA interactions by 

ECH, with the ultimate goal being to support the proposed mechanism by characterizing the 

major products formed.27 As molecule A is formed in the R2 pathway but not the R1, confirmed 

presence of the monoadduct with chloride would be indicative that the reaction occurs by the 

proposed mechanism. This analysis is performed using an Agilent 6230 electrospray ionization 

time of flight mass spectrometer (ESI-TOF-MS). Electrospray as an ion source is particularly 

useful for the study of charged biological molecules, as it is a soft, non-fragmenting ion source 

that works by nebulizing a sample while applying a high voltage to ensure ionization of the 

analyte and removing solvent with inert gases, resulting in ionic compounds that are in the gas 



9 
 

phase, but still retain charge, therefore still analyzable by mass spectrometry.28 This ionization 

technique requires the application of a high voltage to a liquid sample containing the analyte of 

interest, producing a spray of charged droplets consisting of analyte in solvent. The solvent is 

removed from the analyte, producing a beam of ions. Although the mechanism by which ions are 

produced is not well understood, there are two main accepted models by which desolvation 

occurs. The ion evaporation model (IEM) proposes that the charged droplets shrink and the 

droplet radius decreases, increasing the field strength at the droplets’ surface to the point where 

the field assists in the desorption of ions from solvent.29 The other model, dubbed the charge 

residue model (CRM), posits that these droplets undergo cycles of evaporation of solvent and 

droplet fission, eventually producing droplets containing at most one ion of analyte. At this 

point, the remaining solvent evaporates, leaving just the ionic gas-phase analyte.30 Literature 

suggest that small ions are desolvated and ionized by IEM, while larger biological ions, such as 

proteins or nucleic acid fragments, are ionized by CRM.31, 32  Due to the complexity of these 

mechanisms, both of which require the formation of a charged spray of sample, optimization of 

the solvent mixture used, gas temperatures, flow rates, and ionization voltages is necessary to 

achieve optimal ionization efficiency with a particular analyte of interest. Either mechanism, 

though, will result in the ionization of the entire molecule without a significant amount of 

fragmentation. Additionally, ESI has the advantage of producing large ions with multiple charge 

states, in effect making large molecules with small mass/charge ratios, bypassing the upper limit 

of the m/z range of the TOF instrument and allowing for the analysis of large, complex 

biomolecules which would have a m/z above the range in their singly charged ionic forms. Once 

the analyte has been ionized and solvent removed, the ions are then focused into a beam and 

propelled through a flight tube by an electromagnetic pulser and a series of electromagnetic 
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mirrors to push them back down to a detector, which measures the time between the pulse and 

detection. Flight time is related to the mass/charge ratio of an ion through conservation of kinetic 

energy: 

𝐸𝑘 =
1

2
𝑚𝑣2 = 𝑧𝑉 

Where z is the charge on the ion and V is voltage applied. These two expressions for kinetic 

energy can be combined, and as kinetic energy Ek is constant, and as velocity v is the ratio of 

distance traveled to time, we can rearrange this equation to give the square of flight time: 

𝑡2 =
𝑑2

2𝑉
∗
𝑚

𝑧
 

Applying a square root to both sides of this equation gives us the relationship between flight time 

and mass/charge ratio, and as both distance in the flight tube and voltage are kept constant, the 

term containing those variables can be expressed as a proportionality constant k: 

𝑡 = 𝑘√
𝑚

𝑧
 

As this method of mass spectrometry measures the flight time using precise instrumentation, this 

results in a high degree of precision in the resulting spectrum, allowing for the resolution of m/z 

peaks to 5 or more decimal places. These mathematics can be seen in the calibration curve, by 

which the instrument uses known mass standards to calibrate mass to the time of flight. (Figure 

7)  
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Figure 7. Calibration curve generated by the Agilent 6230 MS-TOF, plotting the observed 

mass/charge ratio as a function of flight time. This curve shows the quadratic mathematical 

relationship between flight time and m/z. 

 

By screening for m/z peaks and isotope ratios predicted for these molecules by analytical tools in 

ChemDraw, we hope to identify the products and intermediates formed in this reaction to support 

the proposed mechanism. As these products have already been visualized on gels (Figures 8 and 

9), we hope to confirm their masses by mass spectrometry. Additionally, to assist in formation of 

cross-links, the reaction time will be optimized by an agarose gel time course study adapted from 

Hartley et al,35 allowing us to form more cross-link in a reaction for better analysis. 
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Figure 8. Proposed reaction mechanisms based on earlier Millard Laboratory studies on pH 

dependence of the reaction between ECH and radiolabeled oligonucleotide duplexes.25, 26 

  

Figure 9. Visualization of ECH monoadduct on polyacrylamide gel by radiolabeling studies. The 

arrow points to the band believed to be monoadduct.  
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Materials and Methods 

Preparation of N7G-N7G cross-link. 

 The following reaction conditions were adapted from Romano,17 with elements of 

reaction product processing taken from Tretyakova.27 First, between 1 and 4 µL of pBR322 

plasmid vector (New England BioLabs, Inc.; Ipswich, MA) were combined with 300 mM 

sodium acetate (pH 5.0) to a final volume of 49 µL. Next, 1 µL of ECH was added to the 

mixture, and the reaction was run at 37° C for 2 hours. The reaction was terminated by the 

addition of 1/5 volume of 10 M ammonium acetate and precipitated with 3 volumes of cold 

100% ethanol. After centrifugation and removal of supernatant, the pellet was dried by 

lyophilization. The pellet was then reconstituted in 0.1 N HCl and subjected to acidic thermal 

hydrolysis at 70° C for 1 hour to release the N7G-N7G cross-link. After hydrolysis, the solution 

was spin-filtered using an Amicon Ultra 30,000 molecular weight membrane filter to remove the 

partially depurinated DNA backbone as described in Tretyakova. 27 The filtrate was then 

lyophilized and analyzed by ESI+ as described below. 

 

Preparation of monoadducted oligonucleotide. 

 In order to identify the monoadduct formed, a custom oligonucleotide duplex (Integrated 

DNA Technologies, Inc.; Coralville, IA) was designed to facilitate monoadduct formation over 

cross-link: 

S1  5’-AATATACGTTTAAATATTATAA-3’ 

S2            3’-ATGCAAATTTATAATATT-5’ 

 

 The strands were first purified using a 20% denaturing polyacrylamide gel (19:1 

acrylamide:bis-acrylamide; 40% urea) followed by cutting out the DNA, crushing, and soaking 

in Tris-EDTA buffer.29 Five to ten OD260 of each strand were combined with 300 mM sodium 
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acetate to a final volume of 490 µL. The strands were annealed by heating to 65° C for 15 

minutes followed by 15 minutes cooling at ambient temperature. Ten µL of ECH were then 

added, and the reaction was carried out at 37° C for 3 hours. The reaction was ethanol 

precipitated as described above, and the pellet was dried by lyophilization. The DNA was then 

dissolved in 50% formamide (v/v), 5 mM EDTA in water, and run on a denaturing urea 

polyacrylamide resolving gel, as above, for 3 hours at 350 V. The lower-mobility bands in the 

gel, corresponding to the longer strand 1, were cut out and purified via the crush-and-soak 

method.34 After lyophilizing, the DNA was analyzed by ESI- as described below. 

 

Cross-link detection by agarose gel electrophoresis. 

 For each experiment, 5 µL of pBR322 plasmid were digested by 10 units of HindIII 

restriction enzyme in CutSmart buffer (New England BioLabs, Ipswich, MA) for one hour at 37° 

C. The product was ethanol precipitated and dried. This linearized DNA was used for all agarose 

gel experiments. To detect cross-link, the digested plasmid was reconstituted in 49 µL of 300 

mM sodium acetate, and two aliquots of 8 µL were taken for single- and double-stranded 

controls. One µL of ECH was then added, and the reaction was carried out for six hours. One 

aliquot of 8 µL was taken every hour from this reaction, and frozen until the reaction was 

terminated. 22 µL of dye was added to each aliquot: to the double-stranded control, a non-

denaturing dye (6% sucrose/0.04% bromophenol blue) was added, while all other aliquots were 

mixed with a denaturing dye (50% formamide, 1 mM EDTA, 0.04% bromophenol blue, 0.04% 

xylene cyanol) and heated to 90° C for 2 minutes, after which they were immediately chilled in 

an ice-water bath to prevent re-annealing of strands. These were then run on a 0.8% agarose gel 

containing 5 µg/mL ethidium bromide and imaged on a BioRad ChemiDoc XRS gel imager. 
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Positive ion mode Electrospray Ionization Mass Spectrometry (ESI+-MS) of N7G-N7G 

cross-link. 

 Before analysis of reaction products, the method for ESI+ was optimized. A known 

concentration standard of 10 µM guanosine was made up in positive ion mode solvent (25% 

HPLC grade acetonitrile, 0.1% formic acid in nano-pure water) and directly infused at a rate of 

1200 µL per hour. The method was optimized by adjusting the voltages using the Agilent Mass 

Hunter data acquisition software and monitoring the extracted ion chromatogram for the exact 

mass of guanosine, detecting increases in counts as parameters were adjusted. Optimal 

parameters showed an increase in counts of about 1400%. Once optimal conditions, described 

below, were found, a standard curve was obtained. 

 The dry filtrate, described above, was reconstituted in 200 µL of positive ion solvent and 

directly infused to an Agilent 6230 TOF-MS system at a rate of 1200 µL/hour. Electrospray 

ionization was achieved at a capillary voltage of 2 kV and a nozzle voltage of 700 V, and the 

drying gas temperature was set to 200° C, flowing at 5 L/minute. Sheath gas was set to flow at 

12 L/minute, at a temperature of 250° C. MS-TOF fragmentor voltage was set to 125 V, and 

skimmer at 50 V. Protonated product ions were detected with a scan range of 100-1000 m/z. 

 

Negative ion mode Electrospray Ionization Mass Spectrometry (ESI—MS) of 

monoadducted oligonucleotides. 

 The ESI- method was optimized, as described above, using a single strand of the custom 

oligonucleotide described above brought to a final concentration of 1 OD260/mL in negative ion 

mode solvent (50% acetonitrile, 5 mM ammonium acetate in water). 
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 The dry DNA pellet containing monoadducted oligonucleotide, described above, was 

reconstituted in negative ion solvent to a final concentration of 1 OD260/mL and directly infused 

into the TOF-MS system at 1200 µL/hour. Electrospray ionization was achieved at a capillary 

voltage of 2 kV and a nozzle voltage of 500 V, and the drying gas temperature was set to 200° C, 

flowing at 5 L/minute. Sheath gas was set to flow at 12 L/minute, at a temperature of 185° C. 

MS-TOF fragmentor voltage was set to 200 V, and skimmer at 65 V.  Oligonucleotides were 

detected with a scan range of 100-4000 m/z. 

 All ESI-MS spectra were analyzed using Agilent Mass Hunter Workstation Data 

Analysis software and MestReNova mass analysis software. Extracted ion chromatograms for 

masses of interest were generated from the MS data, and analyzed for the presence of the 

expected peaks predicted by the analytical tools in ChemDraw. 
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Results and Discussion 

 Like its chemical relatives diepoxybutane (DEB) and mechlorethamine (HN2), 

epichlorohydrin (ECH) is a known target of nucleophilic attack by the N7 atom of 

deoxyguanosine to form DNA lesions, including monoadducts and cross-links.36 Epihalohydrins 

such as ECH contain two distinct electrophilic groups, which are nucleophilically attacked, either 

at the halide leaving group or at the partially positive carbon at the epoxide group. As such, there 

are two possible mechanisms by which the initial monoadduct can be formed: The halide can be 

displaced by the nucleophilic N7, resulting in a monoadduct with epoxide, or the epoxide can be 

opened and the oxygen can be protonated, resulting in a monoadduct with chloride and a 

hydroxyl group. This monoadduct can react with itself by intramolecular SN2, forming another 

epoxide residue which readily reacts with another deoxyguanosine residue to form cross-link. 

Earlier studies comparing the reactivity of epihalohydrins at various pH show that ECH reacts 

more efficiently at lower pH17. As the opening of the epoxide occurs by protonation of the 

oxygen, this finding suggests that the epoxide reacts more readily than the chloride leaving 

group, which would produce the monoadduct with chloride as the major monoadduct. In these 

studies, reaction timing was first optimized based on results of an agarose gel time course study, 

and then both custom-sequence oligonucleotides and plasmid DNA were reacted with ECH to 

form monoadducted and cross-linked guanine residues, respectively. These products were 

analyzed by direct infusion electrospray ionization time of flight mass spectrometry (ESI-TOF-

MS). Due to the negatively charged DNA backbone, the oligonucleotide products were analyzed 

by negative ion mode ESI-TOF-MS. Cross-links from the plasmid reactions, meanwhile, were 

released from the DNA backbone and protonated in acidic solution, producing positively charged 

molecular ions and were thus analyzed in positive ion mode. Mass spectra were screened for 

presence of the target species based on predicted exact masses and isotope mass ratios.36 
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Although oligonucleotide monoadduct studies have yet been unsuccessful, a method for analysis 

of oligonucleotides by ESI(-)-TOF-MS has been developed, and a mass spectrum of unmodified 

strand 1, the strand which by its design is predicted to form monoadducts, has been obtained. In 

ESI(+)-TOF-MS studies, significant counts of singly protonated cross-link have been identified. 

Agarose gel time course study  

 To optimize reaction time, a time course study was carried out reacting linearized 

pBR322 plasmid and ECH. Aliquots were taken before adding ECH and every hour after 

reaction start to six hours. Figure 10 shows results from this study, in which moderately positive 

results were seen, and the optimal time for cross-link formation appears to be about 2-3 hours 

based on this result. However, several problems hamper these results. This initial study did not 

contain a single-stranded control, which would have been taken as an aliquot at the same time as 

the double-stranded control but subjected to the same denaturation protocol as the reaction 

aliquots. Because of this, it is uncertain whether the observed bands of lower mobility are really 

cross-link or simply dsDNA that didn’t completely denature, as we lack the control that would 

demonstrate complete denaturation. Additionally, in later experiments involving this agarose gel 

method (not shown), the denaturation protocol could either not be replicated or would destroy 

the alkylated DNA samples, smearing them across their lanes similarly to the effect seen in 

Figure 10, particularly at the 3 hour time point. Future work to make a reproducible cross-linking 

time course agarose gel method would definitely be valuable for this project. 
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Figure 10. Agarose gel time course. The leftmost lane is a single stranded, denatured control, 

while each lane to the right represents a time point in the time course. Formation of cross-link 

over time can be seen, even beginning with the time point at one hour. The top white arrow 

shows the mobility of the putative cross-link, while the bottom white arrow shows the mobility 

of the putative single-stranded DNA. 

Monoalkylated oligonucleotide 

 In efforts to develop an effective method for analysis of DNA oligonucleotides specific to 

the Dual Agilent Jet Stream ESI source (Dual AJS ESI) and to have the masses of the 

unmodified strand to compare to the alkylated strand, a mass spectrum of the unmodified strand 

1 of the custom oligonucleotide was obtained. This strand was designed such that it only has a 

single guanine residue which could be monoalkylated. This strand, when theoretically fully 
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protonated with zero charge, has an exact mass of 6736.19 amu. In practice, this becomes more 

complicated, as an oligonucleotide may exist with varying levels of protonation and thus varying 

charge states. In the mass spectrum, masses corresponding to charge states between -4 and -8 

were observed. Figure 11 shows the -4 charge state, with calculated theoretical isotope m/z ratios 

and abundances compared to the observed data. Peak assignment tables and plots of observed 

peaks compared to expected peaks for all other observed charge states, as well as further analysis 

of the mass spectrum of the oligonucleotide and spectra of each charge state isotope cluster, can 

be found in Appendix A. It is of note that, because of the large size of this oligonucleotide 

compared to most molecules analyzed by MS, the M peak in these isotope clusters is not the 

peak with highest abundance- this instead is the M+2 or M+3 peak. Due to the large number of 

atoms, the higher weight isotopes contribute significantly to the M+n isotope peaks. For each 

charge state isotope cluster, the charge was calculated as the inverse of the difference in m/z 

between isotope peaks, and lowest-mass isotope peak in the cluster was used to calculate the 

theoretical mass of the uncharged molecule from which the ions were produced (Table 1). 

ChemDraw predicted the mass of the fragment to be 6736.19 (Appendix B, Figure B3), and the 

average value taken from these calculations came to 6735.903, well within the range of error for 

the instrument. As all peaks give a parent ion mass very close to the predicted exact mass of the 

oligonucleotide, it can be concluded we have obtained a mass spectrum of the unreacted 

oligonucleotide strand. The full spectrum can be seen in Figure 12. 
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Figure 11. ESI(-)-TOF-MS spectrum of the -4 charge state of the Mono S1 oligonucleotide 

strand. The bar graph shows the predicted (right) and observed (left) isotope ratios.  

 z m/z Calculated mass 

-4 1683.165 6736.732 

-5 1346.118 6735.678 

-6 1121.584 6735.613 

-7 961.209 6735.586 

-8 840.970 6735.906 

Mean  6735.903 

stdev  0.480225 

Table 1. Observed m/z ratios for the M peak of each charge state isotope cluster, used to 

calculate the exact mass of the uncharged parent ion. As the masses from all charge states match 

the predicted exact mass of 6736.19 amu, this confirms that we have observed the 

oligonucleotide. Due to peak detection methods in software, it is possible that the actual parent 

ion peak in the -4 charge state was not detected, resulting in a calculated exact mass 

approximately 1 amu higher. 
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Figure 12. Mass spectrum displaying all observed charge states for the longer strand of the 

defined sequence oligonucleotide. 

 

N7G-N7G cross-linked product 

 Although two charge states have been hypothesized for the protonated cross-link 

structure, only one, at +1, was observed in the mass spectrum. The singly protonated cross-link 

would show a parent ion peak with an exact m/z ratio of 359.13, and an M+1 peak of 360.13. 

Due likely to inexact calibration of the instrument, the observed peaks in Figure 13 are not at 

exactly the same m/z, instead being found at 359.09 and 360.09, but they were observed only in 

spectra taken from the samples that would be expected to have cross-link and were not observed 

in any solvent spectra (Figure 14). This indicates that what is being observed is indeed cross-

link. However, due to low counts of the target analyte, isotope peaks, including M+1, could not 

be reliably counted, as the signal to noise was too low to accurately measure the peaks. 
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Figure 13. ESI(+)-TOF-MS spectrum of singly protonated cross-link. Only the M peak count 

can be trusted, as where the M+1 and M+2 peak are observed, the signal to noise is too low to 

accurately measure the counts. 

 

Figure 14. ESI(+)-TOF-MS background spectrum of just the solvent mixture used to reconstitute 

the ESI(+) samples. There are no peaks observed at 359.09 or 360.09. 
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Future directions 

 As the N7G-N7G cross-linked product was observed, the next direction would be to 

confirm the structure, and possibly stereochemistry, of this cross-linked product by nuclear 

magnetic resonance (NMR) spectroscopy. This should be simple, as the cross-linked product 

could be generated by the methods described in this thesis, with the only difference being that 

the final dry product should be dissolved in an NMR-suitable solvent at the correct 

concentration. 

For observation of the monoadduct using the defined sequence oligonucleotide strand, 

some headway has been made, in that we have obtained and confirmed the identity of a mass 

spectrum of the longer strand in the duplex, where the monoadduct should form. Now, that same 

strand monoalkylated with ECH should be observed. The trouble up to this point has been in 

resolving the two bands, the alkylated strand from the unreacted strand, to obtain a sample of 

isolated monoalkylated single stranded oligonucleotide. In this procedure, the low-mobility band 

containing the higher molecular weight strand 1 is cut out from a gel using the crush and soak 

method,29 although this band would frequently contain both alkylated and unreacted strand 1. To 

produce a sample which is certain to have alkylated strand 1, a larger, longer dPAGE gel could 

be run, allowing the products of very similar molecular weight more space to resolve. Once a 

sample of alkylated strand 1 of this oligo duplex is obtained, the next step would be to analyze it 

by the same mass spectrometric method presented in this paper. As the exact masses of the 

alkylated and unreacted strand should differ by the mass of the group on the monoadduct, it 

would be expected that each isotope peak cluster for the charge states should differ by the mass 

of the monoadduct group divided by the charge. This difference in mass should elucidate the 

identity of the major monoadduct formed in the reaction. Additionally, it would be expected, 
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particularly in the monoadduct with chloride, that due to the presence of an extra group on the 

alkylated strand, the isotope ratios would be different when compared to the unreacted strand. 

Alternatively, other methods could be explored to analyze for monoadduct formation, 

including reaction with larger quantities of genomic DNA, then subjecting the reaction product 

to acidic thermal hydrolysis and some application of chromatographic separation. If an HPLC 

protocol for separation of these compounds can be developed, the structure of each fraction 

detected in HPLC could be determined by nuclear magnetic resonance spectroscopy (NMR), 

confirming the structure even more precisely than mass spectrometry. 
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Conclusion 

 Given that ECH is widely used in industry, affecting tens of thousands of workers 

annually, and its status as a potential human carcinogen, it is important to have an understanding 

of the effects and chemistry that ECH has on cells and nucleic acids. This work has demonstrated 

that new approaches to confirm the mechanism of cross-link formation by ECH can work, and 

has confirmed the structure of the cross-link as it forms in DNA. This conclusion, augmented by 

future work on this research, should confirm the hypothesized mechanism in Figure 8. Future 

work should elucidate the structure of the monoadduct, and it is the identity of the major 

monoadduct that will fully characterize the mechanism and confirm or refute the prediction made 

from previous work. 
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Appendix A: Peak assignment and isotope ratios for each charge state of the oligonucleotide 

strand. 

-4 charge state 

 

Figure A1. Spectrum of the isotope cluster at -4. With an average difference of approximately 

0.25 amu between peaks, this shows the charge to be -4. 

 

Figure A2. Observed peaks compared to the predicted isotope abundances for the -4 charge 

state. 
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Figure A3. Spectrum of the isotope cluster at -5. With an average difference of approximately 

0.2 amu between peaks, this shows the charge to be -5. 

 

Figure A4. Observed peaks compared to the predicted isotope abundances for the -5 charge 

state. 
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Figure A5. Spectrum of the isotope cluster at -6. With an average difference of approximately 

0.16 amu between peaks, this shows the charge to be -6. 

 

Figure A6. Observed peaks compared to the predicted isotope abundances for the -6 charge 

state. Of note is the fact that the intensities of these peaks varied with time, and as this is just one 

time point of many, it is expected that not all of the abundances would vary among different time 

points. 

0

10

20

30

40

50

60

70

80

90

100

1120 1121 1122 1123 1124

C
o

rr
ec

te
d

 a
b

u
n

d
an

ce

m/z (amu)

Predicted values

Observed values



35 
 

 

 

Figure A7. Spectrum of the isotope cluster at -7. With an average difference of approximately 

0.14 amu between peaks, this shows the charge to be -7. 

 

Figure A8. Observed peaks compared to the predicted isotope abundances for the -7 charge 

state. 

 

0

10

20

30

40

50

60

70

80

90

100

959.5 960.5 961.5 962.5 963.5

C
o

rr
ec

te
d

 a
b

u
n

d
an

ce

m/z (amu)

Predicted values

Observed values



36 
 

 

Figure A9. Spectrum of the isotope cluster at -8. With an average difference of approximately 

0.12 amu between peaks, this shows the charge to be -8. 

 

Figure A10. Observed peaks compared to the predicted isotope abundances for the -8 charge 

state. Note that the M+3 peak was not labeled as it did not resolve from the M+2 peak. 
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peak 

no 

charge -4 -5 -6 -7 -8 Abundance 

M 6736.19 1683.03 1346.22 1121.68 961.2949 841.0058 27.353896 

M+1 6737.19 1683.28 1346.42 1121.847 961.4377 841.1308 70.86039 

M+2 6738.2 1683.532 1346.622 1122.015 961.582 841.257 100 

M+3 6739.2 1683.782 1346.822 1122.182 961.7249 841.382 98.863636 

M+4 6740.2 1684.032 1347.022 1122.349 961.8677 841.507 73.214286 

M+5 6741.2 1684.282 1347.222 1122.515 962.0106 841.632 43.912338 

M+6 6742.2 1684.532 1347.422 1122.682 962.1534 841.757 7.9545455 

 

Table A1. Predicted isotope masses and abundances for charge states from -4 to -8, predicted 

based on the values for the uncharged strand from ChemDraw analytical tools. As the isotope 

abundances shouldn’t change based on charge state, abundances are listed by peak number, M+n. 
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Appendix B: structures and ChemDraw analytical predictions for relevant species. 

 

Figure B1. Structure and analytical predictions for the N7G-N7G cross-link.  

 

Figure B2. Structures of both possible monoadducts released by depurination. 

 

Figure B3. ChemDraw analytical prediction for the exact mass and isotope ratios for unreacted 

strand. 
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Figure B4. ChemDraw analytical prediction for strand 1 with monoadduct with epoxide. 

 

Figure B5. ChemDraw analytical prediction for strand 1 with monoadduct with chloride. 


