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Abstract

Development of high resolution/accurate mass liquid chromatography-coupled tandem mass 

spectrometry (LC-MS/MS) methodology enables the characterization of covalently modified 

DNA induced by interaction with genotoxic agents in complex biological samples. Constant 

neutral loss monitoring of 2´-deoxyribose or the nucleobases using data-dependent acquisition 

represents a powerful approach for the unbiased detection of DNA modifications (adducts). The 

lack of available bioinformatics tools necessitates manual processing of acquired spectral data and 

hampers high throughput application of these techniques. To address this limitation, we present an 

automated workflow for the detection and curation of putative DNA adducts by using diagnostic 

fragmentation filtering of LC-MS/MS experiments within the open-source software MZmine. 

The workflow utilizes a new feature detection algorithm, DFBuilder, which employs diagnostic 

fragmentation filtering using a user-defined list of fragmentation patterns to reproducibly generate 

feature lists for precursor ions of interest. The DFBuilder feature detection approach readily 

fits into a complete small molecule discovery workflow and drastically reduces the processing 

time associated with analyzing DNA adductomics results. We validate our workflow using a 

mixture of authentic DNA adduct standards and demonstrate the effectiveness of our approach by 

reproducing and expanding the results of a previously published study of colibactin-induced DNA 

adducts. The reported workflow serves as a technique to assess the diagnostic potential of novel 

fragmentation pattern combinations for the unbiased detection of chemical classes of interest.

Graphical Abstract

*Corresponding Author: balbo006@umn.edu, Fax: (612) 624-3869. Tel.: (612) 624-4240. 

ASSOCIATED CONTENT
Supporting Information
The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/acs.analchem.0c04895.
Figures S-1 – S-3 and Tables S1 – S-3 as described in text (PDF)

The authors declare no competing financial interest.

HHS Public Access
Author manuscript
Anal Chem. Author manuscript; available in PMC 2021 November 30.

Published in final edited form as:
Anal Chem. 2021 April 13; 93(14): 5754–5762. doi:10.1021/acs.analchem.0c04895.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Exposure to most genotoxic chemicals induces covalent modifications of DNA that, when 

not repaired, represent a major risk factor for disease pathogenesis and the development 

of cancer.1–4 A wide array of distinct adduction products result from alkylation, oxidation, 

and deamination reactions involving modifying agents.5 The simultaneous identification 

of multiple DNA adducts in complex biological matrices represents a major bottleneck 

for the comprehensive investigation of the genotoxic effects of exposures. The high 

sensitivity and structural elucidation capability of liquid chromatography-coupled tandem 

mass spectrometry (LC-MS/MS) enable the rapid characterization of known and unknown 

modifications.4,6,7 Application of this technology for the discovery of DNA modifications 

led to the development of DNA adductomics, a systems biology approach designed to 

identify and annotate the multitude of known and novel adduction products induced by the 

effects of the combination of harmful exposures on DNA.8

A variety of LC-MS/MS techniques may be applied to characterize DNA adducts present 

in common biological samples, including tissues, blood, or cell cultures.8 Prior to analysis, 

DNA is isolated—typically hydrolyzed to nucleosides—enriched, and purified to ensure 

sufficient signals for MS analysis. Often, clean-up steps such as solid phase extraction are 

used to remove unmodified bases and other sample components that confound the results.9 

The most common LC-MS/MS techniques for DNA adducts analysis monitor known 

adduct precursor-to-product ion transitions using selected reaction monitoring or parallel 

reaction monitoring experiments.10 Although offering high sensitivity for quantitation of low 

abundant ions, these techniques require an a priori defined precursor mass, precluding the 

detection of novel DNA adducts.4,6 Alternatively, untargeted screening of precursor-product 

ion transitions is increasingly applied for the unbiased assessment of complex matrices. 

It has been observed that the neutral loss of the 2´-deoxyribose moiety during collision

induced dissociation (CID) is a highly selective signature of deoxynucleosides.11 Monitoring 

this predictable fragmentation pattern via constant-neutral loss (CNL) scans serves as the 

foundation of many DNA adductomics strategies, including data-independent acquisition 

(DIA) and data-dependent acquisition (DDA) methodologies. DIA approaches provide a 

near full coverage of complex matrices by simultaneously assessing multiple compound 

fragmentation patterns using wide-window precursor isolation.12 These techniques, however, 

offer limited structural information of low abundant ions. Additionally, DIA methods are 

prone to false discovery resulting from the co-fragmentation of multiple ion species in each 
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successive MS/MS scan.13 Robust sample-specific spectrum libraries ease the deconvolution 

and detection of putative DNA adducts but the generation of these libraries requires 

considerable time and effort. DDA strategies provide more precursor structural information 

necessary for compound identification. However, insufficient scanning speed of complex 

sample matrices limits the ability of this approach to fragment low abundance ions and 

discovery of trace-level adducts.12

A DDA-CNL-MS3 DNA adductomics approach with high-resolution/accurate mass MSn 

fragmentation has recently been developed.6,14 The structural elucidation potential offered 

by MS2 and MS3 fragmentation provides valuable insight into unknown modifications 

and simultaneously controls for false-positive detection using accurate mass monitoring. 

However, the success of this approach has been limited by the traditional data analysis 

strategy, which uses the appearance of an MS3 event as an indicator of a putative DNA 

adduct. This approach limits the flexibility of the methodology because alternative neutral 

losses and product ions in the MS2 spectra cannot be identified and is dependent upon the 

fidelity of the instrument in the triggering of the MS3 data acquisition upon observation of 

the criteria neutral loss.

Diagnostic fragmentation filtering is a computational method that closely resembles CNL

MS/MS data acquisition methods.15 The algorithm searches for the presence of diagnostic 

pattern in all MS2 spectra, exporting the corresponding precursors of interest. In contrast 

to instrument CNL methods, diagnostic fragmentation filtering is applied post-acquisition 

and facilitates repeated analysis with new fragmentation patterns without the need for 

sample re-injection. Application of this approach in the field of microbial natural products 

chemistry demonstrated the potential of fragmentation monitoring to detect known and novel 

products in complex biological matrices.15 Similarly, diagnostic fragmentation scanning 

approaches are utilized in LC-MS/MS proteomics to characterize peptides and proteins 

with complex post-translational modifications, such as glycopeptides.16,17 To the best of 

our knowledge, application of diagnostic fragmentation filtering for the discovery of DNA 

adducts is yet to be explored. Instrument-independent data analysis for DNA adducts 

overcomes the limitations of previous screening strategies and enhances the application of 

DNA adductomics to new experiments.

In this study, we adapted the diagnostic fragmentation filtering approach to enable an 

automatic data processing workflow for the discovery of DNA adducts using a newly 

developed MZmine module,18 called DFBuilder. The module scans all input LC-MS/MS 

spectra for any number of user-specified fragmentation patterns and exports a feature list of 

targeted-extracted ion chromatograms (EIC) for precursors of interest. The resulting feature 

lists are further processed to ensure that only high-quality peaks remain and any detected 

duplicate, isotope, and in-source fragments are removed. The strength of our workflow is its 

capacity for fully automated and reproducible data analysis via batch processing relative to 

manual processing. All workflow components and corresponding parameterization are saved 

in an XML file, which can be easily reprocessed or shared between experiments.18 Our 

approach is only dependent on computer processing resources and enables the scaling up 

of experimental designs that would otherwise require days of manual data processing time. 
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Here, we establish the effectiveness of our workflow for the automated discovery of DNA 

adducts and demonstrate its potential to expand screening strategies in future experiments.

EXPERIMENTAL SECTION

Chemical Standard Mixture.

O6-Methyl-2´-deoxyguanosine (O6-me-dG) (1), 8-oxo-7, 8-dihydro-2´-deoxyguanosine 

(8-oxo-dG) (2), N6-hydroxymethyldeoxyadenosine (N6-Me-dA) (6), and 1, N6-etheno-2

´-deoxyadenosine (ε-dA) (7) were purchased from Sigma-Aldrich (St. Louis, MO). 

N2-Ethyl-2´-deoxyguanosine (N2-ethyl-dG) (3), (6R/S)-3-(2´-deoxyribos-1´-yl)-5,6,7,8

tetrahydro-6-hydroxypyrimido[1,2-a]-purine-10(3H)one (OH-PdG) (4) and O2-[4-(3

pyridyl)-4-oxobut-1-yl]thymidine (O2-POB-dT) (8), D5-ethyl-2´-deoxycytidine (D5-ethyl

dC) (9) were prepared as described.19–22 6-(1-Hydroxyhexanyl)-8-hydroxy-1, N2-propano-2

´-deoxyguansine (HNE-dG) (5) was generously donated by Dr. Fung-Lung Chung of 

Georgetown University Medical Center. The nine standards were dissolved in 20% methanol 

and combined at a final concentration of 10 fmol/µL. The mixture of the standards was 

prepared in triplicate for LC-MS analysis. All solvents were LC-MS grade and were 

purchased from Sigma-Aldrich.

DNA from HeLa Cells Exposed to pks+ E. coli.

The previously acquired data was obtained with permission and a complete research 

protocol has been previously described.23 The BACpks island (pks+) and empty pBeloBAC 

(pks−) bacterial artificial chromosomes were used to generate derivative parent strains of 

E. coli harboring colibactin biosynthesis genes. HeLa cells were transiently infected with 

each strain, and genomic DNA was isolated for DDA-CNL-MS3 analysis. Results from the 

DNA adductomics analysis of one replicate of pks+ and pks− were used in the DFBuilder 

workflow.

LC-MS Parameters.

All analyses were conducted using identical chromatographic conditions and MS instrument 

settings, unless otherwise described. An UltiMate 3000 RSLCnano HPLC system (Thermo 

Scientific, Waltham, MA) was interfaced to an Orbitrap Fusion Tribrid MS (Thermo Fisher 

Scientific, San Jose, CA). One microliter of the authentic DNA standard mixture and 5 

µL of E. coli DNA extracts were injected onto the analytical platform equipped with a 

5 µL injection loop. Solvent blanks were analyzed before and after acquisition to assess 

contamination and sample carryover between injections. Chromatographic separation was 

performed using a custom-packed capillary column (75 µm ID, 20 cm length, 10 µm 

orifice) using a commercially available fused-silica emitter (New Objective, Woburn MA) 

containing a Luna C18 (Phenomenex Corp. Torrance, CA) stationary phase (5 µm, 120 Å). 

The LC solvents were (A) 0.05% HCO2H in H2O and (B) CH3CN solutions. The flow rate 

was 1000 nL/min for 5.5 min at 2% B and then decreased to 300 nL/min with a 25 min 

linear gradient from 2 to 50% B, an increase to 98% B in 1 min, with a 4 min hold, and 

a 5 min equilibration at 1000 nL/min to the starting conditions. The injection valve was 

switched at 5.5 min to remove the sample loop from the flow path during the gradient. A 
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Nanospray Flex ion source (Thermo Fisher Scientific) was used with a source voltage of 2.2 

kV and capillary temperature of 300 °C. The S-Lens RF level setting was 60%.

Untargeted DDA-CNL-MS3 analyses were performed with full-scan detection followed 

by MS2 acquisition and constant neutral loss triggering of MS3 fragmentation. Full-scan 

detection was performed using the Orbitrap detection at a resolution of 60,000, automatic 

gain control (AGC) targeted setting of 2 × 105, and a maximum ion injection time setting 

of 118 ms. Full scan ranges of 300 – 1000 m/z and 150 – 1000 m/z were used for the 

pks+ infected cells and the authentic standards, respectively. MS2 spectra were acquired 

with quadrupole isolation of 1.5 m/z, fragmentation of the top 10 most intense full scan 

ions with Orbitrap detection at a resolution of 15,000, an AGC setting of 5 × 104, and 

a maximum ion injection time of 200 ms. The analysis of authentic standards utilized 

CID fragmentation with a constant collision energy of 30% and maximum ion injection 

time of 75 ms. The analysis of pks+ infected cells utilized a HCD fragmentation with a 

stepped collision energy of 5, 15 and 25 % and maximum ion injection time of 200 ms. 

Data-dependent parameters were as follows: a triggering threshold of 2.0 × 104, repeat 

count of 1, and exclusion duration of 15 s. An exclusion mass list of the most intense ions 

observed in ctDNA was excluded from fragmentation in the analysis of HeLa cells treated 

with pks+ E. coli (±5 ppm). No masses were excluded in the analysis of the authentic 

standards. MS3 HCD fragmentation scans (2.5 m/z isolation width, collision energy of 30%) 

with Orbitrap detection at a resolution of 15,000 were triggered upon observation of neutral 

losses of 116.0474, 151.0494, 135.0545, 126.0429 and 111.0433 m/z. A minimal product 

ion signal of 1.0 × 104 was used. All spectra were acquired with the EASY-IC lock mass 

(202.0777 m/z) enabled.

Data Processing.

Raw data files were converted to mzML format and centroid mode using MSConvert 

(ProteoWizard) and imported into MZmine.18,24 All MZmine data processing utilized a 

mass tolerance of 5 ppm. Automated detection of DNA adducts was performed using 

the DFBuilder module. Data-dependent DFFBuilder parameters were matched to the scan 

range and chromatographic parameters of each experiment, respectively. Diagnostic ion 

thresholds were matched to the CNL-MS3 triggering threshold, detailed above. Extraction 

ion chromatogram (EIC) retention time (RT) tolerances of 1.5 and 0.5 min were used for 

the analysis of authentic standards and pks infected cells, respectively. An exclusion list 

of contaminant and background signals was constructed by analyzing blank injections. EIC 

were deconvoluted using the Local Minimum search algorithm, including a chromatographic 

threshold of 30% and minimum peak top/edge ratio of 5. Duplicate peaks and isotopes 

were grouped with a retention time tolerance of 0.1 min. Putative adduct peaks were 

aligned between raw data files using the Join Aligner algorithm with a tolerance of 0.3 

min. Compound cation adducts, neutral losses, fragments, and complexes were annotated. 

Missing peak values were estimated using Gap-filling with a retention time tolerance of 0.3 

min. Features detected in all three DNA adducts standards mixtures were retained in the 

final feature list, and putative adduct features unique to the pks+ transiently infected HeLa 

cells were retained in the feature list. The final feature list was exported to a CSV file for 

manual review. A complete list of processing parameters is summarized in Table S-1.

Murray et al. Page 5

Anal Chem. Author manuscript; available in PMC 2021 November 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RESULTS AND DISCUSSION

Workflow Overview.

We developed the DFBuilder module to apply the diagnostic fragmentation filtering 

algorithm as part of a fully automated data processing workflow for the analysis of any data

dependent MS/MS data set. The workflow components and processing design are presented 

in Figure 1. The DFBuilder module monitors for user-defined product ions and neutral 

losses in tandem MS/MS spectra in input raw data files and builds EICs for precursors of 

interest (Table S-2). To minimize false discovery rates, we designed DFBuilder to utilize 

mass tolerances, signal thresholds, and retention time limits to ensure only high-quality 

spectra and peaks are detected (Figure S-1, Top Panel). An optional exclusion list removes 

contaminants detected in blank injections or previously defined signals (Table S-3). The 

DFBuilder module exports the detected precursor targeted-EIC as feature lists for further 

downstream processing in the analytical workflow (Figure S-1, Bottom Panel). Alternatively, 

the module may be used stand-alone to export precursor m/z, retention time, and tandem 

MS/MS scan information of interest to a CSV file for manual review.

The DFBuilder module serves as the entrance to a complete analytical workflow 

for DNA adduct discovery and annotation using the MZmine platform. Following 

diagnostic fragmentation filtering, additional processing curates the resultant feature list to 

remove low-quality or redundant peaks. Then, chromatographic deconvolution eliminates 

non-reproducible features from downstream analysis and provides more accurate peak 

quantitation. Grouping duplicate hits, in-source fragments, and compound complexes 

simplifies the results to a feature list of monoisotopic precursors. Finally, retention time 

alignment corrects spectral drift commonly observed between repeated injections, and 

feature annotations inadvertently excluded during the previous steps may be estimated with 

Gap-filling. The end product of our DFBuilder workflow is a feature list of high-quality, 

non-redundant putative DNA adducts. Following data analysis, peak quantitation estimates 

may be exported for external statistical review and compound identities assessed manually 

or with assistance from spectral library searching algorithms. The ability to post hoc update 

diagnostic patterns and processing parameters for optimized analysis is the main strength 

of our workflow compared to instrument-based approaches. Through the use of open-source 

data formats, our approach is not limited to vendor-specific raw files and may be utilized 

with multiple mass detector types, including ion traps, quadrupole time-of-flight, and other 

hybrid instruments. The DFBuilder module and workflow is compatible with batch-based 

analysis to ensure computational repeatability in large-scale studies. In the following 

sections, we demonstrate the capability of diagnostic fragmentation filtering to detect DNA 

adducts in complex mixtures and the potential of our workflow to serve as part of an 

automated pipeline for DNA adductomics analysis. Although the following experiments 

focus on the detection of DNA adducts, diagnostic fragmentation filtering and the DFBuilder 

workflow may be applied to any class of molecule with diagnostic fragmentation, including 

lipids, glycoproteins, and other complex modified compounds.
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Automated Detection of Authentic Standards using the DFBuilder Workflow.

For validation of the DFBuilder workflow, we analyzed a mixture of nine DNA 

adduct standards (Figure 2). The authentic standard mixture contains adducts of all 

four nucleobases, which possess polarities with enough difference to cover a wide 

chromatographic range. The loss of the 2´-deoxyribose moiety (116.0474 amu) is the most 

selective transition for the detection of DNA nucleoside adducts using CNL screening.25 

Recent studies have demonstrated that neutral loss monitoring of the nucleobases, including 

cytosine (111.0433 amu), thymine (126.0429 amu), adenine (135.0545 amu), and guanine 

(151.0494 amu), expands the coverage to DNA nucleobase adducts.14 The application of 

the DFBuilder module applied here used diagnostic fragmentation filtering of the neutral 

losses of deoxyribose and the four nucleobases to monitor for the presence of nucleoside 

and nucleobase DNA adducts in solution. Prior to the analysis of the standard mixture, a 

solvent blank injection was analyzed to assess the presence of low abundant contaminant 

signals in our system. In total, 54 MS/MS spectra exhibited a diagnostic fragmentation. 

These contaminant signals populated an exclusion list for the subsequent analysis.

The application of the DFBuilder module to analyze the authentic standard mixtures 

detected 48 tandem MS/MS exhibiting a diagnostic neutral loss. Of these spectra, 47 

exhibited a neutral loss of 2´-deoxyribose and the final signal displayed a neutral thymine 

nucleobase loss. Empirical evaluation of the resultant targeted EICs revealed many of the 

detected spectra represented duplicate hits from repeated MS/MS fragmentation of a single 

precursor ion. After filtering poor-quality and duplicate peaks, 18 putative DNA adduct 

signals remained. Precursor annotation indicated that six of these signals werer characterized 

to be in-source fragments or sodium adducts [M+Na]+ formed during ionization. At the 

completion of our workflow, 12 monoisotopic precursors were categorized as putative DNA 

adducts in the untargeted analysis of the authentic standard mixture (Table 1). Diagnostic 

fragmentation filtering detected all nine authentic standards from the characteristic 2´

deoxyribose neutral loss induced during CID fragmentation. The identity for each standard 

was confirmed by manual inspection of the acquired MS2 and MS3 spectra. No apparent 

relationship between the authentic standards and the three unidentified signals could be 

made. Manual evaluation of the acquired spectra confirmed the presence of a 2´-deoxyribose 

neutral loss among these features. The precursor of m/z 211.1329 [M+H]+ at 27.13 min 

was determined to be a persistent background contaminant that failed to trigger a fragment 

spectra in the blank injection. The remaining signals of m/z 296.1353 [M+H]+ and 398.1669 

[M+H]+ at 28.51 and 22.32 min, respectively, represent potential impurities or contaminants 

in our standard mixture based on their reproducible detection and fragmentation patterns.

Reproducible Detection of Colibactin-Induced DNA Adducts.

Colibactin is a genotoxic secondary metabolite produced by commensal and extra-intestinal 

pathogenic strains of E. coli harboring the pks genomic island (pks+). Infection with 

colibactin-harboring microbes influences tumorigenesis in multiple mouse models of 

colitis-associated colorectal cancer.27,28 Despite its strong relationship with disease, the 

genotoxic mechanism driving pathogenesis has remained uncertain, although recent research 

has revealed colibactin alkylates DNA in vivo, producing large genomic cross-links and 

DNA adducts.14,23 A DDA-CNL-MS3 adductomics approach identified two diastereomeric 
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adducts at m/z 540.1765 [M+H]+ exclusively in cells transiently infected with pks+ E. coli 
compared to negative controls (pks− E. coli).23 Here, we have utilized data generated in this 

study to demonstrate the potential of our workflow to detect DNA modifications in complex 

matrices.

We applied the automated DFBuilder workflow for the discovery of colibactin-induced 

DNA adducts in HeLa cells transiently infected with pks+ and pks− E. coli. Tandem 

MS/MS fragmentation filtering utilized all previously mentioned DNA-specific neutral 

losses. In total, 212 MS/MS spectra exhibited a diagnostic neutral loss. After removing 

non-reproducible peaks, duplicate hits, isotopes, and ion complexes, 56 features remained. 

Three putative DNA adduct features were unique to pks+ infected cells and exhibited no 

signal among negative controls. In agreement with the original findings, we detected the 

two colibactin-induced DNA adducts of m/z 540.1765 at 16.92 and 17.50 min, respectively 

(Figure S-2). Our workflow discovered one additional putative adduct at 7.68 min exhibiting 

an m/z of 342.1680 [M+H]+ (Figure 3A). As this putative adduct was not reported in the 

original publication, we further evaluated its properties. The putative adduct exhibited a 

neutral loss of adenine (135.0545 amu) in the acquired MS/MS fragment spectra (Figure 

3B) and triggered a CNL-MS3 spectrum for the resulting product peak of m/z 207.1134 

(Figure 3C). The high-resolution accurate mass measurement of 342.1680 [M+H]+ yielded 

a molecular formula of C16H19N7O2 (calculated, 342.1673) with 11 degrees of unsaturation. 

Tandem MS/MS fragmentation exhibited one major fragment ion of m/z 207.1134 [M+H

Adenine]+. Product ion CNL-MS3 fragmentation displayed three additional fragment ions 

of m/z 179.0825 [M+H-C2H4], 152.0715 [M+H-C3H5N], and 124.0766 [M+H-C4H5NO]. A 

mass tolerance of 10 ppm was used for the assignment of the fragment ions.

Based on these mass spectra, we propose the m/z 342.1680 parent ion structure (adduct 

342; Figure 4) to be a 4-hydroxy-pyrrolidin-2-one, which closely resembles the structures of 

the m/z 540.1765 adducts and other precolibactin metabolites.23,29 In Figure 4, we provide 

a fragmentation mechanism that not only rationalizes the appearance of all detected MS2 

and MS3 ions but also predicts their structures, which all support our proposal for adduct 

342. The most striking feature of adduct 342 is the enol hydroxyl group located where a 

carbon side chain normally resides. We posit that the hydroxyl group is introduced through 

formal hydrolysis either via a retro-aldol or retro-Mannich type mechanism (Figure S-3). 

Importantly, this mechanism suggests adduct 342 is a novel decomposition product of 

colibactin and its DNA cross-links and offers another explanation for colibactin’s notorious 

instability. However, in the absence of internal standards and additional experimentation, 

we are currently unable to unambiguously confirm the structures of adduct 342 and its 

fragment ions. Additionally, the lack of standards limits our ability to quantify adduct 342 

and understand its relative contribution to colibactin DNA adduct decomposition and its 

potential as a biomarker.

Expanding the Detection of Putative DNA Adducts.

The strength of diagnostic fragmentation filtering is the ability to alter analysis parameters 

post-acquisition and probe any diagnostic fragmentation patterns characteristic of the 

compound class of interest.15 The DDA-CNL-MS3 screening approach used to date 
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biases adduct discovery to low molecular weight, singly-charged ions and is limited to 

previously described neutral loss fragmentation pathways.12 It has been recently observed 

that the ionization of DNA cross-links (two or more nucleosides connected through a 

covalent modification) and other bulky covalent modifications can be dominated by double

charge ionization and can exhibit more complex fragmentation patterns not predictably 

characterized by single neutral loss transitions (e.g. the 2´-deoxyribose moiety).30 In 

addition, the fragmentation of depurination DNA adducts lacking basic sites will result 

in the production of the charged nucleic acid (e.g. N7-ethylguanine). To demonstrate the 

potential of our DFBuilder workflow to evaluate new fragmentation patterns, we re-analyzed 

the previous HeLa cell colibactin-pks experiment with updated monitoring criteria. We 

supplemented our list of fragmentation patterns to include product ions of each nucleobase: 

cytosine (112.0506 m/z), thymine (127.0502 m/z), adenine (136.0618 m/z), and guanine 

(152.0567 m/z).

Using the modified pattern list, a total of 1,069 MS/MS spectra exhibited diagnostic 

fragmentation. After removing non-reproducible peaks, duplicate hits, isotopes, and ion 

complexes, our workflow detected 343 putative DNA adducts in the pks+ and pks− infected 

HeLa cell DNA. The inclusion of nucleobase product ions resulted in a six times increase 

in the number of detected spectra relative to a CNL search. Over one-third of these signals 

represented doubly [M+2H]2+ or triply charged [M+3H]3+ ion species. In contrast, only 

two features detected via CNL monitoring were multiply charged. A total of seven putative 

DNA adduct features were found to be unique to pks+ infected cells. In addition to the 

three CNL-detected features, four novel putative adducts were detected via the presence 

of an adenine product ion upon fragmentation, exhibiting an m/z of 333.5243 [M+3H]3+ 

at 14.91 min, 499.7857 [M+2H]2+ at 15.09 min, 535.2576 [M+3H]3+ at 15.67 min, and 

423.6687 [M+2H]2+ at 24.33 min (Figure 5A-D). In contrast to the neutral loss-derived 

putative adducts, all of the newly detected putative DNA adducts were multiply charged. 

Two of these features, m/z of 499.7857 [M+2H]2+ and 333.5254 [M+3H]3+, likely represent 

multiply charged variations of the same compound due to their identical neutral mass of 

997.5568 amu and overlapping elution patterns (Figure 5A,C). With only tandem MS/MS 

fragmentation, elucidating chemical structures for these signals is challenging. Hundreds 

of molecular formulae are possible for each precursor, even with high-resolution accurate 

mass measurement. These bulky putative adducts could represent DNA interstrand cross

links missed through CNL monitoring alone. However, these features do not correspond 

with any proposed colibactin-associated DNA cross-link structures.30,31 Unlike the near

universal loss of deoxyribose for singly charged DNA adducts, the propensity of multiply 

charged cross-linked DNA adducts to fragment to protonated nucleobases has not been 

established. Therefore, it is possible that these signals are false positive signals from 

background contamination. In the absence of a comprehensive evaluation of the sensitivity 

and specificity of the nucleobase product ions, we are unable to assess the false discovery 

rate of this method. However, it should be noted that the ion signals attributed to the putative 

multiply charged cross-linked DNA adducts were not present in the negative control sample. 

With a quadrupole isolation window of 1.5 m/z, co-fragmentation of independent precursors 

may inadvertently occur during an analysis. A thorough evaluation will be required to fully 

assess the diagnostic potential of product ions for the discovery of DNA adducts.
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The strength of post-acquisition monitoring of characteristic neutral loss and product 

ions is the expedient evaluation of any fragmentation pattern for class-specific small 

molecule discovery. Although the results presented here focus on the detection of DNA 

adducts using a hybrid Orbitrap mass analyzer, this approach may be applied to any 

other compound class with diagnostic fragmentation using any mass analyzer capable of 

generating MS/MS fragmentation in either positive or negative ion polarity. We foresee 

this approach being especially useful for the detection of other conjugated and covalently 

modified compounds indicative of chemical exposure, such as the cleavage of the thioether 

bond that is characteristic of mercapturic acids conjugates in negative ion mode LC-MS/MS 

(129.0426 amu).32 Additionally, the DFBuilder approach may be used to discriminate 

specific moieties of diverse compound classes, such as saturated or unsaturated fatty acids. 

Using complex diagnostic pattern combinations, users may simultaneously discriminate 

chain length neutral losses and head group fragment ions for selective detection and 

characterization of glycerophospholipids and other complexes.

CONCLUSION

We developed the DFBuilder MZmine module and automated workflow for the detection 

of DNA adducts using diagnostic fragmentation filtering. Our method screens any data

dependent MS/MS spectra for fragmentation patterns (neutral losses and product ions) and 

builds targeted precursor EICs in the corresponding chromatographic region. Using the suite 

of characterization, filtering, and alignment tools available in MZmine, the resulting peak 

list is automatically reduced to a list of high confidence, reproducible putative DNA adduct 

signals. In contrast to existing techniques, our method can be used with any tandem mass 

spectrometer and may be applied post-acquisition for repeated evaluation of experimental 

results. Using a mixture of authentic standards, we validated our workflow for the automated 

detection of DNA adducts with minimal false detection. We demonstrated the ability of 

our approach to reproduce results and discover novel putative adducts in complex mixtures. 

Using the DFBuilder workflow, data analysis of LC-MS/MS DNA adductomics experiments 

is simplified and enables further development of fragmentation filtering for the detection of 

DNA adducts and other compounds.

The source code repository for the DFBuilder module and our executable MZmine 2.54 

forked repository is freely available on Github (https://github.com/Kevin-Murray/mzmine2

DFBuilder). The DFBuilder module will be incorporated into main branch of MZmine in the 

next available update. The DNA adduct standard data used in this project are available for 

public download from the Metabolomics Workbench, study ID: ST001661.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Data analysis workflow using DFBuilder. Using a list of diagnostic fragmentation patterns, 

LC-MSn data files are screened for putative DNA adducts and targeted-EICs are built for 

precursors of interest. Chromatographic features are further processed to produce a peak list 

of high-quality, reproducible putative DNA adducts. The final result of the workflow is a 

feature list of quantitative peak metrics and associated fragment spectra for each input data 

file that may be utilized for additional statistical analyses and identification purposes.
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Figure 2. 
Structures of the DNA adducts in the authentic standard mixture, dR = 2’-deoxyribose.
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Figure 3. 
LC-MS characteristics of novel colibactin-induced DNA adduct; (A) EIC of precursor m/z 

342.1673 [M+H]+ at 7.71 min; (B) MS2 precursor fragmentation exhibiting the neutral loss 

of adenine; (C) CNL-triggered MS3 on product ion m/z 207.1134.

Murray et al. Page 15

Anal Chem. Author manuscript; available in PMC 2021 November 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Proposed structure of adduct 342 and mechanism for MS2 and MS3 fragmentation. The 

proposed structures of all observed ions are enclosed and accompanied by their chemical 

formula, exact mass, and the m/z experimentally observed by LC-MS analysis.

Murray et al. Page 16

Anal Chem. Author manuscript; available in PMC 2021 November 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
EICs of putative colibactin-induced DNA adducts detected by adenine fragment monitoring 

exhibiting an m/z of; (A) 333.5243 [M+3H]3+ at 14.91, (B) 423.6687 [M+2H]2+ at 24.33 

min, (C) 499.7857 [M+2H]2+ at 15.09 min, and (D) 535.2576 [M+3H]3+ at 15.67 min.

Murray et al. Page 17

Anal Chem. Author manuscript; available in PMC 2021 November 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Murray et al. Page 18

Ta
b

le
 1

.

R
es

ul
ts

 o
f 

A
ut

om
at

ed
 D

FB
ui

ld
er

 W
or

kf
lo

w
 o

n 
M

ix
tu

re
 o

f 
A

ut
he

nt
ic

 D
N

A
 A

dd
uc

t S
ta

nd
ar

ds

N
o.

m
/z

R
et

en
ti

on
 t

im
e 

(m
in

)
C

om
po

un
d 

Id
en

ti
ty

N
eu

tr
al

 L
os

s
N

eu
tr

al
 M

as
s

N
eu

tr
al

 F
or

m
ul

a 
[P

re
di

ct
ed

* ]

1
26

1.
16

05
9.

34
D

5-
et

hy
l-

dC
dR

26
0.

15
32

C
11

H
17

D
5N

3O
4

2
26

6.
12

47
16

.6
2

N
6 -

M
e-

dA
dR

26
5.

11
74

C
11

H
15

N
5O

3

3
27

6.
10

91
12

.4
3

ε-
dA

dR
27

5.
10

18
C

12
H

13
N

5O
3

4
28

2.
11

97
21

.5
0

O
6 -

m
e-

dG
dR

28
1.

11
24

C
11

H
15

N
5O

4

5
28

4.
09

90
15

.7
6

8-
ox

o-
dG

dR
28

3.
09

17
C

10
H

13
N

5O
5

6
29

6.
13

52
26

.0
8

N
2 -

et
hy

l-
dG

dR
29

5.
12

79
C

12
H

17
N

5O
4

7
32

4.
13

03
16

.9
6

O
H

-P
dG

dR
32

3.
12

30
C

13
H

17
N

5O
5

8
39

0.
16

59
25

.6
0

O
2 -

PO
B

-d
T

dR
38

9.
15

86
C

19
H

23
N

3O
6

9
42

4.
21

89
37

.6
5

H
N

E
-d

G
dR

42
3.

21
16

C
19

H
29

N
5O

6

10
21

1.
13

29
27

.1
3

U
nk

no
w

n 
#1

dR
21

0.
12

56
C

12
H

18
O

3*

11
29

6.
13

53
28

.5
1

U
nk

no
w

n 
#2

dR
29

5.
12

80
C

12
H

17
N

5O
4*

12
39

8.
16

69
22

.3
2

U
nk

no
w

n 
#3

dR
39

7.
15

96
C

16
H

23
N

5O
7*

* N
eu

tr
al

 f
or

m
ul

a 
pr

ed
ic

te
d 

us
in

g 
na

tu
ra

l e
le

m
en

ta
l a

nd
 h

eu
ri

st
ic

 c
on

st
ra

in
ts

 w
ith

 a
 5

 p
pm

 m
as

s 
to

le
ra

nc
e.

26

Anal Chem. Author manuscript; available in PMC 2021 November 30.


	Abstract
	Graphical Abstract
	EXPERIMENTAL SECTION
	Chemical Standard Mixture.
	DNA from HeLa Cells Exposed to pks+
E. coli.
	LC-MS Parameters.
	Data Processing.

	RESULTS AND DISCUSSION
	Workflow Overview.
	Automated Detection of Authentic Standards using the DFBuilder Workflow.
	Reproducible Detection of Colibactin-Induced DNA Adducts.
	Expanding the Detection of Putative DNA Adducts.

	CONCLUSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1.

