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Abstract

Nucleoside-adduct analysis by liquid chromatography mass spectrometry is a powerful tool in genotoxicity studies. Efforts to date have quantified an impressive array of DNA damage products, although methodological diversity suggests quantification is still a challenging task. For example, inadequate co-examination of normal nucleosides, cumbersome sample preparation and large DNA requirements were identified to be recurring issues. A six-minute ultra-performance liquid chromatography method is presented which adequately separates seven candidate nucleoside-adducts from the four unmodified nucleosides. The method was sensitive to 1 adduct per 108 normal bases with 20 µg DNA input for most targets. The method was shown to be accurate (81 – 119% across quintuplets of six tissue types) and precise (relative standard deviation 4 – 13%). The fast method time facilitated a second quantitation for normal nucleosides at an appropriate dilution, allowing DNA damage concentrations to be contextualised accurately sample-to-sample. From DNA samples, the analytical processing time was <8 hours, and 96 samples can easily be prepared in a day. The method was used to quantify carbonyl, chloro- and oxo- adducts in murine tissue samples.

Highlights:
Nucleoside-adduct analysis for mutagenesis research
A fast, reliable and sensitive UPLC-MS/MS method without preparative HPLC
The validated method was used to quantify adducts in a variety of biospecimens
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Novelty statement: This validated method extends progress in nucleoside adduct quantification by greatly decreasing method speed and turnaround time without compromising sensitivity or accuracy. 


Abbreviations
	%RSD
	percent relative standard deviation

	BHT
	butylated hydroxytoluene

	cdA
	8-chloro-2’-deoxyadenosine

	cdG
	8-chloro-2’-deoxyguanosine

	CrodG
	α-methyl-γ-hydroxy-1,N2-propano-2’-deoxyguanosine

	dA
	deoxyadenosine

	dC
	deoxycytosine

	dG
	deoxyguanosine

	DNA
	deoxyribose nucleic acid

	dT
	thymidine

	EtdG
	N2-ethyl-deoxyguanosine

	ISTD
	isotope labelled standard for internal standard calibration

	LOQ
	limit of quantification

	LOD
	limit of detection

	MRM
	multiple reaction monitoring 

	odG
	 8-oxo-2’-deoxyguanosine

	Pent
	Pentostatin

	SNR
	signal-to-noise ratio

	Tet
	Tetrahydrouridine

	UPLC-ESI-MS/MS 
	Ultra performance liquid chromatography electrospray tandem mass spectrometry

	εdA
	1,N6-etheno-2’-deoxyadenosine

	εdC
	3,N4-Etheno-2’-deoxycytidine





1. Introduction 

[bookmark: _Hlk510086877]The genomics revolution has greatly expanded our understanding of how DNA variants contribute to health and disease. However, preventing genetic injury requires mechanistic understanding, and sequencing techniques can only indirectly infer how acquired mutations were generated [1]. There are innumerable potential mechanisms; common agents include reactive oxygen/nitroso species, lipid peroxidation products, ionising radiation, polycyclic aromatic hydrocarbons, aromatic amines, and carbonyls. Pathogenic genotoxicity is frequently multifactorial. Thus, direct quantification of modified nucleosides is needed. 

Nucleoside-adduct analysis is an elegant solution in which constituent normal and modified nucleosides of DNA hydrolysates are separated, quantified and compared. The technique was initially developed using 32P post-labelling thin-layer chromatography, an exquisitely sensitive and versatile method which first demonstrated the potential of nucleoside-adduct analysis in the 1970s [2]. However, 32P is a strong beta-emitter and the technique has poor selectivity, both for the chromatographic resolution and the detection. In the mid-1990s, the first methods of nucleoside adduct quantification by mass spectrometry emerged [3,4]. Liquid chromatography tandem mass spectrometry with electrospray ionisation (LC-ESI-MS/MS) has gained popularity in recent years as a non-radioactive, selective and fully quantitative alternative, particularly as the polar nucleosides are excellently suited to the electrospray ionisation source [5–8]. To date more than 250 modified nucleosides have been measured by LC-ESI-MS/MS [9], providing mechanistic insights into numerous malignancies including gastric [10] pancreatic [11] colorectal [12] and brain tumours [13,14]. Differential adduct concentrations have been identified in subgroups of disease (e.g. increased concentrations of 8-oxo-2`deoxyguanosine (odG) in high versus low grade gliomas and medulloblastoma). Thus, accurate DNA adduct quantification may give clinically relevant insights as well as mechanistic understanding of tumour biology, and it would be particularly advantageous to monitor different adduct classes (representing different pathophysiology) simultaneously. 

Measurement of modified nucleosides by LC-ESI-MS/MS consists of the following steps: sample collection, DNA isolation, enzymatic or thermal hydrolysis to yield nucleoside monomers, enrichment, clean-up, and finally separation and detection [3,6,15]. The adduct burden is presented as a ratio to normal nucleosides. Modified nucleotides are typically rare, and hence a low limit of detection is needed. By extension, a key analytical issue is the 6-8 order of magnitude difference in concentration between normal and modified nucleosides, leading to matrix effects in the electrospray ion source and saturation of the ion signal if separation is imperfect [3,6,8]. One solution is to isolate nucleoside fractions using preparative liquid chromatography prior to the analytical run [6], although this approach is time-consuming, unsuited to high-throughput series, and introduces relative error between the fractions as they are physically separated. Similarly, inhibitors (usually nucleosides) are often included at high concentration to mitigate deamination or oxidation of target compounds during sample preparation, although column elution is not evaluated [6]. Other specific issues for the analyst include: (i) the trade-off between DNA input and limit of detection (ii) prevention of adventitious adduct formation during complete hydrolysis and subsequent deproteination (iii) availability of isotope-labelled internal standards. Given that DNA adducts must be presented relative to the normal nucleoside concentration, and that all nucleosides may be altered during sample preparation, paired quantification of the unmodified nucleosides should be undertaken with appropriate method validation. A summary of recent works in DNA adduct analysis in tissue by LC-MS is provide in Table 1 [5–8,16–24].

[bookmark: _Hlk510087056][bookmark: _Hlk510087069][bookmark: _Hlk510087082]The aim of this study was to develop a validated method for accurate and precise determination of modified nucleosides in DNA samples. The pragmatic goal was to demonstrate the biological potential of the technique, by monitoring chemical different genotoxicity mechanisms at once. Thus, three groups of endogenous, inflammation-associated DNA products were selected (i) carbonyl adducts (4 targets) (ii) halo adducts (2 targets) (iii) oxidation adduct (1 target, see Supplementary Figures 1 & 2). The developed method should have a low limit of detection and need low DNA amount, with straightforward sample preparation, without using preparative liquid chromatography for purification, and UPLC-MS/MS could address several of these analytical goals. The validated method was applied to quantify DNA damage products in various murine tissues.





2. Material and methods 
2.1 Materials 

[bookmark: OLE_LINK7]All standards were of the highest available analytical purity and are listed by CAS numbers in Supplementary Table 1. UPLC grade acetonitrile, methanol and water were purchased from Honeywell Chromasolv (Fisher, Loughborough, UK), and ammonium formate from Sigma (Gillingham, UK). Unlabelled standards of 1,N6-Etheno-2’-deoxyadenosine (εdA) were purchased from Santa Cruz (Texas, USA); 3,N4-Etheno-2’-deoxycytidine (εdC), 8-chloro-2’-deoxyadenosine (cdA) from Carbosynth (Compton, Berks, UK); α-Methyl-γ-hydroxy-1,N2-propano-2’-deoxyguanosine (CrodG) from Toronto Research Chemicals (Toronto, Canada); N2-ethyl-deoxyguanosine (EtdG) and 8-Oxo-2’-deoxyguanosine (OdG) from Sigma. The following isotope labelled standards were acquired:  8-Oxo-2’-deoxyguanosine-2H3 (Od3, trideuterated OdG, from Sigma), α-Methyl-γ-hydroxy-1,N2-propano-2’-deoxyguanosine-2H3 (Crod3, trideuterated CrodG, Toronto Research Chemicals) and deoxyadenosine-15N5 (Cambridge Isotope Labs, Cambridge, UK). 1,N6-Etheno-2’-15N5-deoxyadenosine was synthesised from deoxyadenosine-15N5 using the chloracetaldehyde (Sigma) method, as previously described [6]. The following inhibitors were acquired: tetrahydrouridine (Tet, Calbiochem, Merck, Watford, UK), pentostatin (Pent), deferoxamine, and butylated hydroxytoluene (all Sigma). Stock solutions of 0.1-0.5 mg/mL were prepared in 50% aqueous acetonitrile, aliquoted and frozen at -80 oC. All stock solutions were used once to prepare a working solution, and each working solution was freshly prepared daily as needed. Typical reactions leading to production of the modified nucleosides in vivo is given in Supplementary Figure 1 and 2.

2.2 UPLC-MS/MS

[bookmark: OLE_LINK5][bookmark: OLE_LINK6]This work was undertaken on an Acquity UPLC Sample Manager/Injector/Binary Solvent Manager coupled to a Waters TQ-S triple quadrupole mass spectrometer. Initial settings were as follows: Injection mode: partial loop with needle overfill, 10 µL injection; Binary solvent manager settings: column temperature 35 oC, precolumn filter (2µm frit), mobile phase A/weak needle wash water with 5mM ammonium formate, mobile phase B/strong needle wash methanol, flow rate 300 µL/minute; Source settings: electrospray positive mode, source temperature 150 oC, desolvation temperature 400 oC, desolvation nitrogen flow 400 L/hr, cone nitrogen 200 L/hr, capillary voltage 2500 V. Fragmentation patterns and optimisations were carried out using 1 µg/mL direct infusions and final MS/MS settings are provided in Table 2. Non-optimal collision energies were used for the normal nucleosides to shift the dynamic range of the method towards higher values. Optimisation of chromatography was performed using a standard mix of nucleoside adducts (0.5 µg/mL) and unmodified nucleosides (50 µg/mL). A Waters HSS-T3 (100 mm x 2.1 mm x 1.7 µm) and a Waters phenyl-hexyl (50 mm x 2.1 mm x 1.7 µm) were tested using a variety of solvents and gradients until adequate separation of the normal and adduct nucleosides was achieved. A time-dependent multiple reaction monitoring (MRM) method was established with 60 second windows for the anticipated transitions of each compounds. A total of 42 transitions were monitored in the UPLC-MS method (see Table 2).

2.3 Samples

For method validation a single 10 x 10 cm piece of porcine gastric mucosa was dissected from fresh food-grade whole porcine stomach, powdered in liquid nitrogen, divided into 100mg samples for DNA isolation (see 2.4), and finally recombined to a single bulk sample of porcine DNA. Aliquots of this were used for all validation experiments.

[bookmark: _GoBack]To demonstrate the relevance of the method to molecular studies, we selected mouse tissue for the application experiment. Balb-c mice were maintained in aseptic cages and fed ad libetum, under UK Home Office approval, under establishment license: 70/2722, project license: 70/7997, and personal license: ICFFBE6F8, and subject to ASPA animal husbandry law.  Ten mice were euthanised by cervical dislocation and confirmed by femoral artery transection. Given the clinical interest of two authors (SA, GH), upper gastrointestinal tissues were selected for the application experiment: stomach, liver, omentum, thymus and small bowel. The tissues were dissected free of connective tissue and divided into 100 mg quantities and snap frozen in liquid nitrogen. For leucocyte DNA, approximately 2 mL whole blood was collected by direct cardiac puncture into paediatric plasma (EDTA) tubes. Leucocytes were pelleted using the Red Blood Cell Lysis Buffer (Sigma) according to the manufacturer’s instructions. The leucocytes were resuspended in 300 µL of the buffer, before being processed as per the Gentra Puregene instructions .

2.4 DNA isolation

The Gentra Puregene Tissue kit (Qiagen, Hilden, Germany) was used to isolate DNA as it provides a high yield, the final sample is relatively free of salts and solvents, and was scalable to various tissue input weights (1mg – 100mg). The kit instructions were carefully followed, with the following modifications. All buffers contained deaminase inhibitors pentostatin (final concentration 10 µM) and tetrahydrourdine (10 µg/mL), the iron scavenger deferoxamine (100 µM) and the antioxidant butylated hydroxytoluene (100 µM) [6,25]. Tissues were powdered in liquid nitrogen in a clean ceramic mortar (30 seconds),and lysis was completed with the Cell Lysis Buffer included in the kit, with proteinase K, at 55oC for 3 hours. RNA was lysed with RNase. The protein precipitation step was repeated twice. The DNA was then precipitated with propan-2-ol, washed, and re-dissolved as described in the instructions. The DNA concentration was estimated using ultraviolet spectrophotometry (Nanodrop 1000, ThermoFisher).

2.5 DNA hydrolysis 

[bookmark: OLE_LINK3][bookmark: OLE_LINK4]DNA samples were lyophilised under vacuum (MiVac Speedvac) and resuspended in 54 µL digestion buffer (containing 17 mM sodium citrate, 8mM calcium chloride, pH 6.0, 33 units micrococcal nuclease, 0.27 units spleen phosphodiesterase, and the inhibitors as above). The enzymes were purchased from Worthington Biochemicals (Lakewood, NJ, USA). Internal standards were also included at this stage, at a final concentration of 10ng/mL. The DNA digest proceeded for 3 hours at 37 oC, and then dephosphorylated by adding 147 µL phosphatase buffer (containing 0.1 M Tris-Cl (pH 8.5), 0.2 M zinc sulphate, 3 U alkaline phosphatase) and incubating for a further 3 hours at 37 oC. The mixture was then concentrated to about 20µL. Protein was then removed by adding 100 µL methanol, vortexing on a high setting for 10 seconds, and then centrifugation at 15000g for 15 minutes. The pellet was re-extracted with 100 µL methanol. The supernatants were combined, lyophilised and re-suspended in 100 µL UPLC-grade water prior to UPLC-ESI-MS/MS. Each re-suspended sample was injected neat and at 1:100 dilution in UPLC-grade water. 

2.6 Method validation – normal nucleosides

All validation criteria followed our in-house protocol for establishing new methods, which implements ISO/IEC 17025 and follows European definitions [26].  Linear calibration curves were fitted to establish linearity. The following concentrations were used for the calibration curve for dC, dG and dA: 1.0, 2.0, 5.0, 10.0, 50.0, 100.0, 500, 1000, and 2000 ng/mL (note a 1:100 dilution was used to quantify normal nucleosides). The range for dT was tenfold higher. Method performance parameters were assessed by spiking triplicate 100 µg aliquots of the bulk porcine stomach DNA preparation at 25 µg/mL (dT ionised weakly and therefore was spiked at 100 µg/mL). Recovery was calculated as A/B*100, where A is the peak area of a sample spiked before digest and B is the peak area of a sample spiked immediately before injection and should be 70 – 120%  of expected. Matrix effects were calculated as B-C/D*100, where C is the natural concentration and D is the corresponding peak area in an aqueous solution [27]. Precision was calculated as the percent relative standard deviation (%RSD), i.e. [standard deviation]/[mean]*100 given between preparative replicates, and should be ±20%. To check the accuracy of the normal nucleoside quantitation, 100 µg aliquots of the bulk porcine DNA preparation were spiked with normal nucleosides at the same concentration as above. Accuracy was determined by comparing the measured concentration of the spiked samples with the unspiked sample (i.e. accuracy = [spiked sample]-[unspiked sample]/[intended]*100), and should be between 70 – 120% of expected. All samples were diluted 1:100 before injection to bring the concentrations within the calibration range. dT was spiked at 4-fold concentration, as it ionised weakly compared to the other nucleosides. The stability of the target compounds was tested by storing the three spiked samples used in the accuracy experiment at 4 oC, and re-injecting at 12 hours and 96 hours. The measured intensities were then compared to 0 hours and presented as an average. Finally, neutral loss scans (m/z 116+) were performed on unspiked bulk porcine DNA hydrolysate, with and without deaminase inhibitors, to test the ability of the sample preparation to control of adventitious non-target modified nucleoside formation.


2.7 Method validation – nucleoside adducts

Linear calibration curves were also employed to establish the linear range and detection limits for the modified nucleosides. The following triplicate concentrations were used for the calibration curve: 1, 2.5, 5, 10, 25, 50, 100, 250, 500, 1000, 2500, 5000, and 10000 pg/mL. The limit of detection (LOD) and limit of quantification (LOQa) of the modified nucleosides were estimated using external standard calibrations dilutions containing 50 µg/mL normal nucleosides, to simulate a native sample matrix. The LODs were defined as the lowest concentration where the signal-to-noise ratio (SNR) was at least 3:1 [28]. The LLOQs were defined as the lowest concentration where the relative standard deviation (%RSD) was <10% across triplicate injections and the calibration point was ±20% accurate based on the calibration curve. For every adduct the SNR was higher than 10:1, in line with published guidance [28]. A practical LOQ (LOQb) was demonstrated by spiking the LOQa into hydrolysates of 50 µg of bulk porcine stomach DNA. This allowed the LOQa to be determined in terms of 108 normal nucleosides (= [(fmol modified) / (µmol dG)] x 0.218 x 0.1, as previously described). To facilitate comparison to other published methods, the LOQa was also expressed as an injected molar equivalent (LOQc). 


Method performance parameters were assessed by spiking quintuplet aliquots of the bulk porcine stomach DNA preparation at two concentrations of target compounds (50 pg/mL and 250 pg/mL, cdG spiked 10-fold higher). Recovery, matrix effects and precision were evaluated as per Section 2.6. Accuracy experiments employed isotope labelled standards (ISTDs). Three ISTDs were selected, εdA-15N5, Crod3 and Od3. Accuracy was calculated by ISTD calibrations with every run (i.e. dividing the calibration and the unknown intensities by the measured intensity of a standard ISTD addition). Accuracy was tested in a variety of murine tissues. The stability of the target compounds was tested by storing samples used in the recovery experiments at 4 oC, and re-measuring intensities at 12 hours and 96 hours. Stability was calculated by comparing to 0 hours, and expressed as an average across the ten samples. The natural concentrations of εdA, εdC, CrodG and OdG were subtracted in spiking calculations where it was appropriate.


[bookmark: 31000]

3. Results and discussion
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]3.1 Chromatography


Deproteinated DNA hydrolysates are relatively pure matrices, and so non-target nucleosides will be the predominant means of ionisation interference. Therefore, particular attention was given to the separation of the targeted adducted nucleosides from the normal nucleosides and abundant non-targeted modified nucleosides. Initial experiments with an HSS-T3 C18 column and isocratic water (A) / methanol (B) eluted all the target compounds in less than four minutes, although most compounds co-eluted at 2.8 minutes. Modification of the gradient improved resolution although the isobars εdC and dA were incompletely separated. The phenyl-hexyl column yielded a balanced chromatogram with nearly all nucleoside-adducts well separated from the normal nucleosides, and all compounds were adequately resolved in under 4 minutes (six minutes with column equilibration). The exception was odG, which could not be separated from the normal nucleosides. However, this was accepted as (i) odG had its own ISTD, and (ii) is the most common natural nucleoside-adduct and thus less likely to be suppressed beyond the limit of detection. A modest addition of ammonium formate (5mM) to A was found to improve ionisation of εdA and εdC. This led to the final chromatographic method, shown on Figure 1a, which had the following gradient: 0 - 1 mins 5% B, 1 – 2.2 mins increasing to 25% B, 2.2 – 3.8 mins increasing to 90% B, 3.8 – 4 mins decreasing to 5% B, 4 – 6 minutes 5% B. This is considerably faster than two-stage strategies involving preparative HPLC [6], and is better than recent fast methods quantifying free nucleoside-adducts in urine [29] and tissue [5]. This method supports 10 injections per hour per system, and as such is well suited to high throughput applications. Tetrahydrouridine eluted at 0.6 minutes and pentostatin eluted at 1.3 minutes. Neutral loss precursor scans (116, indicative of deoxyribose loss) showed that other abundant non-target modified nucleosides all eluted early in the chromatographic method (see Figure 2), further indicating that the selected phenyl-hexyl column was suitable to separate the target nucleosides.

3.2 Calibration 
 
Linear calibration curves were established for each of the modified nucleosides in the pg/mL range and exhibited acceptable linearity (all r2>0.998). Limits of detection and quantification were in the low pg/mL range for all nucleoside-adduct targets, apart from cdG, which ionised poorly (see Table 3, LOQa). To provide contextualised LOQs, DNA hydrolysates were spiked with the target compounds at LOQa concentrations. This practical LOQ (LOQb/LOQc) was around 1-10 adducts per 108 normal nucleotides, or sub-fmol on-column, which was comparable or better than recent methods (see Table 1). Adequate calibrations were also established for the normal nucleosides, which had higher LOD/LOQ due to the purposefully non-optimal collision energy (see Figure 1b). 

3.3 Normal nucleoside method validation

The method accurately quantified the normal nucleoside standard addition (see Table 4). Stability experiments revealed the targeted normal nucleosides were stable at 4 oC for up to four days within the pre-determined 20% limit. Deoxythymidine had the lowest four day stability at 82 ±8.7%. Deoxyadenosine had no appreciable loss at 96 hours and was the most accurate (104 ±6.1%), and therefore was selected as the reference unmodified nucleoside for calculating the concentration of modified nucleosides. Given that the analytical method takes 6 minutes, at least 240 samples per day up to a total of 960 samples can be safely prepared and stored in the autosampler prior to injection. Using the samples for the accuracy experiment, the digest efficiency (including extraction recovery) was calculated by comparing the measured dA concentration to the predicted dA concentration based on the input DNA amount, and found to be 93 ±2.1%. The value of the inhibitors in preventing deamination was also illustrated (see Figure 2), echoing previous data [6]. These result suggest DNA adduct methods should routinely screen for inadvertent loss of target compounds using neutral loss scans, and that direct quantification of normal nucleosides in paired analyses is essential to adequately contextualise the degree of DNA damage. We suggest this is achieved using an appropriately diluted second injection. Finally, the elution of the high-concentration deaminase inhibitors should also be checked to mitigate interferences; in our method tetrahydrouridine was not retained and pentostatin eluted several minutes before the trace target compounds.
3.4 Modified nucleoside method validation

The methanol precipitation method was found to adequately recover all target compounds in spiked validation experiments (±20%, see Table 4). Monien et al reported a lower εdA recovery with methanol and favoured solid phase extraction; perhaps the different relative extraction and reconstitution volumes improved performance in the present method [5]. The objective was to create a simple method suited to high-throughput analysis, and given that methanol precipitation adequately recovered the target compounds, other extraction techniques were not explored. 

Matrix effects were evaluated using spiking experiments into porcine stomach DNA hydrolysates, and were found to be acceptable (±30% of expected see Table 4). Preparative and analytical precision was tested in quintuplet injections, and were acceptable at the two concentrations tested (<20% RSD, and <10% RSD, respectively, see Table 4). Accuracy experiments were conducted in a variety of target tissues by correcting the measured intensities by the proscribed isotope-labelled internal standards. The method accurately quantified the spiked concentrations across a variety of different matrices (see Table 4), with an average of 100.6% (range 72% - 125%). Finally, the nucleoside-adduct target compounds stability was tested. Most of the compounds had higher than 80% relative intensities at 96 hours, except OdG. After four days OdG had 53% relative intensity. This instability did not cause accuracy problems during four-day runs as the compound had its own ISTD. In summary, these results demonstrate the method is well suited to batch preparation and high throughput analysis. 

3.5 Nucleoside adduct-analysis in murine tissue samples
[bookmark: 32000]
The validated method was applied to measure the target compounds in a variety of murine tissue samples (see Figure 3). Carbonyl and oxo- nucleoside adducts were detectable in nearly all tissue types. Chloro- adducts were rarely detected, and the poorly ionising cdG was not detectable in any tissue sample. Stomach samples did however have quantifiable cdA adducts. Small bowel samples were enriched for εdA, EtdG, CrodG and OdG, suggesting this tissue undergoes enhanced carbonyl stress. OdG was the most concentrated adduct in all tissues, and was particularly enriched in leucocyte, liver and small bowel. This suggests those cells in those tissues are particularly exposed to radiculised oxygen stress. Reproducibility across the biological triplicates of all tissue-types was 8% ± 3%.
4. Conclusions
[bookmark: _Hlk510090516][bookmark: 35000]We present a nucleoside adduct method that is rapid, simple and accurate. Compared to recent progress in DNA adduct analysis from tissue (see Table 1), the current method quantified a good number of adducts from diverse classes, included a validated method for paired normal nucleoside quantification at a sensible dilution, utilised deaminase inhibitors and properly evaluated their elution, did not use preparative HPLC, and did have the fastest LC method time.  With stream-lined sample preparation the whole method was rationalised to support high-throughput analysis. Sensitivity was comparable or better than earlier methods, especially given the 20 µg input. This progress aligns adduct methodology with the material requirements for complementary molecular techniques, such as genome sequencing of non-amplified tissue extracts (which typically requires 5-10 µg DNA). Thus, split DNA extracts can be used for paired analyses from small tissue samples, improving the spatial characterisation of genotoxicity in large heterogeneous tissues, and allowing detailed mechanistic characterisation of low volume tissue such as early cancers. 
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Figure captions

Figure 1: UPLC-ESI-MS/MS method. (a) Total ion chromatogram for target compounds eluting from phenyl-hexyl column using the optimised 5mM ammonium formate/methanol gradient (displayed). Concentrations of unmodified nucleosides is 5 ng/mL. Concentrations of modified nucleosides are all 50 pg/mL except OdG (250ng/mL) and cdG (500 ng/mL (b) Calibration curves for the target compounds 

Figure 2: Deaminase inhibitor elution and DNA hydrolysis effects. (a) Structures of deoxyguanosine (dG) and deoxyadenosine (dA), and their corresponding deamination products deoxyxanthosine (dX) and deoxyinosine (dI). (b) Using 116 neutral loss product scans, deaminated nucleosides were measured in 100 µg porcine DNA hydrolysates (see methods) enriched with 100ng/mL of the target modified nucleosides (adducts). 

Figure 3: Application of method to selected mouse tissues. Data given as heatmap of adduct concentrations. Grey indicates concentration below limit of detection for that adduct.

Table 1

Table 1: Selected literature on DNA adduct analysis in tissue or blood samples
	Ref
	Author
year 
	Adducts n
	Method for NNa
	DIb
	Prep HPLC
	Platform
	LC method time
	Input DNA
	LLOQc
	Application

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Studies assessing one adduct class
	 
	 
	 
	 
	 
	 

	17
	Zhang 
2006
	2
	No
	No
	No
	LC-ESI-MS/MS
	35 mins 
	1000 µg
	 1 per 109 NN
	Human tissues

	18
	Liu 
2006
	5
	No
	No
	Yes
	capLC-nanoESI-IDMS/MS
	30 mins prep HPLC; 
>30 mins capLC
	1-2 µg
	 4 per 108 NN
	Human tissues

	19
	Matsuda 
2007
	2
	No
	No
	No
	LC-ESI-MS/MS
	60 mins 
	20 µg
	11 fmol
	Leucocyte DNA 

	20
	Wang 
2009
	1
	No
	No
	No
	LC-ESI-MS/MS
	35 mins 
	220 µg
	10 fmol
	Leucocyte DNA 

	21
	Yates 
2017
	1
	No
	No
	No
	LC-ESI-MS/MS
	?
	Not defined
	162 per 107 NN
	Calf thymus DNA 

	22
	Torres-Cuevas 2017
	1
	Yes
	No
	No
	UPLC-MS/MS
	8 mins
	120 µg
	0.29 - 0.33 nmol/L 
	Human tissue 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Studies assessing more than one adduct class
	 
	 
	 
	 
	 

	7
	Kanaly 
2007
	7
	No
	No
	No
	HPLC-MS/MS
	60 mins 
	100 µg
	?
	Human tissues

	6
	Taghizadeh 
2008
	7
	No
	Yes
	Yes
	LC-ESI-MS/MS
	93 mins prep HPLC; 
20 mins per adduct
	100 µg
	0.5 - 10 per 108 NN
	Human tissue

	23
	Chou 
2010
	11
	No
	No
	No
	LC-ESI-MS/MS
	40 mins 
	50 µg
	LOD: 0.17 - 1.65 per 108 NN
	Human tissues

	5
	Monien 
2014
	16
	No
	No
	No
	UPLC-MS/MS
	12 mins
	350 µg
	0.1 - 3 per 108 NN
	Human tissues

	8
	Li 
2015
	2
	No
	No
	Yes
	UPLC-MS/MS
	10 mins prep HPLC; 
15 mins UPLC
	20 µg
	1.27 - 1.47 fmol
	Leucocyte DNA 

	16
	Zhang 
2015
	6
	Yes
	No
	No
	LC-ESI-MS/MS
	20 mins
	50 µg
	1 - 25 pg/mL
	Mouse tissues

	24
	Guo 
2017
	Un-targeted
	No
	No
	No
	UPLC-nanoESI-Orbitrap-MS
	30 mins
	20 µg
	1.2 - 2.4 per 108 NN
	Human tissue



aValidated method for measuring normal nucleosides (NN). bDeaminase inhibitors used. cLower limit of quantification provided, unless unavailable, in which limit of detection (LOD) provided. LC-ESI-MS/MS, liquid chromatography-electrospray ionisation-tandem mass spectrometry; cLC, capillary liquid chromatography; nESI, nano-electrospray ionisation; UPLC, ultraperformance liquid chromatography
Table 2

Table 2: Monitored transitions for the investigated nucleosides

	 
	Parent ion
	 
	Quantification 
	 
	Confirmation

	Compound 
	[M+H]+
	 
	Fragment m/z
	CV
	CE
	 
	Alternative fragment(s)

	εdA
	276
	 
	160
	10
	16
	 
	133, 117

	εdC
	252
	 
	136
	15
	10
	 
	109, 81

	cdA
	286
	 
	170
	15
	15
	 
	117, 73

	cdG
	302
	 
	186
	15
	20
	 
	117, 73

	EtdG
	296
	 
	180
	15
	10
	 
	110, 135

	CrodG
	338
	 
	222
	15
	10
	 
	178, 204

	OdG
	284
	 
	168
	10
	10
	 
	57, 60

	 
	 
	 
	 
	 
	 
	 
	 

	dA
	252.2
	 
	136
	10
	70a
	 
	118.8, 98.9

	dC
	228.2
	 
	112
	10
	70a
	 
	117, 94.8

	dG
	268.2
	 
	152
	10
	70a
	 
	134.8, 116.9

	dT
	243
	 
	127.2
	10
	70a
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 

	εdA(N155)
	281
	 
	165
	10
	16
	 
	138, 81

	OdG(d3)
	341
	 
	225
	10
	10
	 
	57, 60

	CrodG(d3)
	284
	 
	168
	15
	10
	 
	181, 207

	 
	 
	 
	 
	 
	 
	 
	 

	Tet
	249
	
	116
	15
	70
	
	

	Pent
	269
	
	153
	15
	70
	
	

	
	
	
	
	
	
	
	

	aPurposefully unoptimised cone voltages were used to control basic nucleotide ionisation. MW, molecular weight; [M + H]+ protonated primary ion; CV, cone voltage; CE, collision energy; Compound abbreviations are provided in Section 2.1.

	

	





Table 3
Table 3: Calibration characteristics

	 
	tR
	LODa
	Calibration rangea
	LOQa
	 
	LOQb 
	 
	LOQc 
	Linearity, r2

	 
	 
	pg/ml
	 
	per 108 NN
	 
	fmol
	 

	εdA
	2.79
	5
	5 - 2500
	25
	 
	7
	 
	0.91
	0.9997

	εdC
	2.79
	5
	5 - 2500
	5
	 
	1
	 
	0.20
	0.9992

	cdA
	3.14
	10
	5 - 2500
	10
	 
	3
	 
	0.35
	0.9998

	cdG
	2.65
	500
	500 - 10000
	750
	 
	183
	 
	24.92
	0.9981

	EtdG
	2.91
	10
	5 - 2500
	25
	 
	6
	 
	0.85
	0.9993

	CrodG
	3
	25
	5 - 2500
	50
	 
	11
	 
	1.48
	0.9994

	OdG
	1.7
	50
	5 - 2500
	250
	 
	65
	 
	8.83
	0.9997

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	 
	ng/ml
	 
	 
	 
	pmol
	 

	dA
	2.2
	-
	1 - 2000
	-
	 
	-
	 
	1.98
	0.9979

	dC
	0.8
	-
	1 - 2000
	-
	 
	-
	 
	1.10
	0.9995

	dG
	1.2
	-
	1 - 2000
	-
	 
	-
	 
	1.86
	0.9966

	dT
	1.4
	-
	5 - 5000
	-
	 
	-
	 
	20.58
	0.9999

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	aIn neat mobile phase with 50 µg/mL unmodified nucleosides   
bCalculated by spiking LOQa into hydrolysates of 50 µg of porcine stomach DNA and comparing to the measured dA concentration
cCalculated as total amount in a 10ul injection
	 

	
	 





Table 4
Table 4: Method performance for normal nucleosides

	Recovery 

	 
	n
	dC
	dA
	dG
	dT

	%
	3
	104 
	99
	99
	101

	%RSD
	
	4
	1
	1
	2

	 
	 
	 
	 
	 
	

	Matrix Effects 

	 
	n
	dC
	dA
	dG
	dT

	%
	3
	107 
	100
	100
	106

	%RSD
	
	3
	2
	4
	3

	
	
	
	
	
	

	Accuracy (% expected)

	 
	n
	dC
	dA
	dG
	dT

	%
	3
	111
	104
	85
	105

	%RSD
	
	5
	6
	5
	9

	
	
	
	
	
	

	Preparative precision 

	 
	n
	dC
	dA
	dG
	dT

	%RSD
	5
	3
	1
	4
	9

	 
	 
	 
	 
	 
	 

	Stability (% of 0h)

	In matrix
	 
	 
	 
	 
	 

	12 hours
	3
	101
	92
	103
	103

	%RSD
	
	8
	4
	4
	5

	
	
	
	
	
	

	96 hours
	3
	88
	86
	101
	82

	%RSD
	
	10
	7
	2
	6

	%RSD, % relative standard deviation





Table 5
Table 5: Method performance for modified nucleosides
	Recovery (%)

	spike, pg/mL
	n 
	εdA
	εdC
	cdA
	cdG
	EtdG
	CrodG
	OdG

	50.0
	5
	98
	89
	95
	110
	107
	105
	98

	250.0
	5
	92
	73
	83
	92
	96
	108
	110

	 
	 
	 
	 
	 
	 
	 
	 
	 

	Matrix Effects (%)

	spike, pg/mL
	n 
	εdA
	εdC
	cdA
	cdG
	EtdG
	CrodG
	OdG

	50.0
	5
	72
	84
	75
	122
	79
	108
	78

	250.0
	5
	94
	84
	66
	86
	92
	120
	132

	 
	 
	 
	 
	 
	 
	 
	 
	 

	Preparative precision (%RSD)

	spike, pg/mL
	n 
	εdA
	εdC
	cdA
	cdG
	EtdG
	CrodG
	OdG

	50.0
	5
	9
	9
	4
	10
	7
	13
	11

	250.0
	5
	10
	6
	7
	12
	7
	9
	10

	 
	 
	 
	 
	 
	 
	 
	 
	 

	Analytical precision (%RSD)

	spike, pg/mL
	n 
	εdA
	εdC
	cdA
	cdG
	EtdG
	CrodG
	OdG

	50.0
	5
	1
	7
	2
	2
	4
	5
	2

	250.0
	5
	7
	5
	4
	1
	3
	1
	8

	 
	 
	 
	 
	 
	 
	 
	 
	 

	Accuracy (% of expected 250 pg/mL spike)

	Tissue
	n 
	εdA
	εdC
	cdA
	cdG
	EtdG
	CrodG
	OdG

	Thymus
	5
	111
	106
	103
	72
	101
	109
	109

	Omentum
	5
	98
	86
	72
	87
	97
	96
	101

	Small Bowel
	5
	82
	66
	78
	96
	101
	120
	109

	Stomach
	5
	96
	113
	102
	112
	95
	125
	92

	Liver
	5
	81
	87
	86
	106
	93
	117
	119

	Whole Blood
	5
	101
	117
	108
	89
	119
	117
	103

	 
	 
	 
	 
	 
	 
	 
	 
	 

	Stability, % of 0h

	In matrix
	n
	εdA
	εdC
	cdA
	cdG
	EtdG
	CrodG
	OdG

	12 hours
	10
	115
	112
	116
	89
	113
	111
	93

	%RSD
	
	8
	15
	8
	7
	11
	10
	11

	96 hours
	10
	95
	114
	121
	119
	128
	119
	53

	%RSD
	
	11
	13
	7
	6
	3
	9
	16

	 
	 
	 
	 
	 
	 
	 
	 
	 

	NB: cdG spikes were x10 concentration. %RSD, relative standard deviation

	

	Preparative precision - %RSD across 5 identically prepared samples; analytical precision – %RSD across 5 serial injections from the same sample 



