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Abstract

A wide spectrum of DNA lesions can be generated from byproducts of endogenous metabolism
and/or from environmental exposure. A DNA adductomic approach for the robust quantification of
DNA adducts in cellular and tissue DNA may facilitate the use of DNA adducts for biomonitoring
studies and enable comprehensive assessment about DNA repair. Normalized retention time (iRT)
has been widely used in scheduled selected-reaction monitoring (SRM) methods for highly
sensitive and high-throughput analyses of protein samples in complicated matrices. By using a
similar method, we established the iRT scores for 36 modified nucleosides from the retention
times of the four canonical 2”-deoxynucleosides on a nanoflow liquid chromatography—nanospray
ionization-tandem mass spectrometry (nLC-NSI-MS/MS) system. The iRT scores facilitated
reliable prediction of retention time and were employed for establishing a scheduled SRM method
for quantitative assessment of a subset of the DNA adductome. The quantification results of the
scheduled SRM method were more accurate and precise than those from an unscheduled method.

Graphical Abstract:
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DNA damage constantly arises from environmental exposure and endogenous metabolism.
Humans are frequently exposed to many DNA-damaging agents simultaneously, which give
rise to a complicated array of DNA lesions. For instance, tobacco smoking and alcohol
consumption can both lead to the formation of multiple DNA lesions.2 If not properly
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repaired, DNA lesions may confer cytotoxic or mutagenic consequences. Hence, the
assessment of the occurrence and repair of DNA lesions is important for understanding the
human health consequences of DNA damage. Such assessment can be facilitated by
comprehensive measurement of the DNA adductome.

Liquid chromatography—tandem mass spectrometry (LC-MS/MS) has been routinely
employed in proteomics and metabolomics, and it has also been recently used in DNA
adductomics.3 Previously published LC-MS/MS approaches for DNA adductomic analysis
include selected-reaction monitoring (SRM),* high-resolution full-scan MS,® high-
resolution data-dependent MS2 acquisition and MS3 fragmentation triggered by constant
neutral-loss scanning,’:8 and data-independent acquisition using high-resolution MS/MS in
selected-ion monitoring mode with a wide 777z window for precursor ion isolation.® Data-
dependent approaches usually harness the characteristic loss of a deoxyribose or nucleobase
in MS2. Such approaches are capable of monitoring known and unknown adducts, though
adducts of low abundance may escape detection. In addition, some lesions do not undergo
fragmentation via neutral loss of a deoxyribose, e.g., 8,5”-cyclopurine-2”-deoxynucleoside
lesions.10 In contrast, targeted approaches such as SRM can offer better specificity and
sensitivity. A high-throughput and comprehensive adductomic approach requires the
inclusion of as many lesions into the analytical workflow as possible. With SRM, a longer
transition list requires longer cycle time, which leads to smaller number of data points for
defining a chromatographic peak that may diminish the measurement precision and
accuracy. To increase the number of analytes that can be monitored in a single LC-MS/MS
experiment, acquisition can be limited to a few minutes around the retention time (RT) by
scheduled SRM.1! Recent developments in scheduled SRM analysis of peptides and proteins
have led to targeted and quantitative analytical methods for samples in complex matrices. In
this regard, normalized retention time (iRT) has been widely used for scheduled SRM
analyses of peptides, where iRT is empirically derived from the RT of analyte of interest
relative to those of standard peptides.1? The iRT scores are specific and stable across
different chromatographic configurations and conditions. Inspired by these approaches
employed in proteomic studies, herein we incorporated iRT and developed a scheduled SRM
method for DNA adductome analysis.

We measured empirical RT with a Dionex UltiMate 3000 RSLCnano system coupled with a
Q Exactive Plus quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific), using
an in-house packed trapping column (porous graphitic carbon (PGC), 5 ym in particle size,
Thermo Fisher Scientific) and an in-house packed analytical column (Zorbax SB-C18, 5 y/m
in particle size, 100 A in pore size, Agilent), where mobile phases A and B were 0.1% (v/v)
formic acid in water and 0.1% (v/v) formic acid in acetonitrile/water (4:1, v/v), respectively.
In proteomic applications, a group of standard peptides are used as references for retention
time calibration. To employ iRT in DNA adductomic analysis, we chose the 4 canonical 2’-
deoxynucleosides, i.e., 2" -deoxycytidine (dC), thymidine (dT), 2"-deoxyadenosine (dA), and
2’ -deoxyguanosine (dG), as references. We arbitrarily assign the iRT scores of 0 and 100 to
the earliest (dC) and latest (dG) eluting nucleosides, respectively. iRT scores for dT and dA
were calculated from their RT values by linear regression to dC and dG using the previously
described method.12
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The iRT scores of the 4 canonical nucleosides were then applied to a linear gradient of 10—
75% B in 5-150 min (hereafter referred to as “long and fast gradient™) to establish iRT
scores for modified nucleosides. We subsequently measured the RT and established the iRT
scores for 36 modified nucleosides (SI Materials), including alkylation adducts, oxidatively
induced DNA adducts, and several epigenetic modifications (Figure 1, and Figure S1 and
Table S1). The iRT scores for 4 canonical RNA nucleosides, i.e., cytidine (rC), uridine (U),
adenosine (rA), guanosine (rG), were also obtained considering that residual amount of
RNA may be present in DNA samples. These iRT scores can be conveniently shared among
different laboratories since the reference canonical nucleosides can be readily obtained and
are usually ubiquitous if nucleoside mixtures of cellular or tissue DNA are used for LC-MS
and MS/MS analyses.

To determine if the RT—-iRT correlation is tolerant of changes in chromatographic conditions,
we tested four different gradients: a short gradient (linear at 5-35 min 10-50% B), a short
and fast gradient (linear at 5-35 min 10-75% B), a long gradient (linear at 5-150 min 10—
50% B), and a long and fast gradient (linear at 5-150 min 10-75% B). The short gradient led
to the elution of fewest targeted analytes in the linear portion of the gradient, whereas the
long and fast gradient resulted in the elution of most targeted analytes. Although fewer
targeted nucleosides were eluted with the short gradient, the RT—iRT correlation for those
analytes that elute during the linear gradient exhibited good linearity under different
gradients (short gradient, /2 = 0.990; short and fast gradient, /2 = 0.975; long gradient, /% =
0.997; long and fast gradient, /2 = 0.998) (Figure 2). With the same stationary phase
material and mobile phase compositions, iRT also exhibited an excellent linear correlation
with RT on another LC platform (i.e., an EASY-nLC1200 system, Figure S2).

With short gradient, dG (iRT = 100) elutes near the end of linear gradient (~35 min). As a
result, many targeted species with predicted RT being later than 35 min do not follow the
same linear correlation with the canonical nucleosides. With a longer gradient, especially the
long and fast gradient, dG elutes in the midst of linear gradient (~57 min), yet the RT-iRT
correlation is still linear in the retention time range after the elution of dG. When iRT values
are used to predict RT, the analytes of interest should fall on the same linear gradient as the
reference nucleosides. If target nucleosides do not elute during the linear gradient,
employing other nucleosides as references and linear fit between neighboring reference
nucleosides should allow for robust retention time prediction.

The elution of analytes depends on both the length of the gradient and the highest percentage
of mobile phase B at the end of the linear gradient. For gradients of the same length, a
higher %B allows for the elution of more targeted analytes. Additionally, when the gradients
start and end at the same %B, a longer gradient facilitates the elution of more targeted
analytes. The %B where an analyte elutes does not remain constant when the gradient
changes; nevertheless, the order of elution does not alter on the same type of columns. On
the grounds that iRT scores are normalized by reference analytes, iRT-based RT prediction
can overcome better RT drift induced by changes in chromatographic conditions.

The RT and iRT for these nucleosides also displayed an excellent linear correlation when a
different type of stationary phase material was used for the analytical column (Magic C18
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AQ, Michrom BioResources) (Figure 3, Figure S3). In addition, the iRTs obtained on the
Magic C18 AQ columns are very similar to those obtained on the aforementioned Zorbax
SB-C18 columns (Figure 3, Figure S4, Table S1), suggesting that iRT values do not vary
substantially with different types of reversed-phase C18 materials.

To assess whether iRT can help improve quantification, we compared the empirical RT with
RT predicted from iRT with the combination of a PGC trapping column and a Zorbax SB-
C18 analytical column on the EASY-nLC 1200 system. Our results showed that the absolute
differences between the predicted RT and empirical RT are within 3 min for most
nucleosides (Figure 4a). Therefore, we implemented an acquisition window of 6 min for
scheduled SRM experiment. For a few nucleosides with iRT scores being much larger than
100, e.g., CP-n-propyl-2’-deoxyguanosine (B-PrdG) and CP-r-butyl-2’-deoxyguanosine
(CP-mBudG), when their RT was projected on a longer gradient (i.e., long gradient, and long
and fast gradient), the difference between predicted and observed RT is larger (Figure 4a),
which may require a wider acquisition window (e.g., 12 min) for these nucleosides.
Considering that few targeted species elute during the latter part of the gradient, such a wide
acquisition window would not appreciably compromise quantification results.

Next, we compared the quantification results acquired from the scheduled SRM method with
those obtained via traditional quantification method and unscheduled adductomic method. In
this regard, stable-isotope dilution has been widely used for the quantification of DNA
adducts.13 Isotopically labeled standards exhibit the same chromatographic behavior as their
corresponding unlabeled analytes, though they differ in mass. Conventionally, stable-isotope
dilution coupled with LC-MS/MS methods only involve monitoring a few scan events for
one or two analytes of interest; thus, the cycle time is short enough to enable robust
quantification. An adductomic approach-based method requires monitoring a large number
of lesions. Quantitation accuracy and precision may decrease as cycle time increases with
the increase in the number of scan events.

We chose two oxidatively induced DNA lesions for which we have established robust
quantification methods, 1% i.e., (5" R)-8,5’-cyclo-2’-deoxyguanosine (R-cdG) and (5’ #)-8,5'-
cyclo-2’-deoxyadenosine (R-cdA), to evaluate the quantification performance of the
scheduled SRM-based LC-MS/MS method. The expected peak area ratios (i.e., 100%
recovery) of unlabeled and isotopically labeled nucleosides were defined as what would be
obtained with a traditional targeted quantification method (SI Materials) (hereafter referred
to as “cPu method”) with the inclusion of only four precursor ions. In the unscheduled
adductomic method (S1 Materials), 44 precursors were monitored throughout the gradient. In
the scheduled adductomic method (SI Materials), an acquisition window of 6 min was
imposed for each nucleoside, where 4 and 8 precursor ions were simultaneously monitored
in the acquisition windows of R-cdA and R-cdG, respectively. The reduction in number of
scan events resulted in a more accurate and precise quantification relative to the unscheduled
adductomics method (Figure 4b). We normalized the peak area ratios to the mean of peak
area ratios obtained with the cPu method. In this way, the mean value of each method
represents the quantification accuracy (i.e., percent recovery). Compared with the cPu
method, which yields a relative standard deviation (RSD) of 1.9% (/~-cdA) and 6.0% (~-
cdG), the unscheduled adductomics method gives RSD of 5.0% (/-cdA) and 13.6% (~-
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cdG), recovery of 98.3% (R-cdA) and 97.8% (~-cdG), while the scheduled adductomics
method provides a RSD of 0.8% (R-cdA) and 5.3% (R-cdG), recovery of 99.1% (R-cdA)
and 100.6% (R-cdG). Quantification results provided by the scheduled adductomics method
are comparable to the cPu method. Hence, scheduled SRM can significantly increase the
number of DNA lesions that could be quantitatively measured in a single LC-MS/MS
experiment.

DNA adductome analysis can be challenging in that (1) many regioisomers may exist; (2)
the hydrophobicity differs greatly; and (3) the adduct levels are very low. Although acid and
thermal hydrolysis are sometimes used to release adducts from DNA,313 DNA is often first
enzymatically digested into nucleosides for LC-MS/MS analysis of DNA adducts. In the
positive-ion mode, collision-induced dissociation of these nucleosides led to the neutral loss
of a 2-deoxyribose, which does not provide diagnostic MS? for regioisomers. Employing
MS3 on a linear ion-trap mass spectrometer gives more structural information for adduct
identification, yet some regioisomers still have identical MS3 spectra. Meanwhile, with LC
separation, the RT of an analyte can provide another dimension of specificity, thereby
allowing unambiguous identification when in combination with high-resolution MS?
spectrum. Modified nucleosides have very different hydrophobicity; for example, 5-
hydroxymethyl-2”-deoxycytidine (5-hmdC) is much more hydrophilic than those DNA
adducts induced by metabolites of polycyclic aromatic hydrocarbons. With the gradients
employed in this work, we were able to cover many relatively hydrophilic modifications
including 5-methyl-2”-deoxycytidine (5-mdC) and 5-hmdC, and several hydrophobic
adducts, e.g., the GP-alkyl-2’-deoxyguanosine (P-alkyldG) lesions. Incorporation of more
hydrophobic adducts, such as those induced by polycyclic aromatic hydrocarbons and
heterocyclic aromatic amines, may eventually be achieved by using different stationary
phase materials and different reference nucleosides for establishing the RT—iRT relationship.
Considering the low abundance of DNA lesions (usually a few per 1010 nucleosides to a few
per 108 nucleosides),3 removal of canonical nucleosides with off-line HPLC or other
approaches can prevent the overloading of HPLC columns.14 Regardless of the possibility of
missing unknown adducts, a targeted adductomics approach that takes both RT and MS
information into consideration is more accurate in identifying modified nucleosides. This
would be especially helpful when high-resolution mass spectrometers are not available. For
instance, 3, V*-etheno-2”-deoxycytidine (edC) and dA would have the same MS/MS
transition in the positive-ion mode (/m/z252 — 136). Retention time is unarguably an
important factor for determining the identity of an adduct. Future work should emphasize on
expanding the method to include as many adducts as possible.

To conclude, we applied, for the first time, the concept of iRT into the targeted analysis of
the DNA lesions in an adductomic approach. We established the iRT scores for 36 modified
2’-deoxynucleosides and 4 canonical RNA nucleosides based on linear regression analysis
of experimentally determined RT values for these lesions and the canonical unmodified
nucleosides. These iRT scores can be used for predicting RT in new chromatographic
settings, thereby allowing for targeted quantification of DNA adducts. Although standards
are required for establishing iRT scores, these iRT scores can be easily transferred to new
chromatographic setups when using columns packed with similar stationary phase materials.
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It can be envisaged that the method can be generally applicable for the comprehensive
investigation of the occurrence and repair of DNA lesions in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Representative SICs from a scheduled SRM-based LC-MS/MS experiment.
Chromatographic peaks for canonical 2”-deoxynucleosides, C?-alkylthymidine (O?-

alkyldT), O*-alkylthymidine (O*-alkyldT), and their retention times are shown, where the
alkyl groups are —CH3 (—Me), —CH,CH3 (—Et), —(CH>),CHsg (—Pr), —CH(CH3)»

(—7Pn, and —(CHy)3CH3 (—Bu).
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Correlation between RT and iRT obtained on a porous graphitic carbon (PGC) trapping
column and a Zorbax SB-C18 analytical column, with different gradients. Nucleosides are
labeled on the line from results obtained from the use of a long and fast linear gradient (0—
75% B in 5-150 min), and the complete names of DNA lesions are listed in the Supporting
Information.
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RT-iRT correlation on Magic C18 AQ columns and that on Zorbax SB-C18 columns.
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(a) Absolute difference (in min) between RT predicted from iRT and empirical RT with
different HPLC gradients. Two sets of columns with the same stationary phase materials
(PGC trapping columns and Zorbax SB-C18 analytical columns), but with different lengths,
were compared (column set A, trapping column 3.1 cm, analytical column 25.1 cm; column

set B, trapping column 2.8 cm, analytical column 25.8 cm). The differences between

observed/empirical RT and iRT-predicted RT for most nucleosides were within 3 min. A
typical outlier, ®-nBudG, was marked on the graph. Whiskers were plotted from the 5th to
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95th percentile. (b) Accuracy and precision of the unscheduled and scheduled adductomic
method compared with conventional quantification method. cPu method: conventional
quantification method monitoring 4 precursor ions throughout the gradient. Unscheduled
adductomic method: all targeted nucleosides were monitored throughout the gradient.
Scheduled adductomic method: targeted nucleosides were monitored during a 6 min window
around their predicted RT. All measurements were conducted using a PGC trapping column
and a Zorbax SB-C18 analytical column. Peak area ratios were normalized to the average
peak area ratio obtained with the cPu method. Mean and standard deviation are plotted for
each group (7= 4). There were no statistically significant differences in the normalized peak
area ratios obtained from different methods.
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