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Highlights:

e liquid chromatography (LC) flow path is a hidden source of N6-methyladenine (6mA) contamination
in MS analysis.

e Novel migration-retardation strategy eliminates flow path 6mA interference.

e Tandem LC columns physically resolve authentic 6mA from contaminants.

e Achieved ultra-sensitive 6mA quantification limit of 5 amol (signal-to-noise ratio (S/N) > 10).

e Validated in mammalian cells, correcting up to 30-fold overestimation by conventional LC.

Abstract: DNA N6-methyladenine (6mA) modification is widespread in prokaryotes and unicellular
eukaryotes but relatively rare in multicellular organisms. Intriguingly, we found that the deoxynucleoside
6mA within the liquid chromatography (LC) flow path and causes overestimation in 6mA content. To
identify the rare yet authentic presence of DNA 6mA in mammals and understand its biological
functions, it is critical to eliminate the interference flow-path-related 6mA contamination. Here, we
designed a flow path 6mA migration-retardation separation approach using two tandem LC columns. By
this new design authentic 6mA released from mammalian genomic DNA can be completely resolved
from flow-path-related 6mA contamination. Armed with this innovative design, DNA 6mA is detected
with a limit of quantification of approximately 5 x 107'® mol (signal-to-noise ratio (S/N) > 10).
Furthermore, the method was validated in complex biological matrices, demonstrating negligible
matrix effects and high recovery. Application across 12 mammalian cell lines revealed that conventional
single-column LC methods can overestimate 6mA levels by up to 30-fold, whereas our dual-column
strategy effectively eliminates this systematic bias for accurate ultra-trace quantification.
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1. Introduction

DNA No6-methyladenine (6mA) is a DNA modification that has been extensively studied in
prokaryotes [1,2] and some eukaryotes, including Drosophila [3], Chlamydomonas [4], Tetrahymena [5],
and Oxytricha [6]. This modification plays crucial roles in numerous prokaryotic biological processes,
such as restriction-modification systems [7], gene expression regulation [8], DNA repair [9], DNA
replication [10], and cell cycle control [11]. 6mA is also present at relatively high levels in some lower
eukaryotes. For example, it constitutes approximately 0.7% of total adenines in Tetrahymena [5], 1.28%
in P. Bursaria [12], and 0.4% in Chlamydomona [4]. In these organisms, 6mA is primarily located within
the 5’-ApT-3" motif [4,5,12—14] and exhibits specific genomic distributions. Emerging evidence suggests
that 6mA may be involved in diverse biological processes in lower eukaryotes, including chromatin
organization, gene expression regulation [14], DNA replication, and transposon silencing.

Additionally, the roles of 6mA in mammalian DNA are garnering increasing attention [11]. The
methyltransferase METTL4 might catalyze the methylation of N6-adenine in mitochondrial DNA, which
is crucial for regulating the mitochondrial stress response [15,16]. The prokaryotic AlkB homolog
ALKBHI1 might function as a 6mA demethylase and showed a preference for bubbled or bulged
DNAs [17,18]. 6mA has been reported to be enriched in regions of stress-induced DNA double helix
destabilization and to regulate the chromatin structure by antagonizing the binding of SATB1 to DNA,
thereby affecting early embryonic development [19].

To date, the distribution and function of 6mA in mammalian genomes remain poorly understood.
In general, the 6mA level in mammalian cells is extremely low [20,21], and 6mA probably appears
only under specific biological conditions or in specific cells [19]. Furthermore, prokaryotic DNA
contamination is ubiquitous in the environment, and the 6mA content in prokaryotic genomic DNA is
overwhelmingly high; for example, the amount of 6mA in Escherichia coli (E. coli) genomic DNA
ranges from 1.7%—2.7% [21], and the 6mA level is approximately 0.2%—-2% in the DNA of mycoplasma
(a common microorganism contaminant in laboratory-cultured cells) [22]. This poses challenges for
detecting 6mA in eukaryotic DNA. Technically, commercially available antibodies may nonspecifically
bind to 6mA-lacking DNA, yielding false positive results [23,24].

Although high-throughput sequencing methods with single-base resolution have been developed for
6mA analysis [25-29], their application to mammalian genomes remains challenging due to the
potentially extremely low abundance of 6mA [30,31]. As the gold standard for qualitative and
quantitative assessments, ultrahigh-performance liquid chromatography—tandem mass spectrometry
(UHPLC-MS/MS) is widely used for the identification and quantification of DNA 6mA [32]. This
method involves multiple processes, including sample collection, cell lysis, protein removal, DNA
precipitation/adsorption, DNA enzymatic digestion, and UHPLC-MS/MS analysis, all of which could
introduce prokaryotic DNA 6mA contamination. To ensure precise terminology throughout this
manuscript, we use “6mA” to refer to the biological DNA base modification (N6-methyladenine) and
“6mdA” to denote the specific deoxynucleoside analyte (N6-methyl-2’-deoxyadenosine) measured by
liquid chromatography (LC)-MS/MS after DNA digestion. In our previous work, we developed a
metabolically generated stable isotope labeling method [33], which enabled us to exclude 6mA

2



Life Anal. Technique Report

contamination introduced by sample pretreatment and the 6mA generated by the coinhabitant
mycoplasma during cell culture, allowing the identification of methyltransferase-deposited 6mA in
cultured mammalian cells. Additionally, this stable isotopic labeling method can be used to identify
phase-delayed 6mA, which is incorporated by DNA polymerase [34-37]. However, heavy stable isotope
labeling methods have limitations when analyzing tissue samples and cells that cannot be cultured and
passaged, such as human disease-related tissue samples [38], germ cells or early embryos. Therefore,
contamination- and stable isotope label-free methods are highly desirable.

In this work, we showed that the 6mdA may be present within the LC flow path, causing
overestimation in 6mA content. We focused on how this flow-path related 6mdA contamination can be
eliminated by developing a novel migration-retardation separation approach using two tandem LC
columns. To ensure the robustness of our method in realistic biological scenarios, we validated it in
genomic DNA matrices and applied it to quantify 6mdA across 12 mammalian cell lines. Crucially,
direct comparison revealed that conventional single-column methods can overestimate 6mA levels
by up to 30-fold due to this hidden interference. By effectively eradicating this systematic bias, our
dual-column strategy provides a highly reliable tool for the accurate, ultra-trace quantification of DNA
6mA in mammals.

2. Methods

(1) Chemicals and Reagents

2’-Deoxyadenosine monohydrate (dA, D7400), 2’-Deoxycytidine (dC, D3897), phosphate-buftered
saline (PBS, P5493), and ammonium bicarbonate (5330050050) were purchased from Sigma—Aldrich.
N6-Methyl-2’-deoxyadenosine (6mdA, sc-222031) was purchased from Santa Cruz. Quick calf intestinal
alkaline phosphatase (CIP, M0525S) and RNase A (T3018L) were obtained from New England
Biolabs, Dulbecco’s modified Eagle’s medium (DMEM, 11965092), RPMI 1640 medium (11875093),
penicillin—streptomycin (15070063) were purchased from Gibco. SuperNuclease (SSNP0O1) was
purchased from Sino Biological. snake venom phosphodiesterase I (SVP, LS003926) was obtained from
Worthington. Fetal bovine serum (FBS, 11011-8615) was obtained from Every Green.

To prevent external contamination, certified nuclease-free plastic tubes and pipette tips were used
for sample preparation. Glassware and LC solvent bottles were cleaned following standard analytical
protocols and thoroughly rinsed with LC-MS grade water. All mobile phases were prepared using
standard LC-MS grade solvents.

(2) Cell culture

A549, MCF7, J774, RAW264.7, and SVG pl2 cells were cultured in high-glucose DMEM
supplemented with 10% FBS and 1x penicillin—streptomycin. K562, Jurkat, NB4, U937, and MOLT-4
cells were cultured in RPMI 1640 medium supplemented with 15% FBS and 1x penicillin—streptomycin.
All the cells were incubated in a humidified 37 °C incubator supplied with 5.0% COx.

(3) DNA extraction and digestion

Mammalian genomic DNA was extracted with a Wizard Genomic DNA Purification Kit (Promega)
following the manufacturer’s instructions with slight modifications. For the cells, the cell pellets were
resuspended in 600 pL of nuclear lysis solution. Then, 50 pg of RNase A was added to the lysis mixture
and incubated at 37 °C for 0.5 h. Two hundred microliters of protein precipitation solution were added,
and the mixture was vortexed for 20 s. The mixture was then centrifuged at 16,000 % g for 10 min at 4 °C,
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after which the supernatant was transferred to a clean plastic tube (1.5 mL) filled with 600 pL of
isopropanol and centrifuged at 14,000 x g for 2 min at room temperature. After washing twice with 70%
ethanol, the DNA pellet was air dried for 3—5 min, and then 50 pL. of 10 mM Tris-HCI (pH 8.0) was
added to redissolve the DNA. For the tissue samples, 600 puL of lysis buffer supplemented with 10 mM
EDTA and 4 U of proteinase K was added to the tissue samples, which were incubated at 55 °C for 5 h
to ensure complete digestion. The remaining steps were consistent with those used for the extraction of
DNA from cells.

The extracted DNA was digested into 2¢’-deoxyribonucleosides by incubation with a digestion
mixture (10 mM Tris-HCI (pH 8.0), 1 mM MgCla, 1 U of SuperNuclease, 0.02 U of Phosphodiesterase I
and 1.0 U of CIP) for 2 h at 37 °C. Ultrafiltration was performed with ultrafiltration tubes (molecular
weight cutoff: 3 kDa; Pall Corporation, Port Washington, NY, USA) to remove the enzymes.

(4) UHPLC-MS/MS analysis of dA and dC

UHPLC-MS/MS analysis was performed on an Agilent 1290 Infinity II LC system coupled with an
Agilent 6470 triple quadrupole mass spectrometer (Santa Clara, CA, USA). A reversed-phase Agilent
Poroshell 120 EC-C18 column (2.1 x 50 mm L.D., 1.9 pm particle size) was used for UHPLC separation.
Ultrapure water supplemented with 1 mM NH4HCO; (A) and pure methanol (B) were used as the
mobile phases.

The following gradient elution for UHPLC separation was used: 0—2.0 min, 5.0% B, 0.25 mL/min;
2.0-4.0 min, 5.0%—-20.0% B, 0.25 mL/min; 4.0—5.0 min, 20.0% B, 0.25 mL/min; 5.0—5.1 min,
20.0%—5.0% B, 0.25—0.3 mL/min; and 5.1-6.5 min, 5.0% B, 0.3 mL/min. The mass spectrometer was
operated in positive ion mode with a capillary voltage of 4000 V, temperature of 300 °C and nitrogen as
the drying gas operated at 10 L/min; additionally, the fragmentor voltage was 80 V. Multiple reaction
monitoring mode was adopted with m/z 252.0—136.0 for dA and m/z 228.0—112.0 for dC, and the
collision energy was set to 5 eV.

(5) UHPLC-MS/MS analysis of 6mdA

UHPLC-MS/MS analysis was performed on an Agilent 1290 Infinity II LC system coupled with an
Agilent 6495 triple quadrupole mass spectrometer (Santa Clara, CA, USA). A reversed-phase Agilent
Zorbax Eclipse Plus C18 column (2.1 x 50 mm 1.D., 1.8 um particle size) was used for separation as the
analytical column, and an Agilent Zorbax Eclipse Plus C18 column (4.6 x 50 mm L.D., 1.8 um particle
size) was used as the enrichment column. Ultrapure water supplemented with 1 mM NH4HCO3 (A) and
pure methanol (B) were used as the mobile phases. The mass spectrometer was operated in positive ion
mode, and the parameter settings were as follows: capillary voltage, 4000 V; gas temperature, 150 °C;
gas flow, 11 L/min; sheath gas temperature, 350 °C; sheath gas flow, 11 L/min; and nebulizer pressure,
30 psi. Multiple reaction monitoring mode was adopted with m/z 266.0—150.0 for 6mdA, and the
collision energy was set to 15 eV.

(6) Method validation

To evaluate the analytical performance and general applicability of the proposed dual-column
strategy in realistic biological samples, matrix-matched validation was performed. Three different matrices
were evaluated: pure solvent (H20), enzymatic digestion mix, and mammalian genomic DNA matrix
(2 pg gDNA digest). For the spike-in experiments, 6mdA standards were spiked into the aforementioned
matrices to yield a series of final concentrations (0, 2.5, 5, 10, 20, and 100 pM). Each concentration level
was analyzed in triplicate (n = 3). The analytical parameters were evaluated as follows:
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Precision: The intra-assay precision was expressed as the relative standard deviation (RSD, %) of
the peak areas from the triplicate injections.

Matrix effect: The matrix effect was comprehensively evaluated by comparing the slopes of the
calibration curves obtained in the respective matrices with that obtained in the pure solvent (H2O). The
matrix effect was calculated using the following equation:

Matrix effect (%) = (Slopematrix/Slopesotvent) X 100.

Spike recovery: The recovery in the gDNA matrix was calculated by subtracting the endogenous
6mdA peak area (determined from the unspiked 0 pM gDNA sample) from the total peak area of the
spiked gDNA sample, and then dividing by the peak area of the corresponding standard in H>O.

3. Results
3.1. Flow path-related 6mdA contamination in the UHPLC-MS/MS system

To construct a standard curve, a series of 6mdA standards with concentrations ranging from 0—100 pM
were analyzed. The standard curve exhibited excellent linearity but did not intersect the origin,
suggesting the presence of systematic bias (Figure 1A,B). Consistently, we observed a 6mdA peak upon
injection of the 0 pM 6mdA standard (in the absence of 6mdA). Furthermore, we did not observe an
increase in the 6mdA peak intensity upon injection of 10.0 puL of the 1.0 pM 6mdA standard. Only after
injecting 10.0 pL of the 5.0 pM 6mdA standard did we observe a significant increase in the 6mdA peak
intensity (Figure 1B). Overall, we speculated that the UHPLC system was contaminated with 6mdA,
which interferes with 6mdA analysis and reduces the sensitivity of the UHPLC-MS/MS assay. To
validate the presence of 6mdA contamination in the UHPLC system, we injected varying volumes of
water (0—10 pL) and detected a 6mdA peak with a constant intensity upon injection of all volumes
(Figure 1C,D). To further pinpoint the exact contamination source, a “no injection mode” experiment
was performed. In this mode, the autosampler needle remained completely stationary in the needle seat
without moving to engage the sample vial, and no injection valve switching occurred. Although the
mobile phase continuously flowed through the needle and needle seat, the persistence of the 6mdA
signal under these conditions definitively ruled out sample carryover from the vials or the mechanical
action of sample drawing. Based on these results, we concluded that the contamination was
continuously introduced by the background flow, originating intrinsically from the mobile phase,
pump, or system tubing (Scheme 1).

Although the exact origin of this background interference was not experimentally verified in this
study, we hypothesize that the 6mdA contamination in the UHPLC system mobile phase might be related
to the minute growth of microbes attached to the inner walls of the tubing. DNA polymers degrade
during microbial growth or death, and are partly released as mono 2’-deoxynucleosides and potentially
secreted into the aqueous solution. Additionally, the degraded DNA may also exist in the form of
long-chain DNA or DNA oligos, which might also contain 6mA. However, these forms of 6mA in the
aqueous component of the mobile phase cannot be detected by mass spectrometry because of their poor
volatility; thus, they would not affect analysis. Regardless of its precise biological or chemical origin,
our dual-column setup effectively isolates and eliminates this interference.
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Figure 1. Flow path-related 6mdA contamination in UHPLC-MS/MS system. (A, B) Standard
curve (A) and chromatograms (B) for 6mdA were shown with a concentration range of 0—100 pM
and only 0—10 pM, respectively; (C, D) Chromatograms (C) and peak areas (D) for water injected
at volumes ranging from 0 to10 pL.
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Scheme 1. A schematic diagram illustrating the identification of 6mdA contaminant in
UHPLC-MS/MS system.
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3.2. Retarded migration-based separation to eliminate interference from 6mdA contamination in the
flow path

To eliminate interference from 6mA contamination in the flow path, a cleanup separation method was
added for UHPLC-MS/MS analysis (Scheme 2). This was achieved by utilizing two sequentially connected
columns. The first column, referred to as the cleanup column, was positioned before the six-way valve
of the injector in the UHPLC system. This column captures the UHPLC flow path 6mdA contaminant
when the proportion of the organic phase (methanol) is low (methanol:water ratio of 5:95, v/v). This
ensures that the mobile phase carrying the sample components through the second (analytical) column
is free from flow path 6mdA contamination.

Mobile phase

Aqueous phase  Organic phase

| T 6mdA, m/z 266-150
Injection 2
Analytical 1
column . 1
. I—— Mass —-» |
spectrometer
b b
[ ] H—> Cleanup column Peak 1 - Injected 6mdA
- Peak 2 - Flow path-contaminated 6mdA.

Scheme 2. Schematic diagram of the LC system equipped with an additional cleanup column before
the injector’s six-way valve, designed to capture flow path-contaminated 6mA. Peak 1—Injected
6mdA; peak 2—Flow path-contaminated 6mdA.

As the proportion of the organic phase increased to elute 6mdA, the 6mdA analyte from the sample
passes through the analytical column only and is eluted earlier (Figure 2A, peak 1), whereas the flow
path 6mdA contamination from the aqueous component of the mobile phase must pass through both the
first (cleanup) and second (analytical) columns, resulting in 6mdA having a longer retention time or
retarded migration (Figure 2A, peak 2). This configuration allows for complete resolution of the two
6mdA species (flow path 6mdA and injected sample-containing 6mA). When a 5 x 10! mol 6mdA
standard (0.5 pM, 10.0 pL) was analyzed, the average signal-to-noise ratio was 11.9, with a relative
standard deviation (RSD) of 10.7% (n = 8) (Figure 2 B,C). Thus, this setup enabled the quantification
of as few as 3 6mdA molecules per cell when 1 million cells were analyzed (each well of a 6-well plate
typically accommodates approximately 1-5 million cells). For human cells, this corresponds to a 6mdA
content of approximately 1.7 6mA per 10° dA. This is the highest sensitivity achieved to date.
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Figure 2. Retarded migration-based separation strategy for resolving flow path-contaminated
6mdA and injected 6mdA from samples. (A) Chromatograms illustrating the complete resolution
of flow path-contaminated 6mdA and injected 6mA standard; (B) Chromatograms of injected
6mdA standards at concentrations of 0, 0.5, and 1.0 pM, showcasing effective elimination of flow
path-contaminated 6mdA interferences. S/N—signal-to-noise ratio; (C) Standard curve of 6mdA

ranging from 0 to 100 pM, obtained using the retarded migration-based separation strategy.

Building upon this exceptional sensitivity, we further systematically validated the analytical
performance and robustness of this dual-column strategy across different matrices, including pure
solvent (H20), enzymatic digestion mix, and authentic complex matrices (2 pg digested mammalian
gDNA). As summarized in Table 1, the method exhibited excellent linearity (R?> 0.999) in all tested
matrices. The precision was highly satisfactory, with RSDs ranging from 0.08% to 10.2%. Additionally,
the dual-column and valve-switching configuration maintained excellent chromatographic stability,
yielding a retention time RSD of 0.35% across 60 consecutive injections. Furthermore, the matrix effects
for the enzymatic digestion mix and digested gDNA were evaluated at 95.3% and 100.5%, respectively,
indicating negligible matrix interference (ion suppression or enhancement). Notably, the spike
recoveries in the digested gDNA matrix ranged from 96.4% to 108.1%. These robust validation results
collectively confirm that our method possesses high accuracy, reliability, and excellent applicability for
the ultra-trace quantification of 6mdA in authentic biological samples. Overall, these results indicate
that our method is accurate and reliable for quantifying 6mdA in biological samples.

Table 1. Analytical performance parameters and method validation for 6mdA quantification in

different matrices.

Matrix Linear Equation R? RSD (%) Matrix Effect® (%) Spike recovery (%)
H>O (Solvent) y = 806.3x >0.999 0.08-7.8 - -

Enzymatic digestion mix y = 768.3x >0.999 0.88-6.5 95.3 -

Digested gDNA (2 pg) y =810.0x + 253.9 >0.999 1.6-10.2 100.5 96.4-108.1

 The matrix effect was calculated as the ratio of the calibration curve slope in the specific matrix to that in the
HO solvent.
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3.3. Quantification of nuclear DNA 6mdA in cultured mammalian cells

Prior to analyzing the cellular samples, we evaluated an extraction and digestion blank. As shown in
Figure 3A, no detectable 6mdA peak was observed, confirming that no external contamination was
introduced during the sample preparation process. Furthermore, to demonstrate the necessity of our
dual-column strategy, we compared the 6mdA levels in representative cell lines (MCF7, T47D, and A549)
measured by both the conventional single-column method and our proposed method. As summarized in
Table 2, the conventional method suffered from severe flow path contamination, leading to an overestimation
of endogenous 6mdA levels by approximately 16.1- to 30.4-fold. By effectively eliminating this systematic
bias, our method provides a much more accurate assessment. Using this established, reliable, analytical
method, we quantified the levels of 6mdA in 12 cell lines (MCF7, T47D, A549, SVG p12, Jurkat, KG-1a,
K562, THP-1, U937, MOLT-4, J774, and RAW264.7). The levels of 6mA in 10 of these cell lines were
less than 5.0 6mdA per 10® dA, whereas the 6mdA levels in 2 mouse macrophage lines, J774 and
RAW264.7, were greater, with levels of 1.10 6mdA per 10° dA and 1.12 6mdA per 10° dA, respectively
(Figure 3B-D). The markedly lower levels of 6mdA in most of these cell lines suggest that this
modification might be less prevalent or dynamically regulated in certain types of cells under specific
conditions. On the other hand, the elevated levels observed in the mouse macrophage cells J774 and

RAW264.7 could indicate the potential role of 6mdA in immune-related functions or responses.
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Figure 3. Quantification of nuclear DNA 6mdA in cultured human and mouse cells.
(A) Chromatogram of 6mdA in extraction & digestion blank; (C, D) Chromatograms (B, C) and
quantification (D) of 6mdA of cell lines.
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Table 2. Comparison of 6mdA quantification results in representative cell lines using the
conventional single-column and proposed dual-column methods.

6mdA level (6mdA per 10° dA)

Cell Line Overestimation Factor?
Conventional single-column method Proposed dual-column method

MCF7 140+6.3 87+1.2 ~16.1 x

T47D 201 £ 12 7.1+0.3 ~28.3 x

A549 173+4.9 5.7+0.7 ~30.4 x

2 Overestimation factor is calculated as the ratio of the value obtained by the conventional method to that by

the proposed method.

This study identified a previously unrecognized source of contamination in DNA 6mdA analysis
originating from the LC flow path itself. This contamination, potentially arising from reagents, solvents,
or even the instrument tubing, poses a significant hurdle, particularly when analyzing low-abundance
6mA in mammalian DNA. To address this, we developed a novel flow path 6mdA migration-retardation
separation method. This method's strength lies in its ability to physically isolate and eliminate
contaminating 6mA during the analysis, ensuring accurate quantification. A key advantage of this
retarded-migration strategy is its universal applicability. While rigorous cleaning or fresh mobile phases
may temporarily reduce background noise, trace contaminants often fluctuate unpredictably. By
physically separating system-derived interferences from the target analyte based on their spatial origins,
our dual-column setup ensures reliable results regardless of the system’s contamination severity or
tubing conditions, serving as a hardware-level safeguard for routine ultra-trace analysis.

4. Conclusion

We identified 6mA contamination originating from the LC flow path, including the mobile phase and
instrument tubing, as a critical hidden interference during LC-MS analysis. To address this, we
developed a novel flow path 6mdA migration-retardation separation method. This method effectively
separates flow path-related 6mA contamination from sample-derived 6mdA, enabling accurate
quantification of 6mdA in biological samples. The limit of quantification for this method was determined
to be 5 amol with a signal-to-noise ratio (S/N) > 10. Crucially, through validation and application across
12 mammalian cell lines, we demonstrated that conventional single-column methods can overestimate
6mA levels by up to 30-fold due to this flow-path interference. By thoroughly eliminating this systematic
bias and overcoming matrix effects, our strategy enables the ultra-sensitive and accurate quantification
of 6mA, providing a highly reliable analytical tool to uncover its true biological functions in mammals.
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