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Abstract: Until recently, it was believed that the genomes of
higher organisms contain, in addition to the four canonical
DNA bases, only 5-methyl-dC (m’dC) as a modified base to
control epigenetic processes. In recent years, this view has
changed dramatically with the discovery of 5-hydroxymethyl-
dC (hmdC), 5-formyl-dC (fdC), and 5-carboxy-dC (cadC) in
DNA from stem cells and brain tissue. N°-methyldeoxyadeno-
sine (m°dA) is the most recent base reported to be present in the
genome of various eukaryotic organisms. This base, together
with N*-methyldeoxycytidine (m*dC), was first reported to be
a component of bacterial genomes. In this work, we inves-
tigated the levels and distribution of these potentially epigeneti-
cally relevant DNA bases by using a novel ultrasensitive
UHPLC-MS method. We further report quantitative data for
m’dC, hmdC, fdC, and cadC, but we were unable to detect
either m*dC or m°dA in DNA isolated from mouse embryonic
stem cells or brain and liver tissue, which calls into question
their epigenetic relevance.

The genetic material of living organisms is constructed from
the four canonical nucleobases dA, dC, dG, and dT, which
establish the sequence information that, in multicellular
organisms, is stored in the nucleus of every cell (Figure 1).
In addition to the canonical bases, the methylated dC base 5-
methyldeoxycytidine (m’dC) is frequently found.™ The
presence or absence of this base in specific promoter seg-
ments determines whether the gene is actively transcribed or
silenced.!! The cell-type-specific distribution of m>dC thus
determines the identity of a given cell. Recently, 5-hydrox-
ymethyldeoxycytidine (hmdC) was found as a sixth base of
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Figure 1. Depiction of the four canonical DNA bases and the epige-
netic DNA marks m*dC, hmdC, fdC, and cadC, as well as the bases
mPdA and m*dC together with the synthesized isotopologues.

the genetic system™? and in 2011, S-formyldeoxycytidine
(fdC)*3 and 5-carboxydeoxycytidine (cadC)™ were also
discovered, particularly in DNA isolated from stem cells, but
also in brain DNA. It is currently believed that fdC and cadC
are intermediates in an active demethylation process that
allows cells to change the methylation pattern and hence the
activity state of specific genes.”®! For fdC, separate epigenetic
functions are also envisaged.””)

While the genomes of bacteria are known to also contain
N*-methyldeoxycytidine (m*dC)!'” and N°-methyldeoxyade-
nosine (m°dA),!" attempts to detect these bases in the DNA
of higher organisms have failed until recently.!'>™™) m°dA has
now been found in algae (0.4 mol% m°dA/A),M fruit flies
(0.001%-0.07% m°dA/A),™ and C. elegans (0.01%-0.4%
m°dA/A),® and its presence has even been reported in the
DNA of vertebrates (0.00009 % in X. laevis!' and 0.00019-
0.003% of dA in murine cells and tissue!'”). These discov-
eries, especially concerning the DNA of vertebrates, have
spurred a worldwide research interest in unraveling the
function of these new bases in human genomic DNA.[!5-2

In this study, we developed an ultrasensitive triple
quadrupole mass spectrometry (QQQ-MS) method, which
in combination with ultra-high-pressure chromatography
(UHPLC) enables m*dC and m°dA to be searched for and
quantified in parallel to the more established new epigenetic
DNA marks m°dC, hmdC, fdC and cadC.
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For the quantitative measurements, we first chemically
synthesized the two isotopologues of m°dA and m*dC shown
in Figure 1 as internal standards for the analytical method.
The prepared compounds D;-m°dA and N,-m*dC are three
and two mass units heavier, respectively, than the natural
bases. Despite these molecular-weight differences, they have
identical properties during the UHPL chromatography step
so that they strictly coelute with their natural counterparts,
thus allowing them to enter the mass spectrometer at exactly
the same time as the internal standards. The availability of
these isotopologues makes the method highly reliable and
strictly quantitative. The syntheses of the two compounds,
together with all analytical data, are given in the Supporting
Information.

We first benchmarked our study with an investigation of
genomic DNA isolated from the unicellular green algae
Chlamydomonas reinhardtii and the cyanobacterium Syne-
chocystis. In both cases, DNA was isolated after cell lysis using
a standard method (see the Supporting Information). The
isolated DNA was subsequently digested with a mixture of
three commercially available digestion enzymes (Nuclease
S1, Antarctic Phosphatase, and Snake Venom Phosphodies-
terase; see the Supporting Information). We next added the
isotope-labelled standards D;-m°dA and “N,-m*dC to the
obtained digestion mixture and performed UHPLC-QQQ
analysis. For the mass spectrometry detection, we selected
fragmentation of the glycosidic bond as the indicative and
hence recorded mass transition. This is m/z =266.12—150.08
for m®dA and m/z =269.14—153.10 for its isotopologue D;-
m°dA. For m*dC, we also used fragmentation of the glycosidic
bond, which gives a mass transition of m/z =242.11—-126.07
for the natural compound m*dC and m/z =244.11—128.07 for
its isotopologue “N,-m*dC (Figure 2 A).

We next modified the reported UHPLC-QQQ method!”!
for the simultaneous quantification of m*dC and m°dA,
together with the other epigenetically relevant bases m°dC,
hmdC, fdC, and cadC. To this end, the UHPLC gradient was
fine-tuned to enable full separation of all six compounds.
Finally, we measured precise calibration curves for all of the
compounds (see Figures S1 and S2 in the Supporting Infor-
mation). This subsequently allowed exact quantification of all
of the discussed epigenetic DNA marks in a given sample
(Figure 2B-D).

Since m*dC and m°dA are well known in bacteria, we first
analysed the cyanobacterium Synechocystis (PCC6803), and
we indeed found both bases (Figure 2B). The base m°dA was
detected at a level of 8.4x107 per dN and for m*dC we
measured a value of 5.9x107* per dN. The constitutional
isomer m°dC and all other dC-derived epigenetic DNA marks
were detectable, but were not quantified in this experiment.

Next, we analyzed two different strains of Chlamydomo-
nas reinhardtii (CC-3491 and wt 7d +), in which m®dA has just
recently been discovered,'”” and the levels of m°dA were
determined to be 8.4 x 10~* per dN for CC-3491 and 6.9 x 10~*
per dN for wt 7d + (Figure 2 C). This corresponds to about
3000 m°dA bases per Chlamydomonas genome (genome size
1.2x10%), which at 0.7% of the dA is a relatively high
number. In both strains, m*dC was not detected, thus showing
that this base is unlikely to be a component of the genetic
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Figure 2. A) Fragmentation patterns of m*dC and m®dA. B-D) Quanti-
tative data of the bases m*dC and m°®dA in Synechocystis (B), Chlamy-
domonas (C) and of these bases and the other epigenetic DNA marks
hmdc, fdC, cadC, and m°dC in mouse embryonic stem cells (D).

cadC 8-oxodG mSdA m*dC

material of Chlamydomonas. This is interesting because
Synechocystis is considered a relative of the chloroplasts
present in Chlamydomonas.

With these positive results in hand, we extended our study
to mouse embryonic stem cells (ESCs; wt J1, Figure 2D).
m°dA in particular was recently reported to occur as an
epigenetically relevant DNA mark in mouse ESCs (mESC
cell line wt TT2).'"? When performing the measurements, we
turned the mass spectrometer to maximum sensitivity. But
even in this mode, we were unable to detect a signal for m°dA
within the detection limits of our system Table S2. In contrast,
the other epigenetically relevant bases hmdC, fdC, cadC, and
even the oxidative lesion 8-o0xodG, which we also quantified
in parallel, were clearly detectable. The 8-oxodG level was
4.8x107° per dN. The rare and difficult to detect cadC was
clearly seen even at levels of only 9.0 x 10 per dN. For m°dA,
in contrast, a signal did not appear. We also re-measured wt
TT2 cells as described and still did not detect m°dA over
background levels (see Figure S4)."! To obtain unequivocal
proof that m°dA is not present in stem cells, we added *CD;-
methionine to the mESC culture. Methionine provides the
methyl group for the biosynthesis of m°dA. With *CD;-
methionine, this would lead to an m/z-shift of +4. We tuned
the mass spectrometer to the new m/z-transition and again
were unable to see any signal for "CD;-m°dA (Figure S8).

We subsequently turned our attention to adult mouse
tissue and analysed DNA isolated from liver and whole brain
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(Figure S3) using our UHPLC-QQQ method. Figure 3 shows
the data obtained from mouse liver. The middle column
shows the data we obtained for hmdC. The already reported
D,-"N,-hmdC standard elutes at a retention time of 2.25 min
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The m®dA data are highly interesting (Figure 3 right
column). While the D;-m°dA standard was clearly detectable
at a retention time of 10.1 min, the unlabelled m°dA provided
a very weak signal. We then performed a control experiment
to determine the limit of detection
and investigated the digestion so-
lution alone, which contains all of
the commercial enzymes but no
isolated DNA (red chromato-
gram). A weak signal for m°dA

“NH

L

OH OH OH OH was again detectable at a retention
msdC mdC hmdC médA time of 10.1 min. After subtracting
this background signal (red) from
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Figure 3. A) Chromatograms of the mass signal of mouse liver DNA. UHPLC-QQQ data obtained for
m°dC and m*dC (left), hmdC (middle), and m°dA (right, blue line) and their corresponding isotopic
standards are shown. Additionally, for m®dA, the chromatogram for the digest blank is shown (red
line) and a computed baseline (black line), which was determined by subtracting the digest blank
from the sample. B) A chromatogram of the mass signal from UHPLC-QQQ data obtained for m®dA

in DNA from Hela cells.

and shows the expected fragmentation of the glycosidic bond,
providing the fragmentation signature m/z =262.12—146.07,
which allowed assignment of the signal. The naturally
occurring hmdC is detected at exactly the same retention
time with a mass transition of m/z=258.11—142.06, thus
unequivocally demonstrating the presence of hmdC in murine
liver DNA. Regarding the different monomethylated dC
compounds m°’dC and m*dC (left column), the epigenetic
DNA mark m’dC is clearly detected at a retention time of
3.2 min, but for m*dC with a retention time of 3.5 min, there is
obviously no signal present.
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be theoretically present and would
not be detectable by our method is
less than 170 m°dA bases per
genome, which led us to conclude
that m°dA is likely not epigeneti-
cally relevant but rather formed as
a DNA lesion, perhaps by mis-
guided methyltransferases. Spiking
tests with synthetic nucleoside and
DNA from Chlamydomonas nevertheless confirmed the
sensitivity of the method, since the input amount equalled
the found amount (see Figure S6).

To find a potential source for m°dA in mESC DNA that
could explain previous sequencing data,’”! we thought that
mP°dA-containing bacterial DNA that gets degraded could
provide the m°dA nucleoside, which then might get incorpo-
rated into mESC DNA. This is indeed a possibility. When we
added the m°dA nucleoside to a mESCs culture, we indeed
saw incorporation of some m°dA into the genome (Fig-
ure S7).

retention time [min]
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We also cannot fully exclude the possibility that the
presence of few m°dA bases, at levels below our detection
limit, could have a biological function. In addition, it is
possible that at certain stages of organismal development,
certain methyltransferases are activated that may induce high
m°dA levels at specific time points that may have escaped our
detection.'” OQur data, however, show clearly that the
maximum possible levels of m°dA in the analysed organisms
and mESCs under normal conditions are far lower than so far
believed.
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Previous results challenged: Highly sen-
sitive mass spectrometry reveals that
m°dA is most likely not an epigenetic
base in the mouse genome. It appears
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that in vertebrates, the levels of this
modified base, and that of N*-methyl-
deoxycytidine, are much lower than pre-
viously thought.
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