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Interstrand Crosslink for Discrimination of Methylated Cytosines
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We have developed a chemistry-based method to discrim-
inate cytosine from methylated cytosine using a probe DNA
bearing an aldehyde functionality. The probe DNA undergoes
interstrand crosslinking with target DNA containing a non-
methylated cytosine in a sequence-dependent manner, while the
crosslink formation is significantly suppressed for both 5-methyl
and N4-methyl cytosines.

Genomic information consists of a one-dimensional array of
four chemical letters, adenine, guanine, thymine, and cytosine.
Chemically modified nucleosides are often found in genomic
DNA and can be considered as fifth and subsequent letters of
DNA. Methylation of nucleobases is a commonly used chemical
modification in many organisms, and three methylated nucleo-
bases, 5-methylcytosine (5SmC), N*-methylcytosine (4mC), and
N®-methyladenine (6mA), are known as a natural component of
genomic DNA.! In particular, SmC has attracted considerable
attention because of the biological and pathogenic importance in
many eukaryotic cells. Patterns of C5-cytosine methylation in
genomic DNA determine epigenetic gene regulation and cellular
differentiation and are associated with many human cancers.?
6mA and 4mC are mostly found in bacterial genome and
participate in genome defense, replication, mismatch repair, and
control of gene expression.’ These methylated nucleobases are
introduced by DNA methyltransferases and provide additional
information that is not encoded by four standard nucleobases.

Since SmC plays significant roles in mammalian cells, many
analytical methods for SmC distribution have been developed
over the past decade.* Bisulfite conversion, methylation-sensi-
tive enzymatic digestion, and immunoprecipitation are conven-
tional techniques for the methylome analysis.*® Besides the
most common bisulfite sequencing,® there have been several
reports on methylation analysis based on selective chemical
reactions.” ' We recently reported a chemistry-based method
to detect N®-methyladenine by the formation of a selective
interstrand crosslink (ICL).!"" Here we demonstrated that the
ICL formation could be also applicable for the detection of
methylation status of cytosine in the predetermined target
sequence. Electrophilic formyl group, when properly placed in
the major groove of DNA, selectively reacts with exocyclic
amino groups of cytosine but not with the methylated counter-
parts, SmC and 4mC (Figure 1). This new chemical method-
ology will be applicable to detect all types of natural methylated
bases of DNA.

While the chemical basis of strategies for discriminating
5mC from C is the susceptibility of C5-C6 double bonds to the
nucleophilic addition®’ and oxidation reactions®® depending on
the presence of C5 methyl groups, we focused on nucleophilic
reaction involving an exocyclic amino group at C4. Since the
amino group is located in close proximity to the cytosine
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Figure 1. Schematic illustration of the discrimination of
methylated cytosines, 5SmC (R;=H, R, =Me) and 4mC
(R; = Me, R, = H) by the interstrand crosslink (ICL) between
fG and cytosine. The ICL formation is suppressed in the
presence of the methyl group.

methylation sites, a nucleophilic attack of the amino group on
the electrophilic group placed near the cytosine-N4 would be
sensitive to base methylation. We previously demonstrated that
N6-methylated and non-methylated adenine could be discrimi-
nated by ICL between the exocyclic amino group of adenine-N6
and ‘G, which has an electrophilic formyl group at the O6
position of guanine via three methylene linker (Figure 1) and
can deliver the formyl group into close proximity to the target
adenine base.!! The presence of the methyl group at the N6
position of adenine suppresses the ICL formation probably due
to steric hindrance. To know whether the ICL-based strategy
is applicable to the methylated cytosine, ICL between ‘G and
exocyclic amino group of cytosine-N4 was investigated in the
presence and absence of methyl groups at C5 and N4.

ICL between the ‘G-containing DNA and its complemen-
tary DNA containing a target cytosine base was analyzed
by denaturing polyacrylamide gel electrophoresis (PAGE,
Figure 2a). The ICL should be electrophoresed much slower
than DNAs without any ICL under the denaturing conditions.
After incubation of the G-containing duplex in sodium
cacodylate buffer (pH 6) for 8h, slower mobility bands
corresponding to the ICL were observed in sequence-dependent
manner. When cytosine is located opposite ‘G (lane 5) or the
5'-adjacent base of 'G (lanes 3 and 4), no ICL formation is
observed. The ICLs were observed only for the sequence
containing a cytosine opposite the 3’-adjacent base of G,
5'-{GN-3’/5’-CN-3" (Figure 2a, lanes 1 and 2). The observed
specificity is consistent with that of the previously reported ICL
involving adenine-N6.""1?* The ICL reaction of the 5'-‘GG-3'/
5'-CT-3' sequence (Figure 2a, lane 1) reached a plateau phase
after 4h incubation with chemical yield of 11% as determined
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Figure 2. ICLs at a cytosine opposite the 3’-adjacent base
of G, 5'-fGN-3’/5'-CN-3". (a) A series of DNA duplexes
containing a different core sequence were incubated at 30°C
for 8h and then subjected to denaturing polyacrylamide
gel electrophoresis. The crosslinked cytosine is underlined.
(b) HPLC analysis of the ICL formation in the 5'-'GG-3'/5'-CT-
3’ sequence before and after incubation for 8 h. The sharp peak
eluted at 18 min is attributed to the ICL, while the broad peak at
around 15 min is attributed to non-ICL duplex. dT (5 min) was
added as an internal standard. Inset: time course of the ICL
formation.

by HPLC (Figure 2b). Matrix-assisted laser desorption/ioniza-
tion (MALDI) time-of-flight mass spectrometry (TOF MS)
measurements of the isolated ICL by HPLC showed recovery of
the initial ‘G-containing DNA. This phenomenon is quite similar
to that of ICL between adenine-N6 and ‘G.!! The saturation of
the ICL formation and the reproduction of the initial DNA
during the MALDI-TOF MS measurements suggests the
reversible nature of the ICL reaction between the aldehyde
and the amino groups in aqueous media. The formation of
carbinolamine and/or Schiff base is likely responsible for the
ICL.“_M

Sequence-specific ICL formation between ‘G and cytosine-
N4 allows us to use ‘G-containing DNA as the probe for the
methylation status of cytosine. For discrimination of cytosine
from methylated cytosine (SmC or 4mC),'> we prepared a series
of oligonucleotides containing a sequence, 5'-'GG-3'/5'-
(mC/C)N-3’, where the target cytosine is located at 5’ adjacent
to the opposite base of ‘G. The ICL formation in the presence
and absence of the methyl group was investigated by PAGE
(Figure 3).!7 ICL band was observed for non-methylated
cytosine with a different efficiency depending on the opposite
base N (odd number lanes). Thymine base opposite ‘G (N = T)
was found to be optimal for the ICL, most likely because the
G.T base pairing allows the formyl group to be placed in a
proper arrangement for the ICL.!® In the case of 4mC, in
contrast, no ICL band was observed (Figure 3b). The presence
of methyl group at N4 of cytosine effectively hinders ICL
formation between ‘G and cytosine-N4.
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Figure 3. Discrimination between methylated and non-methyl-
ated cytosine by ICL with ‘G-containing DNA. (a) PAGE
analysis for the discrimination between cytosine and SmC. The
ICL formation was investigated changing the opposite base of
fG. Relative ICL yield was estimated from (band intensity of
ICL)/(total band intensity). (b) Discrimination between cytosine
and 4mC.

In the case of 5SmC, the ICL formation was strongly
suppressed, when the opposite base of G is a pyrimidine base
(N =C or T, Figure 3a, lanes 2 and 6). The methyl substitution
at CS5 position resulted in an approximately 30-fold decrease in
the ICL formation (N = T). Although the C5 methyl group is not
directly attached to the amino group responsible for the ICL, the
presence of the methyl group hinders electrophilic attack of the
formyl group of ‘G. When the opposite base of ‘G is purine
(N =G or A), both efficiency of the crosslinking and discrim-
ination were lower than that for pyrimidines (Figure 3a),
indicating that 5’-(mC)G-3" is not the best target sequence for
fG. Since C5 methylation at non-CpG sites is limited to a
particular type of cells,’® the sequence dependency on the
opposite base needs to be improved for further applications.

In conclusion, we presented a chemistry-based methodology
to discriminate cytosine methylation status using ‘G-containing
DNA. The presence of a methyl group both at C5 and N4 of the
cytosine strongly suppressed the ICL formation with the ‘G-
containing DNA. Considering our previous results for 6 mA,!!
the strategy based on the nucleophilic reactions of nucleotide
base amines is effective for detection of any of three methylated
bases found in genomic DNA, C5, N4 of cytosine and N6 of
adenine.
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