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Abstract—A method for determination of a non-methylated deoxycytidine (dC) residue in the recognition site of 5-cytosine
DNA-methyltransferases is suggested. The method is based on treatment of methylated DNA by sodium bisulfite and suc-
cessive reaction of the thus modified DNA with a repair enzyme, uracil-DNA glycosylase. This method was successfully

applied to identify N/aX methyltransferase specificity.
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Some purine and pyrimidine bases can be modified
after the end of the DNA replication cycle. The modified
nucleosides, 5-methyl-2'-deoxycytidine, N6-methyl-2'-
deoxyadenosine, and N4-methyl-2'-deoxycytidine, are
thus formed in DNA. The methyl group is incorporated
into the bases by site-specific DNA-methyltransferases in
the presence of the cofactor S-adenosyl-L-methionine
(SAM), the donor of the methyl group. DNA methylation
has been shown to be very important for regulation of
expression of many genes and in DNA replication and
repair. In eukaryotic systems, DNA methylation is also
significant for such important processes as genome
imprinting and X-chromosome inactivation [1, 2]. Most
bacterial DNA-methyltransferases are components of
restriction—modification systems, a peculiar kind of
immune system protecting bacteria from infection by bac-
teriophage. In addition to methyltransferase, these sys-
tems also contain restriction endonuclease that cleaves the

Abbreviations: SAM) S-adenosyl-L-methionine; UDG) uracil-
DNA glycosylase; M.NlaX) DNA-methyltransferase NlaX;
M.Ssoll) DNA-methyltransferase Ssoll; R.Ssoll) restriction
endonuclease Ssoll.
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phage DNA penetrating into a cell in a certain place, the
recognition site. The cell DNA is not hydrolyzed by
restriction endonuclease because the former is modified
by DNA-methyltransferase within the recognition site [3].
Biochemical studies of DNA-methyltransferase are
impossible without determination of its recognition site
in DNA, methylation position and its type. There are sev-
eral ways of determining the position of the base methy-
lated by DNA-methyltransferases: destruction of the
methylated DNA to short oligonucleotides, identification
of methylated fragments, and their sequencing [4, 5];
detection of tritium-containing DNA fragments. Such
fragments are formed after DNA methylation in the pres-
ence of SAM having tritium-labeled methyl group and
subsequent DNA cleavage by restriction endonuclease
IIS [6]. Gopal and Bhagwat [7] suggested a method of
identification of methylated base based on the use of E.
coli exonuclease III. Along with radioactive SAM, this
method suggests synthesis of DNA duplexes containing
the phosphothioate internucleotide group. Finally, the
methylated nucleoside can be identified using mass-spec-
trometry. This method requires special equipment [8].
We have developed an alternative biochemical
method for determination of a methylated deoxycytidine
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position based on the bisulfite reaction; the latter can be
used to identify non-methylated dC residues from several
residues of the recognition site. The bisulfite reaction
together with polymerase chain reaction is often used for
evaluation of the methylation status of CpG islands in
DNA and for mapping of all methylated dC residues in a
known nucleotide sequence [9, 10]. Sodium bisulfite
causes deamination of dC residues in single-stranded
DNA with formation of deoxyuridine (dU) residues,
leaving 5-methyldeoxycytidine and N4-methyldeoxycyti-
dine residues unchanged [11]. The dU residues can be
easily detected with the repair enzyme uracil-DNA gly-
cosylase (UDG). Short DNA substrates can be used in
our method, which is especially suitable for methyltrans-
ferases recognizing a nucleotide sequence containing
only two dC. We have successfully applied this method for
study of DNA-methyltransferase NlaX (M.NlaX) from
Neiserria lactamica [12]. This enzyme does not have a
tandem restriction endonuclease, and neither the
nucleotide sequence of the methylation site nor the posi-
tion of the methylated dC residue was known for it.

MATERIALS AND METHODS

Oligodeoxyribonucleotides used in this work were
synthesized by the standard amidophosphite method in
an automatic synthesizer (Applied Biosystems 380B,
USA). Oligodeoxyribonucleotides containing 5-fluoro-
2'-deoxycytidine were obtained as described earlier [13].

Recombinant forms of M.Ssoll, M.NlaX, and
R.Ssoll having six histidine residues at the N-end were
isolated via a two-step method using chromatography on
heparin-Sepharose and Ni-NTA-agarose [14]. Uracil-
DNA glycosylase from E. coli and T4 polynucleotide
kinase are commercial preparations from New England
BioLabs (USA) and Sibenzyme (Russia), respectively.

The following reagents were used in this study: EDTA,
(NH,),S0,, LiClO,, and formamide from Fluka
(Switzerland); N,N’-methylenebisacrylamide, N,N,N’,N'-
tetramethylethylenediamine, acrylamide, and glycerol from
Serva (Germany); SDS and dye markers Bromophenol Blue
(BPB) and Xylene Cyanole (XC) from Reanal (Hungary);
dithiothreitol, Tris-HCI, piperidine, formic acid, dimethyl-
sulfate, hydrazine, potassium permanganate and sodium
metabisulfite from Merck (Germany); hydroquinone from
Sigma (USA); [y->*P]ATP with specific radioactivity 1000 Ci/
mole from Izotop (Russia). Other reagents used were extra
pure grade products produced in Russia.

Radioactive label was inserted into oligonu-
cleotides by T4 polynucleotide kinase phage in the
presence of [y->?P]JATP. The **P-labeled products were
separated by electrophoresis in 20% polyacrylamide gel in
Tris-borate buffer (50 mM Tris-HCl, 50 mM H;BO;,
1 mM EDTA, pH 8.3) in the presence of 7 M urea and then
detected by autoradiography. 5'-[**P]oligonucleotides were
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isolated from the gel by 2 M LiClO, for 18 h at room tem-
perature with subsequent precipitation by acetone.

Solutions of DNA duplexes were prepared by mixing
of the appropriate oligonucleotides in equimolar ratios.
5’-Phosphorylated duplexes with known specific radioac-
tivity were obtained by addition of the appropriate 5'-
[*?P]oligonucleotide to a specific amount of DNA duplex
and subsequent annealing.

The efficiency of interaction between methyltrans-
ferases NlaX and Ssoll (M.Ssoll) and DNA duplexes was
evaluated via the degree of the substrate protection from
hydrolysis by restriction endonuclease Ssoll (R.Ssoll).
DNA duplex (3.5 pM) with one *’P-labeled strand was
incubated with M.NlaX or M.Ssoll (10 activity units) in
50 mM Tris-HCl buffer, pH 7.6, containing 10 mM EDTA,
7 mM 2-mercaptoethanol, and 0.1 mM SAM for 2 h at
37°C. After the reaction with methyltransferases, oligonu-
cleotides were precipitated by acetone, dried, annealed in
50 mM Tris-HCIl buffer, pH 7.6, containing 50 mM NaCl,
10 mM EDTA, and 7 mM 2-mercaptoethanol and incubat-
ed with R.SsollI (10 activity units) for 1 h at 37°C. The prod-
ucts of hydrolysis were analyzed by electrophoresis in 20%
polyacrylamide gel containing 7 M urea.

The non-methylated deoxycytidine residue in
[*2P]oligonucleotide 5'-AGAGCCAGGTTGGC-3' incor-
porated into the duplex III was determined according to a
specially developed method: 100 ul of 5 M sodium bisulfite
(2.5 M sodium metabisulfite and 125 mM hydroquinone,
pH 5.0) were added to the preliminarily precipitated
oligonucleotide (~10-100 nM in solution) and incubated
for 4 h at 50°C in the dark. Then the reaction mixture was
desalted by gel filtration on a NAP-5 column (Amersham-
Pharmacia-Biotech, Sweden) and treated with 0.3 M alka-
li for 15 min at 37°C (volume 60 pl). The solution was neu-
tralized by addition of 3 M ammonium acetate to pH 7.0.
Oligonucleotides were precipitated with ethanol, dried,
and dissolved in 20 mM Tris-HCI buffer, pH 7.5, contain-
ing 60 mM NaCl, 10 mM EDTA and 0.5 mg/ml BSA.
UDG (2 activity units) was added to the reaction mixture,
and the latter was incubated for 1 h at 37°C. The samples
were dried and treated with 10% aqueous solution of
piperidine for 30 min at 90°C. After removal of traces of
piperidine by re-evaporation with water, the DNA frag-
ments were separated by electrophoresis in 20% polyacryl-
amide gel containing 7 M urea.

Cross-linking of DNA methyltransferases to DNA
duplexes containing 5-fluoro-2'-deoxycytidine was per-
formed in 50 mM Tris-HCI buffer, pH 7.6, containing
10 mM EDTA, 7 mM 2-mercaptoethanol, and 0.1 mM
SAM. The 32P-labeled in the modified strand DNA duplex
IV or V (2 pM) was incubated with 70 pM M.NlaX or
M.Ssoll (~4 pg) for 1 h at 37°C. After heating in denatur-
ing solution (2% SDS, 0.05% mercaptoethanol, 7 M urea),
the reaction products were analyzed by electrophoresis in
12% polyacrylamide gel containing 0.1% SDS according to
Laemmli [15] and visualized by autoradiography.
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RESULTS AND DISCUSSION

Determination of the M.NlaX recognition site. Our
first goal was to determine the nucleotide sequence of the
M.NlaX recognition site. Preliminary investigations
demonstrated that the amino acid sequence of M. NlaX is
highly homological with the two methyltransferases Ssoll
and ScrFlI recognizing a pentanucleotide sequence
5'...CCNGG...3' (where N =C, G, A, or T) in the dou-
ble-stranded DNA [14]. This fact suggested that M. NlaX
recognizes a similar and maybe analogous site. To test this
hypothesis, we used two 14-membered DNA duplexes;
their sequence included a 5'...CCNGG...3' fragment, and
DNA duplex I had dA/dT residues as a central nucleotide
pair and DNA duplex II had dG/dC residues:

5" AGAGCCAGGTTGGC 3’
3’ TCTCGGTCCAACCG 5’ 0))

5" AGAGCCGGGTTGGC 3’
3’ TCTCGGCCCAACCG Y (I1)
DNA duplexes I and 11 *?*P-labeled at the 5'-end of the
upper or lower strand were incubated with M.NlaX in the
presence of SAM cofactor. The reaction mixture was treated
by restriction endonuclease Ssoll in the presence of Mg?".
This enzyme cleaves the double-stranded sequence 5'...4
CCNGG...3 at the position shown by the arrow. R.Ssoll is
unable to hydrolyze the recognition site if the internal or
external dC residue is methylated [16, 17]. In the control,
duplexes I and II were modified by M.Ssoll and incubated
with R.Ssoll. Autoradiograms of electrophoretic separation of

a b c d
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Fig. 1. Electrophoretic analysis of the products of hydrolysis of
DNA duplexes I ([*?P] label in the upper (a) and in the lower
(b) strand) and II ([**P] label in the upper (c) and in the lower
(d) strand) after treatment with R.Ssoll. Lanes: 7) initial
duplex (control); 2, 3) hydrolysis of the duplexes methylated by
M.NlaX and M.Ssoll, respectively; 4) hydrolysis of non-
methylated duplex. Position of the marker Bromophenol Blue
(BPB) is shown by the arrow. On the right, the length of
oligonucleotide fragments.
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Fig. 2. Scheme of the method for determination of non-
methylated dC residue in M.NlaX recognition site including
sequential use of bisulfite reaction and UDG. Two possible
ways of methylation (A, B) are considered. All the steps are
described in the text. ]*Jis 32p

the products of hydrolysis of the upper and lower DNA
duplexes I (a, b) and II (c, d), respectively, are presented in
Fig. 1. As shown, the interaction of both methyltransferases
with duplexes I and II prevents hydrolysis of the latter by
R.Ssoll. Consequently, similar to M.Ssoll, M.NlaX recog-
nizes 5'...CC*/;+GG...3' and 5'...CC%/-GG...3' nucleotide
sequences and methylates their internal or external cytosine.
Determination of non-methylated dC residue in
M.NlaX recognition site. Which of two cytosines of
CCNGG sequence is methylated by M.NlaX? To answer
this question, it is sufficient to detect a non-methylated
base. In order to determine the position of the non-methy-
lated cytosine in M. NlaX, we developed an original method
including sequential use of the bisulfite reaction and repair
enzyme uracil-DNA glycosylase. The scheme of this
method is shown in Fig. 2. The DNA duplex having a
methyltransferase recognition site is incubated with the
studied enzyme in the presence of SAM to complete
methylation of the substrate (step 1). To facilitate separation
of the strands in subsequent steps of the experiment, one of
the strands of the substrate should be several nucleotide
units longer than the other. For removal of non-methylated
molecules, the reaction mixture is then treated by RSsoll
(step 2). The strands of DNA duplex are separated by gel
electrophoresis under denaturing conditions (step 3). The
methylated oligonucleotides are isolated from the gel, treat-
ed by sodium bisulfite (step 4), desalted, and incubated with
alkali (step 5). Sodium bisulfite is reversibly added to the
C;—C; double bond of cytosine, forming 5,6-dihydro-6-
sulfonate, which is rapidly deaminated on alkali treatment
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with subsequent elimination of bisulfite [18, 19]. The dU-
containing oligonucleotide thus obtained is incubated with
UDG:; this results in excision of uracil with formation of the
apyrimidine site (step 6). After hydrolysis by 10% aqueous
piperidine solution at the place of modification, the reac-
tion mixture is separated by gel electrophoresis under the
denaturing conditions (step 7). To determine the length of
the formed oligonucleotide, it is convenient to use as mark-
ers the fragments of the initial oligonucleotide obtained
according to the modified Maxam—Gilbert procedure [20].
The only limitation on our approach is the need for design
of the substrates in which the dC residues are absent from
the flanking sequence adjacent to the 5'-end of the recogni-
tion site of the methyltransferase.

To determine position of the non-methylated
M.NiaX cytidine residue, we used a 14/18-membered
DNA duplex (II1) containing the CC*/;+GG nucleotide
sequence:

5" AGAGCCAGGTTGGC ¥
3’ AGTCTCGGTCCAACCGAG &' (I1I)

Analogous experiments were also performed with
M.Ssoll; the latter was found to methylate the internal
dC residue of the recognition site, forming 5-methylcyto-
sine [16]. As shown in Fig. 3, in experiments with
M.NilaX as well as with M.Ssoll, the fragments of the
same length are formed; they correspond to the splitting
of the 14-membered oligonucleotide from duplex III at
the external dC residue of the recognition site, that is, the
latter is not methylated by M. N/aX. The internal cytosine
is obviously to be modified.

Identification of the type of methylation of internal dC
residue of M.NlaX. To prove our data on the position of
the modified cytosine and to identify the place of methy-
lation in it, we used DNA duplexes IV and V containing
5-fluoro-2'-deoxycytidine (f1°dC, F) instead of the inter-
nal dC residue [21]:

5" AGAGCFAGGTTGGC 3
3’ AGTCTCGGTCCAACCGAG 5’ av)

5" AGAGCCAGGTTGGC 3
3" AGTCTCGGTFCAACCGAG %' %)

On modification of the fifth position of the dC
residue by methyltransferase, an intermediate covalent
complex between enzyme and substrate is formed.
Change of the methylated dC residue by fI°’dC makes this
formation irreversible [21] and easily detectable by gel
electrophoresis according to Laemmli.

The DNA duplexes IV and V *P-labeled at the 5'-
end of the strand containing the fI’dC residue were incu-
bated with M.NlaX (and M.Ssoll as a control) in the
presence of SAM. Then the reaction mixtures were ana-
lyzed by SDS-PAGE. For both M.NlaX and M.Ssoll, a
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Fig. 3. Determination of the length of oligonucleotide frag-
ment after sequential treatment by sodium bisulfite, UDG and
10% piperidine solution of 14-membered strand of DNA
duplex 111 pre-methylated with M. NlaX (lane 7) and M.Ssoll
(lane 9). Lanes: 2-5) separation of the products of chemical
modification according to Maxam—Gilbert of non-methylated
14-membered strand of duplex III; 7) initial non-methylated
14-membered oligonucleotide after treatment by 10% piperi-
dine; 6-8) after treatment by sodium bisulfite, UDG, and 10%
piperidine sequentially.

Fig. 4. Electrophoretic analysis of cross-linking of M.Ssoll
(lanes 2) and M.NlaX (lanes 3) to DNA duplexes IV (a) and V
(b). Lanes I: initial DNA duplexes IV and V.
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covalent complex was formed with each of fI’dC-contain-
ing oligodeoxyribonucleotides (Fig. 4). The results indi-
cate that in the CCNGG pentanucleotide sequence
M.NilaX methylates the internal dC residue at the fifth
position of the heterocycle.

Thus, we determined the specificity of M. N/aX. This
is the first time the bisulfite reaction in combination with
the repair enzyme uracil-DNA glycosylase has been sug-
gested for identification of a non-methylated dC residue.
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