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Abstract: Tet (ten-eleven translocation) family proteins oxidize 5-
methylcytosine (mC) to 5-hydroxymethylcytosine (hmC), 5-
formylcytosine (fC), and 5-carboxycytosine (caC), and are suggested
to be involved in the active DNA demethylation pathway. In this
study, we reconstituted positioned mononucleosomes using CpG-
methylated 382 bp DNA containing the Widom 601 sequence and
recombinant histone octamer, and subjected the nucleosome to
treatment with Tet1 protein. The sites of oxidized methylcytosine
were identified by bisulfite sequencing. We found that, for the
oxidation reaction, Tet1 protein prefers mCs located in the linker
region of the nucleosome compared with those located in the core
region.

Introduction

In eukaryotic cells, the nucleosome is the fundamental uryg
chromatin. The nucleosome is formed by wrapping ~146
DNA around a histone octamer comprising two pairs each of
H2A, H2B, H3, and H4. The nucleosome is the centr: for
the epigenetic regulation of gene expression, a histone
modifications on nucleosomes affect the lev
expression. In the nucleosome, DNA is wrapped 4
around the histone octamer.!"
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recently reported that
duocarmycin B, p linker DNA over core

DNA.M

vents access of proteins
transcriptional regulatory
to DNA, hence controlling the
expression.”™®  Using  reconstituted
et al. compared the activities of two
methyltransferases, Dnmt3a and
Dnmt3b, and foun mt3a had higher DNA methylation
activity than Dnmt3b toward the linker DNA region. Dnmt3a
sgarcely metjfiWated the core DNA region, whereas Dnmt3b
'ethylated this region, although the activity was

factors and elon
process of

yleytosine (fC) and 5-carboxycytosine (caC).'™

and the cefftral nervous system (CNS).'" 5-formylcytosine and
caC are also found in stem cells and in some organs.""'® A
number of methods to detect and sequence mC!"®'"!, hmC!"®2,

acing mC with hmC slightly relieves the packing of the
cleosome.®"! Tet proteins are suggested to play important
oles in the reprogramming of somatic cells to generate induced
pluripotent stem cells (iPSCs).***¥ We also investigated the
DNA sequence selectivity of Tet protein and showed that mC in
the CpG sequence is most easily oxidized by Tet protein.¥
However, it remains unknown how the nucleosome affects the
activity of Tet proteins. Here we evaluated the activity of Tet1
protein in reconstituted mononucleosomes.
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Figure 1. Preparation of CpG methylated nutléosome, followed by Tet
treatment and bisulfite sequencing.



Results and discussion

Generally, nucleosome positioning is heterogeneous, and
histone octamer sliding and repositioning after nucleosome
reconstitution can complicate experiments.*>*® In the present
study, we used PCR to prepare 382 bp DNA containing the
Widom 601 sequence,”” which provided a well-positioned
mononucleosome with core and linker DNA regions.

5’ ATTTAGGTGACACTATAGAATACTCAAGCTTGCATGCCTGCAGGTCCGGGATCCTAAT
3’ TARATCCACTGTGATATCTTATGAGT TCGAACGTACGGACGTCCAGGCCCTAGGATTA

GACCAAGGAAAGCATGATTCTTCCACCGAGTTCATCCCTTATGTGATGGACCCTATACGC
CTGGTTCCTTTCGTACTAAGAAGGTGGCTCAAGTAGGGAATACACTACCTGGGATATGCG

GGCCGCCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCAC
CCGGCGGGACCTCTTAGGGCCACGGCTCCGGCGAGTTAACCAGCATCTGTCGAGATCGTG

CGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTA

GCGAATTTGCGTGCATGCGCGACAGGGGGCGCAAAATTGGCGGTTCCCCTAATGAGGGAT

GTTCCAGGCACGTGTCAGATATATACATCCTGTGCATGTATTGAACAGCGACCTTGCCGG
CAAGGTCCGTGCACAGTCTATATATGTAGGACACGTACATAACTTGTCGCTGGAACGGCC

TGCCAGTCGGATAGTGTTCCGGCTCCCGACTCTAGAGGATCCCCGGGTACCGAGCTCGAA
ACGGTCAGCCTATCACAAGGCCGAGGGCTGAGATCTCCTAGGGGCCCATGGCTCGAGCTT

TTCGCCCTATAGTGAGTCGTATTA3”
AAGCGGGATATCACTCAGCATAATS’

Figure 2. All CpG sites of 382 bp DNA were methylated with M.Sssl. Bold
regions are core DNA and the other parts are linker DNA. CpG sites are
underlined and shown in red

A total of 28 CpG sites were methylated using prokaryotic,
methyltransferase (M.Sssl) (Figs 1, 2). We conducted bisulfite

the “salt-jump” dialysis method.***? After
formation of the nucleosome was confirme
mobility shift assay (Supplementary Fig.
force microscopy (AFM) observation (Supplementa
Densitometric analysis of the gel mobility shift a
demonstrated that ~96% of the reconstituted nucleosome
was obtained.
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The reconstituted nucleosome was treated with mTet1 protein
(catalytic domain) for 1 hour at 37 °C, and the Tet-treated
nucleosome was subjected dire bisulfite treatment. A
previous report suggested that mC | ed to fC and caC
under this condition.*” Because fC an converted to
uracil after bisulfite treatment and mine (Fig.
3A),222°41 it is possible t degree of oxidation of
mC in a concentration-depe anner (Fig. 3B). Using
chromatograms of capi we estimated the
percentages of form : d Supplementary
Fig. 6). At the core entages were lower than
20% (except for si region the percentages
were higher than DNA was treated with
mTet1 under the and using the same
ver, no striking reactivity
n and linker DNA region was
sts that, when on the nucleosome, Tet
mCs located in the linker DNA region
d in the core DNA region. The bulky
the access of Tet protein to mCs in

protein
comp
nucleosome co
the core DNA region.
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Figure 4. Quantification of mC oxidation by Tet protein. (A) Sequence of
DNA (B) Conversion percentage for each site in top strand DNA. Free DNA
and nucleosomes were treated with 3.31 uM Tet protein.



Conclusions

We found a significant difference in the activity of Tet
proteins toward mCs located in the core and linker DNA
regions. In cells, the activity of Tet protein should be
stringently regulated. The inefficient oxidation by Tet protein
of the core DNA region may be important for preventing
aberrant DNA demethylation. During the reprograming
process, mCs in CpG islands are demethylated in a wide
region of the genome.”® The assistance of chromatin
remodeling factors to enable the access of Tet protein to
DNA seems essential to this process.

Experimental Section

1) mTet1 and its oxidative substrate DNA preparation:

mTet1 active domain (1367-2039) was purchased from
Wisegene (USA), stocked in 20 mM HEPES (pH 7.4), NaCl 50
mM, glycerol 50%.

The 382 bp DNA fragment containing Widom 601 sequence
was amplified by PCR using forward 5-
dATTTAGGTGACACTATAGAATAC-3' and reverse 5'-
dTAATACGACTCACTATAGG-3 primers from pGEM-3z/601.
After the reaction, the amplified DNA was purified using
GenElute PCR Clean-Up Kit (Sigma-Aldrich, St. Louis,
USA). Then the DNA was treated with M.Sssl (New Eng
Biolabs, Ipswich, MA, USA).

2) Nucleosome reconstitution:

CpG-methylated 382 bp DNA (200 nM) and
human histone octamer (EpiCypher, Davis Dr,
USA) (300 nM) were mixed together in 2 M N

3) mTet1 oxidation and bj

The reconstituted n
382 bp DNA (14 n

M ATP and 2.5 mM DTT at
jon. Then the samples were

ur different PCR primer-

sets forward 5-
dAT ATGTTTGTAGG-3' and reverse
5-dTAAAAC CCTTAAC-3, primer-set2:

forward 5-dGTTTAATTGGTYGTAGATAGTTTTAGTAT-3' and
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reverse 5-dATACCCRAAAATCCTCTAAAATC-3’, primer-set3:
forward 5-dGGTATTYGGGGATTTTTTAGAGT-3' and reverse
5’-dCTCAATTAATCRTAAACAA ACACC-3’ primer-set4:

forward 5- dTGTTTGGAATTAG ATTTTTT-3' and
reverse 5- dCAAAAAAAACATAATT C-3' primers).
After the reaction, DNA was purified u V Gel and

PCR Clean-Up System (
sequencing was carried o
(Applied Biosytems, Fo

dison, WI, USA). Cycle
igDye® Terminator Kit
USA). 3130 Genetic
sequencing. The
chromatographic into ImageJ

(http://rsb.info.nih

EDTA, and 3 pL of the sample was
o freshly cleaved mica discs (¢ 1.5
(3-Aminopropyl)triethoxysilane
(APTES). After 1 min incUD8tion, the sample was rinsed with 2 x
10 pL washes of the buffer and then imaged in the same buffer

g step. The AFM experiments were performed
ve Vision (RIBM, Tsukuba, Japan). The sample
imaged in buffer solution at ambient temperature with a
cantilever of dimensions L x W x H = 10 x 2 x 0.1 um®
10EGS, Olympus, Tokyo, Japan). These cantilevers
constant of 0.1-0.2 N/m with a resonant frequency
0-1000 kHz and 320 x 240 pixel images were

obtained at¥ne scan rate of 0.2 frames per second.
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CpG-methylated mononucleosome
with linker DNA was treated with
Tet1 protein. The sites of oxidized
methylcytosine were identified by
bisulfite sequencing. The results
revealed that Tet1 protein prefers to
oxidize mCs located in the linker
region of nucleosomes compared
with mCs located in the core region.
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Supplementary Information

Figure S1. Sequencing chromatograms of bisulfite-treated CpG-methylated DNA.
Sequencing chromatograms obtained by capillary sequencing using (A) primer-set1
forward primer, (B) primer-set2 forward primer, (C) primer-set3 forward primer, and (D)
primer-set4 forward primer.
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Figure S2. Gel mobility shift assay of reconstituted nucleosome. Lane 1: free DNA,
Lane 2: CpG-unmethylated nucleosome, Lane 3: CpG-methylated nucleosome, 6%
polyacrylamide gel, Electrophoresis was conducted at 4 °C for 1 hour (100 V) and the
gel was stained with ethidium bromide.




Figure S3. Gel mobility shift assay of reconstituted nucleosome. Lane 1: free DNA,
Lane 2: CpG-methylated nucleosome, Lane 3: CpG-methylated nucleosome (the gel
was stained with Coomassie Brilliant Blue staining solution), 6% polyacrylamide gel,
Electrophoresis was conducted at 4 °C for 1 hour (100 V).
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Figure S4. Nuclease digestion of reconstituted nucleosome. Lane 1: free DNA,
Lane 2: CpG-methylated nucleosome, Lane 3: CpG-methylated nucleosome treated
with micrococcal nuclease (NEB) at 37 °C for 10 min, 6% polyacrylamide gel,
Electrophoresis was conducted at 4 °C for 1 hour (100 V) and the gel was stained with

ethidium bromide.
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Figure S5. AFM image of reconstituted CpG-methylated nucleosome.
Reconstituted nucleosome was observed in 20 mM Tris—HCI (pH 7.5).




Figure S6. Quantification of mC oxidation by Tet protein. Conversion percentage
for each site in bottom strand DNA. Free DNA and nucleosome were treated with 3.31
MM Tet protein.
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