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Experimental Method 

Sequence analysis. TET/JBP homologs were retrieved using sequence profile searches with the 

PSI-BLAST program
1
 run against the non-redundant protein database of National Center for 

Biotechnology Information (NCBI), using previously described TET/JBP sequences as starting 

queries
2,3

. A comprehensive multiple sequence alignment of both prokaryotic and eukaryotic 

homologs was generated using the Kalign2 program
4
. The JPred program was used to predict 

secondary structures  and this was used for further manual adjustment of the multiple sequence 

alignment
5
. A sequence profile generated from this alignment was used as seed to search the 

proteome of Coprinopsis cinerea strain Okayama 7#130 using the command-line PSI-BLAST 

program with the –B option. The retrieved sequences were manually inspected for completeness 

and active site residues based on which a set of 12 homologs with intact active sites were 

identified for further study. 

 

CcTET subcloning, expression and purification. The 12 TET homolog candidate genes from 

Coprinopsis cinerea strain Okayama 7 (#130) was subcloned to PMCGS19 plasmid and 

expressed in BL21(DE3) cells containing vector pRK1037
6
. The strain grew in LB media 

supplemented with 100 ug/ml of ampicillin and 50 µg/ml kanamycin at 37 °C. When OD600 

reached 0.6, 1 mM isopropyl-b-D-thiogalasctopyranoside (IPTG) was added into the culture to 

induce the protein expression under room temperature for overnight. The cells were harvested by 

centrifugation at 6000 g for 10 min at 4 °C, and suspended in Ni-NTA buffer A (20 mM HEPES, 

pH 8.0, 500 mM NaCl, 10 mM imidazole, and 1 mM DTT). After sonication and high speed 

centrifuge (16,000 g, 30 min, 4 °C), the supernatant was loaded into 5ml Ni-NTA column 

(Qiagen) which has been pre-equilibrated with Ni-NTA buffer A. The column was washed with 

eight column volumes of buffer A, and eluted with three column volumes of Ni-NTA buffer B 

(20 mM HEPES, pH 8.0, 500 mM NaCl, 500 mM imidazole, and 1 mM DTT). The elution 

fraction was pooled and concentrated to 300 µl, and then diluted to 2 ml with monoS buffer A 

(20 mM HEPES, pH 8.0 and 1 mM DTT). The 2 ml fraction was load to the monoS column 

which has been pre-equilibrated with 6% monoS buffer B (20 mM HEPES, pH 8.0, 1 M NaCl 

and 1 mM DTT), and eluted with gradient percentage of monoS buffer B. the fractions were 

pooled and concentrated to 2 ml again and load to Superdex75 column with GF buffer (20 mM 

HEPES, pH 8.0, 150 mM NaCl and 1 mM DTT). The fractions were pooled and concentrated. 
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The purity of the proteins was determined on 13% SDS–PAGE. The final purified protein was 

quantified by Bradford reagent purchased from Bio-Rad, flash-frozen with 30% glycerol and 

stored at -80 °C. 

 

mTET1 subcloning, expression, and purification. The catalytic domain of mouse Tet1 gene 

(GU079948, residues 1367-2039) was cloned into BssHII and NotI sites of the N-terminal Flag-

tagged pFastBac Dual vector (Invitrogen) and expressed in Bac-to-Bac baculovirus insect cell 

expression system. The recombinant Flag-mTET1 was purified according to the published 

procedure
7,8

. In general, the mTET1 protein was purified with anti-Flag M2 antibody agarose 

affinity gel purchased from Sigma-Aldrich, and further purified with GE Healthcare 

Superdex200 with running buffer containing 20 mM HEPES (pH 8.0), 150 mM NaCl, and 1 mM 

DTT. The fractions were pooled, concentrated, quantified by Bradford reagent purchased from 

Bio-Rad, and flash-frozen with 30% glycerol and stored at -80 °C. 

 

Oligonucleotide synthesis. The oligonucleotides used in the biochemistry study were synthesized 

using solid-phase synthesis
9
. The reagents and phosphoramidites (including 5mC, 5hmC, 5fC 

and 5caC) were purchased from Glen Research and used in the solid-phase synthesis. All 

synthetic oligonucleotides were further purified with reverse-phase high-performance liquid 

chromatography. The oligonucleotides containing normal bases were purchased from Operon.  

 

CcTET and mouse TET1 (mTET1) oxidation activity assay (in the absence of ATP). The activity 

assays were performed according to the published procedure at various pH (5.8, 7.0 and 8.0)
10-12

. 

A 9/11 mer duplex (or single) DNA containing one 5mCpG site on the 9mer was employed as 

the substrate. 20 pmol dsDNA (or ssDNA) substrate (final concentration 1 µM) and 40 pmol of 

recombinant protein (CcTET or mTET1, final concentration 2 µM) was added into 20 µl reaction 

mixture containing 50 mM Bis-Tris, pH 5.8 (or 50 mM HEPES, pH 7.0 or pH 8.0), 75 µM 

Fe(NH4)2(SO4)2, 2 mM ascorbic acid, 1 mM α-KG, and 2.5 mM DTT for 30 min at 37 °C in 

triplicates (for CcTET activity assay, the reactions were processed at 25 °C and 37 °C). The 

reactions were quenched by heating to 100 °C for 5 min and immediately cooled in an ice bath. 

In reactions with ATP, 1.2 mM ATP was added to the reaction buffer.  

 



S4 

 

CcTET oxidation activity assay on A⋅T containing duplex DNA (in the absence of ATP). The 

activity assays were performed according to the published procedure at various pH (5.8, 7.0 and 

8.0)
10-12

. A 9/11 mer duplex DNA containing three A⋅T sites was employed as the substrate 

(Sequences: 5’-GACCGGAGT-3’, 5’-GACTCCGGTCT-3’). 20 pmol dsDNA substrate (final 

concentration 1 µM) and 40 pmol of CcTET (final concentration 2 µM) was added into 20 µl 

reaction mixture containing 50 mM Bis-Tris, pH 5.8 (or 50 mM HEPES, pH 7.0 or pH 8.0), 75 

µM Fe(NH4)2(SO4)2, 2 mM ascorbic acid, 1 mM α-KG, and 2.5 mM DTT for 30 min at 25 °C in 

triplicates. The reactions were quenched by heating to 100 °C for 5 min and immediately cooled 

in an ice bath. The reaction products were digested and monitored by quantitative mass 

spectrometry (HPLC-MS/MS).  

 

Electrophoretic mobility shift assay (EMSA). 50 nM 16mer dsDNA substrates (Sequences: 5’-

TCTGGAACGGAATTCT-3’, 5’-AAGAATTCXGTTCCAG-3’. X position indicates desired 

cytosine derived base including C, 5mC, 5hmC, 5fC and 5caC) and the various concentrations of 

CcTET were incubated at room temperature for 30 min, and then subjected to 8% 

polyacrylamide native PAGE (30 min pre-run at 100 V, and 80 min for sample separation at 100 

V). The gels were stained with Sybr Green. 

 

Reaction progress curve of substrate and fraction products versus incubation time (20 min). The 

reactions were conducted according to the CcTET oxidation activity assay (without ATP) at 

37 °C. 20 pmol 5mC-containing dsDNA substrate (final concentration 1 µM) and 4 pmol of 

recombinant CcTET protein (final concentration 0.2 µM) were added into 20 µl reaction mixture 

containing 50 mM HEPES, pH 7.0, 75 µM Fe(NH4)2(SO4)2, 2 mM ascorbic acid, 1 mM α-KG, 

and 2.5 mM DTT for various incubation time (0, 30, 60, 90, 120, 240, 360, 480, 600, 900 and 

1200 seconds) at 37 °C. The reactions were quenched by heating to 100 °C for 5 min and 

immediately cooled in an ice bath. 

 

Reaction progress curve of substrate and fraction products versus incubation time (2.5 min). The 

reactions were conducted using the CcTET oxidation activity assay (without ATP) at 37 °C. A 

9/11 mer duplex DNA containing either one 5mCpG or 5hmCpG or 5fCpG site on the 9mer was 

employed as substrate. Various concentrations of dsDNA substrate (1, 2, 4 and 6 µM for 5mC 
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and 5hmC; 0.5, 1, 2 and 6 µM for 5fC) and recombinant CcTET protein (4 pmol CcTET for 

5mC-containing substrate, final concentration of 0.2 µM; 5 pmol CcTET for 5hmC- and 5fC-

containing substrate, final concentration of 0.25 µM) was added into 20 µl reaction mixture 

containing 50 mM HEPES, pH 7.0, 75 µM Fe(NH4)2(SO4)2, 2 mM ascorbic acid, 1 mM α-KG, 

and 2.5 mM DTT for various incubation time (0, 30, 60, 90, 120, and 150 seconds) at 37 °C in 

triplicates. The reactions were quenched by heating to 100 °C for 5 min and immediately cooled 

in an ice bath. 

 

Kinetics of 5mC to 5hmC, 5hmC to 5fC, and 5fC to 5caC oxidation by CcTET in dsDNA. The 

kinetics data was determined according to the previous published method
13

. In general, the 

C1/2Vmax  and Vmax values were made by keeping a constant CcTET enzyme concentration (0.2 

µM for 5mC, 0.25 µM for 5hmC and 5fC respectively) and varying the substrate (5mC, 5hmC or 

5fC containing 9/11mer dsDNA) concentration (1, 2, 4 and 6 µM for 5mC and 5hmC; 0.5, 1, 2 

and 6 µM for 5fC). All reactions were performed at 37 °C within 2.5 min (0, 30, 60, 90, 120, and 

150 seconds) in triplicates. The reactions were quenched by heating to 100 °C for 5 min and 

immediately cooled in an ice bath. 

 

LC-MS/MS detection and analysis. The remaining substrate and oxidation products in the 

reactions were digested and monitored and validated by Agilent 6410 QQQ triple-quadrupole LC 

mass spectrometer (LC-MS/MS) in positive electrospray ionization mode. The quantitative 

analysis of the desired products level was processed according to the previous published 

methods
13,14

. 
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Supplementary Results 

 

Supplementary Table S1. kinetic constants of 5mC to 5hmC, 5hmC to 5fC, and 5fC to 5caC 

conversion catalyzed by CcTET on a dsDNA at 37 °C (Sequences: 5’-GACXGGAGT-3’, 5’-

GACTCCGGTCT-3’, X position indicates desired cytosine derived base including 5mC, 5hmC, 

and 5fC). C1/2Vmax refers to the substrate concentration at which the reaction rate is at half-

maximum; Vmax refers to reaction maximum rate. 

 

 

Substrate pH C1/2Vmax (µM) Vmax (M/s) 

dsDNA (5mC) 7.0 1.70 (±0.36) 1.72 × 10
-8

  

dsDNA (5hmC) 7.0 1.72 (±0.21) 1.57× 10
-8

 

dsDNA (5fC) 7.0 1.21 (±0.21) 1.02× 10
-8
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Supplementary Figure S1. Multiple sequence alignment of Coprinopsis CcTET homologs. 

Proteins are labeled by their gene names and genbank index number (GI) separated by 

underscores. Only active versions were chosen for the alignment. CcTET (CC1G_05589) is 

shown as the first sequence in the alignment. Only the conserved strands of the TET/JBP 

superfamily are labeled, with the 8 strands of the double stranded beta helix numbered from 1 to 

8 and N-terminal strands labeled with a ‘N’ suffix. Catalytic residues are marked with a red 

circle. The predicted secondary structure is shown above the alignment, with helices as orange 

cylinders and strands as green arrows. The alignment is colored based on the consensus 

calculated from a more comprehensive alignment of the superfamily. The consensus 

abbreviations and coloring scheme are as follows: h: hydrophobic (ACFGHILMTVWY), l: 

aliphatic (ILV) and a: aromatic (FYH) residues shaded yellow; p: polar (CDEHKNQRST) 

residues colored blue; charged residues (DEKRH); b: big residues (QRKEILMWYF) shaded 

grey; s, small (ACDGNPSTV) and u, tiny (GAS) residues colored green. 
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Supplementary Figure S2. 5mC oxidation assays (in the absence of ATP) at pH 5.8, 7.0 or 8.0 at 

25 °C. The reaction mixture contains 1 µM 5mC containing dsDNA substrate, 2 µM protein 

(CcTET in a, b, c; CC1G_10221 in d, e, f; CC1G_02065 in g, h, i), 50 mM Bis-Tris, pH 5.8 (or 

50 mM HEPES, pH 7.0 or pH 8.0), 75 µM Fe(NH4)2(SO4)2, 2 mM ascorbic acid, 1 mM α-KG, 

and 2.5 mM DTT for 30 min at 25 °C in triplicates. The reactions were quenched by heating to 

100 °C for 5 min and immediately cooled in an ice bath. The 5mC-containing dsDNA substrates 

were used (Sequences: 5’-GAC(5mC)GGAGT-3’, 5’-GACTCCGGTCT-3’). 
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Supplementary Figure S3.  The SDS page gel of purified CcTET protein. 
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Supplementary Figure S4. Sequence alignment of CcTET with human and mouse TETs, 

Naegleria TET1 and Trypanosoma JBP1 and JBP2. Only the conserved TET/JBP domain is 

shown. Secondary structure assignments and labels, active site residues, consensus and coloring 

schemes, are as in Figure S1. Zinc-chelating residues interspersed in the animal TET sequences 

are marked with a colored “+” below the consensus. Also marked is the DNA-binding insert. 

Residues coordinating the same zinc cations are shown in the same color. Note that two 

additional N-terminal zinc chelating residues are not shown. 
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Supplementary Figure S5. Quantitative analysis of CcTET-mediated oxidation products under 

37°C from 5mC-containing 9/11mer dsDNA using LC-MS/MS (Sequences: 5’-

GAC(5mC)GGAGT-3’, 5’-GACTCCGGTCT-3’). The nucleosides were quantified using the 

nucleoside to base ion mass transitions.  
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Supplementary Figure S6. CcTET oxidation assays (in the absence of ATP) with single-stranded 

DNA at pH 5.8, 7.0 or 8.0 at 37 °C. The reaction mixture contains 1 µM 5mC containing ssDNA 

substrate, 2 µM CcTET, 50 mM Bis-Tris, pH 5.8 (or 50 mM HEPES, pH 7.0 or pH 8.0), 75 µM 

Fe(NH4)2(SO4)2, 2 mM ascorbic acid, 1 mM α-KG, and 2.5 mM DTT for 30 min at 37 °C in 

triplicates. The reactions were quenched by being heated to 100 °C for 5 min and immediately 

cooled in an ice bath. The 5mC-containing ssDNA substrates were used (Sequences: 5’-

GAC(5mC)GGAGT-3’). 
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Supplementary Figure S7. Mouse TET1 oxidation assays with duplex DNA at pH 5.8, 7.0 or 8.0 

at 37 °C in the absence of ATP (the reaction mixture contains 1 µM 5mC containing dsDNA 

substrate, 2 µM mTET1, 50 mM Bis-Tris, pH 5.8 (or 50 mM HEPES, pH 7.0 or pH 8.0), 75 µM 

Fe(NH4)2(SO4)2, 2 mM ascorbic acid, 1 mM α-KG, and 2.5 mM DTT ) (a, b, and c) or presence 

of ATP (the reaction mixture contains 1 µM 5mC containing dsDNA substrate, 2 µM mTET1, 50 

mM Bis-Tris, pH 5.8 (or 50 mM HEPES, pH 7.0 or pH 8.0), 75 µM Fe(NH4)2(SO4)2, 2 mM 

ascorbic acid, 1 mM α-KG, 100 mM NaCl, 1.2 mM ATP and 2.5 mM DTT) (d, e, and f) for 30 

min at 37 °C in triplicates. The reactions were quenched by being heated to 100 °C for 5 min and 

immediately cooled in an ice bath. The 5mC-containing dsDNA substrates were used (Sequences: 

5’-GAC(5mC)GGAGT-3’, 5’-GACTCCGGTCT-3’). 
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Supplementary Figure S8. CcTET oxidation assays (with ATP) with dsDNA at pH 5.8, 7.0 or 8.0 

at 37 °C. The reaction mixture contains 1 µM 5mC containing dsDNA substrate, 2 µM CcTET, 

50 mM Bis-Tris, pH 5.8 (or 50 mM HEPES, pH 7.0 or pH 8.0), 75 µM Fe(NH4)2(SO4)2, 2 mM 

ascorbic acid, 1 mM α-KG, 100 mM NaCl, 1.2 mM ATP and 2.5 mM DTT for 30 min at 37 °C 

in triplicates. The reactions were quenched by being heated to 100 °C for 5 min and immediately 

cooled in an ice bath. The 5mC-containing dsDNA substrates were used (Sequences: 5’-

GAC(5mC)GGAGT-3’, 5’-GACTCCGGTCT-3’). 
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Supplementary Figure S9. CcTET oxidation assay with A⋅T containing duplex DNA at pH 7.0 at 

25 °C in the absence of ATP (the reaction mixture contains 1 µM A⋅T containing dsDNA 

substrate, 2 µM CcTET, 50 mM HEPES, pH 7.0, 75 µM Fe(NH4)2(SO4)2, 2 mM ascorbic acid, 1 

mM α-KG, and 2.5 mM DTT ). The reactions were quenched by heating to 100 °C for 5 min and 

immediately cooled in an ice bath. The reaction products were digested and monitored by 

quantitative mass spectrometry (HPLC-MS/MS). The dsDNA substrates were used (Sequences: 

5’-GACCGGAGT-3’, 5’-GACTCCGGTCT-3’). 
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Supplementary Figure S10. Quantitative analysis of CcTET-mediated oxidation products from 

mESC genomic DNA at pH 7.0 using LC-MS/MS. The nucleosides were quantified using the 

nucleoside to base ion mass transitions.  
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Supplementary Figure S11. Quantitative analysis of CcTET-mediated oxidation products from 

mESC genomic DNA at pH 5.8 using LC-MS/MS. The nucleosides were quantified using the 

nucleoside to base ion mass transitions.  

 

 

 

 

 

 

 

 



S18 

 

 

Supplementary Figure S12. The oxidation assays of CcTET (in the absence of ATP) using mESC 

genomic DNA at pH 5.8 or 7.0 at 37 °C. The 20 µl reaction mixture contains 20 µg/µl purified 

mESC genomic DNA, 20 µM CcTET, 50 mM Bis-Tris, pH 5.8 (or 50 mM HEPES, pH 7.0), 75 

µM Fe(NH4)2(SO4)2, 2 mM ascorbic acid, 1 mM α-KG, and 2.5 mM DTT for 30 min at 37 °C in 

triplicates. The reactions were quenched by being heated to 100 °C for 5 min and immediately 

cooled in an ice bath. 
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Supplementary Figure S13. The EMSA assay with 16-mer dsDNA containing G·C (a), G·5mC 

(b), G·5hmC (c), G·5fC (d), and G·5caC (e) base pair, respectively (Sequences: 5’-

TCTGGAACGGAATTCT-3’, 5’-AAGAATTCXGTTCCAG-3’. X position indicates desired 

cytosine derived base including C, 5mC, 5hmC, 5fC and 5caC). The experiments were 

performed with 50 nM dsDNA and various concentrations of CcTET as shown. 
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Supplementary Figure S14. Reaction progress of substrate and fraction products versus 

incubation time (20 min). The reactions were performed based on the CcTET oxidation activity 

assay (No ATP) under pH 7.0 at 37 °C. The reaction mix contains 1 µM 5mC containing dsDNA 

substrate and 0.2 µM CcTET, 50 mM HEPES, pH 7.0, 75 µM Fe(NH4)2(SO4)2, 2 mM ascorbic 

acid, 1 mM α-KG, and 2.5 mM DTT for various incubation time (0, 30, 60, 90, 120, 240, 360, 

480, 600, 900 and 1200 seconds) at 37 °C. The reactions were quenched by being heated to 

100 °C for 5 min and immediately cooled in ice bath. The 5mC-containing dsDNA substrates 

were used (Sequences: 5’-GAC(5mC)GGAGT-3’, 5’-GACTCCGGTCT-3’).  
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Supplementary Figure S15. CcTET inactivation assay. 40 pmol of recombinant CcTET protein 

(final concentration 2 µM) was added into 20 µl reaction mixture containing 50 mM HEPES, pH 

7.0, 75 µM Fe(NH4)2(SO4)2, 2 mM ascorbic acid, 1 mM α-KG, and 2.5 mM DTT at 37 °C in 

triplicates for pre-incubation. A 9/11 mer duplex DNA containing one 5fCpG site on the 9mer 

(sequences: 5’-GAC(5fC)GGAGT-3’, 5’-GACTCCGGTCT-3’, final concentration 2 µM) was 

employed as the substrate. 40 pmol of this dsDNA substrate (final concentration 2 µM) was 

added into the reaction (containing CcTET) which has been pre-incubated for 0, 2.5 min and 10 

min at 37 °C. The reactions were quenched after 30 min by heating to 100 °C for 5 min and 

immediately cooled in an ice bath.  
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Supplementary Figure S16. Reaction progress curve of fraction products versus incubation time 

(2.5 min). The reactions were conducted according to the CcTET oxidation activity assay (No 

ATP) under pH 7.0 at 37 °C. A 9/11mer dsDNA containing 5mC (a), 5hmC (b) and 5fC (c) 

substrates were used at various concentrations (Sequences: 5’-GACXGGAGT-3’, 5’-

GACTCCGGTCT-3’. X position indicates desired cytosine derived base of 5mC, 5hmC, and 5fC; 

the substrate concentrations were as shown). The reaction mixture contains various concentration 

of dsDNA substrate (1, 2, 4 and 6 µM for 5mC and 5hmC; 0.5, 1, 2 and 6 µM for 5fC), various 

concentration of CcTET (0.2 µM for 5mC containing substrate, 0.25 µM for 5hmC and 5fC 

containing substrate), 50 mM HEPES, pH 7.0, 75 µM Fe(NH4)2(SO4)2, 2 mM ascorbic acid, 1 

mM α-KG, and 2.5 mM DTT for various incubation time (0, 30, 60, 90, 120, and 150 seconds) at 

37 °C in triplicates. The reactions were quenched by being heated to 100 °C for 5 min and 

immediately cooled in an ice bath. The progress curves of 5mC to 5hmC and 5hmC to 5fC could 
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be slightly impacted by the subsequent oxidation step. However, the subsequent oxidation steps 

show slower reaction rate which may not significantly affect the kinetic analysis of the previous 

step. The reaction products of the subsequent step did not accumulate to a significant amount as 

shown below at 2.5 min time point: percentage of 5fC in 5mC to 5hmC reactions: 6.5% 

(substrate concentration: 1 uM), 4.7% (2 uM), 2.3% (4 uM), 1.5% (6 uM); 5caC production in 

5mC to 5hmC reactions is below detection limit; percentage of 5caC in 5hmC to 5fC reactions: 

9.5% (1 uM), 6.3% (2 uM), 4.5% (4 uM), 2.6% (6 uM). 
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