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Supplementary Text

Identification of a novel family of 20G-Fe(ll) oxygenases with predicted 5-
methylpyrimidine oxidase activity. To identify candidate enzymes that catalyze the
oxidative modification of 5-methylcytosine, we created a position-specific score matrix
(profile) of known 20G-Fe(ll) oxygenases that included the predicted oxygenase
domains of JBP1 and JBP2 (Fig. S1). We used this profile to conduct a systematic
search of the non-redundant database using the PSI-BLAST program (/). This search
recovered homologous domains in the gp2 proteins from the mycobacteriophages
Cooper and Nigel and a related prophage from the Frankia alni genome (e<10™). We
then generated a new profile which included the gp2 protein sequences, and performed
a second search of the protein sequence database of microbes from environmental
samples. This search detected numerous homologous proteins potentially derived from
uncultured marine phages and prophages. A further search of the non-redundant
database, with the newly-detected proteins from the environmental sequences added to
the profile, recovered homologous regions in the three paralogous human oncogenes
TET1 (CXXC6), TET2 and TET3 and their orthologs found throughout metazoa (e<10®).
Homologous domains were also found in fungi and algae. In PSI-BLAST searches,
these groups of homologous domains consistently recovered each other prior to
recovering any other member of the 20G-Fe(ll) oxygenase superfamily, suggesting that
they constitute a distinct family (LM lyer, L Aravind, manuscript in preparation).

To confirm the relationship of the newly-identified proteins (hereafter referred to as the
TET/JBP family; see legend to Fig. 1) with classical 20G-Fe(ll) oxygenases, we
prepared a multiple alignment of their shared conserved domains and used this to
generate a hidden markov model (HMM). A profile-profile comparison of this HMM
against a library of HMM’s generated for all structurally-characterized domains from the
Protein Database (PDB) with the HHpred program (2) resulted in recovery of prolyl
hydroxylase (e<10™'?), a canonical member of the 20G-Fe(ll) oxygenase superfamily, as
the best hit. Secondary structure predictions suggested the existence of an N-terminal
a-helix followed by a continuous series of -strands, typical of the double-stranded f3-
helix (DSBH) fold of the 20G-Fe(ll) oxygenases (Fig. 1A, bottom) (3). A multiple
sequence alignment (Fig. 1A) further showed that the new TET/JBP family displayed all
of the typical features of 20G-Fe(ll) oxygenases including: (i) the HxD signature, just
downstream of an N terminal p-strand which chelates Fe(ll) (x is any amino acid); (ii) a
small residue, usually glycine, at the beginning of the strand immediately downstream of
the HxD motif, which helps in positioning the active site arginine; (iii) the Hxs motif
(where s is a small residue) in the C-terminal part, in which the H chelates the Fe(ll) and
the small residue helps in binding the 2-oxo acid; (iv) the Rxsa signature (where a is an
aromatic residue) downstream of the above motif — the R in this motif forms a salt bridge
with the 2-oxo acid and the aromatic residue helps position the first metal-chelating
histidine (the key residues are marked with asterisks in Fig 1A). These observations
strongly suggested that members of the TET/JBP family, including TET1, 2 and 3, are
catalytically-active 20G-Fe(ll) oxygenases.



Additionally, the metazoan TET proteins contain a unique conserved cysteine-rich
region, contiguous with the N-terminus of the DSBH region, which possesses at least
eight conserved cysteines and one histidine that are likely to comprise a binuclear metal
cluster (Fig. 1A, top). Vertebrate TET1 and TETS3, and their orthologs from all other
animals, also possess a CXXC domain, a binuclear Zn-chelating domain with eight
conserved cysteines and one histidine, located N-terminal to the 20G-Fe(ll) oxygenase
domain (shown schematically for TET1 in Fig. 1B). Analysis of the architectures of
CXXC domain proteins suggests that the CXXC domain is an accessory DNA-binding
domain, that tends to be combined in the same polypeptide with a variety of domains
that possess diverse chromatin-modifying and modification recognition activities. The
CXXC domain is found in several chromatin-associated proteins, including the methyl-
DNA-binding protein MBD1, the histone methyltransferase MLL, the DNA
methyltransferase DNMT1 (4) and the lysine demethylases KDM2A (JHDM1A/ FBXL11)
and KDM2B (JHDM1B/FBLX10, which also contains a ubiquitin E3 ligase domain) (5),
and in certain cases has been shown to discriminate between methylated and
unmethylated DNA (6).

Taken together, the contextual information gleaned from these domain architectures and
from gene neighborhoods in the bacteriophage members (Supplementary Information)
supported a conserved DNA modification function for the entire TET/ JBP family, namely
oxidation of 5-methyl-pyrimidines. In this study we tested the specific hypothesis that
TET proteins might operate on 5mC to catalyze oxidation or oxidative removal of the
methyl group, focusing on TET1 as a mammalian example of the TET/JBP family.

hmC may not be confined to CpGs. Nearest-neighbour analyses have shown that 15-
20% of total 5mC in ES cells is present in CpT, CpA and (to a minor extent) CpC
sequences; in contrast, somatic tissues have negligible non-CpG methylation (7).

Previous studies on hmC. With the exception of two papers that reported high levels of
hmC in genomic DNA (8), most previous studies have described hmC as a rare base
that is a probable oxidation product of 5mC (9, 10).

Methods of distinquishing hmC, 5mC and C. We show here that two of the three most
commonly used techniques do not adequately distinguish between C, 5mC and hmC. A
widely-used mouse monoclonal antibody to 5mC apparently does not recognize hmC by
immunocytochemistry (Fig. 2A), thus it will be important to reevaluate previous reports of
DNA demethylation based solely on the use of this antibody. Similarly, the methylation-
sensitive restriction enzyme, Hpall, fails to cut hmC (Fig. 3D) as previously reported
(11), raising the possibility that in some instances hmC-modified DNA was incorrectly
judged to be methylated. Another methylation-sensitive restriction enzyme, McrBC, is
already known to cleave 5mC- and hmC-containing DNA equivalently (/2), and therefore
also does not allow these two nucleotides to be distinguished.

It is yet to be determined how bisulfite modification analysis interprets the presence of
hmC in DNA. Treatment of DNA with sodium bisulfite promotes the spontaneous
deamination of cytosine to uracil, while leaving 5mC unaffected; amplification of the
sequence of interest followed by sequencing allows the precise methylation patterns at a
given sequence to be determined (73). It is known that bisulfite reacts rapidly with hmC



at the C5 to form a stable cytosine 5-methylenesulfonate adduct, which is not readily
deaminated (/4). This substituted species, which is expected to form base pairs similar
to those formed by cytosine, could be read by polymerases as C during the amplification
steps, resulting in the sequence being interpreted as containing 5mC. Alternatively,
polymerases may not copy cytosine 5-methylenesulfonate efficiently, in which case the
DNA containing this adduct would not be amplified effectively and the sequence
containing the original hmC modification would be underrepresented in the amplified
DNA.

Stability of hmC versus nitrogen-linked hydroxymethyl groups. The stability of hmC in
the genome of T-even phages (/5) contrasts with the well-documented instability of N-
linked hydroxymethyl adducts generated by the DNA repair enzymes AlkB and the JmjC
domain-containing histone demethylases, which are also 20G and Fe(ll)-dependent
oxygenases. These nitrogen-linked adducts spontaneously resolve, yielding the
unmethylated amino group and formaldehyde (/6); in contrast, oxidation of carbon-
linked methyl groups by JBP1/2 and thymine hydroxylase does not result in removal of
the methyl adduct via oxidation (77, 18). This difference, which is due to the fact that
carbon is a much poorer leaving group than nitrogen, explains our ability to detect hmC
in genomic DNA.

Mechanisms of DNA demethylation. The mammalian DNA methyltransferases DNMT1,
DNMT3A and DNMT3B, establish and maintain DNA methylation patterns (19, 20).
Preventing maintenance methylation through successive replication cycles progressively
dilutes the methyl mark and results in “passive” DNA demethylation (217). “Active”
(replication-independent) DNA demethylation has been convincingly demonstrated only
for the paternal genome shortly after fertilization (22-24); potential mechanisms could
involve thermodynamically unfavorable cleavage of the carbon-carbon bond linking the
methyl group to the pyrimidine, resulting in release of the methyl moiety, or a repair-like
process in which the methylated base or nucleotide is excised and the lesion is then
repaired to replace the original 5mC with an unmethylated C (reviewed in (25, 26)). This
latter mechanism occurs in plants, where DEMETER, a bifunctional glycosylase
restricted to flowering plants, cleaves the glycosidic bond of 5mC and stimulates
insertion of an unmethylated C through base-excision repair (27). A variety of candidate
mammalian demethylase activities have been described, but unfortunately, none of
these reports have been confirmed by other laboratories (reviewed in (19, 28-30)).

Roles of TET proteins in cancer. The human LCX (leukemia-associated protein with a
CXXC domain) / Tet1 (ten-eleven translocation-1) gene was originally defined as a novel
MLL fusion partner in cases of pediatric and adult AML with t(10;11)(q22;23) (4, 37). In
a recent study, the MLL/Tet1 fusion accounted for 3/759 (0.4%) of MLL-associated
leukemia (32), with two cases of ALL, together showing occurrence of the MLL/Tet1
fusion in both pediatric and adult ALL and AML. Possible pathogenic mechanisms of the
MLL/Tet1 fusion include altered genomic targeting of Tet1 catalytic activity and/or
disrupted recruitment of cofactors to sites of Tet-1 mediated hmC generation.
Homozygous Tet2 deletions / loss of function mutations have recently been reported in
approximately 14% of patients with JAK2V617F-positive and negative myeloproliferative
neoplasms (including polycythemia vera (PV), essential thrombocythemia (ET), primary




myelofibrosis (MF), post-PV MF, post-ET MF, and blast phase PV/ET/MF) (33, 34);
approximately 29% of patients with systemic mastocytosis (35); and other myeloid
malignancies including chronic myelomonocytic leukemia, myelodysplastic syndrome,
and acute myeloid leukemia (36, 37). It will be interesting to investigate the association
of Tet2 loss of function, epigenetic alterations such as promoter hypermethylation that
characterize myeloproliferative neoplasms, and response to epigenetic therapy (38).
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Fig. S1. Modification of 5-methylpyrimidines. (A) Trypanosomes contain a modified version of
thymine, called base J (-D-glucosyl hydroxymethyluracil), in their genome. It has been proposed
that base J is synthesized by sequential hydroxylation and glucosylation of the methyl group of
thymine (77). (B) TET1, and presumably the other TET family members, oxidize the methyl group
of 5-methylcytosine (5mC) generating 5-hydroxymethylcytosine (hmC).
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Fig. S2. Sequences used to generate the position-specific score matrix (PSSM). The
figure shows the sequences used to create the position specific score matrix that retrieved the
TET proteins in searches with the PSI-BLAST program. Each sequence is identified by the gi
number allowing its recovery from the GenBank database and the numbers flanking the
alignment provide the limits of the aligned region in the sequence. The JBP proteins from
kinetoplastids are marked in red. The searches were performed using the checkpoint start
option —B, with—h set to 0.01 and —F was set to F and the all JBP sequences were cycled
through the —i options for individual searches.



5 c =23
= G ~ SIS T
&.gnb O T o ©
= I wc
>0 o.-oDE
@) > O
nQ ax
Ao0e®s™©
o =
XYY - N o
>>>>>>>>> - o~ N0
P O B T B PP AR HIHHMYOJd 1 11 11
VUULVUU>>> - HHoo A M >Suxouga
AdHd YNMYNYYYNYY - VZVLVLLVLVXX | |1 11
>addddHE> - EET T SE>Su>ab
MNM¥YNMMYYNMYY - POLLOGR GG navvwwzZAd 111
UL www . . x| ~ ~e
A TIIIzzzz zozzzzHz0. gorgesarieasyosan
oo ddnwkFaz - S>> > > [=Y=Y=Y-Y-F-¥-YURUN AR A AR rRerNrNNNT O ONN
NOFFVLVLVLAOLY - Ssssssssss - UquuWWwWwooowoWwZ 1| >>_ __>>z .
VNI Tnvungn - NN Rh DN = - XYY XYXXOUXZ>WO - =222 >u=0=2 )
(1717112311313 =z===2==== - FHEFFZFJddxxexoLO=> - Trrrr-xXwz a
Yoo - N nnnnn Hdddddddddddd0HJN . ZZonzzCo O a
AHHH>>HHH - EC FFEFRFRRFSE>>>> > - == >>>>> > >| >
>S>>>>>H>> - CICICICICICICICIC voLvLU>>>vaaqUSJdEH - ooNnoQNQOXT .
zz=z=z=z==z== - Lo LLLn . >>>>>>>I>ssd044>0c [GCOG0000 60| (0]
¥Yyyvyyvvyve - NNV ONNEEVY - >>>>1>>>>qI>IHI> < - L0 ®
LI - L >w - FEFFEFRFRFFOOVORFOOXX - S>S>S>S>S>>>>> —
H>HHHHH>H - BB nBnnnan - NNUVUNVNUUSEE>I5SLO - IIXXXOR>O0 K
coooooooo - ccq T LCLL - VLLVLLVLVLLVLVU>FVLLVLVVO YN OO ®»
[LovLvLLLUE [CICICICICICIUItIUES zzzzzzzovonzo>uwoo - —a>>uuuad .
[CRCRCICICIUIUIUIU N [CACACAVAVACACRV RN © COLLLLLTIN
IO OOFOO - FFFFR0WR - PO > S>> > > > > > .
nuununnn - WvZZwWwWoOWO - ZI>>0azO0 ! 1Oxxexa | connaonan »
nnunnnununkz - coocooooow - SSddsSssssuuuuo>ol NDNNDNNNLL .
NIV ANV ANV A coocoozwauw - ZZzz2zz2zzzz2z0000Twwn S>> > .
VVLVLVLLVLOL - HHY Y OWw a> - IIIITOITOLLOOVXLOD - [l el el el a
wwwwwwwww - [CICICICICICICICIUES HHOO OO IXUXZXYE I>X >>>>>>>-— .
NAVIVANIVININ IV AV 0000000 TO - coooooooooooooooofaid >><<-H-2 1 .
[CICIUIUICRURUIU - YMYNX AN AL - > - ZZOONDOFND 2
FEFEFFFOEE - Fh<<<UT<< - ITITITITITIIIIIIIIIIIIESEH [alalalalalal-4oya] »
> > > > > > > > - EC LnIILNINN>>N>000 I - e e e e =] a
SS>HHHH>>H - [ ITIITITITIITITIOOSIHHWY - OO0 .
SH>>>>>HH - T EEEEEEE L& SUI ey P Ja>3S>>0 0>

HYMYoNMYY 1 -
Uwww W www -
HHHHHHHHH -
Yoo -
HHHHHH> JJ -
CICICICICCOOC +
zZyyy¥yyoney -
VVVLVLLVLLLL -
MMNMNYNYYORX -
oowwoWL JH -
VLVLLLVLLLZU -
>LU>>u>nuw -
Yoot -
ZruWowWWHWO -
Uwwww LW -
sSsssss=>u -
HdddHJJws -
WWWWWWeO -
Yo -
SSHHHHHJJ -
VNI IIan -
<L CCICICETO
>>>>>>dd> -
nwnkFFzozwo -
aocooooan<g -
[CRCRURURURUEUE & gl
CLCVNILLH-FO -
VVVLLLVLLLVL -
dddddd4d4as -

IIIITIIIIO -
FEFRRRRRO -

z¥oowkFozw -
wuxoowwwwo -

zzzzzzzzz -
e b =4 o o
AV VIV SV

Eﬂﬂﬂﬂﬂﬂﬂﬂﬂc
T AT T3

Yoo e -
connzZzZ>kFH -
FEFRRRRRR -
cooodvaoa -
ITZZFHHJIT -
LLooLoLvLvoOogLI -
Zor

>>>>>00u>zZ -
nnxx¥YyzZzyw -
Yoexooxvaza -
ddaaaaaaH -
ZZFbFEFHEXJ -
Wwoowokraw -
FEFRRREHO -
T O A Y B
Wwuwwws Zw -
FX¥OOVnVWX XY -
> > > > > > -
SO aaab<a .
¥l xwozu -
coococowaozx -
EELICEE L 4N
SSddd4>we -

vvvLvLVLLUOC XX W WX Y -
LiububibbuLbgquuibixdxxdg
ooocooocoooFwVXEZZZVUQ
JSsSsSJJdsSJs0ocdwxyHJoo -
VULVUUVUUUVUZZZZHHI +
CUILCLCLCLLILUSH>S>I>> >
FEFFFFRRE>S>FOOV IV
>>>>>>>>>00d4>dd44zc
VULVVLVVUVVLVVNVFFIOS>H -
VNIV NNLCNNEFNNEREO DY

3
3

L= dud
coooooo0Odd0>000OL
XXX XNV WO QO
LovvLvVvLVLVLUuaICLUZICICTIA N

N-terminal helix
e

UUUUWWFaAS>SWOIL==Z0 -
MWMYYYYUWWLSOOHIF->ww -

Q1
CoooovoorNVONNA AT T

XOHHOLAXWVNI> | | 1<k -
CCCCCCUVCELVN>>SWE I>C -
>SO>H>xoWwwWwzgoO0a WX O »
ZUWWOTITWIXIFQLAZWIL -
WuwwlbuWw I E>HSL>C -
>>ZZ>UU>WOFI>>FXX -
WWkFhFWW>¥YrooO<eIIxO -
S>>>>5H>>FFnCoxU JWo -
[efedefofedopgeofodUNaNodedUNURT TN
ZZ2Zz22Z2ZZZXX<JIHNXYZ -
0000 ZZZOIXIXWWWNIT -
>>>>>>U>US>S>SE>>LHL -

QOO NE =
BHRRRBRS Y

YYNYYYYEXYFIr<OWXY>O .
IIIIIIIITI XXX II< .
00000 XOO0<<>122_C .

>>>>>>>>>>>>>uu 3 o

L Juuu>eeOIIXL
>>5>5>5>>>_>>5>>5><<H- .
040111030 aa<ac
DNDDDNDNDENDNNDNDNOONZ o

RRRRRRRRRRRRRRRKRR
FLbFRRRRE>>ZZW000 .
nonooooan@OSE, 00 .
ISIIITIXTIOWAF® & «— .
TYTTITTITILCTIOO® ©
TOXXYZOZXNOX-<ZOOX .
WYY ZOXX-CWIZ 10X
) N5 N MLVVVTLh
nooooxXon<ooowwonoon .
FFFFFRRRRRRE<<OOC .

FEEEFFEFESS>ZZ5>0_ o

LCLLLLLLIILOONOOOVO >

dddaa>a2a>>uwa0a> .
Wwwwwwww 4T 10w .

OOOONOOOOOONN® O 0

0Oo000LLO>W>00a<>0 .
WwwuUwe e aaw S

A N> W - CLCLLLCLNNLIHITII>0 = [ Lo _uwu<<S>c
> > > > > > > > > . ey axZoew - >>000QWe>wnoowond - dddddaaaa-aaa>>a>c
S>> > >>> 1 . acooooozaown - oooooooaoaaaanafalofs S>> _>>a>F->>a><>c

aocooocoaba -
[CIUEUCRUIURE & JUY-SaN
¥Yuuwwuwao -
ocwooocooww -
¥¥Yy¥yyyvoow .
oouwwuwnodax -
HE>>HOoHZE -
SOHHHZ>YLW -
xoooouxao> -
[ AR ]

coWWWVUO !

-1 >>>WJuo -
TUEOUTIE,
noooxx¥xoWwz

VUUVUVLVLVULULU -

HHHHHH>SH -
[CRURURURURURURURURN
QcuwwwwowoWw -
=E======== -
SA<L>ICCH -
SAddd5>>> -
HHHHHHHZS> -
dddddgIUn -
SS>HHHHH>E -
>>>>>>H>> -
SHHHHSHH> -
>>>>>>>>4 -
LN -
FRFZzZ4HFFS<E -
onoowwaH®

CICCCICICIUVCODIICTOWSE -
>SS dddda>AHHICZ>H
OO0 ¥YxOoOXYqoqLw>>
MMYMYYYYYNUOXXYWNI .
S>> > u>> > <
HAdddFHJ>>0FHJHH .
[ W R e ¢
CICCLCICCUVCILCIWNOVLY
AO>>SHAdHL JFJ>> <
ES>WWI>0 WO d>JdH
FFFFFFFRFRFOJOOSI
CILCLCINCLCLCLCLCIHIIZ
AddddAdSHH>=2Z 40 <g
nwoozzzavno WWJ
o000 00ZWWWL OW

NDHDNDNNDNDNNNN=E0O-FO0 »
[OJOIOCISIGICIGICICIVICACICES OO
ITITTITITITITrO00>00XT .
<L Z_0xCo0noo_uw .
000000 11003 a>>0 1 .
CLLLCLCLLLCLALCZOL>SXY
——>>>____>_uu3>.c
CLLICLLLLLCS>>O0OCXNCY
>>>>>>>>>>WSX W ax .
0O00VO0OVOOVOXOVOa .
RABBIIRER— -~ e

LLLLLMLLLEEDSGGN_

[ I By By Y Y Y Y Y Y B W D B o« B

EST T P P P A A R A A | PO

FokFnzZzzwa - EC dJdLuUJauSJJa>Us> S>>>>>>>>ToC<CWI>W .
a<gooaooon<g - IIITHhxxT - ZZVVNITIXIH>>NAWZ IIIITIIIIT 400w OF0 .
JquuLLngH> - EEEEEEEEE - ax¥zunnooxoxxLVwaoo O T T N S A 1T TR

wuwwaowww -

VoOLVVLVLZVLLUY -
F><<<ooanon -

CES—_—__—

Tet/JBP family-specific structure

WU WOV WWWIZH>
dd O H I H W W H L >

—» I:*I:’I:‘ — %

[efelelefeclele e cIUIOMNISIOLONC N
LUwuuuUuwwoo00zZzo0o« .

o~ OONWON | S
O o—Hm oL - [a]a]alaYalaYaYaYaliqiq/ RITNITE TN RN
TMO-t-HO -0 NO ONLOO
60 00— i OWITW>I MY - gexSNmEonnNoong CLwwwwwOOWRF —>>>>wa .
A Smamm S
s harta hriaiote 1S APV Shs S oooooooon . >0 .
7 @ . =
8 8 ~ ~
2 2 g = g =
o 3 o ‘@ o <} g g <] g
= o 5 o = o Sa 5 o ga
2 = 2 2 B ° TTooH g o FTTHoEO
5] o 5] o S 5._282c S 5_882a
2 £ of 2 £ of & £ sfES38-Lw = £ sSESS8-Em
» 5 T8 %} 5 38 @ § 26552200 0 § ©af552200
> [ > S ow > Copelomcd ol - Cogerloachoy
5 52856 5 52856 g SESSEEEge oy g SESSEEESC Sy
° oS5 ° oS5 ° CETEg00ln ED ° S ETEg00ln ED
5 SSET 5 S8ET 8 SOESL 289780 § SSEST 889780
S 50505028352 S coses0®882 S cococoffochEEohStn 8 c0coc0?308h28x-S000
S EEgeEsos=z & E2E8Es0R=2 o EZEZES0S289888LEe 6 EZEZEZRSSSTEERSERT
SEZE3NO 1B SEZESNO B Q s39 9 s39
05050 © 05050 © v 3850859m 1093~ 8 05 o 3085050n 1933~ 80>
B 2S22288,83 B 2228228, 33 8 I=ST=T=002 SNEEO 55w D 8 IST=TS00QSNEEOqsW 2
8 NGBS 6 8 TR SR § 2 LL@LLL%%ZMM1f@Nﬁ&e L LLL&LL%%ZMM1f§Eﬁ&e
T IERPNNGSN o T IERRPNNERN @ B EEEEEEOQYa/gaasoTx 2 8 EEEEEEOSYGCaasoTx 2
CuuuuuudO2s O wWwwO2§ Q WuwwuwoO 2 rmOITI S Q o2 rmOITI S
TFrFrFEEEa0S 8 T FrFEFEa0S 8 O FFFFFFJ0SoLS50Ja<3 O FFFFFFI0S 50550300

IIIIIIIIIIIIIIII ThEstg

tiny: GAS

CDEHKNQRST u:

p: polar:

small: AGSCDNPTV

S

FHWY

aromatic:
Strand: )

a:

h: hydrophobic: FWYILVACMV

Characteristic residues:

Helix:



Fig. S3. Multiple sequence alignment of the TET/JBP family and representative 20G-Fe(ll)
dependent dioxygenase domains. The cysteine-rich region (C) and the core catalytic domain
(D) are aligned separately. Proteins are labeled by their gene name and species, separated by
underscores. The 95% consensus was calculated from a larger alignment of the TET/JBP
proteins. The consensus for the TET-specific C-terminal strands was calculated separately
from a larger alignment specifically of the metazoan TET homologs. In addition to the TET/JBP
family, the alignment also contains the structurally characterized representatives of the
dioxygenase superfamily, the Chlamydomonas prolyl hydroxylase (P4H) and the E. coli AIkB
(2FD8) along with their PDB codes.
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Fig. S4. Image analysis using CellProfiler. Nuclei were outlined based on DAPI fluorescence using the
IdentifyPrimAutomatic module and denoted as Outlined Nuclei. Objects within a pre-set diameter range of 10-
35 pixel units are outlined in green and included in analysis. Objects outside the range (including cell clusters)
as well as those touching the borders are outlined in red and excluded from analysis. To account for HA
staining at nuclear boundaries, an IdentifySecondary module was added to expand the nuclear outlines by 2
pixels, denoted as ExpandedNuclei Outlines. The MeasureObjectintensity module was then used to apply the
ExpandedNuclei Outlines on the corresponding HA image, and the Outlined Nuclei on the corresponding 5mC
image (not shown), to measure pixel intensities of HA and 5mC staining respectively. Pixel numbers are
indicated at the axes of images, which are taken at a magnification of 20x.
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Fig. 85. Mass spectrometry fragmentation analyis (MS/MS) of authentic hm-dCMP from T4* phage
(top) and the unidentified nucleotide species present in genomic DNA from HEK293 cells
overexpressing TET1-CD (bottom). (A) MS/MS analysis was performed in negative ion mode with
a collision energy of 25 V. (B) MS/MS analysis was performed in positive ion mode with a collision
energy of 25 V. Observed masses are shown (anticipated mass accuracy was within 0.003 Da).
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Fig. S6. Purification of recombinant Flag-HA-TET1-CD from Sf9 cells and characterization of TET1-CD fragment.
(A) Coomassie-stained SDS-PAGE gel of wild-type and mutant Flag-HA-TET1-CD purified from Sf9 cells to near
homogeneity by affinity chromatography with anti-Flag antibody conjugated beads. Known amounts of BSA were loaded on
the same gel for comparison. Wild-type and mutant TET1-CD (79 KDa, indicated by the arrow) both demonstrate a strong
tendency to oxidize and form disulfide-linked dimers (158 KDa) and higher-order multimers, which are resistant to DTT.
Asterisks denote degradation products that are not detected by immunoblotting (see (B)), probably due to loss of the N-
terminal Flag-HA epitope tag. (B) The bands of apparent higher molecular weight were identified as TET1 oxidation
products by immunoblotting with an anti-HA antibody. (C) Immunoblot with anti-Flag antibody showing that the multimeric
forms TET1-CD increase with increased processing time of lysates and concomitant exposure to oxidizing conditions. A
twenty minute lysis in 10 mM DTT-containing RIPA buffer results in the detectable presence of a TET1-CD dimer (lane 1).
This dimer is not detected when cell pellets from Flag-HA-TET1-CD overexpressing cells are lysed directly in denaturing
Laemlli SDS sample buffer containing 700 mM B-ME (lane 3). The tendency of TET1-CD to oxidize appears to be due at
least in part to disulfide bond formation by the Cys-Rich region (C) that is N-terminal to the DSBH (D) region (lanes 2, 4).
Removal of the N-terminal Cys-Rich region resulted in expression of a protein (Flag-HA-TET1-D) that runs at its expected
molecular weight (57.6 KDa) after extraction in either RIPA buffer or SDS sample buffer. Together the data shown in (A-C)
suggest that intermolecular disulfide bonds that are resistant to reducing agent are formed during extraction. (D)
Overexpression of Flag-HA-TET1-CD in HEK293 cells, but not Flag-HA-TET1-D, results in decreased staining by an anti-
5mC antibody.
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Fig. S7. Recombinant Flag-HA-TET1-CD purified from Sf9 cells does not convert thymine
(another 5-methylpyrimidine) to hmU in vitro. (A) Synthetic double-stranded DNA oligonucleotides
containing a fully-methylated Taqgel (TA™CGA) or a Sall (GA"TCGAC) site were incubated with purified
Flag-HA-TET1-CD or mutant Flag-HA-TET1-CD for 5 hours at 37 C (1:10 enzyme to substrate ratio). (B)
Recovered oligonucleotides were digested with Taqe®l or Sall, end-labeled, hydrolyzed to dNMP’s and
resolved using TLC. TET1-CD is able to hydroxylate 5mC, but is not able to act on thymine in the
context of a Sall site in a double-stranded oligonucleotide substrate in vitro. A double-stranded DNA
oligonucleotide terminating in hmU was end-labelled and hydrolyzed to generate a standard for hm-
dUMP migration (lane 5). Sall has been demonstrated to cleave G(hmU)CGAC equivalently to

GTCGAC (39).
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Fig. S8. Model speculating on the biological role of hmC and its potential as an intermediate in
DNA demethylation. (A) Integration of hmC into the known pathways of DNA methylation and passive
replication-dependent demethylation. Known pathways are shown in black and the new findings in this
study in red. Dashed lines and question marks are used to indicate pathways that may exist but have
not been experimentally established. (B) Potential biological mechanisms involving hmC. hmC may
recruit specialized binding proteins; and conversion of 5mC to hmC may displace methyl-binding
proteins from DNA (center). hmC may also be an intermediate that facilitates passive DNA
demethylation: conversion of 5mC to hmC in hemi-methylated DNA may interfere with recognition by
DNMT1 and associated SRA-domain proteins (left). Finally, hmC may convert to cytosine through a
spontaneous or enzymatic process or it may be recognized by specialized DNA repair proteins in
specific cell types, and so function as an intermediate in active DNA demethylation (right).



Methods

Computational and bioinformatic analyses. The non-redundant (NR) database of
protein sequences (National Center for Biotechnology Information, NIH, Bethesda) was
searched using the PSI-BLAST programs (/). Profile searches using the PSI-BLAST
program were conducted either with a single sequence or a sequence with a PSSM
used as the query, with a profile inclusion expectation (E) value threshold of 0.01, and
were iterated until convergence (/). For all compositionally biased queries the
correction using composition-based statistics was used in the PSI-BLAST searches (40).
Multiple alignments were constructed using the Kalign program (41), followed by manual
correction based on the PSI-BLAST results. The multiple alignment was used to create a
HMM using the Hmmbuild program of the HMMER package (42). It was then optimized
with Hmmcaliberate and the resulting profile was used to search a database of
completely sequenced genomes using the Hmmsearch program of the HMMER package
(42). Profile-profile searches were performed using the HHpred program (2, 43). The
JPRED program (44) and the COILS program were used to predict secondary structure.
Globular domains were predicted using the SEG program with the following parameters:
window size 40, trigger complexity=3.4; extension complexity=3.75 (45).

The Swiss-PDB viewer (46) and Pymol programs were used to carry out manipulations
of PDB files. Reconstruction of exon-intron boundaries was done using the NCBI Splign
program with the tblastn searches against chromosomes as a guide. Gene
neighborhoods were determined using a custom script that uses completely sequenced
genomes or whole genome shot gun sequences to derive a table of gene neighbors
centered on a query gene. Then the BLASTCLUST program is used to cluster the
products in the neighborhood and establish conserved co-occurring genes. These
conserved gene neighborhood are then sorted as per a ranking scheme based on
occurrence in at least one other phylogenetically distinct lineage (“phylum” in NCBI
Taxonomy database), complete conservation in a particular lineage (“phylum”) and
physical closeness on the chromosome indicating sharing of regulatory -10 and -35
elements. Phylogenetic trees were constructed with the MEGA4 package.

TET1 expression plasmids TET1 ORF was amplified from SY5Y cDNA and the
human clone and inserted into Xhol and Notl sites of an Flag-HA tagged pOZ-N. Mutant
TET1 (H1671D, Y1673A) was generated using the QuikChange Mutagenesis Kit
(Stratagene). The sequences of all clones were confirmed by conventional DNA
sequencing. Wild-type and mutant Flag-HA-TET1-CD was amplified and cloned into
Acc651 and Xbal sites of pEF1 (Invitrogen). The IRES-CD25 of pOZ-N was amplified
and cloned into the the Xbal and BstB1 sites of Flag-HA-TET1-CD-pEF1. Wild-type and
mutant Flag-HA-TET1-CD was amplified from Flag-HA-TET1-CD-pOZ and inserted into
Sall and Notl sites of pFastBac (Invitrogen).

Immunocytochemistry Cells were plated on sterile coverglass in 24-well plates at 1.5
x 10° cells/well and grown overnight before transient transfection with pEF1-TET1
expression constructs or empty vector (mock) using TransIT™-293 transfection reagent
(Mirus, Madison, WI) according to manufacturer’s instructions. At 42-44 hr post-
transfection, cells were fixed for 15 min in 4% paraformaldehyde in PBS and
permeabilized with 0.2% Triton X-100 in PBS for 15 min at room temperature. For
detection of 5-methylcytosine, cells were treated with 2N HCI at room temperature for 30
min and subsequently neutralized for 10 min with 100 mM Tris-HCI buffer, pH 8. After



extensive washes in PBS, cells were blocked for 1 hour at room temperature in 1%BSA,
0.05% Tween 20 in PBS. Rabbit anti-HA polyclonal antibody (diluted at 1:400; Santa
Cruz Biotechnology, Santa Cruz, CA ) and mouse anti-5 methylcytosine clone 162 33 D3
antibody (diluted at 1:2500-3000; Calbiochem, San Diego, CA) were added in blocking
buffer for 2-3 hours at room temperature and detected concurrently by secondary
antibodies coupled with Cy2 or Cy3 respectively. DNA was stained with 250 ng/ml of4’,6-
diamidino-2-phenylindole (DAPI) and mounted in SlowFade® Gold antifade reagent
(Molecular Probes, Eugene, OR). Images were recorded digitally on a Zeiss Axiovert
200 inverted microscope equipped with a CCD camera by using OpenlLab imaging
software (Improvision, Coventry, UK).

CellProfiler™ cell image analysis. Three fields, each containing 200-400 cells, were
imaged from each well of transfected cells using an 20x objective and pooled for
analysis in each experiment. Greyscale images (tiffs) were uploaded on CellProfiler as
three individual files for every field captured under the three excitation wavelengths
respectively for DAPI, GFP (detection of HA) and Cy3 (detection of 5mC) (47). Nuclear
outlines were profiled based on DAPI staining, with a secondary module included to
expand the nuclear outlines by another 2 pixels (denoted as “expanded nuclei’) to
account for HA staining at nuclear boundaries. Clustered cells and cells at the edge of
fields were excluded. Staining intensities of HA and 5mC within individual cells profiled
were measured as mean pixel intensities of GFP and Cy3 signals, respectively, within
the “expanded nuclei” and original nuclei profiles, respectively. The raw data were
plotted as dot plots of 5mC mean pixel intensity versus HA mean pixel intensity for each
transfection sample. The same set of mock-transfected cells is shown in the two panels
in Fig. 1C. The population average of 5mC staining intensity of HA-expressing cells
(arbitrarily categorized as cells with mean HA pixel intensity above the highest intensity
observed in mock-transfected cells) is compared to mock transfected cells. Values are
background-subtracted before normalization and are mean £ SEM from 3 experiments;
statistical comparisons are based on ANOVA and Bonferroni's post-hoc test.

Transfection and Sorting of HEK293T cells expressing hCD25 HEK293T cells were
transfected with TET1-CD-IRES-CD25-pEF1 vectors using TransIT transfection reagent
(Mirius). Control cells (mock) were transfected with a corresponding empty vector that
drove expression of CD25 alone. After 48 hours, 30 x 108 cells were stained with anti-
hCD25-PE antibody (1:200) (Becton Dickinson) in 1X FACS Buffer (1XPBS, 2% FBS, 1
mM EDTA, 0. 1% NaAzide) for 30 min at 4 C. Cells were washed twice with 1X FACS
Buffer. Cells were then stained with anti-PE microbeads (Miltenyi) for 25 min, 4 C and
then washed two times with 1X FACS Buffer and then once with 1X MACS buffer (1X
PBS, 0.5% BSA, 0.09% Na Azide and 2 mM EDTA). Cells were resuspended in 2 ml of
ice-cold 1X MACS Buffer and CD25-expressing cells were sorted using an AutoMACS
cells sorter (Possel). Input, flow-through and collected samples were analyzed by FACS
to confirm enrichment for CD25-positive cells in collected sample.

Analysis of 5mC levels using thin-layer chromatography Nuclei were prepared from
CD25-positive cells by resuspension in 1 ml NPB (240 mM sucrose, 7.5 mM Tris, pH
7.5, 3.75 mM MgCl,, 0,75% Triton-X-100, with 100 ug RNAseA/ml (Qiagen)) and placing
on ice for 20 minutes. Cells were spun at 1300 g for 15 min, 4 C and then washed once
in NPB. Nuclei were lysed in 650 ul of 1X LB ((10 mM Tris, pH 8.0, 300 mM NaAcetate,
pH 7.2, 0.5% SDS, 5 mM EDTA, 100 ng RNAseA/ml and 300 ug/ml Proteinase K
(Roche)) and incubated overnight at 55 C. An extra 300 ug/ml Proteinase K was added
in the morning and the samples were left at 55 C for 5 hours. Samples were extracted
with equal volumes of phenol, phenol: chloroform: isoamyl alcohol (25:24:1) and



chloroform: isoamyl alcohol (24:1) and then precipitated with 2 volumes of ethanol.
Genomic DNA was washed twice with 1 ml of 70% EtOH, dried and resuspended in 10
mM Tris, 0.1 mM EDTA, pH 8.0 and allowed to resuspend overnight at 32 C.

2 ug of genomic DNA was digested with 100 units of Mspl, Hpall or Tag*1 and 100 ug of
RNaseA (Qiagen) overnight. An extra 100 units of restriction enzyme was added in the
morning and incubations were continued for 6 hours. 10 units of calf intestinal
phosphatase (CIP) (NEB) was added and incubated for 1 hour at 37 C. DNA was
purified using Qiaquick Nucleotide Removal Kit (Qiagen) as per the manufacturer’s
instructions. 400 ng of eluted DNA fragments were end-labeled with T4 Polynucleotide
Kinase (T4 PNK) (NEB) and 10 uCi of [y**P]-ATP for 1 hour at 37 C. Labeled fragments
were precipitated by the addition of 30 ug of linear polyacrylamide, 1/10 volume of 3 M
NaAcetate, pH 7.2 and 2.5 volumes of ethanol at left at -80 C for 1 hour. Samples were
spun at 14,000 rpm, for 20 minutes at 4 C and washed twice with 70% EtOH at 25 C.
Pellets were resuspended in 30 mM Tris, pH 8.9, 15 mM MgCl,, 2 mM CaCl, with 10 ug
of DNasel (Worthington) and 10 ug SVPD (Worthington) and incubated for 3 hours at 37
C. 3 ul was spotted on cellulose TLC plates (20 cm x 20 cm, Merck) and developed in
isobutyric acid: H,0: NH; (66:20:1). Plates were analyzed by phosphorimager scanning
using Phosphorimager Storm 860 scanner software. The low-level labeling of other
nucleotides reflects DNA shearing or contaminating endonucleolytic activity.

Preparation of unglucosylated T4 phage DNA for preparation of hm-dCMP
standard T4 phage stock was titred by spotting 10 ul of serial 10X dilutions on an LB
plate on which 100 ul of an overnight culture of E.coli CR63 in 3 ml of T4 top agar was
poured and allowed to solidify. The plate was incubated overnight at 37 C. 10 ml of
E.coli CR63 ODgg of 0.5 was infected with a single plaque of T4 phage and incubated
with shaking at 37°C until the culture cleared (about 2.5 hours). The culture was
incubated on ice for 10 minutes and then lysed was completed by the addition of several
drops of chloroform and gentle mixing. The lysate was titred as described above.

E.coli ER1656 was grown in LB to ODgy of 0.5 and then infected with 0.2 phage per
bacterium and incubated at 37°C with shaking until the culture cleared (about 8 hours)..
The culture was chilled on ice for 10 minutes and then lysis was completed by the
addition of 1 ml of chloroform. DNase | was added to 1 mg/ml and the culture was
incubated for 2 hours at 4°C. The lysate was centrifuged at 12,000g for 10 min at 4 C to
pellet debris. The supernatant was collected and phage were pelleted by centrifugation
at 23,5009 for 1.5 hours at 4 C. The phage pellet was left covered in TE overnight to
resuspend. Phage DNA was extracted using an equal volume of phenol, phenol:
chloroform: isoamyl alcohol (25:24:1) and chloroform: isoamyl alcohol (24:1). The
extracted phage DNA was dialyzed into TE overnight with 2 changes of buffer.

Mass spectrometry experiments. Genomic DNA from HEK293 cells transfected with
TET1 wild-type or mutant CD or T4 phage grown in E.coli 13656 were hydrolyzed to
dNMP’s with SVPD and DNasel and resolved using TLC. Spots corresponding to
paricular dNMP’s were scraped, extracted with water, lyophilized, and re-suspended in
water for liquid chromatography/mass spectrometry (LC/MS) analysis using an Acquity
UPLC/Q-TOF Premier electrospray LC/ESI-MS system (Waters Corp., Milford, MA).
Liquid chromatography (LC) was performed with a Waters HSS C18 column (1.0mm i.d.
x 50mm, 1.8-um particles) using a linear gradient of 0% to 50% methanol in 0.1%
aqueous ammonium formate, pH 6.0. The flow rate was 0.05 mL per min and the eluant
was directly injected into the mass spectrometer. Mass spectra were recorded in



continuum mode and converted to centroid mode to generate accurate mass spectra.
Data was analyzed with Masslynx 4.1 software (Waters).

Recombinant Protein Expression and Purification Bacmid DNA was generated
using DH10Bac™ E. coli E.coli (Invitrogen) as directed by the manufacturer.
Transposition into the correct site was confirmed using PCR. Baculovirus was amplified
for three generations using suspension adapted Sf9 cells. Sf9 cells were then infected
with baculovirus for 4 days. The resulting cell pellet was kept on ice for 30 minutes in 40
mM Tris, pH 7.4, 300 mM NaCl, 0.2% NP40, 0.4% Triton, 5 mM DTT, 1X protease
inhibitors without EDTA (Roche) and then at 12,000 rpm (SLA-TC600), 30 min, 4 C. The
supernantant was then incubated with anti-Flag antibody-conjugated beads (Invitrogen)
for 5 hours at 4 C. The beads were washed 4 times in 40 mM Tris, pH 7.4, 300 mM
NaCl, 0.2% NP40, 8% Glycerol, 1X Pl, 5 mM DTT and then eluted in 195 mM Tris, pH
7.4, 110 mM NaCL, 0.14% NP40, 5.8% Glycerol, 0.37X PI, 3.7mM DTT, 365 ug/ml Flag
peptide. The homogeneity of the eluted protein was determined using SDS-PAGE
followed by Coomassie blue staining and immunoblotting using an anti-Flag antibody
(Sigma).

Preparation of double-stranded oligonucleotide substrates Synthetic
oligonucleotides were purchased from IDT. All oligonucleotides were 35 nucleotides in
length with the modifications shown below.

F: 5-CTATACCTCCTCAACTTCGATCACCGTCTCCGGCG-3

FMe: 5-CTATACCTCCTCAACTT(mC)GATCACCGTCTCCGGCG-3’

R: 5-Biotin-CGCCGGAGACGGTGATCGAAGTTGAGGAGGTATAG-3

RM®: 5'-Biotin-CGCCGGAGACGGTGAT(MC)GAAGTTGAGGAGGTAT AG-3’

Oligonucleotides were annealed to the appropriate complementary oligonucleotide in
100 mM KAc, 30 mM HEPES, pH 7.5. The mixture was boiled for 5 minutes then slowly
cooled to room temperature overnight. Double-stranded oligonucleotides were purified
by polyacrylamide gel electrophoresis.

In vitro Enzymatic Assays 7.5 ul of recombinant protein (about 3 ug) was incubated
with 2 ug of oligonucleotide substrates in 50 mM HEPES, pH 8, 50 mM NaCl, 2 mM
Ascorbic Acid, 1TmM 20G, 100 uM FAS (Fe2+), and 1 mM DTT for 3 hours at 37 C.
Oligonucleotide substrates were purified using Qiaquick Nucleotide Removal Kit
(Qiagen) and then digested with Tag®1 overnight, treated with CIP for 1 hour and purified
once more with Qiaquick Nucleotide Removal Kit (Qiagen). Purified DNA
oligonucleotides were end-labeled with T4 Polynucleotide Kinase (NEB) and 10 uCi of
v3?P_ATP for 1 hour at 37 C. Labeled fragments were precipitated by the addition of 30
ug of linear polyacrylamide, 1/10 volume of 3 M Sodium Acetate, pH 7.2 and 2.5
volumes of ethanol followed by incubation at -80 C for 1 hour. Samples were spun at
14,000 rpm, for 20 minutes at 4 C in a refrigerated microcentrifuge. Unincorporated
radionucleotide was removed by washing two times with 70% EtOH and spinning at
room temperature for 10 minutes. Pellets were resuspended in 10 ul 30 mM Tris, 15
mM MgCl,, 2 mM CaCl, pH 8.9 with 10 ug of DNasel (Worthington) and 10 ug SVPD
(Worthington) and incubated for 3 hours at 37 C. 3 ul was spotted on cellulose TLC
plates (Merck) and developed in isobutyric acid: water: ammonia (66:20:1). Plates were
analyzed by phosphorimager scanning using Phosphorimager Storm 860 scanner
software. The faint dCMP spot in each lane is derived from end-labelling of the C at the



5’ end of each strand of the substrate. T4 PNK is not able to phophorylate blunt ends as
efficiently as the 5° overhangs generated by restriction enzyme cleavage.

ES cell culture V6.5 mouse ES cells were maintained on mitomycin C-inactivated primary
mouse embryonic fibroblasts in ES medium containing DMEM (Invitrogen, Carlsbad, CA),
15% ES FBS (Omega Scientific, Tarzana, CA), 0.1 mM each of nonessential amino acids
(Invitrogen), 2 mM L-glutamine (Invitrogen), 0.1 mM B-mercaptoethanol (Invitrogen), 50
units/ml penicillin/streptomycin (Invitrogen) and 1000 U/ml ESGRO® (LIF; Chemicon). For all
experiments described, cells were trypsinized and plated for 30 min on standard tissue
culture dishes to remove feeder cells before floating ES cells were collected and re-plated on
gelatin-coated dishes or wells. For LIF withdrawal assays, cells were plated at a density of 2-
3 x 10° cells per 10-cm dish and LIF was removed the day after (day 0). RNA interference
(RNAI) experiments were performed as previously described (48) using Dharmacon
siGENOME siRNA duplexes (Thermo Fisher Scientific Inc, Boulder, CO) against mouse Tet1
(Cat. # D-062861-01/02). The Dharmacon siGENOME non-targeting siRNA#2 (Cat. # D-
001210-02) was used as a negative control. Mouse ES cells were seeded in gelatin-coated
12-well at a density of 1 x 10° cells per well and transfected the day after (day 0) with 50 nM
siRNA using Lipofectamine RNAIMAX reagent (Invitrogen) according to the manufacturer’s
instructions. Retransfections were performed on pre-adherant cells at day 2 at a split of 1:4
and finally at day 4 at a split of 1:2 in 6-well plates. Cells were harvested at Day 5 for RNA
and thin-layer chromatography analyses.

RNA Isolation, cDNA synthesis and Quantitative Real-Time PCR Total RNA was isolated
with an RNeasy kit (Qiagen, Chatsworth, CA) with on-column DNase treatment. cDNA was
synthesized with 0.5 ug total RNA using SuperScript Il reverse transcriptase (Invitrogen).
Quantitative PCR was performed using FastStart Universal SYBR Green Master mix (Roche,
Mannheim, Germany) on a StepOnePlus real-time PCR system (Applied Biosystems, Foster
City, CA) according to the manufacturer’s instructions. The levels of gene expression were
normalized to Gapdh. Primer sequences are: Tet1 forward 5'-
GAGCCTGTTCCTCGATGTGG-3, Tet1 reverse 5-CAAACCCACCTGAGGC TGTT-3’;
Gapdh forward 5-GTGTTCCTACCCCCAATG TGT-3, Gapdh reverse 5’-
ATTGTCATACCAGGAAATGAGCTT-3'.
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