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ABSTRACT

The family of ten-eleven translocation (Tet) dioxy-
genases is widely distributed across the eukary-
otic tree of life, from mammals to the amoe-
boflagellate Naegleria gruberi. Like mammalian Tet
proteins, the Naegleria Tet-like protein, NgTetl,
acts on 5-methylcytosine (5mC) and generates
5-hydroxymethylcytosine (5hmC), 5-formylcytosine
(5fC) and 5-carboxylcytosine (5caC) in three consec-
utive, Fe(ll)- and «-ketoglutarate-dependent oxida-
tion reactions. The two intermediates, 5hmC and 5fC,
could be considered either as the reaction product of
the previous enzymatic cycle or the substrate for the
next cycle. Here we present a new crystal structure
of NgTet1 in complex with DNA containing a 5hmC.
Along with the previously solved NgTet1-5mC struc-
ture, the two complexes offer a detailed picture of the
active site at individual stages of the reaction cycle.
In the crystal, the hydroxymethyl (OH-CH2-) moiety
of 5hmC points to the metal center, representing the
reaction product of 5mC hydroxylation. The hydroxyl
oxygen atom could be rotated away from the metal
center, to a hydrophobic pocket formed by Ala212,
Val293 and Phe295. Such rotation turns the hydroxyl
oxygen atom away from the product conformation,
and exposes the target CH, towards the metal-ligand
water molecule, where a dioxygen O, molecule would
occupy to initiate the next round of reaction by ab-
stracting a hydrogen atom from the substrate. The
Ala212-to-Val (A212V) mutant profoundly limits the
product to 5hmC, probably because the reduced hy-
drophobic pocket size restricts the binding of 5hmC
as a substrate.

INTRODUCTION

There is much interest in the effects of DNA cytosine mod-
ifications on epigenetic regulation, development and dif-
ferentiation, neuron function, and diseases. DNA methyl-
transferases convert certain cytosines to 5-methylcytosine
(5mC), usually within the sequence context CpG (1-3) or
CpA (4). A subset of these SmC residues is then converted to
5-hydroxymethylcytosine (ShmC), 5-formylcytosine (5fC),
and 5-carboxylcytosine (5caC) by the ten-eleven translo-
cation (Tet) dioxygenases (5-7). The Tet dioxygenases are
widely distributed across the eukaryotic tree of life, from
mammals to the amoeboflagellate Naegleria gruberi (8),
mushroom (Coprinopsis cinerea) (9), honey bee (Apis mel-
lifera) (10) and Drosophila (11). High-throughput methods
for characterizing DNA oxidation states at single base reso-
lution are becoming available, so our understanding of Tet-
mediated oxidation is expected to develop rapidly.

The Tet enzymes belong to a family of Fe(Il)- and «-
ketoglutarate-dependent dioxygenases that also includes
the Jumonji-domain containing histone lysine demethy-
lases, the N-methyl nucleic acid demethylase including E.
coli AlkB and its mammalian homologs, and many oth-
ers (12). The N-demethylation reaction catalyzed by most
of these enzymes involves the transient formation of a N-
hydroxymethyl intermediate followed by the spontaneous
(non-enzymatic) release of formaldehyde (Supplemental
Figure S1).

In contrast, formaldehyde is not released during Tet-
mediated hydroxylation of 5mC (Figure 1A). Unlike
methylation/demethylation of monoamines, the main
mechanistic problem in methylation and demethylation
of carbons is that the C5 atom of the cytosine ring is an
inert carbon. DNA cytosine methyltransferases solve this
problem by flipping the target base into a concave active
site, where a transient covalent adduct forms at cytosine C6
(13,14). However, the 5-hydroxymethyl modification at C5
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Figure 1. Structures of NgTetl in complexes with SmC and ShmC DNA. (A) Schematic illustration of methylation and oxidation reactions. DNA methyl-
transferases convert a proportion of the cytosines (Cs) into SmC in a S-adenosyl-L-methionine (AdoMet)-dependent reaction. The Tet dioxygenases then
convert a fraction of 5SmC to ShmC, 5fC and 5caC in three consecutive, Fe(Il)- and a-ketoglutarate-dependent oxidation reactions without releasing any
formaldehyde (in contrast to demethylation of N-methylated substrates; Supplemental Figure S1). (B) The extrahelical 5SmC in the active site forms planar
 stacking contacts with F295 (away from the viewer in the background) and R224 (which forms an ion-pair interaction with a-ketoglutarate or aKG), as
well as hydrogen bonds with three residues along the Watson—Crick polar edge. The simulated annealing omit electron density (in magenta) is shown for
the methyl group of SmC, contoured at 4.50 above the mean. (C) A model of thymine (SmU) in the active site including hydrogen atoms. The side-chain
imidazole ring of H297 could interact with the protonated N3 nitrogen. The distance between one of the carboxylate oxygen atoms of D234 and the O4
carbonyl oxygen would suggest the presence of a hydrogen bond and therefore the presence of a proton between them (labeled as H). The proton source
may be the COOH group of D234, which itself might be protonated as a result of the water-mediated interaction. (D) The extrahelical ShmC in the active
site forms nearly identical interaction as that of SmC (panel B). The simulated annealing omit electron density (in magenta) for the hydroxyl oxygen atom
of ShmC is shown, contoured at 4.50 above the mean. (E) An orthogonal view from panel D shows the out-of-plane hydroxyl oxygen atom of ShmC
interacting with the metal-ligand water molecule.

(5hmC) does not change the nature of the carbon-carbon
bond (i.e., C5-CHj; versus C5-CH,OH) and thus either
stays as a stable modification or is further converted to 5fC
and 5caC in consecutive Tet-mediated oxidation reactions,
generating higher oxidized modifications further away
from 5SmC (15,16). That Tet-mediated ShmC remains a
stable modification, rather than serving as an intermediate
in direct demethylation, is supported by the observation
that 5SmC loss in the paternal genome immediately after

fertilization during mouse development, is accompanied
by a concurrent increase in ShmC (17).

Two X-ray structures are currently available for Tet en-
zymes in complex with SmC: the catalytic domain of hu-
man TET2 (18) (Supplemental Figure S2a) and NgTetl
from Naegleria gruberi (8) (Supplemental Figure S2b). Like
DNA methyltransferases, Tet enzymes use a base-flipping
mechanism to access SmC. This is a process that involves
rotation of backbone bonds in double-stranded DNA to ex-
pose an out-of-stack base, which can then be a substrate



for an enzyme-catalyzed chemical reaction or for a spe-
cific protein binding interaction (19). Structurally, NgTet1
contains the core structure of the catalytic domain of the
mammalian Tet enzymes (Supplemental Figure S2c¢), in-
cluding conserved residues involved in structural integrity
and functional significance (8). Like other structurally char-
acterized a-ketoglutarate-dependent dioxygenases (such as
AlkB), NgTetl has a core double-stranded B-helix fold
that binds Fe(Il) and a-ketoglutarate (Supplemental Fig-
ure S2b). Two twisted B-sheets (a four-stranded minor sheet
and an eight-stranded major sheet) pack together with five
helices on the outer surface of the major sheet to form a
three-layered structure (Supplemental Figure S2b). The un-
equal number of strands of the two sheets creates the ac-
tive site located asymmetrically on the side of the molecule
where the extra strands of the major sheet are located. Here,
we focus on the NgTetl active site and its ability to bind
ShmC as a reaction product as well as a reaction substrate
in two different conformations. The binding of the hydroxyl
oxygen atom of ShmC in a hydrophobic pocket away from
the metal center enables NgTetl to pursue the next reaction
cycle. Substitution of Ala212 to Val (A212V) in the pocket
robustly limits the product to ShmC.

MATERIALS AND METHODS
Crystallography

In our previous determined NgTet1-5mC structure, the first
56 residues were not modeled due to lack of continuous
electron density (8). We thus generated a hexahistidine—
SUMO-tagged construct deleting the first 56 residues of
NgTetl (pXC1336). The protein was expressed in E. coli
BL21 (DE3)-Gold cells with the RIL-Codon plus plasmid
(Stratagene). Cultures were grown at 37°C until the OD at
600 nm reached 0.5; the temperature was then shifted to
16°C, and isopropyl B-p-1-thiogalactopyranoside (IPTG)
was added to 0.4 mM to induce expression. Cell pellets
were re-suspended with 4 volumes of 500 mM NacCl, 20
mM sodium phosphate, pH 7.4, 20 mM imidazole, ] mM
dithiothreitol (DTT) and 0.25 mM phenylmethyl-sulphonyl
fluoride (PMSF) and sonicated for 5 min (I s on and 2 s
off). The lysate was clarified by centrifugation at 38 000g
for 60 min. The hexahistidine fusion protein was isolated
on a nickel-charged chelating column (GE Healthcare). The
His-SUMO tag was removed by incubating with Ulpl (pu-
rified in-house) for 16 h at 4°C. The cleaved protein was fur-
ther purified by a tandem HiTrap Q and SP column (GE-
Healthcare), eluted from SP column and concentrated. The
protein was then loaded onto a Superdex 75 (16/60) column
(equilibrated with 150 mM NaCl, 20 mM HEPES, pH 8.0,
1 mM DTT) where it eluted as a single peak corresponding
to a monomeric protein.

For co-crystallization, we used oligonucleotides (either
14 or 12bp + one overhang) containing ShmC or SmC (syn-
thesized by New England Biolabs) (Table 1). An equimo-
lar mixture of protein and DNA (0.5 mM) was incubated
in 2 mM a-ketoglutarate («KG), 2 mM MnCl,, 100 mM
NaCl, and 20 mM HEPES-NaOH, pH 8.0, for 30 min at
4°C. Crystallization was carried out in a 2 wl sitting drop
with equal volume of the complex solution and well solu-
tion. Crystals appeared within 2 days at 16°C under the con-
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ditions of 25% (w/v) polyethylene glycol monomethyl ether
550, 10 mM ZnSOy4, and 100 mM MES, pH 6.5, for the
ShmC-NgTetl complex, and 20% (w/v) polyethylene gly-
col 8000, 200 mM Mg oxaloacetate, 100 mM Na cacodylate,
pH 6.5 for the SmC-NgTet1complex.

Crystals were cryoprotected by soaking in mother liquor
supplemented with 20% (v/v) glycerol or ethylene glycol
and by plunging into liquid nitrogen. X-ray diffraction data
sets were collected at the SER-CAT beamline (22-ID-D or
22-BM-D) at the Advanced Photon Source, Argonne Na-
tional Laboratory and processed using HKL.2000 (20). Ini-
tial crystallographic phases were determined by molecu-
lar replacement using the coordinates of the NgTet1-5mC
complex structure (PDB 4LT5) as a search model. Phas-
ing, molecular replacement, map production, and model re-
finement were performed using PHENIX (21,22). The two
structures were solved, built, and refined independently. The
statistics were calculated for the entire resolution range. The
Rpee and Ryork values were calculated for 5% (randomly se-
lected) and 95%, respectively, of the observed reflections.
Molecular graphics were generated using PyMol (DeLano
Scientific, LLC).

Site-directed mutagenesis

Mutagenesis of NgTetl was performed using the Q5 Site-
Directed Mutagenesis Kit and confirmed by sequencing.
Wild-type and variant proteins containing an N-terminal
6X histidine tag (in pTXB1 constructs) were expressed in
E. coli T7 Express competent cells (NEB) and purified as
previously described (8), using a HiTrap Heparin HP col-
umn followed by a HisTrap HP column (GE Healthcare).
Purified proteins were stored at -20°C in 20 mM Tris pH
7.5, 300 mM NacCl, and 50% glycerol (Supplemental Figure
S3a). The protein concentrations were estimated by Brad-
ford assay and equal amount of proteins (WT and mutants)
were used in each reaction.

NgTetl activity assay using liquid chromatography—mass
spectrometry (LC-MS/MS)

The activities of NgTetl wild type and variants were mea-
sured using a LC-MS/MS-based assay (8,23) [for LC-MS
traces of a sample reaction carried out by NgTet1, see Sup-
plemental Figure S3b]. A 20 wL NgTetl reaction in 50 mM
MOPS, pH 6.75, 50 mM NaCl, 1 mM DTT, 2 mM ascor-
bic acid, ] mM aKG, and 100 puM FeSO,4 contained 8§ uM
NgTetl and 4 .M 56-bp, hemi-modified dsDNA (5-CGG
CGT TTC CGG GTT CCA TAG GCT CCG CCC XGG
ACT CTG ATG ACC AGG GCA TCA CA-3 where X =
SmC, 5ShmC or 5fC) and its complementary strand with no
modification.

All reactions were incubated at 34°C for the specified
amount of time. For time courses, reactions were quenched
at the specified time by heating at 95°C for 3 min, and sub-
sequent chilling on ice for 5 min. All samples were digested
with 0.8 units proteinase K (NEB) for 1 h at 50°C, and the
DNA was purified using the DNA Clean & Concentrator
Kit (Zymo Research). DNA was then digested to nucleo-
sides as described previously (8), and analyzed by Agilent
1290 UHPLC and 6490 Triple Quad Mass detector on a
Waters XSelect HSS T3 column (2.1 x 100 mm, 2.5 pm).
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Table 1. Summary of Statistics of X-ray diffraction and refinement”

Protein

NgTetl AS7

DNA
(M = 5mC; H = 5hmC)

5-TGGAAHGCAATTCT-3
3-ACCTTGCGTTAAGA-5

5-TGTCAGMGCATGG-3
3’-CAGTCGCGTACCT-5

Cofactor / Metal aKG/Mn(1I) aKG/Mn(1I)

PDB 5CG8 . 5CG9 .
Beamline/wavelength SER-CAT 22-BM/1.0 A SER-CAT 22-ID/1.0 A
Space group i 1212124 P3,21

Unit cell (a, b, ¢ (A)) 83.8,107.4,167.7 191.2,191.2,51.3

(o, B,y (°) . 90, 90, 90 90, 90, 120
Resolution (A) 27.6-2.69 (2.79-2.69) 29.7-2.69 (2.79-2.69)
* Rmerge 0.066 (0.977) 0.154 (0.894)

b <101~ 29.2(2.9) 13.7(2.2)
Completeness (%) 99.7 (100.0) 98.7 (92.8)
Redundancy 9.9 (10.0) 9.3(8.9)

CC1/2,CC (0.908/0.976) (0.796/0.942)
Reflections (observed) 208 582 274 840

(Unique) 20985 29 462

Refinement (1 complex in asymmetric unit) (Two complexes in asymmetric unit)
Resolution (A) 2.70 2.69

No. of reflections 20958 29452

€ Ryork /4 Rivee 0.189/0.228 0.217/0.238

No. of atoms

Protein 2094 4211

DNA 570 953

oKG 10 20

Mn(II) 1 2

Solvent 11 42

B-factors (Az)

Protein 86.2 70.9

DNA 111.1 98.8

aKG 80.5 69.6

Mn(II) 65.9 68.2

Solvent 97.5 73.7

R.M.S. deviations

Bond length (A) 0.008 0.006

Bond angles (°) 1.0 0.8

All atom clash score 0.8 2.1

Ramachandran plot (%)

Favored 98.5 99.0

Allowed 1.5 1.0

Rotamer outliers (%0) 0 0.2

CR deviation 0 0

*Values in parenthesis correspond to highest resolution shell.

3 Rmerge = Xl — <I>1 /X1, where I is the observed intensity and </> is the averaged intensity from multiple observations.

b <J/oI> = averaged ratio of the intensity (/) to the error of the intensity (o ).

€ Ryork = ZlFobs — Feal 1/ 2 Fops |, Where Fops and Fyp are the observed and calculated structure factors, respectively.
Riree Was calculated using a randomly chosen subset (5%) of the reflections not used in refinement.

RESULTS
Overall structures

Previously, we determined the crystal structure of NgTetl
with a 14-base-pair (bp) oligonucleotide containing a sin-
gle, fully methylated CpG site (8). Only one of the SmC nu-
cleotides flips out and is positioned in the active site. Here,
we used the same, hemi-modified oligonucleotide with a
ShmC in the position of the flipped nucleotide (Table 1).
We used Mn(I1), instead of Fe(II), to generate catalytically
inert complexes. The ShmC structure was solved by molec-
ular replacement and refined to a resolution of 2.7 A (Ta-
ble 1). The two structures are highly similar, with a root
mean squared deviation of less than 0.3 A when compar-
ing protein components of 265 pairs of Ca atoms. Dur-
ing the screen for crystallization, we also crystallized a sec-
ond NgTetl-SmC complex using a 12-bp DNA plus a 5'-

overhanging thymine in a different space group (Table 1).
The crystallographic asymmetric unit contains two NgTet1-
DNA complexes (discussed in Supplemental Figure S4) and
the structure was determined to the same resolution of 2.7

The active site (SmC versus thymine)

The extrahelical nucleotide, SmC, is bound in a cage-like
active site via stacking of the flipped base in between the
phenyl ring of F295 and the guanidino group of R224 (Fig-
ure 1B). The polar groups of the (modified) cytosine ring
that normally form the Watson—Crick pairings with gua-
nine now form hydrogen bonds with the side-chain amide
group of N147 (interacting with the O2 oxygen), the side-
chain imidazole ring of H297 (interacting with the deproto-
nated N3 nitrogen), and the side chain carboxylate oxygen
atoms of D234 (interacting with the N4 amino group NH»)



(Figure 1B). Interactions between the carboxylate oxygen
atom of D234 and the exocyclic amino group N4 define the
binding pocket specificity, resulting in the strong preference
for C5 modified cytosines as substrates by NgTetl (8,23).

However, like mammalian Tetl (24), NgTetl has a mi-
nor activity on thymine (23). Like 5SmC, thymine (5-
methyluracil) contains a methyl group at C5, but the hydro-
gen bonding potentials at N3 and O3 are reversed compared
with cytosine’s N3 and N4 atoms. We modeled a thymine
in the same active site configuration (Figure 1C). The N3-
H297 interaction would remain, as the imidazole ring could
serve as a proton donor/acceptor depending on the N3 pro-
tonation status. However, a protonated D234 is needed to
accommodate the O4 carbonyl oxygen, which could occur
via a water molecule (Figure 1C). We note that mammalian
Tet enzymes have asparagines at the corresponding posi-
tion of D234 (N1387 in human TET2) (18), and can oxi-
dize thymine to generate 5-hydroxymethyluracil (ShmU) in
vivo (24). Indeed, the aspartate-to-asparagine (D234N) mu-
tant of NgTetl has a ~2-fold increase of the activity on
thymine while the activity on SmC was decreased by ~2-fold
(23). Asparagine can donate one H-bond to the O4 atom of
thymine via its side chain amide nitrogen (NH>). The equiv-
alent residue in the catalytic site of thymidylate synthase,
whose substrate is dUMP, is also asparagine (25).

5hmC in the active site

The flipped ShmC in the active site has almost identical in-
teractions as those of SmC, in terms of base-stacking and
polar edge hydrogen bonding interactions (Figure 1D). The
hydroxymethyl moiety of ShmC points to the metal center,
and the out-of-planar hydroxyl oxygen atom is only 3.3 A
away from the metal-ligand water molecule (where a dioxy-
gen O; molecule would occupy to initiate the reaction) (Fig-
ure 1E). This observation suggests that the observed confor-
mation of the hydroxymethyl moiety almost certainly rep-
resents the reaction product of 5SmC hydroxylation, rather
than the posture of a substrate ready for the next round of
reaction. However, we note that the substitution of Mn(II)
for Fe(II), which generated an inert enzyme-cofactor com-
plex, might induce ShmC into the product conformation.
The hydroxyl oxygen atom of ShmC could rotate freely
along the C5-CH; bond in the absence of spatial constraint.
Starting from the observed conformation 1 (the product
conformation), rotating the C5-CH, bond 120° generates
conformations 2 and 3 (Figure 2A—C). We note that all three
conformations have been observed previously in our study
of ShmC-containing DNA bound by transcription factors
WT1 and Egr1 (26). Both conformations 2 and 3 expose the
target CH, towards the metal-ligand water molecule (or the
dioxygen molecule during the reaction), which would allow
the next round of reaction to occur (Figure 2B and C). How-
ever, the hydroxyl oxygen atom in conformation 2 would be
too close to the cofactor a-ketoglutarate (Figure 2B) (an
0...0 distance of ~2 A), resulting in repulsion and/or in-
terference with the binding of a-ketoglutarate and the metal
ion. In contrast, conformation 3 would place the hydroxyl
oxygen atom in the vicinity of A212, V293 and F295 (Fig-
ure 2C and D), without interfering with cofactor binding.
The oxygen and carbon distances in the range of 3-3.2 A
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would allow the hydroxyl oxygen atom to make a number of
interactions, including a potential C-H... O hydrogen bond
- a common interaction found in bio-molecular recognition
(27,28), and a potential O—H. .. interaction (29) between
the hydroxyl oxygen and the aromatic ring of residue F295.
We note that the observation of hydrogen atoms will require
other techniques such as neutron protein crystallography
(29).

A212V variant has altered product specificity

The intimate fitting of the hydroxyl oxygen atom of ShmC
into the space between the hydrophobic side chains of A212,
V293 and F295 is consistent with ShmC being a substrate
of NgTetl, allowing the target CH, to be exposed to the
activated dioxygen which can abstract a hydrogen atom to
eventually yield a formylated product (Figure 2C and D).
We reasoned that the residues in the hydrophobic binding
pocket are important for further oxidation beyond ShmC
by NgTetl. Several outcomes could be anticipated. First, in-
creasing the pocket size should allow the binding of ShmC
without affecting the generation of 5fC and 5caC. Second,
decreasing the pocket size would sterically exclude the bind-
ing of ShmC and thus limit NgTetl’s ability to generate
5fC and 5caC. Third, considerable alteration of the pocket
shape and size might interfere with the binding of the cy-
tosine ring and thus affect overall catalytic activity. We rea-
soned that the aromatic ring of F295 is important for stack-
ing with the flipped cytosine ring and thus focused mutage-
nesis on the two smaller aliphatic residues (A212 and V293)
and analyzed the reaction products of the mutant proteins.

We substituted alanine 212 with the smaller glycine
(A212G), larger side chains with increasing sizes (A212-
to-V, L, I and F), or a polar side chain (A212-to-N).
All mutants behaved similarly to the wild type (WT) en-
zyme during purification with comparable final protein
yield (Figure 3A, bottom panel, and Supplemental Figure
S3a). As expected, A212G, which presumably has increased
pocket size, had similar activity as that of WT on a hemi-
methylated single SmC-containing, 56-bp oligonucleotide
DNA substrate (Figure 3A, top panel). When the alanine
is changed to valine (A212V), slightly less SmC was con-
verted but a significant buildup of ShmC was observed com-
pared to WT, while only a very small amount of 5caC was
formed after the 10-min reaction. Further increasing the
size of residue 212 to leucine (A212L), isoleucine (A212I),
or phenylalanine (A212F), almost abolished the activity
forming only a small amount of ShmC (Figure 3A), indicat-
ing the larger size chains at residue 212 prevented the initial
5mC binding. Surprisingly, A212-to-asparagine (A212N),
which has a similar size to that of leucine, formed ShmC as
the major reaction product, similar to A212V.

Because A212V had the most pronounced effect on prod-
uct composition while only minimally reducing the rate of
SmC conversion, we further analyzed this variant by per-
forming a time course to track the relative levels of reaction
species. During the WT reaction, 5caC was the major prod-
uct after ~10 min while ShmC initially increased rapidly
to 40% and then gradually decreased, concomitant with a
further increase of ScaC (Figure 3B). The A212V reaction
had an even faster initial increase of ShmC to 60% but then
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Figure 2. Alternative conformation of ShmC as a reaction product or substrate. (A) The hydroxyl oxygen atom of ShmC could adopt three alternative
conformations by rotating the C5-CH; bond every 120°. Conformation 1 represents the experimentally observed product state of SmC hydroxylation. The
metal-ligand water molecule suggests the position where the dioxygen molecule would occupy during the reaction. (B) Conformation 2 would place the
hydroxyl oxygen atom of ShmC in the vicinity of the carboxylate group of a-ketoglutarate («KG), potentially resulting in repulsion (indicated by a star).
(C and D) Two views of conformation 3 with the hydroxyl oxygen atom of ShmC in close contact with the hydrophobic side chains of A212, V293 and

F295.

stalled, corresponding to a very slow increase in S5caC (Fig-
ure 3C). This result indicates that A212V can form 5hmC
normally, but the subsequent oxidation of ShmC to 5fC and
5caC is drastically reduced, probably due to the abnormal
binding of ShmC as substrate. We modeled valine, leucine
and asparagine at the residue 212, respectively, for confor-
mation 3 containing ShmC in the active site (Figure 3D-F).
The side chain of valine could have two alternative rotomer
conformations (Figure 3D). One of them would clash with
the hydroxymethyl moiety of ShmC, thus limiting the en-
zyme’s ability to use ShmC as a substrate. The second con-
formation would allow the binding of 5ShmC and permit
further oxidation. This is in agreement with the observa-
tion that A212V has ShmC as the major product and 5fC
and 5caC as the minor products. The side chain of leucine
could be modeled in three conformations; however, each of
them would clash with the side chain of F295, V293, and
Y141, respectively, consistent with the nearly abolished ac-
tivity (Figure 3E). One of the major differences between
leucine and asparagine lies in the Cy atom, which is an sp3
carbon in leucine and an sp2 carbon in asparagine, with the
amide nitrogen and carbonyl oxygen staying in the same
plane of the Cy atom (Figure 3G). This difference allowed
asparagine to be placed near Y141 without serious clash
(Figure 3F), accounting for the ability for A212N enzyme to
carry out further oxidation reactions. Like A212V, the other
possible rotomer conformations of A212N would resultin a
clash with neighboring residues, consistent with a majority
product of ShmC and reduced formation of 5fC and ScaC.

To further understand the defect of A212V and A212N in
generating 5fC and 5caC, we compared activity of NgTetl
variants on oligonucleotide substrates bearing the same se-
quence but with a ShmC or 5fC in place of the SmC. We
found that WT NgTetl can catalyze the oxidation of both
the ShmC- and 5fC-containing DNA as a starting substrate,
although not as efficiently as the SmC counterpart. After a
10-min reaction with the ShmC oligo, approximately 50%
of ShmC has been converted to products (~40% 5fC and
~10% 5caC) (Figure 3H), whereas for the 5fC oligo, only
~20% of 5fC is converted to the 5caC product under the

conditions tested (Figure 31). For A212V and A212N the
extent of reaction with both ShmC and 5fC is drastically re-
duced, with ~10% 5hmC being oxidized or nearly no 5fC
being oxidized (Figure 3H and I). Overall, these results are
consistent with the critical size and positioning of residue
212 in ShmC recognition and catalysis.

We also substituted valine 293 with smaller alanine
(V293A) or larger leucine (V293L). An increase in size
at residue 293 (V293L) resulted in negligible activity on
SmC substrate (Figure 3A), demonstrating that a larger side
chain at this position is not well tolerated. On the other
hand, two variants with smaller side chains (therefore larger
pocket sizes), A212G and V293A, behave similar to WT for
the SmC-containing oligo (Figure 3A), but have somewhat
decreased activity on ShmC- and very limited activity on
5fC-containing oligos, particularly in generating the final
product of 5caC (Figure 3H and I). Clearly the pocket size
alone is insufficient to account for these results. We specu-
late these may be related to the fact that ShmC and 5fC are
intrinsically poor substrates, as discussed below.

One interesting, but unexplained, observation is that
ShmC- and 5fC-containing oligos were poor substrates for
NgTetl (Figure 3G and H) compared to SmC, for WT and
all active variants characterized. When a ShmC or 5fC oligo
was used as the initial substrate for WT, the amount of sub-
strate remained at 50% for ShmC or 80% for 5fC after a 10
min reaction (Figure 3H-I), compared to ~20-30% ShmC
and ~20% 5fC remaining when a SmC oligo was used as
the initial substrate (Figure 3A and B). One potential ex-
planation is that NgTetl strongly prefers SmC DNA as a
substrate and is able to processively carry out the three con-
secutive, oxidation reactions without releasing the bound
DNA. The observed hydroxymethyl moiety of ShmC in the
product conformation (conformation 1 in Figure 2A) might
suggest that the enzyme prefers to bind ShmC as a prod-
uct rather than substrate, in the presence of a-ketoglutarate
(used in the crystallization). The conversion of product to
substrate requires the rotation of the hydroxymethyl moi-
ety (Figure 2B and C), as well as the exchange of the co-
product succinate with another a-ketoglutarate between the
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N212 to be accommodated near Y141. (G) Comparison of V212, L212 and N212. (H and I) LC-MS/MS quantification of oxidation of a ShmC- (panel
G) or 5fC-containing oligo (panel h) after 10-min reactions of NgTet] WT and mutant variants. Error bars indicate standard error (s.e.) of the mean value
from three independent experiments.
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successive reactions. One can speculate that in the presence
of succinate, which is smaller (the product of the decar-
boxylation of a-ketoglutarate), ShmC might have more free-
dom to rotate to assume the substrate conformation. We do
not know how the cofactor exchange and the rotation of
product-to-substrate conformation are coordinated in the
active site, and how these processes could occur without re-
leasing DNA. Additional experiments will be required to
settle this point.

DISCUSSION

We have determined the crystal structures of NgTetl from
Naegleria gruberi, in complexes with a DNA containing ei-
ther SmC or ShmC and carried out mutagenesis and bio-
chemical studies to elucidate the catalytic mechanism and
the product specificity of this enzyme. We use the term
‘product specificity’ of NgTetl to describe the consecu-
tive oxidation events: ShmC (mono-oxidation), 5fC (di-
oxidation), and 5caC (tri-oxidation). The concept is anal-
ogous to the product specificity of histone lysine methyl-
transferases (Supplemental Figure Sla) that transfer one,
two, or three methyl groups to the target lysines (30-32). In
a number of histone lysine methyltransferases, a key residue
(Phe/Tyr) in the active site determines how many methyl
groups the enzyme can add. Here we show that a small
change (A212V) in the binding pocket of the hydroxymethyl
moiety of ShmC limits the major product of NgTetl to be
ShmC. It will be interesting to see whether equivalent mam-
malian TET mutants also generate ShmC primarily; if so,
these mutants can be interesting tools for dissecting the roles
of ShmC in signaling.

Unlike the histone lysine methylation and demethylation
that conduct the exact opposite reactions (Supplemental
Figure S1), the Tet-mediated oxidation is a one-way re-
action, generating oxidation products rather than revers-
ing to unmodified cytosine (Figure 1A). These modifica-
tions protrude into the major groove of DNA, the pri-
mary recognition surface for proteins, and change its atomic
shape and pattern of electrostatic charge. In principle, such
changes can alter the interaction with DNA binding pro-
teins by strengthening, weakening, or abolishing the in-
teraction altogether. This, in turn, can modulate gene ex-
pression and control cellular metabolism and is believed
to be one of the principal mechanisms underlying epige-
netic processes such as differentiation, development, aging,
and disease. Recent work suggests that the Rett syndrome
protein MeCP2 binds methylated and hydroxymethylated
CpA/TpG sites with similar affinity to that of fully methy-
lated CpG/CpG (33,34). The SRA domain of UHRF2 has
a slightly stronger affinity for ShmC DNA than SmC DNA
(35). Wilms tumor protein 1 (WT1) physically interacts with
Tet2 (36,37), either recruiting Tet2 to its target genes and/or
binding to the ultimate product of the Tet2 enzyme, ScaC
DNA (26). Additional examples of cytosine modification-
specific effects on DNA binding factors include the stem cell
factor Tcf3 (38). Furthermore, 5fC and 5caC in DNA re-
tarded Pol II elongation on gene bodies and the polymerase
formed specific hydrogen bonds with the 5-carboxyl group
of 5caC (39). These observations suggest that the oxidized
derivatives of 5SmC by Tet-mediated enzymatic reactions,

ShmC, 5fC, and 5caC act as distinct epigenetic signals. Vari-
ants that differ in production of 5ShmC, 5fC, and 5caC pro-
vide a resource to investigate the possibility that different
oxidation states on a given SmCpG (or SmCpA) may signal
differently.
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