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cosylase recognizes the geometry
alteration of minor grooves induced by 5-
formylcytosine and 5-carboxylcytosine†

Tianran Fu,‡ab Liping Liu,‡cd Qing-Lin Yang,‡e Yuxin Wang, ab Pan Xu,cd

Lin Zhang, ab Shien Liu,cd Qing Dai,f Quanjiang Ji, g Guo-Liang Xu,e Chuan He,f

Cheng Luo *cd and Liang Zhang *ab

The dynamic DNA methylation–demethylation process plays critical roles in gene expression control and

cell development. The oxidation derivatives of 5-methylcytosine (5mC) generated by Tet dioxygenases in

the demethylation pathway, namely 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-

carboxylcytosine (5caC), could impact biological functions by altering DNA properties or recognition by

potential reader proteins. Hence, in addition to the fifth base 5mC, 5hmC, 5fC, and 5caC have been

considered as the sixth, seventh, and eighth bases of the genome. How these modifications would alter

DNA and be specifically recognized remain unclear, however. Here we report that formyl- and carboxyl-

modifications on cytosine induce the geometry alteration of the DNA minor groove by solving two high-

resolution structures of a dsDNA decamer containing fully symmetric 5fC and 5caC. The alterations are

recognized distinctively by thymine DNA glycosylase TDG via its finger residue R275, followed by

subsequent preferential base excision and DNA repair. These observations suggest a mechanism by

which reader proteins distinguish highly similar cytosine modifications for potential differential

demethylation in order to achieve downstream biological functions.
Introduction

In mammals DNA methylation and demethylation at the C5
position of cytosine is a dynamic process which is critical for
cell fate reprogramming and development.1,2 Aberrant methyl-
ation occurring in the human genome leads to numerous
diseases and cancers, such as myelodysplastic syndromes
(MDS) and acute myeloid leukemia (AML).3 Thus, this dynamic
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process has been considered as an important factor for studies
of tumorigenesis mechanisms and the discovery of therapeutic
targets. In the methylation pathway, cytosine (C) is converted to
5-methylcytosine (5mC) by DNA methyltransferases (DNMTs),
which interferes with the recognition of transcriptional factors
and silences gene expression.4 While in the demethylation
pathway, 5mC is oxidized to 5-hydroxymethylcytosine (5hmC),
5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) in a step-
wise manner by ten-eleven-translocation proteins (Tets).3,5

Subsequently, the last two oxidization pyrimidine products 5fC
and 5caC, but not 5hmC, are recognized and excised by thymine
DNA glycosylase (TDG) to form an apyrimidinic site (AP), fol-
lowed by base-excision repair (BER) to revert to unmodied
cytosine.6 Researchers established the DNA methylation
pathway several decades ago. The indispensable biological roles
of 5mC in fundamental processes such as genomic imprinting,
X chromosome inactivation, suppression of transposable
elements, and tumorigenesis have been broadly discussed.1,4 In
contrast, the biological function of the active DNA demethyla-
tion pathway has remained unclear.

Among the four cytosine modications (5mC, 5hmC, 5fC,
and 5caC) involved in the demethylation pathway, the latter
three were newly discovered in the human genome in 2009
(5hmC) and 2011 (5fC and 5caC).7,8 In contrast to the distin-
guished gene suppression effect of 5mC in the genome, 5hmC,
5fC, and 5caC appeared to be intermediate products without
Chem. Sci., 2019, 10, 7407–7417 | 7407
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View Article Online
any clear independent biological function. Along with the rapid
development of sequencing and nucleic acid modication
detection technologies against cytosine modications, these
products are found to have tissue-specic distributions andmay
play functional roles in regulating the different stages of
embryonic development or other potential biological
processes.9–14 For instance, 5hmC was found to be highly
enriched in the genome of the brain and central nervous
system, at a level nearly equal to that of 5mC.15 5hmC recruits
specic reader proteins such as MeCP2 to activate neuronal
function-related gene expression by inducing the loss of
H3K27me3.16–19 Compared with numerous studies on the
distribution and functions of 5hmC, there are few reports on
the biological function of 5fC and 5caC. Unlike the stable
geometry of 5hmC in dsDNA, 5fC was reported to alter the
tertiary structure of dsDNA and facilitate its transformation
from B-form to Z-form, or even to F-form.18,20,21 Recent research
further showed that 5fC is enriched in early embryos at
approximately double the level in the parental genome aer
fertilization, while 5caC is increased in breast cancers and
gliomas and affects the transcriptional rate and specicity of
RNA polymerase II.14,22,23 These discoveries suggest additional
roles of 5fC and 5caC in altering duplex DNA properties, in
addition to functioning as intermediates of the oxidative
demethylation pathway.

To date, thymine DNA glycosylase (TDG) has been the only
functional “reader” protein to recognize 5fC and 5caC modi-
cations and achieve downstream biological functions.6,24 TDG
belongs to the uracil DNA glycosylase (UDG) superfamily, and is
thought to be involved in the dsDNA repair of G$T and G$U
mismatch in the mammalian genome for decades.25 When
Table 1 Data collection and refinement statistics

Data collection
Space group
Cell dimensions a, b, c (Å)

a, b, g (�)
Wavelength (Å)
Resolution (Å)a

Rmerge (%)
I/sI
Completeness (%)
Redundancy

Renement
Resolution (Å)
No. of reections
Rwork/Rfree
No. of atoms Nucleic acids

Water
Ligand/ion

B-factors Nucleic acids
Water
Ligand/ion

R.m.s deviations Bond lengths (Å)
Bond angles (�)

a Highest-resolution shell is shown in parentheses.

7408 | Chem. Sci., 2019, 10, 7407–7417
repairing, TDG uses a “nger residue” Arg275 to recognize and
ip out the damaged/aberrant base into the active site from
mismatch-containing dsDNA, and performs subsequent
cleavage of the glycosylic bond of these base lesions.26–28 The
mutagenesis of R275 (R275L) signicantly reduces the glyco-
sylase activity of TDG,29 which may be related to lung adeno-
carcinoma tumorigenesis (TCGA library data). In 2011, He et al.
showed that TDG catalyzed the base excision of 5fC and 5caC,
thus acknowledging TDG as a key factor to complete the DNA
demethylation pathway.6,27 Furthermore, TDG shows distinctive
substrate preference for 5fC compared with 5caC with an
unknown mechanism.30,31 Here we have solved the crystal
structures of a dsDNA decamer containing fully symmetric
5mC, 5hmC, 5fC or 5caC. Structural analysis suggests that 5fC
and 5caC induce distinct geometry alteration of the dsDNA
minor groove, which is subsequently recognized by the nger
residue Arg275 of TDG. The mutagenesis of Arg275 to alanine
(R275A) abolishes the excision of 5fC with a minor effect on the
5caC excision. Our ndings thus reveal the mechanism of
substrate preference of TDG with regard to C, 5mC, 5hmC, 5fC,
and 5caC in the demethylation pathway, providing insights into
the principle on how reader proteins distinguish these highly
similar cytosine modications in order to achieve downstream
biological functions.

Results
Overall structures of 5mC, 5hmC, 5fC and 5caC containing
duplex DNA

In order to investigate the structural characteristics of dsDNA
modied by 5mC, 5hmC, 5fC and 5caC, a 10-bp self-
5fC-dsDNA 5caC-dsDNA

P61 P21
54.548, 54.548, 45.819 22.465, 36.333, 30.215
90.00, 90.00, 120.00 90.00, 100.175, 90.00
0.9795 0.9795
50–1.56 (1.62–1.56) 50–1.06 (1.10–1.06)
6.1 (21.3) 4.3 (8.2)
37.6 (11.6) 26.1 (11.2)
99.5 (98.6) 98.0 (99.4)
9.8 (9.0) 3.2(3.1)

47.2–1.56 29.7–1.06
10 569 21 838
0.147/0.162 0.156/0.181
410 410
118 174
8 N/A
21.006 8.761
36.410 22.506
32.764 N/A
0.007 0.010
1.338 1.802

This journal is © The Royal Society of Chemistry 2019
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complementary DNA decamer (50-CCAGXGCTGG-30, X refers to
5mC, 5hmC, 5fC or 5caC) was synthesized by using solid-phase
synthesis. Since +4 to �4 base pairs aside from the central
substrate modication are required for TDG recognition,30,31 the
modied base was set at the central position of the decamer.
The oligo was further annealed, generating a 10bp decamer
dsDNA containing a fully symmetric 5mC$G, 5hmC$G, 5fC$G or
5caC$G modication at the central CpG site. The crystal
screening was performed using the hanging drop method at 4
�C, and square-like crystals appeared under acidic conditions in
4 to 6 days. The 5mC-dsDNA, 5hmC-dsDNA, 5fC-dsDNA and
5caC-dsDNA structures were determined under resolution 1.40
Å, 2.85 Å, 1.56 Å and 1.06 Å with the space group C2, C2, P61 and
P21, respectively. The structures of 5mC-dsDNA and 5hmC-
dsDNA were solved by using the molecular replacement method
(MR) with a published dsDNA structure (pdb code: 1EN9;
sequence: 50-CCAGCGCTGG-30) as the search model,32 while the
structures of 5fC-dsDNA and 5caC-dsDNA were solved by using
a direct method due to their extremely high resolutions.33 All the
structures were subsequently rened by using the maximum-
likelihood renement method carried out with the Phenix
soware package.34 Table 1 and ESI Table S1† summarize the
data collection and structure renement statistics.

Structural analysis suggests that the 5mC-dsDNA, 5fC-
dsDNA and 5caC-dsDNA structures exhibit a single non-
canonical right-hand double helix pattern. Interestingly, 5hmC-
Fig. 1 Schematic diagram of 5fC-dsDNA and 5caC-dsDNA crystal struct
are colored in green and cyan, respectively. The fully symmetric 5fC bases
The distance between two C5m atoms is shown as yellow dashes. (b
molecules are shown as red dots, and the carbonate ions are shown as m
overall structure of 5caC-dsDNA. (d) The hydrogen bond networks arou

This journal is © The Royal Society of Chemistry 2019
dsDNA displays two non-canonical right-hand double helixes in
an asymmetric unit, where one strand is complemented with
half of the other two stands at the same time, exhibiting a non-
standard “X” base paring pattern. Within the double stranded
helix of the structures, 5mC-dsDNA, 5hmC-dsDNA and 5caC-
dsDNA helixes exhibit B-form dsDNA patterns, which are
similar to the published B-form 5C-dsDNA structure (pdb code:
1EN9),32 while the 5fC-dsDNA helix exhibits an A-form pattern.
All the modication groups point towards the major groove as
expected. The C5 atoms from the modication groups in each
structures are 7.4 Å (5mC), 7.7 Å/7.0 Å (5hmC), 10.4 Å (5fC) or
7.2 Å (5caC) away from each other (distance between C5m
atoms) (Fig. 1 and ESI Fig. S1 and S2†).

Further local rotational and translational base-step param-
eter analysis including the slide displacement and roll angle
indicates structural variations among these crystal structures
(Fig. 2a and c). Remarkably, we observed distinct structural
alteration in 5fC and 5caC containing dsDNA. Regarding 5fC
containing dsDNA, �2 Å shi displacement alteration at the
5fC$G site occurs compared with the adjacent base pairs,
leading to a 3–5 Å opening in the major groove width and 2–3 Å
narrowing in the minor groove (Fig. 2b, d and e). It is note-
worthy that such alterations have been observed in previously
reported 5fC-containing DNA structures under different crys-
tallization conditions suggesting that 5fC modication speci-
cally contributes to DNA structure conformational alteration
ures. (a) Overall structure of 5fC-dsDNA. Two complementary strands
are shown as sticks and their C5m atoms are shown as purple spheres.
) The hydrogen bond networks around 5fC base pairing. The water
agenta sticks. The hydrogen bonds are shown as yellow dashes. (c) The
nd 5caC base pairing.

Chem. Sci., 2019, 10, 7407–7417 | 7409
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Fig. 2 Comparison of the base-step and groove rigid body parameters of 5C-, 5mC-, 5hmC-, 5fC- and 5caC-dsDNA with canonical A-form and
B-form dsDNA. (a–c) The comparison of slide, shift, and roll base pair parameters. (d, e) The major and minor groove width comparison.
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through inducing groove geometry alteration in the helix.21

Within the 5fC$G base pair, the formyl-group does not interfere
with the regular G$C base paring sterically, and the sp2

hybridization plane of the formyl group lies in the same plane
as the pyrimidine ring (Fig. 1b). The O5 atom of the formyl
group forms an intramolecular hydrogen bond with the exocy-
clic N4 amino group of the pyrimidine, and locks the rotation of
the O5-C5m-C5-C6 dihedral angle of the formyl group (Fig. 3c).
Moreover, the formyl groups are stabilized at the right place via
hydrogen bond networks in the major groove. In the center of
the networks, a carbonate ion source from the DNA purication
reagent triethylammonium bicarbonate (TEAB) mediates the
crosstalk of the two fully symmetric formyl groups as well as the
interactions among the formyl groups, water molecules, and the
phosphodiester backbones as a hub.

Similar to 5fC containing dsDNA, a �2 Å shi displacement
alteration occurs at the 5caC$G site compared with the adjacent
base pairs in 5caC containing dsDNA, suggesting that the
negative charges at the C5m position of the cytosine pyrimidine
ring could induce similar geometry alteration of dsDNA
(Fig. 2b). Unexpectedly, further structural alteration in the
major and minor grooves is not observed, thus indicating that
5caC has distinctive contribution to dsDNA structural alteration
Fig. 3 The dihedral angle rotation analysis against 5mC (a), 5hmC (b), 5fC
the modified group are labeled. The potential energy calculated during

7410 | Chem. Sci., 2019, 10, 7407–7417
compared with 5fC (Fig. 2d and e). Within the 5caC$G base
paring, the carboxyl group of 5caC does not interfere with the
regular G$C base paring sterically, and the sp2 hybridization
plane of the carboxyl group lies in the same plane as the
pyrimidine ring as well (Fig. 1d). Due to the signicantly shorter
distance between two fully symmetric carboxyl groups in
dsDNA, a bridging water molecule (W1) directly connects the
two carboxyl groups, mediating the crosstalk between two 5caC
instead of the carbonate ion in the 5fC-DNA structure. What is
more, the carboxyl group is further locked by the intramolecular
hydrogen bond with the exocyclic N4 amino group of the
pyrimidine, and hydrogen bonds with the phosphodiester
backbone are mediated by one (W2) or two (W3 and W4) water
molecules (Fig. 1d).
Effects of C, 5mC, 5hmC, 5fC, and 5caC in inducing the
geometry alteration of dsDNA

5hmC, 5fC, and 5caC generated by TET dioxygenases from
5mC share highly similar chemical structures. However, TDG
accurately distinguishes these derivatives by excluding C,
5mC, and 5hmC and catalyzing the removal of 5fC signi-
cantly faster than that of 5caC.30,31 Density functional theory
(c), and 5caC (d). The modified bases are shown as sticks, and atoms in
O5/H-C5m-C5-C6 dihedral angle rotation is shown as curves.

This journal is © The Royal Society of Chemistry 2019
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(DFT) analysis against the O5/H-C5m-C5-C6 dihedral angle
suggests that the methyl group in the 5mC-dsDNA structures
adopts the most stable conformation in the minimum energy
state at �120�, 0� or 120�, while formyl and carboxyl groups
adopt the most stable conformation in the minimum energy
state at �180� or 180� and �180�, 0� or 180�, respectively
(Fig. 3). Dihedral angle rotation of formyl and carboxyl groups
along the C5m-C5 bond from 0� to 90� leads to an increase of
potential energy and instability of the structures. The
maximum energy state is reached at 90�, and subsequently
decreases from 90� to 180�. At 180�, the carboxyl group returns
to the most stable conformation in the minimum energy state.
The energy of the formyl group at 0� is signicantly higher
than that at 180� due to the loss of the intramolecular
hydrogen bond with the exocyclic N4 amino group of the
pyrimidine, suggesting a critical role of the intramolecular
hydrogen bonding in stabilizing the formyl- and carboxyl-
group conformation in the structure. What is more, the energy
state landscape of 5hmC is totally different from that of 5mC,
5fC and 5caC. The minimum energy state of the 5hmC dihe-
dral angle is around 136� or�133� rather than 0� or 180� in 5fC
and 5caC structures and �120�, 0� or 120� in the 5mC struc-
ture. This is most likely caused by the sp3 hybridization of the
hydroxymethyl group, and such a distinctive orientation and
energy state of 5hmC potentially leads to the unrecognition of
TDG on 5hmC for catalysis.

In order to investigate the effects of the cytosine modica-
tions on dsDNA conformation, we employed a scrupulous
Fig. 4 Comparison of the structural parameters of 5C-, 5mC-, 5hmC-, 5
molecular dynamics simulation. (a–c) The comparison of slide, shift, and
comparison. (f and g) The electric potential energy of the minor groove

This journal is © The Royal Society of Chemistry 2019
method to dene the force eld and perform further molecular
dynamic simulation according to our previous study35,36 (see the
method section), which will eliminate the interference from the
DNA sequence and crystallization condition variations. As
shown in Fig. 4, aer 400 ns simulation, the overall structures of
5C-, 5mC-, 5hmC-, 5fC- and 5caC-dsDNA tend to be canonical B-
form dsDNA, conrming that the A-form conformation
observed from the 5fC containing structure was caused by
crystal packing rather than the variation of the cytosine
modication.

The slide displacement analysis showed that all the modi-
cations have similar effects except that the slide displacements
of 5mC containing dsDNA slightly decrease by 0.4 Å, while the
roll angle of 5caC increases remarkably by 5�, leading to more
bended structural conformations of 5caC-dsDNA, especially at
the modication site compared with that of the canonical B-
form dsDNA (Fig. 4a–c).

Further geometry analysis against major and minor grooves
shows that the major grooves in 5mC- and 5hmC-dsDNA are
signicantly opened by �1 Å and �0.7 Å compared to that of
5fC- and 5caC-dsDNA respectively, leading to a relatively nar-
rower major groove in 5fC- and 5caC-dsDNA structures, and
mildly looser major grooves in 5mC- and 5hmC-dsDNA struc-
tures (Fig. 4d). Moreover, the minor groove of 5caC-dsDNA is
signicantly enlarged by �1 Å compared to other modication
containing structures, which has not been observed previously,
suggesting distinctive contribution of 5caC to minor groove
geometry alteration (Fig. 4e).
fC- and 5caC-dsDNA with canonical A-form and B-form dsDNA from
roll base pair parameters. (d and e) The major and minor groove width
and the midpoint of C5-P (phosphate in the backbone).

Chem. Sci., 2019, 10, 7407–7417 | 7411
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By analyzing the electrostatic potential energy of the minor
groove, 5fC and 5caC are found to be in a less stable state in
base pairing due to the repulsive force produced by the same
negative charges of the carbonyl oxygen atom in 5fC or the
carboxyl group in 5caC and the phosphodiester backbone
(Fig. 4f). However, the repulsive force in 5caC-dsDNA squeezes
the 5caC base aside from the phosphate backbone, resulting in
an opposite and more stable electric potential energy at the
midpoint of C5-P (phosphate in the backbone) with 5fC
(Fig. 4g). Together with these observations, the 5fC and 5caC
modications are found to variously inuence the geometry
alteration of the dsDNA major and minor grooves. The various
conformational alterations are predominantly induced by the
distinctive repulsive force between the formyl or carboxyl group
and the phosphodiester backbone, which would benet the
preferential recognition and catalysis of 5fC and 5caC by various
reader proteins, such as TDG.

TDG selectively recognizes 5fC and 5caC through the nger
residue Arg275

To date, TDG has been the only enzyme discovered for the
enzymatic removal of 5fC and 5caC from dsDNA with marked
catalytic specicity. Structural analysis of the published TDG-
dsDNA structure (PDB code: 3UO7) indicates that TDG recog-
nizes DNA predominantly via two loops (Fig. S2†).30,31 Loop1
between residues 199–202 (GSKD) inserts into the major groove
of the dsDNA. While loop2 between residues 274–277 (ARCA)
inserts into the minor groove of the dsDNA, where the nger
residue Arg275 penetrates into the DNA helix and pushes the
modied base into the active pocket of TDG for catalysis.
Considering the eminent inuences of 5fC and 5caC on dsDNA
groove geometry, polar residues in these two loops were
mutated (S200A, K201A, and D202A in loop1, and R275A in
loop2) in order to evaluate their potential roles in recognizing
the conformational alteration of dsDNA induced by 5fC and
5caC. Surprisingly, only the mutation of Arg275 (R275A) on
loop2 exhibits signicant inuence on 5fC/5caC selection
through glycosylase activity assay. As shown in Fig. 5a, the
wildtype enzyme catalyzed 5fC and 5caC excision completely in
a 30 min reaction, while the R275A mutation preferentially
abolished the excision of 5fC compared with the partial excision
Fig. 5 Schematic diagram of TDG glycosylase activity assay and single tu
R275A mutants against various substrates containing uracil, thymine, 5fC
5caC containing substrates (representative of three independent experim

7412 | Chem. Sci., 2019, 10, 7407–7417
of 5caC in dsDNA. A single turnover kinetics assay further
conrms this result. As shown in Table 2, mutagenesis of resi-
dues on loop1 (S200A, K201A, and D202A) reduces the maximal
catalytic activity (Kmax) in catalyzing 5fC and 5caC excision by
1.1 to 4.7 fold as expected,28,29 suggesting that loop1 unlikely
contributes to selective recognition and catalysis of substrates.
However, the R275A mutation in loop2 dramatically decreases
the catalysis activity against 5fC by 47 fold versus to 4.8 fold in
catalyzing 5caC, resulting in a nearly ten times slower catalysis
rate of TDG for 5fC removal compared with that of 5caC
(Fig. 5b). These observations indicate that TDGmakes substrate
selection against 5fC and 5caC by recognizing the geometry
alteration of the dsDNA minor groove by its nger residue
Arg275 on loop2. Notably, a sharp activity decrease of TDG
R275A in catalyzing uracil was also observed, suggesting that
Arg275 can specically recognize uracil besides 5fC (Fig. 5a, ESI
Table S2†). As the uracil does not have a positive charge
modication on the C5 position of the pyrimidine ring, such
recognition could be due to the wobble guanine–uracil base
pairing, which does not follow Watson–Crick base pairing
rules.37

Our results here show that TDG R275 is a key residue that
recognizes the distinctive geometry alterations in the minor
groove of dsDNA induced by modied bases such as 5fC and
5caC, and ips the selected substrate base into the active pocket
for catalysis to achieve independent downstream biological
functions. Our results provide a potential mechanism by which
reader proteins distinguish these highly similar 5-substituents
of cytosine. This selective recognition mechanism further
provides novel insights into the biological functions of these
epigenetic modications in the active DNA demethylation
pathway, as well as in development and tumorigenesis.
Discussion

Our studies have revealed that methyl-, hydroxyl-, formyl-, and
carboxyl-group modications on cytosine have distinctive
inuences on the geometry of dsDNA which potentially allow
for the preferential recognition and catalysis among these
highly similar derivatives by various reader proteins, such as
TDG. Since full methylation on a chromosome has been well
rnover assay results. (a) The glycosylase activity assay of wild type and
, and 5caC, respectively. (b) The single turnover assay against 5fC or
ents).

This journal is © The Royal Society of Chemistry 2019
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Table 2 Kmax of wild-type TDG and TDG R275A

Substrate Enzyme Kmax (min�1)
Kmax(WT)/Kmax

(Mut)

5caC$G TDG 0.072 � 0.001 —
TDG S200A 0.020 � 0.001 3.6
TDG K201A 0.068 � 0.001 1.1
TDG D202A 0.026 � 0.002 2.8
TDG R275A 0.015 � 0.001 4.8

5fC$G TDG 0.189 � 0.004 —
TDG S200A 0.079 � 0.003 2.4
TDG K201A 0.106 � 0.010 1.8
TDG D202A 0.040 � 0.008 4.7
TDG R275A 0.004 � 0.001 47.3
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known as a regular epigenetic event, all the oxidative modi-
cations (5hmC, 5fC and 5caC) generated from the oxidation of
fully methylated cytosine have been detected by numerous
whole genome sequencing studies (e.g. TAB seq for 5hmC and
fCAB-seq for 5fC).11,38 This indicated that fully symmetric 5hmC,
5fC or 5caC sites in the genome do have a signicant inde-
pendent biological meaning. We synthesized and crystallized
10-bp self-complementary DNA decamers containing a fully
symmetric 5mC$G, 5hmC$G, 5fC$G or 5caC$G modied CpG
site in the middle position, and analyzed the conformation
alteration by DFT computation and molecular dynamics simu-
lations. The sp2 hybridized formyl and carboxyl groups adopt
plane conformations, and the ketone from the formyl and
carboxyl groups forms an intramolecular hydrogen bond with
the exocyclic N4 amino group of the pyrimidine, locking the sp2

hybridization plane to lie in the same plane as the cytosine
pyrimidine ring. In contrast, the hydroxylmethyl group adopts
a distinctive non-planar sp3 hybridization, and forms a �136�

angle with the pyrimidine plane in base paring.18 Furthermore,
the negative charge carried by 5caC generates a repulsive force
with the phosphodiester backbone of dsDNA, which inuences
the geometry of dsDNA by predominantly widening the minor
groove and loosening the dsDNA structures compared with
canonical B-form dsDNA. Meanwhile, the repulsive force in
5caC-dsDNA squeezes the 5caC base aside from the phosphate
backbone, causing more drastic geometry alteration in the
minor groove of dsDNA and opposite electric potential energy at
the midpoint of C5-P compared with 5fC.

Then, using two techniques, we investigated the key residue
which could sense the geometry alteration in the minor groove,
and observed that the mutagenesis of Arg275 on the loop2 of
TDG to alanine (R275A) sharply decreases the activity of TDG
against 5fC by 47 fold, thus suggesting a specic role of Arg275
in 5fC recognition and catalysis. However, the sharp drop of
activity does not occur in 5caC catalysis to a similar degree. The
activity of R275A against 5caC only decreases by 4.8 fold, which
is similar to that of mutations in loop1 (S200A, K201A, and
D202A), thus suggesting a non-specic recognition of Arg275 on
5caC. This difference could be explained by the deection of the
5caC base as well as the more stable status of 5caC compared to
5fC, which might weaken the role of Arg275 in 5caC recognition
and ipping.
This journal is © The Royal Society of Chemistry 2019
It should be noted that a previous study reported that the
residue Asn157 inside the active pocket of TDG is crucial for
selective 5caC excision. The mutagenesis of Asn157 to aspartic
acid (N157D) signicantly reduces such preference at acidic
pH,31 while our results here suggest that the substrate prefer-
ential selection of TDG occurs prior to the ipping of the base
from the dsDNA helix. Our results further suggest that TDG
N157D and R275A double mutation would abolish the base
excision of 5fC by either blocking the base ipping or blocking
the catalysis of the base excision, which would cause the accu-
mulation of 5fC in the genome. Hence, this TDG double mutant
could be used as a chemical biology tool to further study the
biological function of 5fC in the differentiation of embryo stem
cells in vivo.

The mammalian DNA demethylation is a critical process for
cell development, and how enzymes involved in this process
recognize the highly similar chemical structures of the cytosine
derivatives is one of the key scientic questions in under-
standing the biological function of this process. A recent study
reported that ten-eleven-translocation proteins (Tets) and TDG
physically interact with one another to avoid DNA double strand
breaks (DSB) in the demethylation.39 Our current results
support their observation as we show that the oxidative cytosine
derivatives such as 5fC and 5caC induce signicant geometry
alteration in the DNA minor groove, which may decrease the
stability of the genome, leading to DSB. The way to avoid such
a possibility is that the two enzymes work together, and no free
5fC and 5caC site is exposed.

All these results provide novel insights into the mechanisms
of cytosine modications in achieving independent down-
stream biological functions, which will in turn facilitate the
understanding of biological functions of these epigenetic
modications in active DNA demethylation pathways, as well as
in development and tumorigenesis.
Experimental methods
Synthesis and purication of modied DNA oligonucleotides

The oligonucleotides with sequences (50-CCA GXG CTG G-30 and
50-ATA GAA GAA TTC XGT TCC AG-30, X refers to 5mC, 5hmC,
5fC or 5caC) used in crystallization and biochemistry studies
were synthesized by using solid-phase synthesis. The synthe-
sized oligonucleotides were puried by using high-performance
liquid chromatography (reverse-phase C18 column) and lyoph-
ilized as previously reported.40 The oligonucleotides containing
normal bases (50-CTG GAA CGG AAT TCT TCT AT-30) were
purchased from Sangon Company. The oligonucleotides were
subsequently dissolved in buffer containing 20 mM HEPES, pH
7.0, and 100 mMNaCl, and heated to 100 �C for slow annealing.
DNA crystallization, diffraction data collection, and structure
determination

Crystallization of 5mC, 5hmC, 5fC or 5caC containing DNA
decamers was performed by using a sitting drop vapor diffusion
method. 1 mL of 2 mM 5mC-, 5hmC-, 5fC- or 5caC-dsDNA
sample was mixed with an equal volume of reservoir solution
Chem. Sci., 2019, 10, 7407–7417 | 7413
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containing 200 mM potassium chloride, 10 mM magnesium
sulfate hexahydrate, 50 mM MES monohydrate, pH 5.6, and
10% PEG400 (for 5mC-dsDNA); 80 mM sodium chloride, 12 mM
potassium chloride, 20 mM magnesium chloride hexahydrate,
40 mM sodium cacodylate trihydrate, pH 6.0, 30% MPD, and 12
mM spermine tetrahydrochloride (for 5hmC-dsDNA); 50 mM
cacodylate acid, pH 6.0, 20 mM magnesium acetate, 0.5 mM
spermine, 100 mM NaCl, and 25% MPD (for 5fC-dsDNA); or 50
mM sodium succinate, pH 5.5, 20 mM MgCl2, 0.5 mM sper-
mine, and 3.0 M ammonium sulfate (for 5caC-dsDNA), respec-
tively. The mixture was then equilibrated against 100 mL of the
reservoir solution at 277 K. Crystals appeared aer about 4–6
days. The crystals were then ash-frozen in liquid nitrogen with
20% glycerol (v/v) as the cryoprotectant solution. The diffraction
data were collected at BL18U/19U at a wavelength of 0.9795 Å at
the Shanghai Synchrotron Radiation Facility (SSRF; Shanghai,
People's Republic of China). The diffraction images collected
were integrated and scaled to a resolution of 1.40 Å, 2.85 Å, 1.56
Å and 1.06 Å with the space group C2, C2, P61 and P21 by using
HKL3000, respectively. The phases of 5mC-dsDNA and 5hmC-
dsDNA were determined by using the molecular replacement
method (MR) with a published dsDNA structure (pdb code:
1EN9; sequence: 50-CCAGCGCTGG-30) as the search model.32

The phases of 5fC-dsDNA and 5caC-dsDNA were determined by
using a direct method with the CCP4 suite,33 followed by
subsequent maximum-likelihood renement with the Phenix
soware package.34 The electron density-based model building
was performed using the computer graphics program Coot,41

and the nal structures were visualized by using PyMol so-
ware.42 Table 1 and ESI Table S1† summarize the data collection
and structure renement statistics.
Modeling, structural parameter calculation, and MD
simulation

Beside the determined crystal structures of 5mC-dsDNA, 5hmC-
dsDNA, 5fC-dsDNA and 5caC-dsDNA, the 5C-dsDNA structure
was obtained from the published crystal structure (PDB code:
1EN9), while canonical A-form and B-form dsDNA structures
with the same sequence were modeled by using Maestro
soware.

The DNA rigid-body parameters were calculated and
analyzed by using the ensemble scripts provided by the 3DNA
suit.43 The data were processed using g-analyze from the
Gromacs analysis tool. The vertical bars represent the error
estimate of the average values calculated using the blocking
method. All relaxed potential energy surface scans were
carried out with the Gaussian 09 soware package at the
M062x/6-31+g(d,p) level.44,45 The dihedral torsion angle of O5/
H-C5m-C5-C6 in the modied deoxycytidines was scanned
every 30 degrees with geometry optimization at each confor-
mation. For MD simulation, the RESP charges of 5mC, 5hmC,
5fC and 5caC were calculated with Gaussian 09 soware at the
HF/6-31(d,p) level and the force eld parameters were
produced using an antechamber based on previous
reports.35,36 The force eld for DNA was ff-nucleic-OL15.46 The
solvent effects were involved using the polarizable continuum
7414 | Chem. Sci., 2019, 10, 7407–7417
model with water as the solvent.47 Tleap was used to model all
simulation systems, namely 5C-dsDNA, 5mC-dsDNA, 5hmC-
dsDNA, 5fC-dsDNA, 5caC-dsDNA, A-form dsDNA, and B-form
dsDNA. In all simulation systems, the DNA structure was
submerged in explicit TIP3P water in cubic boxes with an extra
10 Å extension along each axis of the DNA. The net charge of
the system was neutralized by adding a suitable number of
counterions. Amber topology and coordinates les were con-
verted into Gromacs format by using Acpype. All MD simu-
lations herein were performed with the Gromacs package
(version 5.1). The particle mesh Ewald (PME) method was
applied to handle the long-range electrostatics.48 Nonbonded
van der Waals forces and short-range electrostatic interac-
tions between atoms were truncated at 10 Å. Periodic
boundary conditions (PBCs) were used during the MD simu-
lations. All the MD simulations were performed at 300 K and 1
atm. The LINCS was used to constrain the length of the
hydrogen bonds, allowing the movements integrated numer-
ically with a time step of 2 fs algorithm.49 The starting struc-
ture of each model was energy-minimized by using the
steepest-descent algorithm to remove unfavorable steric
clashes.50 Coordinates of each model were saved every 10 ps
throughout the 400 ns production runs. The DNA structures
were extracted from MD trajectories every 200 ps for further
calculations. The Delphi program was used for electrostatic
potential calculations.51 The partial charge and atom radii
were taken from the topology le used during MD simula-
tions. The salt concentration was 0.145 M and a 1.4 Å probe
sphere was applied for the calculation of the solute molecule
surface. The interior of the solute molecule was assigned an
internal dielectric constant of 2 whereas exterior regions were
assigned a dielectric constant of 80. The size of the cubical
grid was set to 165. The minor groove electrostatic potential
and the electrostatic potential of the geometric midpoint
between the C5 atom and P atom were calculated based on
a previous report.52,53
TDG expression and purication

The catalytic domain of human TDG was expressed and puri-
ed as previously reported.30 Briey, the cDNA for the catalytic
domain of human TDG (residues 111–308) was subcloned into
a pMCGS19 plasmid and expressed in BL21 (DE3) cells con-
taining the vector pRK1037. The cultures were grown at 37 �C
until OD600 reached 0.6, and then induced at 25 �C with 1 mM
isopropyl b-D-1-thiogalactopyranoside (IPTG) overnight.
Subsequently, the cells were harvested and re-suspended with
a lysis buffer containing 20 mM Tris, pH 7.4, 500 mM NaCl, 20
mM imidazole, 1 mM dithiothreitol (DTT) and 0.25 mM phe-
nylmethylsulphonyl uoride (PMSF), and lysed using a French
press. The lysate was centrifuged at 13 000g for 40 min, and
the supernatant was used for further purication via loading
onto an affinity column (Ni-NTA), ion-exchange column
(HiTrap SP column), and gel-ltration column (16/60 Superdex
75). The puried protein was concentrated and quantied by
using the Bradford reagent (Bio-Rad), ash-frozen, and stored
at �80 �C.
This journal is © The Royal Society of Chemistry 2019
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DNA glycosylase activity assay

A 20-mer 5fC- or 5caC-containing strand was labeled with g-32P-
ATP by incubation with T4 DNA polynucleotide kinase (T4 PNK,
NEB) at 37 �C for 1 h (A 17-mer labeled strand was used as
a control). Subsequently, the labeled oligonucleotide was
annealed with a complementary strand and the duplex was
puried for the glycosylase activity assay. The reactions were
performed with 100 nM TDG and 10 nM DNA substrates (32P-50-
ATA GAA GAA TTC C*GT TCC AG-30 and 50-CTG GAA CGG AAT
TCT TCT AT-30) at 22 �C in the reaction buffer containing 25 mM
HEPES, pH 7.4, 0.5 mM EDTA, 0.5 mg mL�1 BSA, and 0.5 mM
DTT. Reactions were quenched by adding 1 M NaOH and 100
mM EDTA and incubating at 100 �C for 5 min to break the DNA
strand containing an abasic site. The samples were cooled down
and loaded into a denaturing gel for electrophoresis.
Single turnover kinetics assay

Single turnover kinetics assay under saturating enzyme condi-
tions was carried out to determine the rate constant (Kmax) of
TDG. The reaction was performed with 5 mM TDG and 0.5 mM
DNA substrates at 22 �C in the reaction buffer (25 mM HEPES,
pH 7.4, 0.5 mM EDTA, 0.5 mg mL�1 BSA, and 0.5 mM DTT) and
was quenched at specic time points with 50% (v : v) 0.1 M
NaOH and 0.01 M EDTA. The samples were further boiled for 15
min at 85 �C (5fC and U were quenched with 0.3 M piperidine
and 0.03 M EDTA and incubated at 85 �C for 15 min) and then
cooled down for HPLC analysis. The products and reactants
from different time points were separated and quantied by
anion-exchange HPLC using reported denaturing conditions
with a DNAPac PA200 column (Dionex). The oligonucleotides
are detected by absorbance (260 nm), and the fraction product
(F) is determined from the integrated peak areas for the product
strands (AP1 and AP2) and target strand (AS) using the equation:
F ¼ (AP1 + AP2)/(AP1 + AP2 + AS), and the single turnover rate
constant Kmax is calculated by using the equation: F ¼ A[1 �
exp(�Kmaxt)], in which A is the fraction of the substrate con-
verted to the product at completion and t is the reaction time.
Accession codes

PDB: the atomic coordinates and structure factors for the re-
ported crystal structures are deposited under accession codes
6JV5 (5mC-dsDNA), 6JV3 (5hmC-dsDNA), 5ZAS (5fC-dsDNA) and
5ZAT (5caC-dsDNA).
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