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epigenetics and is precisely regulated in different developmental

ABSTRACT: We have first demonstrated the distinctive stages and organs.'>'® Cytosine methylation has been found to
effects of three newly reported epigenetic modifications, facilitate the B-Z transition in vitro, and CpG methylation and the
including ShmC, SfC, and ScaC, on B-Z transition of CpG Z-DNA structure also influence each other in vivo."” It was
dinucleotide DNAs. We have performed detailed assays recently revealed that S-hydroxymethylcytosine, S-formylcyto-

and compared their effects. We further studied the
regulation of B-Z transition of CpG dinucleotide
dodecamers by alternating oxidation and alternating
reduction.

sine, and S-carboxylcytosine (ShmC, 5fC, and ScaC, respectively,
in Figure 1) could be generated through the oxidation of $-
methylcytosine by the ten-eleven translocation (TET) family of
enzymes in mammals."*™>" These newly reported cytosine
modifications, together with SmC, are involved in multifaceted
biological processes, such as embryonic development, the
differentiation of embryonic stem cells, the regulation of genome
fanctions, etc.*

Until now, there have been no studies describing the B-Z
transition of repeated CpG dinucleotide sequences containing
these newly found cytosine modifications (including ShmC, SfC,
or 5caC) in mammalians. To investigate their important
biological roles in genomic DNA, we asked whether the oxidized
modifications of SmC in CpG dinucleotide sequences would
influence the B-Z transition process, including facilitating a

left-handed DNA secondary structure,”> Z-DNA is
generally stabilized in solutions with high concentrations
of salts.® Z-DNA has been considered to be a kinetically unstable
conformation, with phosphate groups on the DNA backbones
being more compact.* Several important Z-DNA binding
proteins have been discovered, and the biological roles of Z-
DNA are also gradually being elucidated.>~” Thus far, it is widely
accepted that negative supercoiling resulting from relocating
RNA polymerase in transcription provides one potential for the
s.tablhzat%on of Z'PNA mvivos Z-DNA's formation is closely transition like methylation or inhibiting the transition on
linked with transcription level.” It has also been reported that opposite (Figure 2).
potential Z-DNA-forming sequences are higglll}é dispersed near Because poly(dG-dC)-poly(dG-dC) (polyCG) polymers are
promoter regions of some mammalian genes.” " Repeated CpG
dinucleotide sequences have been found to frequently occur in
eukaryotic promoter DNA and adopt Z-DNA conformations
more easily due to energetic favorability.'" Due to the rigidity of
Z-DNA, the formation of this structure was thought to interfere
with its interaction with corresponding binding protein and/or B-DNA Z.DNA
transcription factors, thus leading to some subsequent biological
effects.'”

Cytosines in repeated CpG dinucleotides of vertebrate
genomes could be methylated to form S-methylcytosine (SmC
in Figure 1) upon the functions of DNA methyltransferase
(DNMT).">"* CpG methylation plays an important role in Methylation of cytosine
Hydroxymethylation of cytosine

commercially available and have been widely accepted as suitable
model sequences to study the B-Z transition in vitro, we first
attempted to investigate the B-Z transition behaviors of these
derived polymers with homogenized modifications including
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Figure 2. Varied oxidized modifications of SmC in CpG dinucleotide
sequences: facilitating the B-Z transition similar to methylation or
inhibiting the process.

Cytosine 5-Methylcytosine  5-Hydroxymethylcytosine 5-Formylcytosine 5-Carboxylcytosine

Figure 1. Structure illustration of cytosine and its derivatives including
S-methylcytosine, S-hydroxymethylcysosine, S-formylcytosine, and 5-
carboxylcytosine.
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hydroxymethylation, formylation, or carboxylation on all of the
cytosines. Wells and Felsenfeld et al. reported the preparation of
poly(dG-SmdC)-poly(dG-SmdC) (polySmCG) in an efficient
manner,”>** which was also adopted by us. We incorporated
different modified nucleoside triphosphates including 5-hydrox-
ymethyl-2'-deoxycytidine-5'-triphosphate, 5-formyl-2’-deoxycy-
tidine-S’-triphosphate, or S-carboxyl-2’-deoxycytidine-5'-tri-
phosphate into the synthetic polymers. After obtaining the
purified products of synthetic poly(dG-ShmdC)-poly(dG-
ShmdC) (polyShmCG), poly(dG-5fdC)-poly(dG-5fdC) (pol-
ySfCG), poly(dG-ScadC)-poly(dG-5cadC) (polyScaCG), and
polySmCG, structural characterizations were performed. Thus,
the synthetic polymers were digested into single nucleotides
using nuclease S1, venom phosphodiesterase I (Type VI), and
alkaline phosphatase and subjected to MS analysis.” Consistent
with our predictions, peaks corresponding to the S-hydrox-
ymethyl-2'-deoxycytidine (Figure S1), S-formyl-2'-deoxycyti-
dine (Figure S2), or S-carboxyl-2’-deoxycytidine (Figure S3)
could be obtained, which strongly suggested the successful
preparation of the desired polymers.

The typical Z-DNA was first observed and evidenced by
circular dichroism (CD) spectroscopy26 and was further
characterized using X-ray crystallography after ~7 years.” To
perform a comparison between the first prepared polymers
(polyShmCG, polySfCG, and polyScaCG) and the already
known polymers (polyCG and polySmCG), the CD spectrum
for each 8polymer was obtained at different concentrations of
NaClL*”** For polyCG and polySmCG, typical B-Z transitions
could be identified as functions of increasing concentrations of
NaCl using CD spectroscopy (Figure S4). In the case of
polyShmCG, CD spectra showed a dominant negative peak at
~250 nm and a positive peak at ~294 nm at 500 mM NaCl,
indicating a typical B-DNA conformation. Surprisingly, the
negative band of polyShmCG at ~250 nm barely changed, even
at 40 M NaCl, indicating its persistence in the B-DNA
conformation in a high NaCl concentration, and no obvious Z-
DNA could be characterized in CD (results in Figure 3).
However, the CD spectrum of polySfCG demonstrated a
dominant positive peak at ~250 nm, a positive peak at ~270
nm and an evident negative peak at ~290 nm at 0 mM NaCl,
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Figure 3. CD spectra of polyShmCG, polySfCG, and poly5caCG in §
mM Na cacodylate buffer (pH 7.0 at 10 °C), at varied concentrations of
NaCl ranging from 0 mM (control) to 4.0 M. All the polymers except
polyS5caCG (0.1 mM base concentration) were used at 0.4 mM base
concentration.
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indicating a typical Z-DNA conformation in very low-salt
conditions (Figure 3). Based on our results, Z-DNA was more
easily formed in formylated polymers compared with methylated
polymers. Furthermore, the shape of the CD spectrum of
polySfCG could be identified as a mirror reflection of the shape
of the CD spectrum of polyShmCG, indicating a reverse
conformational change from polyShmCG to polySfCG (results
in Figure SS). The CD spectrum of polyScaCG also showed
some characteristics of Z-DNA, which was further evidenced by a
chiroptical probe of a known zinc(II) porphyrin 1 (Figures S6
and S7). We also calculated the midpoint NaCl concentrations
for the B-Z transition of all the polymers (Table S2), which
strongly suggested that the modifications of formylation and
carboxylation at the S’ position facilitated the B-Z transition,
while hydroxymethylation inhibited this process.

To further verify the hypothesis regarding the effects of
cytosine modifications on B-Z transitions, we next investigated
the B-Z transition behavior of chemically synthesized dodeca-
mers, which contained only one modification site. 12mer-1hmC
(X=5ShmC), 12mer-1fC (X = 5fC) and 12mer-1caC (X = 5caC)
with the sequence of 5'- CG(X)GCGCGCGCG-3' were tested
as the target sequences. Other DNA templates possessing the
cytosine or SmC existing at the corresponding X loci were used as
controls (12mer-C, X = C; 12mer-1mC, X = 5SmC). For 12mer-
1mC, the stabilization of Z-DNA by incorporating SmC has been
observed; this finding was consistent with the above study. For
12mer-1hmC, a high concentration of NaCl (up to 2.0 M) would
not produce an evident increase in the CD absorption at 250 nm.
The B-Z transition of 12mer-1hmC could be observed only when
NaCl was at 3.0 M, at which an obvious negative peak at ~294
nm (attributed to Z-DNA) appeared (results in Figure 4). In the
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Figure 4. CD spectra of 12mer-C, 12mer-1mC, 12mer-1hmC, 12mer-
1fC and 12mer-1caC in S mM Na cacodylate buffer (pH 7.0 at 10 °C), at
varied concentrations of NaCl ranging from 0 mM (control) to 4.0 M
(all oligomers, 10 M strand concentration).

case of 12mer-1fC, we observed a dominant negative peak at
~250 nm and a positive peak at ~294 nm in the CD spectrain 5.0
mM sodium cacodylate bufter, showing a B-DNA conformation.
With addition of increasing amounts of NaCl, an obvious
negative peak at ~294 nm was generated, indicating a typical B-Z
transition. In our observations, the incorporation of 5fC
possessing a formyl group into the dodecamer significantly
stabilized the Z form: the CD spectrum of 12mer-1fC is
approximately inverted in 2.0 M NaCl compared with the B-form
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spectrum observed in a low-salt solution. A similar B-Z transition
was observed in 12mer-1caC. For the B-Z transition of
dodecamers with only one modified cytosine, the order of the
midpoint NaCl concentration was consistent with the above
results related to the modified polymers, which further supported
that natural cytosine modifications could exhibit different effects
on the parent DNA (results in Table S2).

To further verify the effects of different modifications on DNA
conformation, the dodecamers containing two modification sites
including SmC, ShmC, 5fC, or ScaC were used in the subsequent
assay. 12mer-2hmC (X = ShmC, Y = ShmC), 12mer-2fC (X =
SfC, Y = 5fC) and 12mer-2caC (X = 5caC, Y = 5caC) with the
sequence of 5'- CG(X)GCGCG(Y)GCG-3’ were tested as the
target sequences. The 12mer-2mC possessing SmC at the
corresponding X and Y loci were used as a control (Figure S8).
The conformation of 12mer-1hmC could be inverted at 3.0 M
NaCl, while the B-Z transition of 12mer-2hmC was inhibited to
an evident extent at the same concentration of NaCl (results in
Figure S). For 12mer-2hmC, a significantly higher B-Z transition
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Figure S. CD spectra of 12mer-2mC, 12mer-2hmC, 12mer-2fC and
12mer-2caC in S mM Na cacodylate buffer (pH 7.0 at 10 °C), at varied
concentrations of NaCl ranging from 0 mM (control) to 4.0 M (all
oligomers, 10 uM strand concentration).

midpoint than that for 12mer-1hmC could be characterized in
the assay (Table S2), which indicated a more significant B-DNA
stabilization via more ShmC modifications in the DNA. In the
case of 12mer-2fC, the midpoint of the B-Z transition could be
characterized at 1.5 M NaCl, which was lower than that of 12mer-
2mC (results in Table S2). The 12mer-2fC with two SfC
modifications could be induced to a left-handed conformation
with a better efficiency than 12mer-1fC with only one S5fC
modification. Higher stabilizing effects could also be observed in
12mer-2caC compared with 12mer-1caC (table S2). Consistent
with the results observed for polySfCG and poly5caCG, double
dominant positive peaks at ~250 and 270 nm appear in the CD
spectra of 12mer-2fC and 12mer-2caC at high concentrations of
NaCl. We could conclude that two modifications on cytosines
could exert a more significant influence than one modification on
their respective B-Z transitions in the short dodecamers.
Additionally, the addition of a 5’-G on the end of the oligomers
could inhibit the B-Z transition of the duplexes (results in Figure
$9).
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To gain more insights into the explicit effects of different
modifications on cytosine, we analyzed the dodecamers with
three or four modified cytosines scattered in the DNA sequence
and compared them to those containing one or two
modifications. 12mer-3mC (X = 5mC, Y = 5mC, Z = 5SmC, Q
= C), 12mer-4mC (X = SmC, Y = 5mC, Z = 5SmC, Q = 5mC),
12mer-3caC (X = 5caC, Y =5caC, Z = 5caC, Q = C), and 12mer-
4caC (X = 5caC, Y = 5caC, Z = 5caC, Q = ScaC) with the
sequence of 5'-(X)G(Y)GCGCG(Z)G(Q)G-3" were tested as
the target sequences. It was found that increased cytosine
modifications including methylation and carboxylation further
enhanced the B-Z transition (Figure S10). The CD spectra of
12mer-3mC and 12mer-4mC showed a similar shape at low
concentrations of NaCl compared with 12mer-C. There was a
significant positive peak at ~230 nm in the CD spectra of 12mer-
3caC and 12mer-4caC, even in the absence of NaCl (Figure
$10). Moreover, the CD absorbance of 12mer-3caC and 12mer-
4caC at 294 nm decreased sharply upon increasing the
concentration of NaCl, which was an important characteristic
of Z-DNA formation.

The modification on cytosines could be accomglished using
certain proteins under physiological conditions.”” To further
confirm the above effects of different cytosine modifications on
the B-Z transition, in situ conversion and the following
characterization using CD spectroscopy are necessary. It has
been reported that the chemical conversion of SfC to ShmC
could be achieved with a quantitative yield using a NaBH,-based
reduction in aqueous solution® (Figure 6A). Thus, we used

NH, O NH,
L ML
KRuO,, NaOH
N"So —_— T - NSO

oo,

[ 12mer-2fC at 3.0 M NaCl
|—— Reduced 12mer-2(C at 3.0 M NaCl

@,
@)

CD(mdeg)
bk b e o
CD(mdeg)

0 240 260 280 300 320 220 240 260 280 300 320
Wavelength/nm Wavelength/nm

N

Figure 6. Reversible conversion between 12mer-2hmC and 12mer-2fC
could be accomplished by NaBH,-based alternate reduction or KRuO,-
based alternate oxidation. (A) Illustration of the oxidation—reduction
cycle of DNAs; (B) the typical CD spectra of 12mer-2fC (30 pg in 300
uL) and its reduced products; (C) the typical CD spectra of 12mer-
2hmC (30 pg in 300 L) and its oxidized products.

12mer-2£C as a starting material and measured its CD spectrum,
which showed a typical Z-DNA conformation. After the NaBH,
reduction reaction, the purified DNA products were dissolved in
3.0 M NaCl and measured again using CD spectroscopy, which
demonstrated a typical B-DNA conformation (Figure 6B). Thus,
the conformation transition could be chemically regulated via a
reductive reaction. Because the specific oxidation of ShmC to 5fC
could be achieved with potassium perruthenate (KRuO,)*'
(Figure 6A), 12mer-2hmC was oxidized and purified, and the
subsequent CD study showed a typical Z-DNA conformation,
consistent with our predictions (Figure 6C). A further reversible
B-Z transition under high-salt concentrations could be
repeatedly regulated from 12mer-2hmC or 12mer-2fC via
chemical reactions up to five times (Figure S11).
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Many modifications on bases have been found to have effects
on facilitating the B-Z transition.””>* Here, we first demonstrated
that DNA hydroxymethylation would inhibit the B-Z transition
of CpG dinucleotide sequences and that this inhibition was
significantly different from the effects of methylation. We found
that 5fC and ScaC, the other potential oxidation intermediates of
SmC or ShmC, could facilitate the B-Z transition. It has been
revealed that 5fC or ScaC contained an intramolecular hydrogen
bond,* thus shifting the tautomeric equilibrium toward a higher
ratio of imino form (Figures S12 and $13).*>* The imino
tautomers exhibiting only two hydrogen bonds were less stable
than the amino ones with three hydrogen bonds, thus enhancing
the B-Z transition of alternating CG duplexes. Since ShmC did
not contain S-position carbonyl oxygen, there is no such
weakened hydrogen bonding pattern,™ as in 5fC or ScaC. This
may explain the difference in B-Z propensity for the newly
reported 5-C epigenetic modifications. Additionally, energetic
and dynamics simulations have been performed via using
biopolymer module of SYBYL 8.1 (Tripos, Inc.),>® which were
consistent with the experimental results (results in Table S3,
Figures S14—S17). Because Z-DNA has been associated with
gene activation,””” we suggested that the oxidation states of SmC
may exert effects on gene expression via the perturbation of B-Z
transitions. These new findings may provide new insights on
DNA epigenetics and could represent a promising strategy in
future epigenetic analysis.
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