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ABSTRACT
Attempting to elucidate biological significance of the left-
handed Z-DNA is a research challenge due to Z-DNA potential
role in many diseases. Discovery of Z-DNA binding proteins
has ignited the interest in search for Z-DNA functions.
Biosensor with Z-DNA forming probe can be useful to study
the interaction between Z-DNA conformation and Z-DNA
binding proteins. In this study, 5-methylcytosine (mC) contain-
ing CG decamers were characterized for their suitability to
form Z-DNA and to be used in Z-DNA forming probe. The 50-
thiol oligonucleotide embedded with 50-mCGmCGmCGmCGm

CG-30 was designed and developed as a potential Z-DNA
forming probe for Z-DNA binding protein screening.
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Introduction

The left handed Z-DNA was discovered in 1979 by Alexander Rich and his
colleagues.[1] Although the structure of the Z-DNA is well characterized, its
biological activities remain unclear. Studies on Z-DNA are now focused on
its potential biological function related to the discoveries of Z-DNA bind-
ing proteins (ZBP). Thus far, a few ZBP have been identified including
adenosine deaminase acting on RNA (ADAR-1),[2–4] DNA-dependent acti-
vator of IFN-regulatory factors (DAI),[5–7] and vaccinia virus E3L pro-
tein.[8–10] The role of Z-DNA in living system is believed to mediate
through interaction of Z-DNA and its binding proteins. Therefore, discov-
ery of the Z-DNA binding proteins may be the key to understand the role
of Z-DNA in biological system and may provide information that can be
useful as a foundation for novel drug target discovery. The objective of
our research is to develop oligonucleotides based biosensor that can form
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Z-DNA which would be a very useful screening platform to search for spe-
cific ZBP. Although it has been generally known that pyrimidine-purine
sequences such as CG repeated tracks are prone to form Z-DNA, promot-
ing factors such as high salt,[11] polyamines,[12,13] or base modifica-
tions[14–17] are required to facilitate B to Z conversion. A common
epigenetic modification, 5-methylcytosine (Figure 1), has been reported to
promote Z-DNA formation.[18–20] Therefore, 5-methylcytosine modified
CG decamer is used to construct ZBP screening probe. Structure character-
ization of 5-methylcytosine containing CG decamer is reported in this
study. 50-thiol modified oligonucleotides embedded with the methylated
CG decamer was designed and characterized to ensure the probe capability
to form Z-DNA and to bind to ZBP.

Experimental

Materials and apparatus

All oligonucleotides used in this study (Table 1) were purchased from
Hokkaido System Sciences Co., Ltd. (Japan). Sheep polyclonal anti-Z-DNA
antibody (Z-ab) was obtained from Abcam Ltd. (United Kingdom). Bovine
serum albumin (BSA) was obtained from PAA Laboratories GmbH (USA).
Analytical grade chemicals were purchased from Merck (Germany). Jasco
J-815CD spectropolarimeter with CDF-426L/15 temperature controller was
used to study B to Z-DNA transition and binding between DNA and Z-ab.
Bruker 600MHz NMR spectrometer (Avance600) was used to elucidate
B-DNA and Z-DNA conformation of the studied oligonucleotides.

Figure 1. Chemical structure of 5-methylcytosine.

Table 1. List of the oligonucleotides used in this study.
Oligonucleotides Base sequences No. of base

(CG)5 50-CGC GCG CGC G-30 10
(mC5G)5 50-CGC GmCG CGC G-30 10
(mCG)5 50-mCGmC GmCG mCGmC G-30 10
ODN-1 50-R-S-S-(CH2)6- TCA ACmC GmCG mCGmC GmCG TCA AC-30 20
ODN-2 50-GTT GAC GCG CGC GCG GTT GA-30 20
ODN-3 50-R-S-S-(CH2)6- TCA ACC GCG CGC GCG TCA AC-30 20
ODN-4 50-R-S-S-(CH2)6- TCA ACC TAA CCA GTA TCA AC-30 20
ODN-5 50-GTT GAT ACT GGT TAG GTT GA-30 20

Note: mC represents 5-methylcytosine.
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B to Z-DNA transition study of (mCG)5 by circular dichroism

Due to previous study on modification of CG decamer (CG)5,
[17] the pyr-

imidine purine alternated sequence was continued to be used in this study.
Z-DNA stabilization effect of 5-methylcytosine have been shown in various
DNA sequences including poly(GmC)poly(GmC),[18] mCG hexamer,[19,21]

and mCG tetramer,[20] but have yet to be done on CG decamer.
Extrapolation of data from mCG hexamer and mCG tetramer to mCG deca-
mer was not straightforward due to the difference in condition to obtain
Z-DNA in the previous studies which used MgCl2 and ethanol to promote
Z-DNA formation. Therefore, in order to evaluate the methylated oligo as
a potential probe for ZBP, the effect of a single (50-CGCGmCGCGCG-30,
(mC5G)5) and multiple (50-mCGmCGmCGmCGmCG-30, (mCG)5) cytosine
methylation on (CG)5 were investigated in this study. Circular dichroism
(CD) was used to observed transition of B-DNA to Z-DNA for each oligos.
The CD signal of B-DNA shows positive ellipticity at �280 and 220 nm
and a negative ellipticity at �250 nm. In contrast, the CD spectrum of Z-
DNA shows negative ellipticity at �295 nm and a positive ellipticity at
�250 nm. The oligonucleotide samples (30 mM) were prepared in 50mM
phosphate buffer pH 7.4 with various salt concentrations range from 50 to
4000mM NaCl. Sample cells with 1mm pathlength was used in this experi-
ment. The CD spectra of oligonucleotide samples were recorded from
230 nm to 310 nm at 298K with 5 accumulations and a scanning rate of
50 nm/min.

NMR characterization of B-DNA and Z-DNA of (mCG)5

In complementary with CD experiment, nuclear magnetic resonance
(NMR) study was conducted on (CG)5 and (mCG)5 with Bruker 600MHz
NMR spectrometer. 1H-NMR, nuclear Overhauser effect spectroscopy
(NOESY), and homonuclear Hartmann–Hahn spectroscopy (HOHAHA)
spectra were obtained from 100 mM oligo sample in 20mM phosphate buf-
fer pH 6.5 and 5% D2O. Samples with different NaCl concentration, 50,
500, 1000, and 1500mM, were measured to observed transition of B-DNA
to Z-DNA at 283K. All NOESY spectra were recorded with a mixing time
of 300ms. In the case of 0, 500 and 1000mM NaCl, NOESY spectra were
recorded using the 3-9-19 pulse for water suppression. In the case of
1500mM NaCl, NOESY spectrum were recorded using the jump-and-
return scheme for water suppression. The length of 90� pulses were 10,
14.5, 16.2, 43.75 ms, for samples with 0, 500, 1000 and 1500mM of NaCl
respectively. Sequential proton assignment of (mCG)5 in B and Z-DNA
conformations was done with combined data from NOESY and HOHAHA.
NMR data were processed using the software Topspin 3.5 (Bruker Biospin).
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Z-DNA forming probe design and selection

The Z-DNA forming probes were designed to have four major parts
(Figure 2), including 50-alkanethiol for gold surface immobilization, Z-
DNA prone (CG)5 track that can convert to Z-conformation, two random
non-self-complementary sequences bracing a repeated CG track to minim-
ize non-complementary hybridization of oligonucleotides, and a comple-
mentary sequence to form DNA duplex. The negative control sequences
have also been designed by replacing CG track with random sequence,
which in turn diminishes the capability to form Z-DNA (Table 1). The
hybridization potential of oligonucleotides were estimated with
OligoCalc[22] and OligoAnalyzer Tool (Integrated DNA Technologies, Inc.)
to prevent selection of sequences with high degree of self-hybridization and
non-complimentary hybridization.
ODN-1 and ODN-2 duplex contains (mCG)5�(CG)5 track was expected

to form Z-DNA with better degree than the rest. Although only ODN-1
contain 5-methylcytosine, the effect of the modification on one strand
should prove to be sufficient to promote Z-DNA formation as seen in hair-
pin (CG)5T4(CG)5 containing single C8-arylguanine modification.[23] The
duplex of ODN-2 and ODN-3 was designed to have CG track and possible
to form Z-DNA, while the duplex of ODN-4 and ODN-5 are complimen-
tary and their duplex lack of CG track, hence very unlikely to form
Z-DNA and was used as a negative control.

Z-DNA formation and Z-ab interaction of the designed Z-DNA forming probe

CD spectra of ODN-1þ 2, ODN-2þ 3, and ODN-4þ 5 duplexes were
recorded to observe the transition of B to Z-DNA in each sequence. The
oligonucleotide samples (6 mM) were annealed and prepared in 50mM
phosphate buffer pH 7.4 with various salt concentrations (50–4000mM

Figure 2. Structure of the designed potential Z-DNA forming probe containing (1) 50-alkane-
thiol residue, (2) non-self-complementary sequences, (3) Z-DNA prone (CG)5 track, and (4) a
complementary oligonucleotide sequence.
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NaCl) and were contained in sample cells with 10mm pathlength. The CD
spectra of oligonucleotide samples were recorded from 220 to 320 nm at
298K with five accumulations and a scanning rate of 50 nm/min.
To study Z-ab binding to the designed probe, CD spectra of the duplex

of ODN-1þ 2 or ODN-2þ 3 were obtained in the presence of Z-ab. The
3 mM duplex samples were prepared in 50mM phosphate buffer pH 7.4.
Solution of Z-ab (14 mM) in phosphate-buffered saline was purchased from
Abcam. BSA (40 mM) was prepared in 50mM phosphate buffer pH 7.4 and
used as a negative control protein. Each protein was added into the oligo-
nucleotide solution, while the binding between DNA duplex and protein
was monitored by CD. The CD spectra of oligonucleotide samples were
recorded from 220 to 320 nm at 298K with a scan speed of 20 nm/min, 10
scan accumulation. Change in CD spectrum to the pattern of Z-DNA was
expected to see when Z-ab was added to ODN-1þ 2, while BSA addition
should produce no change.

Results and discussion

B to Z-DNA transition study of (mCG)5 by circular dichroism

In this study, we demonstrated that 5-methylation on C5 of (CG)5 can pro-
mote B to Z-DNA transition. CD result (Figure 3) has shown that salt con-
centration at 2000mM was sufficient to facilitate Z-DNA formation of
(mC5G)5 compared to 4000mM NaCl required for unmodified (CG)5 to
change conformation. Increase number of 5-methylcytosine reduces amount

Figure 3. CD spectra of (CG)5, (
mC5G)5 and (mCG)5 in various NaCl concentration. Samples were

prepared in 50mM phosphate buffer pH 7.4. Data were obtained at 298 K.
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of salt to promote B to Z-DNA transition as observed from CD spectra of
(mCG)5 which all cytosine were methylated. Amount of NaCl required to pro-
mote Z-DNA formation of (mCG)5 is rendered to 1000mM as shown in
Figure 3, aligned with previous study on poly(GmC)poly(GmC) that indicated
the midpoint of B to Z-DNA transition is about 700mM NaCl (5mM Tris-
HCI, pH 8.0).[18] The imbalance in middle spectra of B-Z transition of
(mCG)5 indicates incomplete transition to Z-DNA as CD measurement for
each sample was about 10minutes, well below time required for relatively
long kinetic process of B-Z transition to complete.[24] The formation of
(mCG)5 in Z form was further studied by NMR spectroscopy.

NMR characterization of B-DNA and Z-DNA of (mCG)5

To confirm B to Z transition of (mCG)5 observed in CD study, NMR
experiment was performed with samples containing 50, 500, 1000 and
1500mM NaCl. NMR spectra of (mCG)5 in higher salt concentration were
unable to obtained due to a limitation of the spectrometer. B to Z-DNA
transition of (CG)5 was not observed in all conditions in this study as
expected from unmodified oligonucleotide. In the presence of low salt at
50mM NaCl, (mCG)5 fully adopted B conformation. Increase in salt con-
centration results in B to Z-DNA transition which was observed from
strong intra-residual NOE correlation between G-H8 and G-H10 due to
syn-conformation of the purine nucleotides[25] in Z-DNA. From G2-H8
and C1-H6 peaks of (mCG)5 of B form (Figure 4), B:Z ratio were estimated
to be 3:1 in the presence of 500mM NaCl and 1:1 in sample with 1000mM
NaCl. Furthermore, (mCG)5 was fully converted to Z form in 1500mM
NaCl. The intra-residual strong NOE of G-H8/G-H10 correlation from Z-
DNA was observed even in much lower amount of Z-DNA in 500mM
NaCl sample (Figure 5). It is noted that no inter-residual NOEs between
H8 of G and H10 of C were observed for 1500mM NaCl sample, which is
also expected from G residues in Z-form. The result from NMR study is
correlated well with CD experiment and has confirmed the capability of
(mCG)5 to form Z-DNA. Methylation of cytosine has been shown to drive
equilibrium toward Z-DNA based on transition concentration of (mCG)5
which required 1000mM NaCl compared to previously reported data of
unmodified (CG)5 which required 2544mM NaCl[26] to have B:Z ratio
at 1:1.

Z-DNA forming probe design and selection

The oligonucleotide probe for ZBP screening was designed to have 20
nucleotide bases in length. The principal of probe design is generally based
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on our previous work on CG decemers, hence embedded sequence CG dec-
amer was used. The alternated pyrimidine-purine, CG decamer track, was
added to ODN-1 and ODN-3 as part of the probe that can convert to the
left handed conformation. In addition, methylation on the C5 position of
cytosine was incorporated to the CG decamer track in ODN-1 to enhance
Z-DNA formation as a hemimethylated CG track. A thiol-modified linkage
with six carbon spacer at 50-end was included to facilitate immobilization
process and prevent partial hybridization. The flank non self-complimen-
tary pentamer on 50 and 30 were placed to prevent self-hybridization from
palindromic CG decamer. The longer flank sequences would be more effi-
cient to prevent self-dimer of thiol modified CG decamer but will render
capability of duplex to form Z-DNA. Therefore, non-CG track was limited
to 50% which we think that it should allow Z-DNA formation of the
embedded CG decamer. The DG value for fully hybridized duplex of
ODN-2þ 3 and ODN-4þ 5 were estimated with OligoAnalyzer. The calcu-
lated DG for all fully hybridized duplexes were found to be much lower
than their self-dimerization, hairpin structure, or partially hybridized

Figure 4. 1H-NMR spectra of (mCG)5 show G-H8 and C-H6 regions. Samples were in 20mM
phosphate buffer pH 6.5 with 50mM NaCl where (mCG)5 was fully in B form, 0.5 M NaCl where
B:Z ratio was 3:1, 1.0 M NaCl where B:Z was equimolar, and 1.5 M NaCl where only Z form
was observed.
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duplex indicate very high tendency for the selected oligonucleotides to
form fully hybridization with their complimentary strands.

Z-DNA formation and Z-ab interaction of the designed Z-DNA forming probe

The key characteristic of Z-DNA forming probe is that it can convert to Z
conformation. The potential of designed oligonucleotide sequences to form
Z-DNA were evaluated by CD study. B-DNA and Z-DNA conformation
can be distinguished by their unique CD spectra. (CG)5 was known for its
capability to form Z-DNA such that at low salt concentration, it adopts B-
DNA conformation, while high salt concentration promotes formation of
Z-DNA. The objective of the design of ODN-1 and ODN-3 to have CG
decamer track in the middle of sequence is that once in duplex they should
convert to the left-handed conformation in the same fashion as (CG)5.
According to CD study of ODN-2þ 3 (Figure 6b), the duplex was not con-
verted to Z conformation even in high salt condition. Since Z-DNA forma-
tion is highly cooperative, it is reasonable that two B/Z-DNA junctions

Figure 5. NOESY spectra of (mCG)5 demonstrate NOE correlation of G-H8/H10. Strong NOE of
syn G-H8/H10 observed in samples with NaCl from 0.5–1.5 M indicates the presence of Z-DNA.
Assignments for the intra-residual NOEs between G-H8/H10 for B-DNA were labeled and the
unlabeled NOE signals for 50mM NaCl are due to the inter-residual NOE between G-H8/C-H10

for B-DNA.
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from non-Z-DNA prone sequences alongside CG track may pose barrier
that prevents ODN-2þ 3 to form Z-DNA which give CD result similar to
the negative control duplex, ODN-4þ 5 (Figure 6c), which does not con-
tain alternated purine-pyrimidine track and has been shown to be unable
to convert to Z conformation. In contrary, the duplex of ODN-1þ 2 was
expected to be much more prone to form Z-DNA based on 5-methylcyto-
sine that facilitates Z-DNA formation. However, B- to Z-DNA conversion
in CD study was also not observed for ODN-1þ 2 (Figure 6a) which repre-
sents that methylation only one side of the embedded CG duplex may not
be sufficient to overcome transition barrier from B/Z-DNA junctions.
Substitution of hemimethylated CG track in ODN-1 with fully methylated
CG track (i.e. methylation on both ODN-1 and ODN-2) may prove to be
an interesting modification to explore in future study.
Although Z-DNA formation was not present, the transition in CD spec-

tra of ODN-1þ 2 were quite distinct from unmodified oligonucleotides.
Change in negative band at 250 nm may reflect progress of local conform-
ation change out of B-DNA. With limitation of NMR experiment at higher
salt concentration, it is currently impossible to obtain high sensitivity NMR
data to provide more detail on conformation of local nucleotide of ours

Figure 6. CD spectra of the duplexes of ODN-1þ 2 (a), ODN-2þ 3 (b) and ODN-4þ 5 (c) with
NaCl range from 100 to 4000mM.
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setting. Future development on NMR condition such as the presence of a
well characterized Z-DNA binding protein at low salt concentration could
provide direct proof to the capability of ODN-1þ 2 to form Z-DNA.
Further study to evaluate the capability of the probe to bind to Z-ab was

conducted on the 5-methycytosine containing duplex. A non Z-DNA
sequence, ODN-4þ 5, was treated as a negative control DNA and it
showed no change in CD when it was incubated with Z-ab (Figure 7b). In
case of ODN-1þ 2, the CD spectra have shown a slight transition
(Figure 7a) when Z-ab was added to the 5-methylcytosine containing oligo-
nucleotides. From CD of ODN-1þ 2 with Z-ab, an intensity of positive
ellipticity at around 280 nm gradually decreased along with changing of a
negative ellipticity at �250 nm toward positive direction when increase
amount of Z-ab was added. The binding of Z-ab to ODN-1þ 2 may help
stabilized Z-DNA structure, hence Z-ab facilitates the formation of Z-DNA
even in relatively low Naþ environment. Addition of Z-ab in high salt
resulted in precipitation of the protein, hence unable to obtain data of Z-ab
binding at high salt condition. To rule out the artifact from nonspecific
DNA-protein interaction, BSA was titrate to ODN-1þ 2 duplex. Change
regard to Z-DNA formation was not observed (Figure 7c) as expected from

Figure 7. CD spectra of ODN-1þ 2 (a), and ODN-4þ 5 (b) in 50mM phosphate buffer, pH 7.4
with varied molar ratio of Z-ab and oligonucleotide and CD spectra of the ODN-1þ 2 (c) in
50mM phosphate buffer, pH 7.4 with varied molar ratio of BSA and oligonucleotide.
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the negative control protein that should not bind to Z-DNA forming probe.
With the results from CD, the 5-methylcytosine containing oligonucleotide
has been shown to have potential for ZBP screening. Binding between dif-
ferent clones of Z-ab to 5-methylcytosine containing CG polymer has been
shown to be diverse.[27] Depend on clone, the methyl modification may
interfere with IgG interaction to Z-DNA such that binding was prevented.
On the other hand, binding between Z-ab and 5-methylcytosine containing
Z-DNA was observed in different clone of IgG. From superimposed image
of (mCG)5 to (CG)3 binding with DAI (PDB ID code 3EYI),[28] the methyl
modifications are not in the binding region, hence they may not hindrance
binding to the ZBP. Therefore, binding study on other well characterized
ZBP such as ADAR-1 or DAI is the next step to ensure suitability of
ODN-1þ 2 for ZBP screening. Experiment on immobilization is in pro-
gress. Immobilization of the probe and duplex formation between immobi-
lized oligo and its complementary strand on surface plasmon resonance
and quartz crystal microbalance have been conducted. Optimization of pro-
tein binding study is under investigation.

Conclusion

The methylated CG decamers have been characterized for their potential to
form Z-DNA. Based on CD study and NMR elucidation of B to Z-DNA
transition, (mCG)5 has been shown to be much more ease to convert to the
left-handed conformation, which suggests its suitability for construction of
ZBP screening probe. The Z-DNA forming probe was then designed to
compose of 50-thiol terminal for immobilization, Z-DNA prone hemime-
thylated (mCG)5 track, non-self complimentary track, and a complimentary
strand. Z-ab binding study has suggested that the designed Z-DNA forming
probe selectively binds to Z-ab which indicates its potential to be used in
ZBP binding study. Nonetheless, further study is required to clearly dem-
onstrate that the potential Z-DNA forming probe embedded with (mCG)5
is capable of Z-DNA formation. In addition, characterization with other
known ZBP and immobilization study are underway in order to complete
and to utilize the designed probe for ZBP screening.
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