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ABSTRACT

I-motif or C4 is a four-stranded DNA structure with a
protonated cytosine:cytosine base pair (C+:C) found
in cytosine-rich sequences. We have found that
oligodeoxynucleotides containing adenine and cyto-
sine repeats form a stable secondary structure at a
physiological pH with magnesium ion, which is simi-
lar to i-motif structure, and have named this structure
‘adenine:cytosine-motif (AC-motif)’. AC-motif con-
tains C+:C base pairs intercalated with putative A+:C
base pairs between protonated adenine and cyto-
sine. By investigation of the AC-motif present in
the CDKL3 promoter (AC-motifCDKL3), one of AC-
motifs found in the genome, we confirmed that AC-
motifCDKL3 has a key role in regulating CDKL3 gene
expression in response to magnesium. This is fur-
ther supported by confirming that genome-edited
mutant cell lines, lacking the AC-motif formation, lost
this regulation effect. Our results verify that adenine-
cytosine repeats commonly present in the genome
can form a stable non-canonical secondary structure
with a non-Watson–Crick base pair and have regula-
tory roles in cells, which expand non-canonical DNA
repertoires.

INTRODUCTION

DNA can be folded into structures other than double
stranded B-DNA, including Z-DNA, cruciform, triplex,
hairpin, A-motif, guanine-quadruplex (G4) and i-motif (C4)

(1–6). It is known that these non-canonical structures par-
ticipate in various biological functions, especially in main-
taining genome integrity and regulating transcriptional ac-
tivities (7–9). For instance, the structural and functional as-
pects of G-quadruplex have been intensively investigated to
explain the roles of non-canonical DNA structures in cells
(10). G-quadruplex was first identified in the human telom-
ere region, where its formation was thought to affect the
binding of certain proteins to maintain telomere integrity
during meiosis (11). G-quadruplex is known to occur at var-
ious locations in the genome, especially at promoter regions
of many oncogenes such as c-MYC (12), KRAS (13), BCL2
(14) and VEGF (15). Its formation and destabilization at
the promoter region are known to affect gene transcription,
eventually altering the proteome dynamics in different types
of cancer cells.

i-motif can also be formed on the complementary strand
where G-quadruplex can be formed in a mutually exclusive
manner (16). Various evidences support that i-motif can ex-
ist in the nuclei of human cells, and it can also regulate
the transcriptional level of certain genes upon formation or
destabilization of its structure, especially in the promoter
regions (17–19). In the i-motif structure, two sets of verti-
cally orientated base pairs between hemi-protonated cyto-
sine (C+) and cytosine (C) are intercalated to form a sta-
ble structure (20). Accordingly, i-motif is formed at acidic
conditions since hemi-protonation at the N3 of cytosine is
achieved at low pH and thus disintegrates due to breakage
of the base pairs at physiological conditions. I-motif forma-
tions in molecular crowding condition as well as under neg-
ative super helical condition further supports the possibil-
ity of i-motif formation at physiological condition (21,22).
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Recently, the i-motif formation in the nuclei of human cells
provided the evidence of which supports the existence of the
i-motif structure in the genome and its roles in the near phys-
iological surroundings (19).

As in the cases of G-quadruplex and i-motif, which are
formed in repeated sequences, many repeated sequences
whose structures and functions are not identified can possi-
bly form non-canonical secondary structures in the genome.
Considering the imperative roles of those non-canonical
structures in regulating many genetic events, it is necessary
to identify novel DNA motifs with repeated sequences and
investigate their structures and functions for comprehensive
understanding of the genome.

From this point of view, we investigated the role of ade-
nine repeats, since their involvement in secondary struc-
ture formation is relatively unknown other than A-motif of
which poly adenine repeats form parallel double strand he-
lical structure via protonated adenine bases (6). First, we
explored the effect of adenine repeats in combination with
cytosine repeats by replacing cytosine repeats in the i-motif
structure with adenine repeats in various combinations (Ta-
ble 1) and testing their stabilities and structures using circu-
lar dichroism (CD), fluorescence and nuclear magnetic res-
onance (NMR) spectroscopic methods. By this approach,
we identified a DNA motif containing adenine and cytosine
repeats which forms a secondary structure, which resem-
bles i-motif. We further confirmed that this new DNA motif
present in the gene promoter region has a functional role in
gene regulation using genome edited mutant cell lines and
reporter assays. Therefore, we verified that adenine-cytosine
repeats can form a secondary structure similar to i-motif
with functional implications in gene regulation. We antici-
pate this current study not only contributes to nucleic acid
chemistry by identifying a new type of non-canonical DNA
and its role but also opens a new chapter in genome studies
by presenting the possibility of discovering novel functional
DNA motifs.

MATERIALS AND METHODS

Sample preparation

Stock sample. For the preparation of the DNA stock
sample, oligodeoxynucleotides (ODNs) (Cosmogenetech,
Seoul, Republic of Korea) were purchased and dissolved in
a storage buffer containing 90 mM NaCl, 5 mM sodium
phosphate and 0.5 mM EDTA, pH 6.0. They were heated
to 97◦C, annealed slowly at room temperature over at least
4 h and stored overnight at 4◦C. The annealed ODNs were
concentrated to 1.5 mM using 3000 MW cut-off centricon
(Merck Millipore, Burlington, MA, USA) at 4◦C, and the
concentrated sample (stock DNA sample) was stored in the
storage buffer at −20◦C before using. The concentration of
DNA sample was measured using a NanoDrop (Thermo
Fisher Scientific, Waltham, MA, USA).

CD sample. For the circular dichroism (CD) experiment,
the stock DNA sample was diluted 100 times to prepare
a CD sample (final 15 �M) in a CD buffer containing 5
mM sodium phosphate, pH 5.0–8.0, 5 mM cation such as
MgCl2, followed by heating to 97◦C and annealing slowly
at room temperature over at least 4 h. The CD sample was

Table 1. Oligonucleotides (ODNs) used in this study. i-motifhTelo con-
tains the i-motif-forming ODN present in the human telomere. ACR1–
5 are the model ODNs containing trideoxyadenylate and trideoxycytidy-
late in various combinations connected by 3-nt linkers. ACR6–12 are the
model ODNs containing trideoxyadenylate and trideoxycytidylate in var-
ious combinations connected by 6-nt linkers. exI-motifhTelo contains four
trideoxycytidylates connected by TCCTTT linkers. AC-motifCDKL3 con-
tains the AC-motif-forming sequence present in the promoter region of
CDKL3 gene. The mutant AC-motifCDKL3 has deoxyadenylates instead
of deoxycytidylates in AC-motifCDKL3. ACR13 and ACR14 have the same
sequence as ACR6 except the linkers are TAAT and TAATT instead
of TAATTT, respectively. The substituted sequences are underlined. The
oligonucleotide sequences are written from 5′ to 3′, and deoxyadenylates
and deoxycytidylates are highlighted in red.

Name Sequence

i-motifhTelo 5′- CCCTAACCCTAACCCTAACCC -3′

exI-motifhTelo CCCTAATTTCCCTAATTTCCCTAATTTCCC
ACR1 AAATAACCCTAACCCTAACCC
ACR2 AAATAACCCTAAAAATAACCC
ACR3 AAATAACCCTAACCCTAAAAA
ACR4 CCCTAAAAATAAAAATAACCC
ACR5 CCCTAACCCTAACCCTAAAAA
ACR6
(AC-motif)

AAATAATTTCCCTAATTTCCCTAATTTCCC

ACR7 AAATAATTTCCCTAATTTAAATAATTTCCC
ACR8 AAATAATTTCCCTAATTTCCCTAATTTAAA
ACR9 CCCTAATTTAAATAATTTAAATAATTTCCC
ACR10 CCCTAATTTCCCTAATTTCCCTAATTTAAA
ACR11 CCCTAATTTAAATAATTTCCCTAATTTCCC
ACR12 CCCTAATTTCCCTAATTTAAATAATTTCCC
ACR13 AAATAATCCCTAATCCCTAATCCC
ACR14 AAATAATTCCCTAATTCCCTAATTCCC
Wild-type
AC-motifCDKL3

AAAAAAAGTCCCGCGCAGCCCCCCCACCCC

used for the CD experiment immediately after annealing
unless specified otherwise.

In the case of exploring concentration effect on CD ex-
periments, the stock DNA sample was diluted 100 times
(final 15 �M) in a CD buffer 2 (90 mM NaCl, 5 mM
sodium phosphate at pH 5.0) for the purpose of buffer
exchange. Then, it was concentrated to the concentration
higher than 100 �M. The sample was serially diluted with
the CD buffer2 to make 6, 15, 30, 60, 80 and 100 �M sam-
ples that were heated to 97◦C, annealed slowly at room tem-
perature over at least 4 h and stored overnight at 4◦C fol-
lowed by CD experiment.

For exploring the pH effect on CD experiments, the stock
DNA sample was diluted 100 times (final 15 �M) in a CD
buffer 2 with various pH (pH 5.0–8.0). The final CD sam-
ples were prepared in the same way as in the sample in CD
buffer.

NMR sample. For the NMR experiment, an NMR sample
was prepared in the similar way as the CD sample from the
stock sample in an NMR buffer (5 mM sodium phosphate,
pH 7.4, 5 mM MgCl2). However, since the higher concen-
tration is necessary for the NMR measurement, annealed
NMR sample at the concentration of 15 �M in the NMR
buffer was further concentrated. Therefore, the NMR sam-
ple having a DNA concertation of 0.5 mM was prepared in
500 �l of the NMR buffer and freeze-dried.
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For 1D 1H-NMR and 2D NOESY experiments, the
freeze-dried (lyophilized) sample was dissolved in 500 �l
10% D2O/90% H2O and 100% D2O, respectively, right be-
fore NMR experiments. The sample quality before and after
lyophilization were confirmed by CD spectrometry (Supple-
mentary Figure S9b).

Circular dichroism measurement

Circular dichroism (CD) experiment was performed using
Jasco-810 (Jasco, Easton, MD, USA). The measurement
was performed at wavelengths between 230 and 320 nm,
with a 1 nm step width, and a 1 s response time to mon-
itor the conformation of DNA. All presented CD spectra
are the averaged spectra of three scans of the same sample
with the baseline correction by considering the signal con-
tribution from the buffer. The experiment was performed at
25◦C. The ODN concentration used in all CD experiments
was 15 �M in the final sample volume of 200 �l. CD spec-
tra measured in mdeg per whole oligonucleotide were con-
verted into molar extinction (�ε in M−1cm−1) using the fol-
lowing equation (23).

1. mdeg = A (absorbance) × 32 980 (conversion factor)
2. ε = A × M (g/mol)/ (C × L); M (molecular weight;

g/mol), C (concentration; g/l), L (path length; cm)
3. � [mdeg] = C × L × 32980 × ε/M

Thermal melting analysis

Jasco-810 (Jasco, Easton, MD, USA) was used to per-
form thermal melting analysis to measure the stability of
AC-motif. At a fixed wavelength of 283 nm, the tempera-
ture was increased from 10◦C to 90◦C with 2◦C increment
per minute. The thermal melting graph was analyzed us-
ing GraphPad software (GraphPad Software, La Jolla, CA,
USA) upon applying the first derivative function. The pro-
cessed graph was fit to find the zenith of the peak. The melt-
ing temperature (Tm) of ACR6 at each condition was calcu-
lated from the first derivative of CD value at 283 nm versus
temperature.

Nuclear magnetic resonance (NMR)

NMR experiments were performed using either a Bruker
800 MHz or a Bruker 900 MHz NMR spectrometer (Korea
Basic Science Institute, Ochang Center, Republic of Korea).
Both spectrometers are equipped with a cryogenic probe.
All NMR samples were prepared at a concentration of
0.5 mM. 1D experiments were performed with the 11-echo
pulse sequence (24) at three different temperatures (5.0, 15.0
and 25.0◦C) (Korea Basic Science Institute, Ochang Center,
Republic of Korea). 2D-NOESY spectra were acquired in
H2O with 300 ms mixing time at 5.0 and 25.0◦C. We also
performed 2D-NOESY experiments in D2O with 300 ms
mixing time at 25.0◦C.

Molecular dynamics simulation

Molecular dynamics simulations were performed using the
AMBER package (version 16) (25). The energy minimiza-
tion and equilibration of the system and standard produc-
tion simulations were analyzed with AMBER algorithm

using the AMBER force field. The tleap module of AM-
BER was used to prepare the simulations system. The
Pmemd.cuda application was used to obtain the MD sim-
ulation trajectories while analyses were performed by CPP-
TRAJ module (26) and xmgrace (27). A pre-equilibrated el-
ementary TIP3P tetrahedral box (28) was generated ∼8 Å
in each direction from the solute. The total volume of the
box was 13 0607.600 Å3, and the overall compactness of
the system was 0.787 g/cc. Twenty-three Na+ counter ions
were added to neutralize the system. All simulations were
run with the SHAKE algorithm (29) to constrain hydrogen
involving covalent bonds, with 2 fs periodic boundary con-
ditions under 26.9◦C (30). During 1000 ns simulation, anal-
ysis files were saved in every 0.5 ps.

CDKL3 promoter luciferase assay

A region 700 bases upstream of the transcription start
site (TSS) and 300 bases downstream of the TSS pro-
moter region was amplified from genomic DNA isolated
from human red blood cells. The CDKL3 forward
primer 5′-GGTACCAGCCGGCCCTCTGAGG-3′
with a KpnI site and the CDKL3 reverse primer 5′-
AAGCTTGTGTGGGCCTCAGTATTCAAG-3′ with
a HindIII site were used to obtain a 1 kb CDKL3
promoter region from genomic DNA. The PCR prod-
uct was cloned into a pGL3-Basic luciferase vector.
In order to induce mutation, the forward primer 5′-
GATTCGGCCGCCGCGCCGGGGGGTTTTTTT
TCTGCG-CGGGACTTTTTTTT-3′ and the reverse
primer 5′-TGAAAAAAAAAAAGTCCCGCCGC-
GCAGAAAAAAAAC-CCCCCGGCGCGGCGGCCG-
3′ were used. Each of 900 ng/�l cloned firefly luciferase
reporter vector and 100 ng/�l of control Renilla luciferase
vector were transfected to 5.0 × 105 cells/ml HEK293 cells
at the same time using Turbofect (Thermo Fisher Scientific,
Waltham, MA, USA). Magnesium-containing media were
substituted after 24 h and cultured for another 24 h at
37◦C. Cells were collected and washed with PBS followed
by the usage of Dual-Luciferase® Reporter Assay kit
(Promega Corporation, Madison, WI, USA) to measure
luciferase activity. The fluorescence was measured using
Tecan Infinite 200 PRO (Tecan, Männedorf, Switzerland).

Production of genome engineered cell lines

Transfection condition. Purified SpCas9 protein (15 �g)
and single guide RNAs (sgRNAs) (10 �g) were incubated at
RT to make ribonucleoprotein (RNP) complex, then trans-
fected with 120-nt single-stranded oligodeoxynucleotides
(ssODNs, 7.4 �g) as a donor template into 2 × 105 of
HeLa cells using 4D-nucleofector (Lonza Group Ltd, Basel,
Switzerland) 20 �l Nucleovette strip (Lonza Group Ltd,
Basel, Switzerland) with CN-114 program. Genomic DNAs
were isolated with the Nucleospin Tissue Kit (MACHERY-
NAGEL, Düren, Germany) 72 h post transfection.

Targeted deep sequencing and data analysis. The target
site was amplified using KOD Multi&epi (TOYOBO CO.,
LTD., Osaka, Japan) with adaptor primers. Miniseq sys-
tem (Illumina, Inc., San Diego, CA, USA) was used for
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deep sequencing with D501-508 and D701-D712 library.
After Miniseq sequencing, paired-end reads were joined by
Fastq-join. Then, Fastq-join files were analyzed with Cas-
analyzer (http://www.rgenome.net/cas-analyzer/) (31) to de-
rive knock-in frequency in bulk cells and single cell lines.

Producing knock-in single cell line. For single cell colony
expansion, transfected cells were counted with hemocy-
tometer and diluted to a concentration of 1 cell/well. Then
spread them into 96-well plates. After 10 days of incubation,
only single cell colonies were screened by microscope. Single
cell colonies with >70% confluence were shifted to 24-well
plates. Genomic DNA of each single colony was isolated,
and DNA sequences near the target region of CDKL3 were
analyzed by targeted deep sequencing and also confirmed
by Sanger sequencing (Supplementary Figure S14).

Genome wide mapping of AC-motif

Genome wide analyses of putative AC-motif-forming se-
quences in the human genome (hg37) were conducted by
applying an in-house script written in R software (https:
//www.r-project.org/). The sequences containing the follow-
ing patterns were assigned as putative AC-motif-forming se-
quences: A3N6C3N6C3N6C3 or C3N6C3N6C3N6A3, where
A, C and N represent adenine, cytosine and any base includ-
ing cytosine and adenine, respectively.

Quantitative real-time PCR

Total RNA was isolated using Trizol (Thermo Fisher Sci-
entific, Waltham, MA, USA) followed by chloroform treat-
ment. The aqueous phase was carefully isolated and precip-
itated with 100% isopropanol. The pellet was centrifuged
and washed with 70% ethanol. About 2.5 �g of RNA
was used for each RT reaction and reversely transcribed
to cDNA using EcoDryTM Premix (Oligo dT) kit (Takara
Bio USA, Inc., Mountain View, CA, USA). The reaction
was performed under 42◦C for 60 min followed by reac-
tion quenching under 70◦C for 10 min. SYBR Green qRT-
PCR 2X premix (Bio-rad, Hercules, CA, USA) was used for
the RT-PCR reaction using a CFX Connect machine (Bio-
rad, Hercules, CA, USA). All samples were run in triplicate.
Transcript levels were normalized to the Gapdh expression.
Primers used are listed below.

Gapdh [NM 001357943.2]: TGCACCACCAACTGCTTA
GC, GGCATGGACTGTGGTCATGAG

Cdkl3 [NM 001113575.2]: GCACGAACACTAGCAGCT
C, GATGGGTGGCATTGTCACAG

C19orf73 [NM 018111.3]: TGTGTTTGGAAGGTGGAG
TG, TCCTCCAGAGTCCTGAAACG

Western blot analysis

Wild-type and genome-engineered mutant HeLa cells were
cultured in 6-well plates. A total of 5.0 × 105 cells
were cultured in DMEM growth media (WELGENE Inc.,
Gyeongsangbuk-do, Republic of Korea) without Mg2+ for
24 h. The media were changed with Mg2+-containing media
after 24 h of culture and collected using 2× sample buffer

after another 24 h of culture. The samples were boiled and
loaded into the gel. The proteins were transferred to the
nitrocellulose (NC) membrane and blocked with 5% skim
milk. The membranes were washed with 0.05% TBS-T (Tris-
buffered saline with 0.05% tween-20) several times. CDKL3
or GAPDH antibodies (Cusabio Biotech Co, Houston, TX,
USA) were incubated overnight and detected with specific
HRP-conjugated secondary antibody. Their signals were
developed on X-ray film (Agfa-Gevaert N.V., Mortsel, Bel-
gium).

Fluorescence resonance energy transfer (FRET) analysis

5′ FAM and 3′ BHQ-1 labeled oligonucleotides for ACR6
(AC-motif), 1A2C and 3CCC were purchased and dissolved
in 90 mM NaCl, 5 mM NaPO4 and 0.5 mM EDTA, pH 6.0.
About 15 �M of labeled ODNs were used for the experi-
ment. The light was excited at 495 nm and the fluoresced
emission was monitored at the range from 505 to 650 nm.
The �max was observed at 525 nm. The baseline of buffer
was subtracted from each data accordingly.

Statistical analysis

Statistical significance was assessed by two-tailed t-test us-
ing GraphPad software (GraphPad software, La Jolla, CA,
USA).

RESULTS

A novel DNA motif that forms the secondary structure

Although many adenine repeats are found in the genome,
not many adenine-repeat DNA structures have been re-
ported, though guanine and cytosine repeats are known
to be involved in forming a stable DNA structure. There-
fore, we hypothesized that an adenine repeat can also be
part of a stable DNA structure. To test this hypothesis, we
made model oligodeoxynucleotides (ODNs) that contain
adenine and cytosine repeats by exchanging three adenine
nucleotides with the cytosine repeats in various combina-
tions (ACR1–ACR5, Table 1) using a cytosine-repeat se-
quence present in the human telomere, d(CCCTAA)3CCC
(i-motifhTelo, Table 1), as a template. In these model ODNs,
different combinations of cytosine or adenine repeats are
connected by a linker with the three nucleotides TAA. To re-
lease the possible structural restraints imposed by the short
linker between cytosine or adenine repeats, we generated
other model sets, ACR6–ACR14 and exI-motifhTelo ACR6–
ACR14, Table 1), by increasing the length of the linker nu-
cleotides of ACR1–ACR5 and i-motifhTelo to TAATTT. We
then examined their potential to form a secondary struc-
ture at various conditions by circular dichroism (CD) spec-
troscopy since CD is commonly used for monitoring the sec-
ondary structures of nucleic acids (Supplementary Figures
S1 and S2). The CD spectra of i-motifhTelo and exI-motifhTelo
were used as controls for ACR1–ACR5 and ACR6–ACR10,
respectively. i-motifhTelo showed a maximum positive peak
at 288 nm and minimum negative peak at 257 nm at acidic
conditions, but the maximum positive peak was blue shifted
to 275 nm with 3.3 × 103 M–1cm–1 lower in molar extinc-
tion (ε) at a higher pH (Supplementary Figure S1A). exI-
motifhTelo showed a maximum positive peak at 283 nm and
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minimum negative peak at 250 nm at acidic conditions,
but the maximum peak shifted to 275 nm with 6.3 × 103

M–1cm–1 lower in intensity at a higher pH (Figure 1A).
These results suggest i-motifhTelo and exI-motifhTelo can form
secondary structures only at acidic conditions and lose their
secondary structure at a higher pH, which is well consis-
tent to the previously known typical structural feature of
i-motif. While ACR1–ACR5 did not show any spectral sig-
natures representing the CD spectra of the i-motif structure
at any given conditions (Supplementary Figure S1A), ACR6
showed the CD spectrum that is similar to the typical CD
spectra of i-motif at pH 5.0, and thus we named the sec-
ondary structure ACR6 as an i-motif-like structure based
on their CD spectra. However, the CD spectra of ACR6 var-
ied when pH was elevated from pH 6.0 to 8.0 (Figure 1B).
Although ACR10 also displayed a spectral pattern similar
to ACR6 (Supplementary Figure S1B), we used ACR6 for
further structural study due to its higher CD value.

We further tested the effect of divalent cations on the
secondary structure formation by examining the CD spec-
tra in the presence of Ca2+, Cd2+, Co2+, Mg2+, Ni2+, Zn2+

and Mn2+ at pH 5.0 (Figure 1C and Supplementary Figure
S2), since various cations are known to stabilize nucleic acid
structures (32,33). While most of metals reduced the CD el-
lipticities of ACR6 at 283 nm, Ca2+ and Mg2+slightly in-
creased CD value (Figure 1C). Therefore, we hypothesized
that these metals might contribute to the formation or sta-
bility of the ACR6 structure, and thus we further tested the
effect of Ca2+ or Mg2+on ACR6 at pH 8.0 (Figure 1D). In-
terestingly, we found ACR6 showed i-motif-like CD spectra
even at pH 8.0 in the presence of these metals. Previously, it
was known that i-motif structure can be further stabilized in
the presence of Ca2+ or Mg2+ along with 40% polyethylene
glycol (PEG) 200 (34) at the neutral pH (7.0). However, cur-
rent CD experiments revealed that ODNs containing ade-
nine and cytosine repeats can form an i-motif-like secondary
structure at the basic pH in the presence of Ca2+ or Mg2+

even without PEG. Although Ca2+had a stabilization effect
on ACR6 at the higher pH, we further examined the struc-
tural and functional implication of ACR6 in the presence of
Mg2+ since CD value of ACR6 was higher in the condition
of Mg2+at pH 8.0 (Figure 1D). A titration experiment of
Mg2+ concentration ranging from 15 �M to 15 mM (Sup-
plementary Figure S3) revealed that i-motif-like secondary
structure is well maintained in the presence of Mg2+ at con-
centrations >1.5 mM. However, the structure seems to par-
tially unfold at Mg2+ concentrations lower than 1.0 mM,
since the maximum peak value was blue-shifted from 283 to
276 nm and CD value showed 3.3 × 103 M–1cm–1 decrease.
This result implies that a certain level of Mg2+ is necessary
for the formation of i-motif-like secondary structure at the
higher pH.

Since the current CD results revealed that the linker
length may be a variable for DNA structure formation, we
further tested the effect of the linker length on the struc-
ture formation by monitoring CD spectra of ODNs con-
taining linkers of three to five (ACR1, ACR13, and ACR14)
nucleotides between A- or C-repeats (Table 1, Supplemen-
tary Figure S2A and S4). From this study, it was confirmed
that an i-motif-like secondary structure can be formed when
the linker is longer than four nucleotides. Next, the thermal

stability of ACR6 was investigated by CD melting analysis
in the presence of Mg2+ at both pH 5.0 and 8.0 within tem-
perature ranges from 10◦C to 90◦C (Supplementary Figure
S5). We found that Tm values of ACR6 at pH 5.0 and 8.0 in
the presence of magnesium are the same (42.5◦C) but lower
than that of i-motif (53.0◦C) (Supplementary Figure S5A).
Furthermore, we measured the CD spectra and Tm of ACR6
at various concentrations ranging from 6 to 100 �M, in or-
der to examine the concentration-dependent CD value and
Tm change, which possibly represent the presence of inter-
molecular structures. Although CD value changed in con-
centration dependent manner, there was no Tm change un-
der the tested temperature conditions (Supplementary Fig-
ure S5B and C). Therefore, it can be concluded that ACR6
mostly forms intramolecular structure.

We have tested the ODNs that have internal adenine re-
peats in other slots: ACR11 (with adenine repeat in the sec-
ond slot) and ACR12 (with adenine repeat in the third slot).
Interestingly, both ACR11 and ACR12 can form i-motif-like
structures in the presence of Mg2+ ion at both pH 5.0 and
8.0 (Supplementary Figure S6A and B). This result shows
that the ODNs having an adenine repeat at any of four slots
can form i-motif-like structure in the presence of Mg2+ ion
at low and high pH conditions.

To further elucidate the overall folding of ACR6 by con-
firming the orientation between 5′ and 3′ ends, we con-
ducted a FRET experiment using ACR6 containing a FAM
at its 5′ end and its corresponding quencher BHQ-1 at its 3′-
end (Supplementary Figure S7A). When pH was increased
from 4.0 to 9.0 in the absence of Mg2+ ion, the fluorescence
intensity at 525 nm (FAM) of ACR6 also increased (Supple-
mentary Figure S7B and C) due to the fluorescing of FAM
signal, suggesting that 5′ and 3′ ends are closely located at
lower pH but their relative distance increases at higher pH.
However, in the presence of Mg2+, we observed that the flu-
orescence signal of FAM conjugated to ACR6 did not fluo-
resced as pH increased from 4.0 to 9.0, suggesting that the
i-motif-like structure are well maintained even at the higher
pH in the presence of Mg2+ (Supplementary Figure S7C
and D). These results can be interpreted by that i-motif-
like structure forms in pH- and metal-dependent manners,
which are consistent with the CD results.

Formation of an i-motif-like secondary structure via hemi-
protonated adenine and cytosine base pairs

Based on the CD analysis, we confirmed ACR6 has the i-
motif-like secondary structure. The canonical i-motif struc-
ture is stabilized by the hemi-protonated cytosine (C+) and
cytosine (C) base pairs in the opposite strands. Therefore,
the question is how the adenine repeats contribute to the
secondary structure formation. To investigate the secondary
structure and base interactions in ACR6, we performed 1D
1H-NMR experiments of ACR6 at pH 8.0 in the presence
of Mg2+ at various temperatures (25, 15 and 5◦C) (Sup-
plementary Figure S8). From the 1D 1H-NMR spectra of
ACR6, we found imino peaks at 15.3–15.5, 13.5–13.8 and
10.3–11.0 (Supplementary Figure S8). We assigned the peak
at 15.3–15.5 ppm to the resonance of imino protons of the
hemi-protonated cytosines ([C]N3H) based on the previous
NMR studies of i-motif (5). Peaks at 10.3–11.0 ppm are
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Figure 1. Circular dichroism (CD) spectra of ACR6 under various pH and metal conditions. (A) The CD spectra of 15 �M exI-motifhTelo in 90 mM NaCl,
5 mM NaH2PO4 at pH 5.0, 6.0, 7.0 and 8.0. (B) The CD spectra of 15 �M ACR6 in 90 mM NaCl, 5 mM NaH2PO4 at pH 5.0, 6.0, 7.0 and 8.0. (C) The
CD spectra of 15 �M ACR6 in the presence of various divalent cations at an acidic condition (pH 5.0): 5 mM of Ca2+, Cd2+, Co2+, Mg2+, Ni2+, Zn2+

and Mn2+. (D) The CD spectra of 15 �M ACR6 in the presence of 5 mM Mg2+ and Ca2+ at pH 5.0 and 8.0, respectively. The CD spectrum of 15 �M
exI-motifhTelo in 90 mM NaCl, 5 mM NaH2PO4 at pH 5.0 was used as a control.
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well matched to the peaks of the typical N3 imino proton of
thymine in the absence of H-bonds ([T]N3H) (5,35). Peaks
at 13.5–13.8 ppm became more evident and distinguishable
at 5.0◦C (Supplementary Figure S8), representing the pres-
ence of the temperature-dependent line broadening. These
peaks can be interpreted as either [T]N3H imino proton in
the Watson–Crick (WC) base pair (36) or imino proton sim-
ilar to imino proton at the adenine N1 nitrogen reported in
the c-GAMP riboswitches (37). Considering the geometric
constraints in the loop of canonical i-motif, A:T base pair
may not be present in the loop of ACR6 (38). Furthermore,
if 13.5–13.8 ppm peaks correspond to [T]N3H from WC
base pairs, they would be more stable at room temperature
(25◦C) than what we have observed in 1D 1H-NMR spectra
(Supplementary Figure S8). Therefore, we interpreted that
those proton resonances at 13.5–13.8 ppm are originated
from the imino proton from the hemi-protonated adenine
([A]NH+).

To further support this interpretation, we performed
NMR analysis of ACR6 at varying pH and metal condi-
tions (Figure 2A). We found that imino proton peaks at
15.3, 13.8, 13.6 and 13.5 ppm under the condition of pH 8.0
in the presence of Mg2+ were also observed at the lower pH
regardless of the presence of Mg2+ but either disappeared or
altered in the absence of Mg2+ at pH 8.0 (Figure 2A). This
metal-dependent and pH-independent spectral observation
is consistent with the previous CD and FRET results, sug-
gesting that peaks at 15.3 ppm and 13.5–13.8 ppm are highly
likely to be the imino proton peaks present in the i-motif-
like structure of ACR6. Resonance at 15.3 ppm suggests the
protonation at N3 position of cytosine ([C]N3H). However,
it is not clear which nitrogen atoms in adenine are proto-
nated from the current results; N1 and N7 in adenine are the
possible protonation site. In order to elaborate on the iden-
tity of imino proton resonance and tertiary structure infor-
mation of ACR6, a 2D-NOESY experiment was conducted
using ACR6 at pH 7.4 with Mg2+ in 10% D2O (Figure 2B,
left) and 100% D2O (Figure 2B, right). Unfortunately, the
sequence specific resonance assignments were not feasible
due to the overlapping of signals. However, we were able to
identify some expected cross-peaks based on the previously
known assigned peaks in other nucleic acid secondary struc-
tures (5,35–39). We found strong cross-peaks between res-
onance in the range of 7.0–7.2 ppm and resonances in the
range of 13.5–13.8 ppm (Box a, Figure 2B). Since the peak
at 7.0–7.2 ppm indicates the proton resonance of hydrogen
at N6 of adenine ([A]N6H’) (39), the cross-peaks shown in
‘Box a’ represent the proximity between the imino proton
([A]NH+) of adenine and hydrogen at N6 of adenine. We
also observed cross-peaks between 7.6 ppm and 13.5–13.8
ppm (Box a, Figure 2B), suggesting that [A]NH+ and [A]H2
located closely since [A]H2 shows resonance at 7.6 ppm (40).
Based on the observation that the protonation site is prox-
imal to [A]N6H’ and [A]H2 at pH 7.4, the N1 position of
adenine ([A]N1) is highly likely to be protonated (Figure
2B).

Since the proton signals at 13.5–13.8 ppm become evi-
dent at low temperature due to slow exchange rate to the
bulk solvent (Supplementary Figure S8), it is expected that
the proton at N1 position of adenine ([A]N1H) is not ex-
posed to the bulk solvent but rather it is involved in base

pairing in higher order DNA structure to further achieve
the stability of the proton at N1 position. Therefore, we pro-
posed that hemi-protonated adenine and cytosine form an
A+:C base pair through [A]N1-H+-[C]N3 hydrogen bond as
shown in Figure 2C (left). In this proposed model, hydro-
gen bonds [A]N6H’-[C]O2 and [A]N1H-[C]N3 are also ex-
pected (Figure 2C, left). Although we can confirm the intra-
base cross peaks in adenine ([A]N6H’-[A]N1H and [A]H2-
[A]N1H, we cannot assign the inter-base cross peaks such
as [A]N1H-[C]N4H’ possibly due to the weak intensity and
overlap of peaks near 13.5/7.3 and 13.8/7.3 ppm in ‘Box a’
(Figure 2B). In addition to the A+:C base pair, C+:C base
pair (Figure 2C, right) can be also present within i-motif like
structure (ACR6) in the presence of Mg2+ at pH 7.4 con-
sidering the imino peaks in 1D NMR (Figure 2A) and 2D
NMR peaks (Figure 2B): ‘Box b’ represents the cross-peaks
of the protonated cytosine at N3 ([C]N3H:15.5 ppm) with
a pair of hydrogen ([C]N4H’:9.0 ppm and [C]N4H’:7.3/8.0
ppm) at hydrogen bonded (int) and non-hydrogen bonded
(ext) cytosine respectively (Box b, Figure 2B, left), which
is also a typical characteristic of i-motif. While both inter-
and intra-base pair cross peaks are observed in the C+:C
base pair, only intra-base cross peaks are assigned in the
case of the A+:C base pair (Box a, Figure 2B), suggesting
that A+:C base pair is weaker than C+:C base pair. To fur-
ther validate the current interpretation, we obtained the 2D-
NOESY spectra from ACR6 at the acidic condition (pH 5.0)
in the absence of Mg2+. Since the same i-motif-like struc-
ture can be formed in the absence of metal ions at the acidic
condition (pH 5.0) according to the CD and fluorescence
experiments, the similar pattern of 2D spectra as those ob-
tained at the higher pH in the presence of Mg2+ is expected.
Indeed, the similar cross-peaks were also observed at the
acidic condition (Supplementary Figure S9).

Next, we analyzed sugar orientation of the base pairs in
ACR6 by 2D NOESY signal obtained in 100% D2O con-
dition (Figure 2B, right). We found highly clustered cross-
peaks at around 6.0 ppm (Box c, Figure 2B), which are dis-
tinctively found in the typical i-motif structure (5). These
cross-peaks represent the close proximity of sugar hydro-
gens (H1′) across the minor groove. In addition, the cross-
peaks shown in ‘Box d’ represents the close proximity be-
tween H1′ at around 6.0 ppm of sugar and H6 at around
7.1–7.7 ppm of cytidine and the strong cross-peaks shown
in ‘Box e’ represent the close proximity between the intra-
nucleotide H3′ (4.5–5.0 ppm) and H6 (7.1–7.7 ppm) of cy-
tidine. These supports 3′-endo sugar puckering of bases in
ACR6, which are well reported in the typical i-motif struc-
ture (5,41). In addition, in the 2D-NOESY NMR spectra
obtained in 10% D2O and 90% H2O (Figure 2B, left), the
close proximity between H3′ (4.5–5.0 ppm) of sugar and
CN4H’ (ext) (7.3/8.0 ppm) of cytidine is also expected by
the cross peak in the ‘Box f’. These results together reveal
that the overall sugar conformation in ACR6 contains 3′-
endo sugar pucker that is similar to that of the typical i-
motif structure (5).

Our results demonstrate that ACR6 has an i-motif-like
3D structure at both acidic and physiological conditions
in the presence of Mg2+ by sharing the following struc-
tural features with i-motif; C+:C base pairings, intercalation
of base pairs, sugar orientation, and sugar pucker with a
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Figure 2. Nuclear magnetic resonance (NMR) spectra of ACR6. (A) 1D 1H-NMR spectra of ACR6 in the absence of Mg2+ at pH 5.0 (red), in the absence
of Mg2+ at pH 8.0 (black), in the presence of Mg2+ at pH 5.0 (green), and in the presence of Mg2+ at pH 8.0 (blue). Imino proton peak from protonated
cytosine ([C]N3H) at 15.5 ppm and the imino proton peaks from protonated adenine ([A]N1H) at 13.5, 13.7 and 13.8 ppm are indicated by arrows (I,
II and III). Imino proton peaks of thymine are labeled as ‘[T]N3H’. 2D-NOESY NMR spectra of ACR6 in the presence of Mg2+ at pH 7.4 in (B) 10%
D2O and 90% H2O (left) and 100% D2O (right). H1′ and H3′ represents the proton resonances in sugar moieties. H5 and H6 represent proton resonances
in cytosine bases. (C) Schematic representation of base pair orientation in AC-motif. 2D NOESY signal between [A]N1H with [A]H2 and [A]N6H′ are
indicated in red arrows (left). Putative hydrogen bonds formed in A:C base pair are indicated in green dotted lines. 2D NOESY signal between [C]N3H
with [C]N4H′/[C]N4H′′ are indicated in solid and dotted red arrows respectively (right). Canonical hydrogen bonds formed in C+:C base pair are indicated
in red dotted line.
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3′-endo conformation, and global anti-parallel conforma-
tion of structure that resemble canonical i-motif structure
(41,42). The difference between i-motif and ACR6 structure
is the existence of putative A+:C non-canonical base pairs
(Figure 2C, left, green dotted line) that are intercalated with
C+:C base pairs (Figure 2C, right). Thus, we named ACR6
‘adenine-cytosine motif (AC-motif).

Based on the proposed 3D-structure of ACR6 from the
CD, fluorescence and NMR spectra, we made a model
of ACR6 using the known four-stranded i-motif structure
(PDB id: 1BQJ) (43) as a template by replacing the cy-
tosine with adenine in the first strand of i-motif (Figure
3A). In this AC-motif model, hemi-protonated adenine and
cytosine base pairs are intercalated with hemi-protonated
cytosine and cytosine base pairs. In order to validate our
model and test its stability, we performed a molecular dy-
namics (MD) simulation of the AC-motif structure for 1000
nanoseconds (ns) with the i-motif structure (PDB id: 1BQJ)
(43) as a control (Figure 3B). For comparison, we also per-
formed the MD simulation of AC-motif and i-motif mod-
els without protonation (Supplementary Figure S10A). By
this simulation, we confirmed that the protonation at the
[C]N3 for C+:C and [A]N1 for A+:C are necessary for stabi-
lization of the structure since MD simulation model with-
out protonation showed large root mean square deviation
(RMSD) possibly due to the lack of C+:C and A+:C base
pairs (Supplementary Figure S10A). Although it was note-
worthy that AC-motif is less stable than i-motif as demon-
strated by the relatively higher RMSD, both AC-motif and
i-motif structures with protonation showed lower RMSD
fluctuation (Figure 3B) than deprotonated models (Supple-
mentary Figure S10A).

Identification of AC-motif in the human genome

To elucidate the biological abundance and functional
implication of AC-motif, putative AC-motif-forming se-
quences were predicted in the human genome. We searched
the AC-motif-forming sequence based on the scheme
A3N6C3N6C3N6C3, where N can be any nucleotide includ-
ing adenine and cytosine. With this analysis, we identi-
fied 2151 putative AC-motif-forming sequences in the en-
tire human genome. In addition, we also found that they
are widely distributed in each chromosome with different
numbers: from 16 AC-motifs in chromosome Y to 171 AC-
motifs in chromosome 1 (Supplementary Figure S11). Fur-
thermore, we searched for the putative AC-motifs with a
linker length of 4 or 5 in the genome. Accordingly, we
found 4397 AC-motifs with a linker length of 4, and 4572
AC-motifs with a linker length of 5 (Supplementary Fig-
ure S11). We then chose 77 putative AC-motif-forming se-
quences present in the gene promoter regions based on the
information in the eukaryotic promoter database (EPD)
(44) to study the functional implication of AC-motif in gene
regulation (Supplementary Table S1). From the CD anal-
ysis of 77 ODNs covering the selected AC-motif-forming
sequences present in the promoter, respectively, we learned
that most ODNs with putative AC-motif-forming sequences
showed similar CD spectra to ACR6 in the presence of
Mg2+at pH 8.0 (Supplementary Figure S12), suggesting
that all predicted AC-motif-forming sequences in promoter

regions of the human genome indeed form a stable AC-motif
structure.

The role of CDKL3 AC-motif in transcriptional activity

Among the 77 AC-motif candidates found in various hu-
man gene promoters, AC-motifCDKL3, d(AAAAAAAGTC
CCGCGCAGCCCCCCCACCCC), 490 bp upstream of
the transcription start site (TSS) of cyclin dependent kinase
like 3 (CDKL3) gene (Figure 4A), was selected for structural
and functional studies. Since CDKL3 is known to have cell
proliferative effects in anchorage-independent HeLa cells
(45), it was expected that its investigation would provide the
biological implication of AC-motif in cell proliferation and
possibly cancers as well. As a control, we tested a mutant
AC-motifCDKL3 (Mut-AC-motifCDKL3) that has adenine nu-
cleotides in the position of the third cytosine run (III) of
AC-motifCDKL3 (Figure 4A). While the CD spectra of AC-
motifCDKL3 displayed the positive peak at 286 nm with CD
value of 7.2 × 106 M–1cm–1 in the presence of Mg2+ at both
low and high pH (Figure 4B), Mut-AC-motifCDKL3 showed
significantly lower CD value 3.3 × 106 M–1cm–1 as well as
a slight blue wavelength shift even in the presence of Mg2+

(Figure 4B). Therefore, it is certain that Mut-AC-motifCDKL3
cannot form a completely folded AC-motif structure even
in the presence of Mg2+. Our CD results suggest that AC-
motifCDKL3 maintains the stable i-motif-like structure (AC-
motif) at physiological pH in the presence of Mg2+.

To test the effect of AC-motifCDKL3 on transcription ac-
tivity, a 1 kb promoter region covering −700 to +300 nu-
cleotides with TSS as a reference point was cloned into
the luciferase reporter vector pGL3-basic (pAC-motifCDKL3;
Figure 4C), and the transcription activity was examined
by measuring the Firefly luciferase activity relative to Re-
nilla luciferase activity in HEK293 cells in the presence of
varied amounts of Mg2+(Figure 4D). As a control, the 1
kb promoter region containing Mut-AC-motifCDKL3 was in-
serted in the same reporter vector and activity was moni-
tored (pMut-AC-motifCDKL3). While the luciferase activity
of pAC-motifCDKL3 showed a gradual increase upon the en-
hanced concentration of Mg2+, the luciferase activity of
pMut-AC-motifCDKL3 remained unchanged as the concen-
tration of Mg2+ in the media increased from 0 to 10 mM
(Figure 4D). This suggests that Mg2+-dependent AC-motif
formation is relevant to the regulation of luciferase gene ex-
pression. In order to confirm the influx of magnesium ion
from the extracellular environment to the cell, we stained
the cell with Magnesium Green™ (Thermo Fisher Scien-
tific), which emits a green fluorescence signal upon metab-
olizing the magnesium ion inside the cells. By observing the
increased florescence intensity of the dye, we confirmed that
the concentration of the intracellular magnesium ion in-
creased in HeLa cells upon addition of magnesium in the
media (Supplementary Figure S13).

Effects of AC-motif formation on the expression of endoge-
nous CDKL3

To provide direct evidence supporting the regulatory
effect of AC-motifCDKL3 on gene expression at a cel-
lular level, stable mutant HeLa cell lines containing
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Figure 3. Molecular dynamic simulation of AC-motif and i-motif models. (A) Three-dimensional structure of the AC-motif model. The backbone (blue) and
bases (green for cytosine and magenta for adenine) are represented in ribbon and stick models, respectively. (B) Graphical representation of the root mean
square deviation (RMSD) of atoms in the protonated AC-motif (red) and i-motif (black) models during 1000 ns molecular dynamics simulation.

Mut-AC-motifCDKL3 were generated by CRISPR-Cas9
(Clustered Regularly Interspaced Short Palindromic Re-
peats and CRISPR-associated protein 9) technique (Fig-
ure 5a and Supplementary Figure S14) and the endogenous
CDKL3 level was examined in response to the magnesium
ions. By evaluating cell viability of each cell line in the pres-
ence of Mg2+, we found that >50% cells can survive in the
growth media containing 10 mM Mg2+ (Figure 5B), im-
plying that the cell assay in the presence of <10 mM of
Mg2+ is valid. In the wild-type cell lines, mRNA levels of
Cdkl3 increased up to 14.2-fold when Mg2+ concentration
in the growth media was increased to 10 mM (Figure 5C).
However, the mRNA expression level decreased 4.2-fold by
Mg2+treatment in the mutant cell line (Figure 5C). Since the
secondary structure of G-rich sequence on the strand com-
plementary to AC-motifCDKL3 was not affected by Mg2+at
pH 8.0, we were able to omit the possibility of an effect from
the G-quadruplex on the transcription of CDKL3 (Supple-
mentary Figure S15). When endogenous CDKL3 protein
levels were monitored by western blotting, we observed a
similar metal-dependent expression pattern (Figure 5D), al-
though the fold difference was different from the mRNA re-
sults. Together, these results imply that AC-motif formation
in the promoter region affects the transcription of CDKL3,

subsequently affecting protein levels. To further examine the
role of AC-motif in controlling the gene expression, we addi-
tionally examined the transcription of the gene that has AC-
motif in the promoter region. From the genome analysis
(Supplementary Table S1), we selected C19orf73 as a can-
didate. We have tested its mRNA increment as we increased
the concentration of Mg2+ (0–10 mM) in the growth me-
dia. In our result, we consistently observed that mRNA ex-
pression increased in a concentration-dependent way when
Mg2+ was treated (Supplementary Figure S16).

DISCUSSION

In this study, we verified that ODNs containing adenine and
cytosine repeats form a stable i-motif-like structure at the
physiological pH in the presence of Mg2+, and that they
have a biological role in controlling transcription in a metal-
dependent manner (Figures 1B–D and 6). Although sev-
eral non-canonical DNAs with important cellular activities
have been identified and studied, it has been hypothesized
that more DNA motifs with repeated sequences could form
stable secondary structures with various functionalities. We
provide evidences supporting this hypothesis by proving
the presence and functionality of AC-motif. In structural
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Figure 4. AC-motif formation on the CDKL3 promoter site. (A) The schematic illustrations of the AC-motif-forming site in the promoter region of
CDKL3 and the sequence of AC-motifCDKL3. Boxes I, II, III and IV represent the adenine and cytosine repeats participating in the formation of AC-motif
structure. GCF (GC-rich sequence DNA-binding factor), RXR� (Retinoid X receptor alpha) and E2F-1 transcription factor binding sites within the
CDKL3 promoter regions are indicated in bold and the sites were not altered in mutant HeLa cells. The start codon (ATG) is indicated at + 1 position.
TATA box (TATA) located at 4422 bp upstream of ATG and the transcriptional start site (TSS) at 4519 bp upstream relative to ATG are indicated. In the
mutant AC-motifCDKL3, the cytosine repeat in Box III is replaced by an adenine repeat. (B) The CD spectra of AC-motifCDKL3 and Mut-AC-motifCDKL3
in the presence and absence of Mg2+ at pH 5.0 and 8.0, respectively. (C) The schematic illustration of the pGL3-basic reporter containing 1 kb length of the
wild-type (pAC-motifCDKL3) and the mutant (pMut-AC-motifCDKL3) promoter of CDKL3. (D) The metal-dependent luciferase activity of the reporters,
pAC-motifCDKL3 and pMut-AC-motifCDKL3. The transcriptional activity of the wild-type and the mutant CDKL3 promoter is represented by the firefly
luciferase activity normalized to renilla luciferase activity. The reporter plasmids were transfected into HEK293 cells cultured in the presence of Mg2+ (0,
5 and 10 mM). **P(0.0031) < 0.05, n = 3, R2 = 9098, ns = P(0.9942); not significant. Statistical significance was assessed by two-tailed t-test.
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Figure 5. Magnesium-dependent expression of CDKL3 in wild-type and knock-in mutant cell lines. (A) Schematic representation of producing knock-in
mutant HeLa cell lines. (B) Mg2+-dependent cell viability of HeLa cells. Cell viability of the wild-type (WT) and the mutant HeLa cells was measured by
MTT assay in the presence of Mg2+ at the concentration of 0, 5 and 10 mM. Mutant HeLa cells were produced using CRISPR/Cas9 genome engineering
technology. (C) The effect of Mg2+ on the expression of Cdkl3 in wild-type and mutant HeLa cells. The Cdkl3 expression levels of the cells cultured in
media containing 0, 5 and 10 mM Mg2+ were quantified by real time PCR (RT-PCR) with normalization to Gapdh. The cells were incubated in the Mg2+

containing media for 24 h after changing the media. The results are displayed as the relative expression level of Cdkl3 of the wild-type HeLa cells incubated
at 0 mM Mg2+. (D) The effect of Mg2+ on the protein levels of CDKL3 in the wild-type and the mutant HeLa cells. The cells were incubated in the same
conditions as Figure 5b. The protein expression of CDKL3 was quantified by band intensity of the western blots with normalization to GAPDH protein.
The quantified band intensity is displayed as the relative amount to the proteins in wild-type HeLa cells incubated at 0 mM Mg2+. **P(0.0082) < 0.01,
n = 3, R2 = 9289, ***P (0.0003) < 0.001, n = 3, R2 = 0.9928. Statistical significance was assessed by two-tailed t-test.

aspect, AC-motif is expected to contain a non-canonical
A+:C base pairs intercalated with C+:C base pairs with sim-
ilar secondary structure to that of canonical i-motif (Fig-
ure 6) based on the CD, fluorescence, and NMR spectra.
Since pKa values of adenine is less than cytosine, A:C+ is
preferred than A+:C when they form hydrogen bond. How-
ever, we proposed that the protonation is achieved on ade-
nine but not on cytosine in A:C base pair upon AC-motif
formation under current experimental conditions based on
the following observations (Figure 2B): the cross-peaks of
[A]N1H/[A]H2 and [A]N1H/[A]N6H’ that are appeared in
‘Box a’ (Figure 2B) would likely to be the result of the pro-
tonation at N1 of adenine in A:C base pair rather than the
protonation at N3 of cytosine of which its chemical shift is
observed at around 15.5 ppm (5). Consistently, we also ver-
ified that C protonation is not preferred from the MD sim-
ulation result (Supplementary Figure S10). In this experi-
ment, the structural model AC-motif of which cytosine is
protonated, and adenine is deprotonated (cpAC-moitf) dis-

integrated within 500 ns of molecular dynamics (MD) simu-
lation (Supplementary Figure S10B) while the same model
with adenine protonation maintains the structural integrity
during the simulation (Supplementary Figure S10A) These
results suggest that the protonation on adenine is more fa-
vored than cytosine in achieving a stable AC-motif struc-
ture. Nevertheless, the high resolution atomic structure will
be necessary for further verification of the atomic interac-
tion in the AC-motif.

In general, protonated adenine and cytosine do not in-
volve in the formation of base pair in physiological pH be-
cause their pKa (<4.5) is lower than the neutral pH. How-
ever, it has been reported that the protonation in canoni-
cal A+:C wobble base pair can be achieved in higher or-
der nucleic acid structure such as riboswitch (37). This is
because the protonation may not solely depend upon pKa
values of isolated nucleotide base, but rather due to the
alteration of the local pKa caused by charge redistribu-
tion among nucleotide bases upon forming a higher order
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Figure 6. Schematic representation of i-motif and AC-motif. (A) Schematic representation of overall folding of i-motif. Two parallel strands (S1 and S3)
bonded by non-Watson–Crick base pairings between hemi-protonated cytosine and cytosine (C+:C) are intercalated with other parallel strands (S2 and S4)
in the opposite direction to form an intercalated structure. (B) Schematic representation of non-Watson–Crick base pairing between the hemi-protonated
cytosine (C+) at the N3 position and cytosine in the i-motif structure. (C) Schematic representation of the proposed overall folding of AC-motif. Two parallel
strands (S1 and S3) bonded by non-Watson-Crick base pairings between hemi-protonated adenine (cyan) and cytosine (green) (A+:C) are intercalated
with other parallel strands (S2 and S4) in the opposite direction with a C+:C base pair to form an intercalated structure. (D) Schematic representation of
the putative non-Watson-Crick base pairing between the hemi-protonated adenine (A+) at the N1 position and cytosine (C) in the AC-motif structure.
Nucleotide sequences and strand numbers are indicated (Figure 6A and C), and atom numbers in adenine and cytosine are indicated (Figure 6B and D).
Cytosine and protonated adenine bases are drawn as green and cyan plates, respectively. Possible hydrogen bonds are indicated by red dotted lines.
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nucleic acid structure (37,46–48). Consistently, i-motif for-
mation at near physiological pH is also observed in vitro (22)
and in vivo (18) conditions including human cells monitored
with in-cell NMR (49). Based on these evidences, we also
speculate the reason behind the formation of non-canonical
A+:C base pairings via protonation of adenine within the
context of AC-motif might be due to the alteration of local
pKa that enables the protonation of adenine upon forma-
tion of higher order structure.

There was controversy over the biological implication of
the i-motif structure until recent antibody detection of i-
motif in the nucleus (19), since the i-motif structure is not
expected to form at physiological conditions. We found that
AC-motif can form a stable i-motif-like structure at physio-
logical conditions in the presence of metal, and thus AC-
motif is likely to be present in the genome and involved in
many cellular events. We have proved that the many AC-
motif-forming sequences in the genome actually form a sec-
ondary structure. Furthermore, we demonstrated that AC-
motif formation is relevant to the regulation of the gene ex-
pression in response to Mg2+.

In this study, we found that magnesium ion has a criti-
cal role in stabilizing the AC-motif structure in the physi-
ological condition. The role of magnesium ion in the for-
mation and stabilization of i-motif was also suggested from
the study where i-motif structure is induced and stabilized
at physiological solution under molecular crowding condi-
tion in the presence of magnesium ion (34). It was also re-
port that (Ag+) and copper I (Cu+) ions stabilize the i-motif
structure at neutral pH (50,51). In these cases, metal cation
is proposed to stabilize structure by forming a Cytosine–
Metal+–Cytosine structure (50–52). However, Mg2+ bind-
ing between two bases is not expected in AC-motif since
metal-dependent change in NMR spectra was not observed
(Figure 2). Although the exact role of Mg2+ in the forma-
tion of AC-motif cannot clearly be defined with our current
data, we learned that Mg2+ plays an imperative role in main-
taining the AC-motif structure in a relatively neutral pH
environment, possibly by stabilizing the negatively charged
sugar phosphate backbone or by stabilizing the long-loop
structure of AC-motif (53,54). The role of Mg2+ ion is previ-
ously reported as for maintaining the non-canonical DNA
including Holliday junction of which is stabilized in the
presence of 10 mM of Mg2+ ion (55). Indeed, among re-
ported 509 DNA crystals, 113 crystal structures contain
magnesium ion bound either to phosphate backbones or
bases (56), suggesting that magnesium ion might also con-
tributes to the stability of AC-motif. In addition, the effect
of magnesium ion on CDKL3 gene expression could be fur-
ther confirmed by microarray experiments, in which fold
change was 1.54 in the wild-type cell while such was 1.16 in
the KI mutant cells. Interestingly, our microarray data also
showed the higher responsiveness of genes containing AC-
motif in their promoters to Mg2+ ion, compared to other
genes without AC-motif in their promoter regions (Supple-
mentary Figure S17). Further analyses of the genes contain-
ing AC-motifs will elucidate the biological significance of
AC-motifs in the genome. Considering the neutral pH con-
dition and the abundance of metals in cell, report on the ex-
istence of i-motif in nuclei (18) and our current cell biology
results suggest that metal ions are important in maintaining

the stability of the DNA secondary structure and their roles
in cells.

By searching DNA motifs with adenine- and cytosine-
repeats connected by hexa-nucleotides as a linker, we have
identified 2151 AC-motif-forming sequences in the human
genome. However, considering the i-motif-like CD spec-
tra of AC-motif with different linker size (Supplementary
Figure S4), we can expect numerous AC-motif-forming se-
quences to be present in human DNA and RNA in the
same way as G-quadruplex DNAs and RNAs (57–59). We
investigated AC-motifCDKL3 present in the promoter region
of CDKL3 as a model case and found that it up-regulated
the transcription of CDKL3 dependent on Mg2+ concen-
tration. However, by extrapolating the biological roles of G-
quadruplex into AC-motif, and considering the position of
AC-motif-forming sequence in several places in the genome
such as splicing sites, introns, exons and un-translated re-
gions (UTRs), AC-motif is expected to be involved in var-
ious biological activities. In the case of HRAS i-motif,
the formation of i-motif down-regulates the transcription
(60). On the other hand, our study demonstrates the up-
regulation of CDKL3 gene upon formation of AC-motif
in the promoter region. We speculate that the binding of
some transcription factors interacting with AC-motif could
increase CDKL3 gene expression, in a manner similar to
ATRX protein upregulating the expression of Xlr3b gene
by binding to the G-quadruplex present in the promoter re-
gion of Xlr3b gene (61). Further study should be conducted
to further explore this intriguing idea. Moreover, we also
think that the formation of AC-motif can dynamically com-
pete with i-motif depending on the biological circumstances
such as different transcription factors binding or negative
supercoiling since they might seem to share similar cyto-
sine tracts as AC-motif forming sequences overlap with i-
motif forming sequences in many cases (Supplementary Ta-
ble S1). Until now, the biological implication of many DNA
repeats has not been well understood. As demonstrated in
this study, their biological activities may be linked to sta-
ble non-canonical structures, which are not expected or pre-
dicted based on current knowledge. Therefore, for a com-
prehensive understanding of those DNA motifs with re-
peated sequences at the molecular and genomic level, it is
necessary to conduct further studies on their structure and
function. Our current study contributes to future investi-
gation on nucleic acid secondary structures by providing a
platform to identify and verify the structure and function of
novel nucleic acid motifs.
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