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ABSTRACT
Introduction: Existing research establishes the role of oligodeoxynucleotides (ODNs) containing
cytosine-phosphate-guanine motifs (CpG ODNs) as adjuvants to vaccines against infectious dis-
eases. However, the natural structure of ODN with phosphodiester (PD) linkages is prone to degra-
dation by serum DNase, which limits the application of CpG ODNs. We recently engineered a
monomeric guanine-quadruplex (G4)-structured CpG ODN (G4 CpG ODN) and determined that
the monomeric G4 increased the DNase resistance, intracellular uptake, and cytokine induction of
CpG ODN in vitro and in vivo. However, the effect of the primary sequence on G4 conformation
and function of G4 CpG ODN is unclear. Methods: Therefore, in this study, we examine the role
of loop permutation, a sequential order of three G4 loops, in G4 folding and immunostimulatory
properties of G4 CpG ODNs. We explore the impact of loop permutation on the immunostimula-
tory activity of GD3_2L, a monomeric G4 CpG ODN that we reported previously. We exchanged
the sequence of the second loop with the first and third loops of GD3_2L to obtain GD3_1L and
GD3_3L, respectively. The structure of the obtained ODNs was determined by circular dichro-
ism and polyacrylamide gel electrophoresis; the thermodynamic stability of ODN was evaluated
through UVmelting curve analysis. We assessed the immunostimulatory activity by examining the
relative messenger RNA (mRNA) levels of cytokines produced in G4 CpG ODN-stimulated mouse
macrophage-like RAW264by reverse transcription-quantitative polymerase chain reactionmethod.
Results: We found that changing the sequential order of CpG motifs from the second to the first
loop resulted in a change inG4 conformation fromhybrid to parallel and a decrease in the compact-
ness and thermodynamic stability of GD3_2L. Moreover, swapping order between the second and
third loop of GD3_2L led to a hybrid G4 structure that is as stable as GD3_2L but possesses a lower
cytokine induction. Conclusion: In conclusion, the loop permutation does not always change the
topology and structural compactness; instead, it changes the conformation of CpG motifs in the
G4 structure, directly affecting the immunostimulatory properties. Our result demonstrates that
the loop-transposition-mediated structural compactness decrease can, if exploited, increase the
efficacy of immunostimulatory G4 CpG ODN.
Key words: Guanine quadruplex structure, CpG oligodeoxynucleotide, Toll-like receptor 9, Loop
permutation.

INTRODUCTION
Recently developed vaccines are not based on the en-
tire organism but on its antigenic (Ag) parts, such as
protein, DNA, or RNA.These vaccines show poor im-
munogenicity and, thus, difficulty in inducing effec-
tive immune responses. These vaccines also require
including a vaccine adjuvant to trigger the innate im-
mune response and allow the vaccine to induce an
Ag-specific immunity at a high level and for a long
duration1. Oligodeoxynucleotides (ODNs) contain-
ing cytosine-phosphate-guanine (CpG) motifs repre-
sent new-generation vaccine adjuvants. CpG mo-
tifs such as GTCGTT or GACGTT are abundant in
bacterial and viral DNA but are found in very low

frequencies or methylated in vertebrate DNA. CpG
ODN is thus a potent stimulator of the innate immune
system through the activation of toll-like receptor 9
(TLR9), which is one of the pattern recognition recep-
tors of the innate immune system2. However, native
ODNwith a phosphodiester (PD) backbone is suscep-
tible to degradation by serumDNase, which interferes
with therapeutic applications. Consequently, phos-
phorothioate backbone-based CpG ODNs (PT CpG
ODNs) have been investigated as TLR9 agonists. CpG
1018, a PT CpG ODN, has been used as an adjuvant
in the hepatitis B vaccine HEPLISAV-B recently ap-
proved by the United States Food and Drug Adminis-
tration (US FDA). However, PTODNs can reportedly
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cause thrombocytopenia, anemia, and leukopenia.
Furthermore, there is still concern about the long-
term side effects of PT ODNs, such as neurodegen-
erative diseases (e.g., Alzheimer’s disease), because
the PT backbone has a high nonspecific affinity to-
ward various proteins3. Hence, improving the DNase
stability of CpG ODNs without chemically denatur-
ing their backbone has attracted significant attention
from researchers.
We have reported that using a monomeric guanine-
quadruplex (G4) structure as a scaffold can increase
DNase resistance and immunostimulatory efficacy of
linear PD CpG ODNs (Figure 1)4. The G4 structure
is a non-canonical DNA structure that is highly stable
and exists naturally in guanine-rich regions of DNA,
such as in the telomeres of eukaryotic chromosomes
and the promoter region. The monomeric G4 CpG
ODN consists of a G4 stem and three single-stranded
loops. The G4 stem is composed of stacked guanine
quartets, where the guanine quartet comprises four
guanines arranged in a square plane and stabilized
by Hoogsteen hydrogen bonds (Figure 1). Single-
stranded loops connect the guanine quartets in theG4
stem. TheCpGmotifs in the single-stranded loops are
capable of activating TLR9 and providing immunos-
timulatory activities4,5.
We reported that GD3_2L, a G4 CpG ODN con-
taining three CpG motifs in the second loop, in-
duced more robust production of interleukin (IL)-6,
IL-12, and interferon (IFN)-β in mouse macrophage-
like RAW264 cells than GD1, and GD2, which are
the G4 CpG ODNs containing one and two CpG
motifs, respectively 4. In an attempt to further in-
crease the immunostimulatory properties of GD3_2L,
we explored the impact of specific factors on the
efficacy of GD3_2L. We found that the combina-
tion with cationic lipid6 or G4-binding ligand7 al-
lows GD3_2L to induce higher cytokine production
in mouse macrophage-like RAW264 cells than naïve
GD3_2L. However, the influence of loop mutation on
GD3_2L efficacy remains to be clarified. In addition,
the position of the long loop can affect the folding of
G4 ODNs, which may influence the function of G4
ODNs8. Therefore, in this study, we analyzed the ef-
fects of the position of the loop containingCpGmotifs
on the immunostimulatory activity of GD3_2L while
maintaining identical loop compositions. The use of
circular dichroism (CD) and polyacrylamide gel elec-
trophoresis (PAGE) determined the ODN’s structure
and implementing UV melting curve analysis deter-
mined the ODN’s thermodynamic stability. We as-
sessed the immunostimulatory activity by examin-
ing the relative messenger RNA (mRNA) levels of cy-
tokines produced in G4 CpGODN-stimulatedmouse

macrophage-like RAW264 by reverse transcription-
quantitative polymerase chain reaction (RT-qPCR).

METHODS
Oligodeoxynucleotides
This study’s purchase source for all ODNs is Eurofins
Genomics (Tokyo, Japan). TheODNsused have phos-
phodiester backbones and are HPLC-purified grade.
Table 1 displays the ODN sequences.

G-quadruplex structure preparation of
ODNs
The stock solutions (~100 µM) were prepared by
dissolving the lyophilized powder of the purchased
ODNs in sterile Milli-Q water and stored at −30
◦C until use. Before use, the ODNs were diluted
from the stock solution using Dulbecco’s phosphate-
buffered saline (D-PBS, DS Pharma Biomedical, Os-
aka, Japan). Next, they underwent a heat treatment
using a thermal cycler (PCR Thermal Cycler Dice
Standard TP650, Takara Bio, Shiga, Japan) to prepare
the G4 structure. For example, 2 µL of 10x D-PBS,
2 µL of 100 µM ODNs stock solution, and 16 µL of
sterileMilli-Qwater weremixed in a PCR tube to pre-
pare 20 µL of 10 µM G4 CpG ODN solution. Then,
the ODN solutions were heated to 95 ◦C for 5 min,
followed by gradual cooling to 30 ◦C for 30 min, and
then the solutions were cooled to 4 ◦C. Finally, we
stored the G4 ODN solutions at 4 ◦C until use.

Circular dichroism (CD) spectroscopy
The G4 CpG ODN solutions were prepared at 20 µM
in 1x D-PBS and then diluted to 2 µM with 1x D-
PBS. A quartz cuvette (model T-18-ES-10, 1 cm path
length, Jasco) containing 100 µL of the 2 µM ODN
solution was used to measure the CD spectra. We
utilized a Jasco J-725 CD spectropolarimeter to con-
duct the CD spectra measurements over a wavelength
range of 230 to 320 nm (scan speed, 50 nm/min; re-
sponse time, 2.0 s; bandwidth, 1.0 nm; resolution, 0.2
nm; and sensitivity, 100mdeg) at 25 ◦C.The spectrum
of each ODN is the average of five scans.

Polyacrylamide gel electrophoresis (PAGE)
Gel electrophoresis was conducted using 10 — 20%
polyacrylamide gels (PAGE; 1 mm thick; ATTO,
Tokyo, Japan) in tris-glycine (TG; 25 mM tris, 125
mMglycine) buffer supplemented with 4mMKCl at a
constant current of 20mA at 4 ◦C.The sizemaker was
the ultra-low range DNA ladder (Thermo Fisher Sci-
entific, Waltham, MA, USA). In addition, SYBR gold
nucleic acid gel stain (Thermo Fisher Scientific) was
used to stain the bands in the gel.
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Figure 1: Schematic illustration of the monomeric G4 oligodeoxynucleotide containing CpG motifs in the
second loop.

Table 1: Sequence of CpG oligodeoxynucleotides used in this study

Name Sequence (from 5’ to 3’)

GD3_1L GGGGTCGTTTTGTCGTTTTGTCGTTGGGTTGGGTTGGG 

GD3_2L GGGTTGGGGTCGTTTTGTCGTTTTGTCGTTGGGTTGGG 

GD3_3L GGGTTGGGTTGGGGTCGTTTTGTCGTTTTGTCGTTGGG

Note: Bold letters: guanine-tracts, Underline: CpG motif

CD and ultraviolet (UV) melting curves
The G4 CpG ODN solutions were prepared at 40 µM
and then drawn into a quartz capillary cell (CAP-
100Q, Jasco, Tokyo, Japan) via capillary action. Both
ends of the capillary cell were sealed to prevent sam-
ple volatilization. Then, the cell was placed into the
capillary jacket and placed into a Peltier thermostat-
ted cell holder. A temperature sensor was inserted
into the sensor insertion port on the jacket to ensure
accurate sample temperature measurements. The CD
andUVmelting curves were determined by recording
the CD and absorbance of the samples, respectively,
at 260 nm and 295 nm over a temperature range of 10
to 90 ◦C using a Jasco J-1500 CD spectropolarimeter
(Tokyo, Japan). The renaturation and denaturation
and the profiles of ODNs were obtained during the
cooling and reheating processes. Themelting temper-
ature (Tm) of G4 CpG ODNs was calculated from the
melting curve using a previously reported method4.

Cell culture
The mouse macrophage-like RAW264 cell line
(RCB0535), purchased from RIKEN BioResource
Center (Tsukuba, Japan), was maintained at 37 ◦C
in a 5% CO2-humidified incubator and grown in
a minimum essential medium (MEM) (Thermo
Fisher Scientific) supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS) (Sigma-Aldrich,

St Louis, MO, USA) and 1% (v/v) MEM nonessential
amino acid solution (100x, Fujifilm Wako Pure
Chemical, Osaka, Japan).

Immunostimulation of RAW264 cells

RAW264 cells in a culture medium containing 1%
(v/v) penicillin/streptomycin (P/S, 100x, Thermo
Fisher Scientific) were seeded into a 96-well plate (1
× 105 cells/well, 5.3 × 105 cells/mL, 190 µL) and in-
cubated for 18 h. Then, the cells were treated with 10
µL of 80 µM ODN (the final ODN concentration is
4 µM). Afterward, the cells were incubated for 24 h
before evaluating the relative transcript levels of cy-
tokines. In addition, relative transcript levels of IL-6
and IL-12p40 in RAW264 cells were examined by RT-
qPCR, as described previously 4. The sequences of the
forward and reverse primer ofmurine cytokines are as
follows:
GAPDH: Forward: 5’-
GTGGACCTCATGGCCTACAT-3’, reverse: 5’-
TGTGAGGGAGATGCTCAGTG-3’
IL6: Forward: 5’-TCCTTCCTACCCCAATTTCC-3’,
reverse: 5’-CGACACTAGGTTTGCCAGTA-3’
IL12p40: Forward: Forward: 5’-
GAAAGGCTGGGGTATCGG-3’, reverse: 5’-
GGCTGTCCTCAAACTCAC-3’
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Statistical analysis
Statistical significance of the differences was deter-
mined by one-way analysis of variance (ANOVA) fol-
lowed by either Tukey’s multiple comparisons test for
comparison with other groups or by Dunnett’s mul-
tiple comparisons test for comparison with a control
group. GraphPad Prism version 9.4.0 for Windows
(GraphPad Software, La Jolla, CA, USA) was used to
perform all statistical analyses.

RESULTS
We designed G4 CpG ODNs containing CpG mo-
tifs at the second loop in a previous study. In the
present study, to examine the influence of the position
of the loop containing CpG motifs, we created GD3-
_1L and GD3_3L by swapping the place of the long
loop containing theCpGmotifs (L*) with the first (L#)
and the third (L$) short TT loop of GD3_2L, respec-
tively. These variants only differed in the order of the
loop containing the CpG motif, while the length and
composition were kept identical. Scheme 1 shows
the schematic illustration of the loop permutation of
GD3_2L.
CD spectra examined the G4 topology of ODNs. Fig-
ure 2 shows that GD3_2L exhibits a negative peak at
240 nm and a broad positive peak in the 260–290 nm
range, similar to the characteristic peaks of a hybrid
type G4. In addition, the peak fitting and deconvo-
lution of GD3_2L CD spectra in a previous study 4

suggested that an overlap of a positive peak at around
280 nm, corresponding to the long central loop with
a random structure, with two positive peaks at 260
and 295 nm, corresponding to the hybrid G4 stem,
caused the broad positive peak at 260–290 nm. In ad-
dition, principal component analysis (PCA) indicated
that GD3_2L forms hybrid G47. The CD spectrum of
GD3_1L has a negative peak, positive peak, and bulge
at 243, 266, and 285 nm, respectively, suggesting that
GD3_1L mainly forms a parallel structure and par-
tially forms a hybrid structure. GD3_3L shows a sim-
ilar CD spectrum to GD3_2L, but the intensity of the
broad peak of GD3_3L is slightly higher than that of
GD3_2L, indicating that GD3_3L formed a hybrid G4
structure analogous to GD3_2L.
We conducted PAGE analysis of CpG ODNs in the
presence of K+ in the running buffer to evalu-
ate G4 molecularity, which is the quantity of ODN
molecules forming G4. Figure 3 shows that all ODNs
moved as fast as the 35-base pair (bp) marker, in-
dicating that the ODNs are formed compact struc-
ture. GD3_1L has lower mobility than GD3_2L and
GD3_3L, whereas GD3_2L and GD3_3L have similar

mobility, which suggests that the GD3_1L structure is
less compact than GD3_2L and GD3_3L.
We elucidated the effect of the G4 CpG ODN se-
quence on the thermodynamic stability by evaluat-
ing the melting temperatures calculated from their
UV melting curves at 295 nm (Figure 4). The melt-
ing temperature of GD3_1L is the lowest, indicating
that GD3_1L is less stable than the other ODNs. On
the other hand, the melting temperature of GD3_2L
is higher than GD3_3L, suggesting that the thermo-
dynamic stability of GD3_2L is higher than GD3_3L
(Table 2). In addition, the decrease in the UV ab-
sorbance at 295 nm correlated to temperature indi-
cates that all ODNs form G4 structures.
We analyzed the transcription levels of IL-6 and IL-12
produced in mouse macrophage-like RAW264 cells
to evaluate the effects of the long loop position on
the immunostimulatory activity induced by G4 CpG
ODN. Figure 5 shows that RAW-264 cells exposed
to the examined G4 CpG ODNs induced cytokine
production at significantly higher levels than those
exposed to the negative control, D-PBS, suggesting
that all examined G4 CpG ODNs exhibit immunos-
timulatory activity. Furthermore, GD3_1L induced
a higher IL-6 and IL-12 production than GD3_2L
and GD3_3L, implying that GD3_1L has a higher im-
munostimulatory activity thanGD3_2L andGD3_3L.
Additionally, GD3_2L stimulated a higher cytokine
production than GD3_3L.

DISCUSSION
To explore the impact of loop permutation on the im-
munostimulatory activity of GD3_2L, we exchanged
the sequence of the second loop with the first and the
third loop to obtain GD3_1L and GD3_3L, respec-
tively, as shown in Scheme 1. The obtained ODN se-
quences differ in the sequential order of their three
loops but have identical G-tracts, loop length, and
loop composition.
Some studies reported that loop permutation does not
stimulate the topology change inG4 structures. Fox et
al. showed that despite the difference in the sequen-
tial orders of T and TTTT loops, d[(TG3)2T4(G3T)2]
and d[TG3T4(G3T)3] adopt identical parallel topolo-
gies9. This adoption occurs due to two single-
nucleotide loops in the sequence, which force the
structure into a parallel fold, regardless of the remain-
ing loop’s length10.
This study revealed the significant role of loop permu-
tation in regulating the folding patterns of G4 CpG
ODN. The exchange of the short first loop and the
long second loop of GD3_2L leads to a change in the
G4 topology from hybrid to parallel (Figure 3) and
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Scheme 1: Loop permutation to create GD3_1L and GD3_3L from GD3_2L. In the scheme, L#, L$:
TT; L*: GTCGTTTTGTCGTTTTGTCGTT.

Figure 2: Circular dichroism spectra at 25 ◦C in the presence of 4mMK+ of GD3_1L, GD3_2L, and GD3_3L.

Figure 3: Polyacrylamide gel electrophoresis analysis of GD3_1L, GD3_2L, and GD3_3L in the presence of
4mMKCl. The ultra-low range DNA ladder was used as a DNAmarker.

5414



Biomedical Research and Therapy 2022, 9(11):5410-5417

Figure 4: Melting curves of (A) GD3_1L, (B) GD3_2L, and (C) GD3_3L. Absorbance at 295 nm was monitored
during the heating of the ODNs.

Figure 5: Immunostimulatory activities of GD3_1L, GD3_2L, and GD3_3L. Cytokine induction in mouse
macrophage-like RAW264 cells stimulated by the ODNs was evaluated by determining the relative mRNA levels
of (A) IL-6 and (B) IL-12p40 expressed in the cells. The relative mRNA level compared to [D-PBS] control group
was calculated. Data represent mean± SD (n = 5). ∗∗∗∗p < 0.0001, ∗∗∗p < 0.001, ns (not significantly different) p >
0.05 (*, one-way ANOVA, Tukey’smultiple comparisons test for comparisonwith other groups; #Dunnett’smultiple
comparisons test for comparison with the D-PBS control group).

Table 2: Melting temperatures of G4
CpG oligodeoxynucleotides

ODNs Melting temperature (◦C)

GD3_1L 37

GD3_2L 47

GD3_3L 44
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results in a decrease in the compactness and ther-
modynamic stability of GD3_2L (Figure 4 and Ta-
ble 1). This shift in topology suggests that putting
CpG motifs into the first loop is not preferable to
form a stable G4 structure. Our results are compat-
ible with the findings of Cheng et al., who reported
that G4 with a longer central loop tends to form a sta-
ble non-parallel topology, and sequences with a short
central loop have a high tendency to form a paral-
lel topology with lower stability 8. Meanwhile, swap-
ping the order of the long second loop and the short
third loop of GD3_2L allows the formation of a sta-
ble hybrid G4. Presumably, a long linker sequence
at the first loop but not at the third loop enables the
ODN to form a parallel G4 structure, which coheres
with the observation of Cheng et al., who evaluated
the impact of loop position exchange on the G4 fold-
ing11. They designed a set of ODNs having identical
nucleotide compositions, loop length, loop composi-
tion, G-tracts, and flanking sequences except for the
sequential order of loops11. The ODNs contain two
TT loops and one TTA loop in the human telomeric
sequence11. The ODN d[TT G3(TTG3)2TTAG3A],
containing TTA sequence in the third loop, forms a
non-parallel (hybrid or anti-parallel) G-quadruplex,
while d[TTG3TTAG3(TTG3)2A], containing TTA in
the first loop, forms a parallel G411. In addition, there
is a difference between our study and the previous
study in terms of the topology of the ODNs with the
center loop longer than two external loops. The hu-
man telomeric sequence-based ODN with “TTA” in
the central loop and “TT” in two external loops form
parallel G411, while GD3_2L forms hybrid G4. This
formation is perhaps attributable to the difference in
the lengths of the central loop.
Loop transposition leads to a change in the biological
function of G4 ODNs. For example, the 22-mer se-
quence containing the CpGmotif of GD3_2L translo-
cation from the second loop to the first loop correlates
with an increase in cytokine induction. Thehigher cy-
tokine induction of GD3_1L compared with GD3_2L
may be attributed to the less compact structure of
GD3_1L, as indicated by the PAGE results (Figure 3).
Literature recognizes that a CpG ODN may adopt a
bent conformation when it binds to both protomers
of TLR9, resulting in TLR9 stimulation12. The flex-
ibility of CpG motifs in higher-order structures has
been demonstrated to play a vital role in TLR9 recog-
nition and the subsequent immunostimulatory activ-
ities13. The looseness in the structure of GD3_1L re-
duces the rigidity of CpG motifs, enabling the CpG
motifs to have more chances to interact and facilitate
easier interaction with TLR9.

Meanwhile, swapping the second loop and the third
loop of GD3_2L results in a decrease in the IL-6 and
IL-12 induction. The structure of GD3_3L is as com-
pact as GD3_2L’s structure (Figure 3 ), but GD3_3L is
less effective than GD3_2L in TLR9 activation. Pre-
viously, we reported that inserting CpG motifs into
different loops of RE31, a sequence forming anti-
parallel G4 structure, leads to different immunostim-
ulatory activities. Inserting the CpG motif into the
first or third loop of RE31 preserves the anti-parallel
structure of the wild-type, but the RE31 variant with
CpG motifs in the third loop exhibits a significantly
lower cytokine induction than the one with CpGmo-
tifs in the first loop14. The CpG motif located in the
third loop of RE31 interacts with poly-guanine near
the 3’-terminal and consequently forms a weaker in-
teraction with TLR914. Although additional analy-
ses should examine the structure of the examined G4
CpGODNs and the interaction betweenTLR9 andG4
CpGODNs, our results suggest that the factor directly
influencing the immunostimulatory properties is not
topology but rather the conformation of CpG motifs
in G4.

CONCLUSIONS
The results of this study indicated that increasing the
immunostimulatory properties of GD3_2L is possi-
ble by changing the sequential order of CpG motifs
from the second to the first loop. This increase in
efficacy may result from decreased structural com-
pactness, which facilitates TLR9-CpG motif interac-
tion. In addition, GD3_2L and GD3_3L have similar
topology and structural compactness, but GD3_3L is
considerably less effective than GD3_2L, suggesting
that the G4 topology does not directly impact the im-
munostimulatory properties. The crucial factor de-
termining the efficiency of G4 CpGODNsmay be the
conformation of CpGmotifs in the loop, regulated by
several factors, including loop permutation.

ABBREVIATIONS
CD: circular dichroism, CpG: cytosine−phosphate−
guanine, G4 CpG ODNs: G-quadruplex-based CpG
ODNs, G4: G-quadruplex, IFN-β : interferon-β ,
IL-12: interleukin-12, IL-6: interleukin-6, ODNs:
oligodeoxynucleotides, PAGE: polyacrylamide gel
electrophoresis, RT-qPCR: reverse transcription
quantitative-polymerase chain reaction, TLR9:
Toll-like receptor 9, UV: ultraviolet
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