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ABSTRACT: The thermal stability of G-quadruplexes is im- T 5
portant for their biological roles. G-quadruplexes are stable in the ! :
presence of cations such as K* and Na" because these cations
coordinate in the G-quartet of four guanine bases. It is well known
that the number of G-quartets and the configuration of the guanine
bases affect the binding affinity of the cation. Recently, structures
formed in the loop regions connecting the guanine stretches have
attracted significant attention, because the loop region affects G-
quadruplex properties, such as topology, thermal stability, and
interactions with proteins and small molecules. Considering these
effects, the loop region can also affect the binding affinity of the
cations. Here, we designed a series of G-quadruplex-forming DNA sequences that contain a hairpin in a loop region and investigated
the effects of the sequence and structure of the loop region on the cation binding affinity as well as the thermal stability of the G-
quadruplex as a whole. First, structural analysis of the DNA sequences showed that the hairpin at the loop plays a key role in
determining G4 topology (strand orientation). Second, in the case of the G-quadruplexes with the hairpin-forming loop region, it
was found that a longer loop length led to a higher thermodynamic stability of the G-quadruplex as well as higher cation binding
affinity. In contrast, an unstructured loop region did not lead to such effects. Interestingly, the cation binding affinity was correlated
to the thermodynamic stability of the hairpin structure at the loop region. It was quantitatively demonstrated that the stable loop
region stabilized the whole G-quadruplex structure, which induced higher cation binding affinity. These systematic and quantitative
results showed that the loop region is one of the determinants of cation binding and expanded the possibilities of drug development
targeting G4s by stabilizing the loop region.
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1. INTRODUCTION

Guanine-rich DNA sequences can fold into a G-quadruplex

upon binding to the G-quartets.”” These two features of
cations, the ionic radius and the dehydration energy, were

(G4), which is a four-stranded helical structure built from
multiple G-quartets with Hoogsteen base pairs between the
four guanine bases.”” In the human genome, G4-forming
sequences have been identified at telomeres and other
biologically important regions such as promoters and introns
of various genes.3_8 In these regions, DNA G4 controls
biological events such as telomerase elongation,9 replication,10
and transcription.”‘12 Moreover, DNA G4 participates in the
onset mechanisms of a variety of diseases.'>”'> Thus, G4s are
attractive drug targets for cancer,®"” neurodegenerative
diseases,"® and virus infections.'”*° Since there is a relationship
between G4 thermodynamics and the inhibitory effects on
enzymes related to gene expression,'"'**" factors affecting the
thermodynamics of G4s have been extensively studied.”*™*°
Metal cations are well-known critical factors for forming and
stabilizing G4s in vitro and in vivo.® Cations mainly bind to the
O6 atoms of the guanines, which are located in the center
cavity of the G-quartet. Thus, the ionic radius of the cation has
been considered to be a key factor in determining the binding
affinity of the cation with DNA G4.*>*” Furthermore, it was
shown that G4 is stabilized by dehydration from the cations
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reported to be almost equally important for the binding affinity
of cations with G4.”® Glycosidic bond orientation also affects
the behavior of cations: syn glycosidic bond orientation
penalizes the release of K', which results in asymmetrical
cation movements though the two terminals of G4s.” Zaccaria
et al. revealed that the cation is not needed to reduce repulsion
between the oxygen atoms but rather provides additional
stability of the G-quadruplex by electrostatic and donor—
acceptor interactions between the oxygens and the cations.”®

Oganesian et al. reported that a Tetrahymena telomeric DNA
G4 sequence suppresses telomerase elongation by forming a
stable G4 in the presence of K* or Na*, and the suppression
efficiency depends on the coexisting cation species.”’ More-
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Figure 1. (A) G4 structure (PDB ID: 7CV3) of 10HP. 10HP includes a hairpin with three GC base pairs at the second loop region from the 5’
end. (B—H) Loop sequences of DNA oligonucleotides designed based on 10HP. (B) 10SS: no structure is formed. (C) CTC-mis: one GC base
pair was replaced by one TT mismatched base pair. (D) TAA: three GC base pairs were replaced by three AT base pairs. (E) TGC: one GC base
pair was replaced by one AT base pair on the distal side from the loop. (F) TAC: two GC base pairs were replaced by two AT base pairs on the
distal side from the loop. (G) CGA: one GC base pair was replaced by one AT base pair on the proximal side from the loop. (H) CAA: two GC
base pairs were replaced by two AT base pairs on the proximal side from the loop. Mutation sites are highlighted in yellow.

Table 1. Sequences of DNA Oligonucleotides Used in This Study”

Abbreviation Sequence (5’ to 3°)?

10SS GCGGGAGGG AGCGAATATA GGGTCGGG
10HP GCGGGAGGG CGCGCCAGCG GGGTCGGG
CTC-mis GCGGGAGGG CTCGCCAGTG GGGTCGGG
TAA GCGGGAGGG TAAGCCATTA GGGTCGGG
TGC GCGGGAGGG TGCGCCAGCA GGGTCGGG
TAC GCGGGAGGG TACGCCAGTA GGGTCGGG
CGA GCGGGAGGG @GCCAE GGGTCGGG
CAA GCGGGAGGG CAAGCCATTG GGGTCGGG

“Base pairs in the hairpin stem of the second loop region are underlined.

over, the thermal stability of G4s, which is dependent on
coexisting cation species, is critical not only for telomerase
inhibition but also for other regulatory roles of G4s.'"*"*!
These phenomena clearly demonstrate that cation binding is
one of the determinants for forming and stabilizing
G4s™ 27772 to play their biological roles.

Recently, the loop region of G4 has attracted attention as a
structural element for controlling topology,”** thermal
stability,‘?’*%’35 folding kinetics,>® and interactions with small
molecules and proteins of G4.>”7% Therefore, it is considered
that the loop regions further affect the cation binding. In fact,
Podbevsek et al. showed that the cation exchange rate constant
for an unimolecular G4, d[G4(T,G,);] containing a single
diagonal loop, is 80 times slower than that for a bimolecular
G4 d(G,T,G,) composed of two diagonal loops.*’ It was also
reported that the longer the loop length of G4, the lower the
binding affinity of K to G4s.”' These results strongly suggest
that one should consider not only the G-quartet but also the
loop region to reveal the determinants of the cation binding
affinity with G4s. However, the roles of the loop region in
binding of the cation to G4 still remain unclear.

In this study, we investigated the effects of structures formed
in a loop region of G4 on the cation binding affinity. We
utilized DNA G4, in which one of the loop regions folds into a
hairpin loop structure.”” (Here, we refer to “the hairpin loop
structure” formed at the loop region as a “hairpin” to avoid
ambiguity.) We designed G4s that have a hairpin at the second
loop with various thermal stabilities. Structural analysis of the
DNA sequences showed that the hairpin at the loop forces a
hybrid G4. Thermodynamic analysis revealed that the more
stable hairpin leads to the higher stability of the overall G4 and
the higher binding affinity with K*. These systematic results

demonstrate that the loop region is one of the determinants of
thermodynamics and cation binding affinity of G4, thus
expanding the possibilities of drug development targeting G4
by targeting the loop region or stabilizing G4s with long loop
regions.

2. RESULTS AND DISCUSSION

2.1. Sequence Design of G4s Having Various Hairpin
Structures in the Loop Region. Phan and his colleagues
reported a hybrid type G4 (with one of the four G-stretch
regions in the opposite direction to the other three),
containing a hairpin structure at the second loop region
from the 5" end (Figure 1A and Table 1).** This sequence is
derived from the PIM1 gene, which is overexpressed in triple-
negative breast cancer cells, ™ hematopoietic cancer cells,** and
prostate cancer cells.” The hairpin is composed of a stem with
three G-C base pairs and a four-base loop (5'-GCCA-3’). To
systematically investigate the effects of the loop structure on
the thermal stability of the overall G4 structure and the cation
binding affinity, a series of G4s were designed as follows
(Figure 1B—H and Table 1). 10SS: without hairpin; CTC-mis:
one TT mismatched base pair in the stem; TAA: three AT
base pairs in the stem; TGC: one AT base pair at the distal
side from the loop; TAC: two AT base pairs at the distal side
from the loop; CGA: one AT base pair at the proximal side
from the loop; CAA: two AT base pairs at the proximal side
from the loop. These DNA sequences have the same length of
the loop region, and only the composition of nucleobases is
different.

2.2. Structural Analysis of G4s. The structures of the
designed DNA oligonucleotides were studied by circular
dichroism (CD). Figure 2A shows the CD spectra of 10 uM
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Figure 2. (A) CD spectra of 10 M DNA oligonucleotides in a buffer containing 100 mM KCl, 10 mM LiH,PO,, and 1 mM Li,EDTA (pH 7.0) at
25 °C. (B) Schematic structures of (left) parallel G4 and (right) hybrid G4.

DNA oligonucleotides in a buffer containing 100 mM KCl, 10
mM LiH,PO, (pH 7.0), and 1 mM Li,EDTA at 25 °C. The
CD spectrum of 10SS (black color) showed positive and
negative peaks around 265 and 240 nm, respectively, indicating
a parallel G4 (left, Figure 2B).* Since a loop with a single
nucleotide strongly promotes a parallel topology irrespective of
the length and composition of other intervening sequences,33
the parallel G4 of 10SS is induced by the single adenine
nucleotide at the first (5’ side) loop. The CD spectrum of
10HP (red) showed positive peaks around 295 and 265 nm,
indicating a hybrid G4* (right, Figure 2B), confirming the
hybrid G4 reported by NMR spectroscopy.*” Similar to 10HP,
other DNAs (CTC-mis, TGC, TAC, CGA, and CAA) showed
positive peaks around 295 and 265 nm, indicating hybrid G4
structures, although there should be small differences in their
structures. Comparing 10SS and others, it is reasonable to
consider that the oligonucleotides with the hairpin structure at
the second loop force the formation of the hybrid G4, even
with the single-nucleotide loop at the S’ side. These hairpin
effects may be useful to lock the G4 topology, by which protein
recognition is altered. In addition, TAA shows a CD spectrum
similar to that of 10SS, indicating a parallel G4 formation. We
will discuss this point later with a more detail analysis.

To confirm the structure of G4s with the series of loop
sequences, we carried out nondenaturing polyacrylamide gel
electrophoresis (PAGE) (Figure S1). All sequences showed
the main single band, although some of the sequences (10HP
and CGA) showed a very faint band, migrating slightly faster
than the main band. Considering that 10HP was confirmed by
NMR to form the hybrid G4,* these results suggest that all
sequences mainly fold to form a single monomeric G4
structure. The difference in the migrations can be attributed
to variations in the loop region.47’4 In addition, 10SS, TAA,
and CAA showed minor bands migrating very slowly. These
bands indicate that there are high-order structures, such as
multimeric G4s and G-wire,*® although it is difficult to
determine the structure. We further performed CD melting
experiments (Figure S2) and SVD analysis of the CD spectra at
different temperatures to identify the major structure by the
use of KinTek Explorer (see Experimental Details). Figure S3A
shows the most major and second major components of the 10
HP CD spectra. The most major component (SV = 66) has
the main positive peak around 260 nm with a shoulder around
295 nm, showing that the main component is a hybrid G4.*¢
The second major component has the main peak around 295
nm, suggesting that this component corresponds to an
antiparallel G4."° In the case of 10SS (Figure S3B), the most
major component shows a parallel G4, whereas the second one

does not show any significant structure. The most major
component of CTC-mis (Figure S3C), TGC (Figure S3E),
TAC (Figure S3F), CGA (Figure S3G), and CAA (Figure
S3H) was similar to 10HP, indicating a hybrid G4. On the
other hand, the most major component of TAA (Figure S3D)
was similar to 10SS, suggesting a parallel G4. Except for TGC,
the second major component was an antiparalle] G4. Note that
the SV value of most of the major components was much
larger than that of the second major components, suggesting
that all DNA sequences fold to form the dominant structure.
These SVD analyses are consistent with the structural
characterization based on CD spectra shown in Figure 2.
The difference between TAA and other HP G4s may lead to a
different effect of hairpin on the thermal stability and the
cation binding affinity of G4s as we discuss later with the
thermodynamic parameters. Figure S4 shows the melting
curves of the most and second major components. Note-
worthily, the melting curves of the major components of all
sequences were almost the same with the UV melting curve
tranced at 295 nm (Figure SS), suggesting that the UV melting
curves reflect the most major components. From these
considerations, we assumed a two-state transition between a
random coil and a hybrid G4 for the HP DNAs, except TAA,
although a minor antiparallel G4, which denatured at lower
temperature, coexists. In the case of 10SS and TAA, it is
possible to assume a two-state transition between a random
coil and a parallel G4.

Similar to the hybrid G4 of HP DNAs here, it was shown
that a DNA oligonucleotide derived from an hTERT formed
an antiparallel G4 through the hairpin formation at the second
loop.”! These results suggest that the hairpin at the loop region
significantly affects the G4 topology by limiting the
combinations of Hoogsteen base pairs formed among guanine
residues. Kinetic studies of the G4 folding also support the
importance of the hairpin formation: it has been proposed that
a G4 is formed through a G-hairpin formation, in which
guanine—guanine base pairs are produced.”** The hybrid G4
and the parallel G4 of 10HP and 10SS, respectively, may
support the formation of G-hairpins following the hairpin
formation at the loop region, which determines the G4
topology. Furthermore, it has been reported that bases of a
hairpin in the central lateral loop can interact with the
neighboring G-quartet through z—n stacking in the case of
antiparallel and hybrid G4s, but not in the case of a parallel
one,””*>** indicating that the hairpin structure at the lateral
loop can also stabilize the whole G4. From these results and
considerations, it is possible to conclude that the hairpin
structure in 10HP guides the hybrid G4 topology, and this
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Figure 3. (A) Thermal melting temperature of 10 M DNA oligonucleotides in the KCl buffer. (B) Plots of AG°¢, versus AG®, in the buffer at
25 °C. AG®, is the free energy change of the hairpin evaluated with m-fold (see the main text).

Table 2. Thermodynamic Parameters for DNA Structures at 25 °C“

abbreviation AG°¢ (keal mol™") AH® (kcal mol™)
10SS -=5.0 £ 09 —46.3 + 6.2
10HP -84 + 0.2 —59.1+ 1.6
CTC-mis -39 + 0.5 —36.6 + 4.5
TAA -3.8 + 04 —-39.3 +2.7
TGC —=7.0 +£ 0.3 —55.2 + 2.8
TAC —6.0 + 0.7 —53.7 + 4.8
CGA —4.7 + 0.6 —42.8 + 4.0
CAA —4.5 £ 0.1 —42.6 + 1.5

TAS® (kcal mol™) T, (°C) AG°100Pd (kcal mol™?)
—414 + 5.3 61 + 2.1 N.D.“
—=50.7 + 1.5 74 £ 12 -2.3
—32.7 + 3.9 60 + 1.2 1.4
—-355+23 57 +12 1.2
—482 + 2.5 68 + 0.6 —1.4
—47.6 + 4.1 63 + 0.6 0.3
—38.0 + 3.4 62 + 1.6 —-0.9
—38.1 + 1.4 60 + 1.0 0.2

“All experiments were carried out in a buffer containing 100 mM KCl, 10 mM LiH,PO,, and 1 mM Li,EDTA (pH 7.0). bValues of AG®, AH®,
TAS®, and T, reported are averages + standard deviations for the three experiments. “The melting temperature was determined at a strand
concentration of 10 uM. dAGC’IOOP is the free energy change of the hairpin evaluated with m-fold. “AG®,,, of 10SS could not be calculated by m-

fold, because no structure was identified.

compulsion is stronger than that derived from the single
nucleotide loop that promotes the paralle] G4 as observed for
10SS. Thermodynamic effects of the hairpin structure at the
loop will be discussed next.

2.3. Thermodynamic Analysis of G4s. To investigate the
effects of the loop structure on the G4 thermodynamics, we
performed UV-melting analysis monitored at 295 nm>* in the
100 mM KClI buffer (Figure SS) and the melting temperature,
T, values were evaluated (Figure 3A). The thermodynamic
parameters for the G4 folding of the oligonucleotides were
further evaluated with a curve fitting procedure for the melting
curves with an assumption of a two-state transition between a
random coil and a G4,> and they are listed in Table 2. The
values of T, for 10SS and 10HP were 61 + 2.1 and 74 + 1.2
°C, respectively. The values of AG®,5 for these DNAs were
—5.0 + 0.9 and —8.4 + 0.2 kcal/mo], respectively. Comparing
10SS and 10HP, it was found that the hairpin structure in the
loop stabilized the G4 by 13 °C and 3.4 kcal/mol in the values
of T, and AG°®,;, respectively. This stabilization is provided by
the thermodynamically favorable change in AH® (from —46.3
+ 6.2 to —59.1 + 1.6 kcal/mol), which exceeds the unfavorable
change in TAS®,s (from —41.4 + 5.3 to —50.7 + 1.5 kcal/
mol), showing that the hairpin structure at the loop stabilizes
the G4 with some additional interactions, such as hydrogen
bonding and stacking interactions. However, it should be
noted that the 10SS and 10HP structures are the parallel G4
and the hybrid G4, respectively. Therefore, it is more suitable
to compare the parameters of the hybrid G4s excluding 10SS.

The most unstable G4 was CTC-mis (AG®,5 = —3.9 + 0.5
kcal/mol). This has one T-T mismatch in the hairpin stem,

which may dissociate the hairpin structure. Interestingly, AH®
and TAS® for TGC and TAC were smaller than those for CGA
and CAA despite having the same components in the hairpin
stem, differing only in the permutation. As shown in Figure 1
and Table 1, CGA and CAA contain a hairpin that has one or
two AT base pairs at the proximal side from the single strand
loop. TGC and TAC contain a hairpin that has one or two AT
base pairs on the distal side from the loop. It is significant that
one closing base pair of the hairpin contributes to a more
favorable AH®. It is well known that the thermal stability of
DNA and RNA hairpins depends on the closing base pair,”*~>*
which is the nearest neighbor one next to the nonbase paired
loop region (see Figure 1A). For example, AH® and TAS® for
the DNA hairpin loop of d(ggacGCACgtcc) (where capital
and small letters show the hairpin region and the stem region,
respectively, and bold font shows the closing base pair) are
smaller than those for d(ggaaGCACttcc) by about 12 and 9
kcal/mol, respectively.57 This result showed that the GC base
pair is more favorable as the closing base pair than the AT

ne.””*% These previous results are consistent with those
obtained here. Along the same line, 10HP is stabilized due to
the favorable enthalpy contribution of the GC closing base
pair.

Figure 3B shows the relationship between AG°g, (AG®
value of G4) and AG®y,,, (AG® value of the hairpin). We used
the thermodynamic parameters of the hairpin formation
evaluated with m-fold," because some of the loop sequences
did not show a clear melting curve at 260 nm of UV. It was
found that the smaller the value of AG®, the smaller the
value of AG°g4 demonstrating that there is a relationship
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Figure 4. (A) CD spectra of 10 uM 10HP in the presence of various concentrations (0, 0.1, 0.3, 1, 3, 10, 30, and 100 mM) of KCl in buffer
containing 10 mM LiH,PO, and 1 mM Li,EDTA (pH 7.0) at 25 °C. (B) Results of SVD analysis of the CD spectra. Most (red) and second
(green) major SVD spectra (components) derived from the CD spectra with different KCl concentrations. (C) Plots of the SVD amplitude
(magenta: most major component; green: second major component) of 10HP versus KCI concentration. Other colors, violet, orange, and blue, are

the third, fourth, and fifth major components, respectively.

between the thermal stability of the hairpin structure at the
loop region and the thermal stability of the G4 structure.
Previously, it was reported that a hairpin at the central lateral
loop region increases the thermal stability of the overall G4
structure,”** whereas the hairpin at the propeller loop does
not.”**> As mentioned above, some bases in the hairpin can
stack onto G-quartets in the case of a lateral loop.”**
Similarly, the structure of 10HP may have a stacking
interaction between the hairpin stem base pair and the
neighboring G-quartet.”” Combined with enthalpic stabiliza-
tion (Table 2), it is reasonable to conclude that G4 is stabilized
by stacking with a thermodynamically stable hairpin. This
finding may be useful for designing G4-forming sequences with
higher thermal stability toward more efficient gene regulation
and development of G4-forming functional molecules such as
aptamers and biosensor.

2.4. Cation Binding with G4. The above results
demonstrated that the loop region alters the strand orientation
and the thermodynamics of the entire G4. Because of the
importance of the loop region, we further attempted to study
the effects of the loop structure on the cation binding affinity
of G4. The values of Ky, the K™ concentration required to
fold half of the G4, were evaluated from K" titration
experiments. Figure 4A shows CD spectra of 10HP with
various concentrations of K* (0, 0.1, 0.3, 1, 3, 10, 30, and 100
mM). We carried out SVD analysis of the CD spectra with
different K* concentrations.

Figure 4B shows SVD spectra of the most and second major
components of 10HP during the K' titration. The CD
spectrum of the most major component (SV = 107) showed
two positive peaks around 265 and 295 nm, which is the
typical for a hybrid G4.>¥°* The second major component (SV
= 16) showed positive and negative peaks around at 300 and
280 nm, respectively. Chaires group reported a similar
spectrum, which is derived from diagonal and lateral loops.*’
Other minor components showed no significant peak (data not
shown). The most major component, corresponding to the
hybrid G4, was amplified with higher K' concentration,
whereas the second major one was not (Figure 4C). These
results confirm that the hybrid G4 of 10HP is mainly induced
by the addition of K*. Similar results (SVD spectra and SV)
were found in other sequences (10SS, CTC-mis, TAA, TGC,
TAC, CGA, and CAA). CD spectra for K* titration are shown
in Figure S6. The most and second major components are
shown in Figure S7. Note that the most major component of
TAA was similar to 10SS, indicating a parallel G4. These

results are consistent with the SVD analysis for CD melting
(Figure S3).

We calculated the values of Ky, and n from the SVD
amplitude vs K" concentration plot of the most significant
component by a curve fitting procedure using eq 1 (Figure 4C
and Figure S8), and they are summarized in Table 3. It was

Table 3. Binding Affinity of G4 Evaluated from SVD
Analysis of G4s with K**

abbreviation Ky (mM) n’® AG°g, (kcal mol™)
10SS 5.8 +0.3 1.6 + 0.1 -2.7
10HP 09 + 0.1 12 £ 0.1 -3.3
CTC-mis 30+ 1.1 14 + 0.6 -29
TAA 3.1+ 04 2.0 + 04 —4.1
TGC 0.8 + 0.1 1.1 £ 0.1 —-3.1
TAC 14 + 0.2 1.2 +£ 0.1 —-3.0
CGA 49 + 0.7 1.1 £0.1 —-2.0
CAA 1.5 + 0.03 1.2 + 0.03 -3.0

“The values of K, and n were calculated from the plots shown in
Figure S7. Two significant components were chosen based on the
values of SV (Figure S6). These values indicate the significance of the
component. YError values of K and n are calculated by a curve
fitting of SV amplitude by KinTek Explorer.

shown that the K, value for 10HP at 25 °C (0.9 + 0.1 mM)
was about 6-fold smaller than that for 10SS (5.8 + 0.3 mM),
indicating that the hairpin at the loop region contributes to the
binding affinity with K*. The K values for other G4s (CTC-
mis, TAA, TGC, TAC, CGA, and CAA) fell between those of
10SS and 10HP. Figure SA shows the correlation between
AG°¢" (the free energy change for the K' binding) and
AG®, (free energy change for the hairpin formation) at 25
°C. The value of AG°" was determined from the K, values
(Table 3) using eq 2. To generalize the relationship between
the AG°" and AG®,,, we added data points of three other
G4s, 8HP, 14HP, and 20HP, which have hairpins with 8, 14,
and 20 nucleotides, respectively. Their nucleotide sequences
are listed in Table S1, and the binding parameters with K"
were evaluated as shown in Figure S9 and summarized in
Table S2. Except for TAA (highlighted in white color), it was
found that the lower the value of AG®,,, the lower the value
of AG°¢" (Figure SA). This relationship suggests that the
stabilization of the loop region enhances the cation binding
affinity of G4. Since we showed that the hairpin structure at the
loop region leads to the stabilization of the G4 structure
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Figure 5. (A) Plots of AG%* versus AG° loop 10 the KCI buffer. (B)
Plots of AG®g, versus AG°¢". The values of AG®,,, were calculated
using the m-fold application under the condition with 100 mM KCl at
25 °C (see the main text). The equations are the results of the linear
fitting of the plots without TAA shown as a white circle (see the main
text).

(Figure 3B), it is considerable that the thermal stability of the
overall G4 structure has a relationship with the cation binding
affinity. As shown in Figure 5B, the lower the values of AG°,,
the lower the values of AG°¢", suggesting that the more stable
G4 structure has stronger binding affinity with K*. These
results show the importance of the hairpin at the loop to
determine cation binding affinity. Although it is unknown how
the G4 stability affects the cation binding affinity of G4, it is
considerable that the hairpin indirectly affects the cation
binding to the G4 via the thermodynamic stability of G4,
which is affected by the hairpin thermodynamics. Further
structural study is required to confirm the hairpin formation
and the whole G4 in more detail. Notably, the data shown in a
white circle correspond to TAA, which forms a parallel G4 as
we discussed above (Figure 2 and Figure S3). The deviation of
TAA from the relationship should be due to the difference in
the topology, further supporting the importance of the hairpin
in the cation binding affinity. Although the correlation between
the thermodynamic stability of G4s and their cation binding
affinity may not be surprising, to the best of our knowledge,
there is no study showing this relationship in a quantitative
manner. The linear relationship between AG°y,, and AG°¢"
showed that the free energy change of the K* binding is —3.0
kcal/mol when there is no loop contribution. In the same way,
the free energy change of the K binding is —1.8 kcal/mol
when the thermodynamic stability of a G4 is zero. In addition,
to test the importance of the hairpin for the relationship, we
further added some other naturally occurring G4 sequences
(VEGF, TeloT, TeloTT, and RET), which do not possess the
hairpin structure in the loop region. See Tables S2 and S3 for
the K' binding parameters and nucleotide sequences,
respectively. The K" titration results and their SVD analyses
are shown in Figure S10. Figure S11 shows the plot of AG°g,
vs AG" for these naturally occurring G4s (red color) as well
as the HP (black color) and TAA (white color) Gé4s.
Interestingly, it was found that the stability—cation affinity
relationship of G4s was not observed for G4s without a hairpin
in the loop. These results confirm the importance of the
hairpin at the loop to determine the cation binding affinity of
G4. A similar trend was observed in previous reports. For
example, it was reported that the binding affinity of G4 with K*
having a short loog) region is higher than that of G4 having a
long loop region.”! G4s with shorter loops generally possess
higher thermal stability.”***** These results are consistent
with our findings for the stability—cation affinity relationship of

G4, although further studies are required for the mechanism.
To date, the binding affinity between G4 and cations has been
studied from the viewpoint of their binding with G-quartet
regions, because guanine and O6 atoms are the binding sites.
We quantitatively and systematically revealed that the thermal
stability of the loop region is also one of the determinants of
the G4 topology, thermodynamic stability, and cation binding
affinity.

3. CONCLUSIONS

In this study, we quantitatively and systematically investigated
the effects of the loop structure on the topology, thermody-
namic stability, and cation binding affinity of G4s. We designed
various G4 sequences that formed hairpins in the second loop
region. Structural analysis showed that the G4 topology was
altered depending on the loop structure, even though the
nucleotide length of the loop was the same. The G4s with the
10 nucleotide-length hairpin structure at the second loop
region (10HP, CTC-mis, , TGC, TAC, CGA, and CAA)
folded into the hybrid G4 form, guided by the hairpin, in
contrast to the parallel G4 of 10SS and TAA in which no
hairpin structure was formed. The relationship between the
thermodynamic stability of the hairpin in the loop region and
that of the overall G4 structure showed that the more stable
hairpin increased the stability of the overall G4 structure.
These loop effects may be useful for predicting the strand
orientation and thermodynamics of the G4-forming sequences.
Finally, it was shown that the G4s stabilized by the hairpin at
the loop region bind to K" with high affinity. This relationship
suggests that the structured loop accelerates the formation of a
stable G4 that requires a lower K" concentration for the
folding. The results obtained here expand the possibilities of
drug development for G4s by targeting the loop region or
stabilizing G4s with long loop regions, which has not received
much attention to date. This strategy is also useful for
designing G4-forming robust functional molecules, such as
aptamers and biosensors, that can maintain stable structures in
the cell, where many environmental factors, including cation
concentration, change depending on cell cycle and condition.

4. EXPERIMENTAL DETAILS

4.1. Sample Preparation. All DNA oligonucleotides were
purchased from Sigma-Aldrich Japan K. K. (Tokyo, Japan).
Each oligonucleotide concentration was determined by the
absorbance at 260 nm. Extinction coeflicients for single-
stranded DNA were calculated from the mono- and
dinucleotide data using the nearest-neighbor approximation
model.®* The absorbance was measured using a UV-1800
spectrophotometer (Shimadzu, Kyoto, Japan). Chemical
reagents were purchased from FUJIFILM Wako Pure
Chemical Co. (Osaka, Japan) and Tokyo Chemical Industry
Co., Ltd. (Tokyo, Japan). All of the reagents were used without
further purification.

4.2. Circular Dichroism Measurements. Circular dichro-
ism (CD) measurements were performed by using a Jasco CD
J1500 spectropolarimeter (Jasco Co., Ltd., Tokyo, Japan), and
data were analyzed with Jasco Spectra Manager Suite software.
DNA oligonucleotides were prepared at a concentration of 10
UM. CD spectra were acquired in the wavelength range of
200—350 nm in a cuvette with a path length of 0.1 cm. CD
spectra are an average of 2 scans with a response time of 4 s/
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nm. Before measurement, each sample was heated to 90 °C for
S min and gently cooled to 25 °C at a rate of 0.5 °C/min.

CD titration experiments on G4s were performed with 10
UM oligonucleotide at 25 °C in the presence of various
concentrations (0, 0.1, 0.3, 1, 3, 10, 30, and 100 mM) of KCI
in a buffer containing 10 mM LiH,PO, (pH 7.0) and 1 mM
Li,EDTA.

4.3. Singular Value Decomposition Analysis.

(K" ]

SVamp. = (SVamp., —SVamp. . | ————
o "I + [Kige]

+ SVamp. ;. (1)

For the singular value decomposition (SVD) analysis, the
CD spectra with different KCI concentrations were arranged in
the text file. SVD decomposition was carried out using the
software KinTek Explorer (KinTek Corp. Pennsylvania,
U.S.A.). The mathematical details of the SVD analysis have
been described elsewhere.”> The KinTek program abstracts
five components from the imported data.”® The significant
spectra were determined by evaluating a statistical parameter,
the relative magnitude of the singular values (SVs).** For
example, SV = 100 for one component, while SV = 10 for the
second component, indicating a greater significance for the
former one. Moreover, the KinTek program shows the plots of
SV amplitude of respective components scaled by their SV
versus K* concentration. The plots of SV amplitude vs K*
concentration were fitted with eq 1 using KaleidaGraph
(Synergy software, Pennsylvania, U.S.A.) to evaluate the value
of Kpyp""®® the K* concentration required to fold half the
DNA, where SV amp. is the SV amplitude of the component
with different concentrations of K*. SV amp..,,, and SV amp.,;,
are the maximum and minimum SV amplitudes, respectively, in
the titration experiment. The n shows the Hill coefficient value.

The free energy change of the binding of K* to G4 (AG°,)

was calculated from the value of Ky, using eq 2,

AGK = —nRTIn( K] ]
[Khalf]

)

where R is the gas constant and T is the temperature in K.

4.4. Thermodynamic Analysis. UV melting curves for
each oligonucleotide were measured at 295 nm by using a UV-
1800 spectrophotometer (Shimadzu Co., Ltd., Kyoto, Japan)
with a temperature controller. All experiments were carried out
in a buffer containing 100 mM KCl, 10 mM LiH,PO, (pH
7.0), and 1 mM Li,EDTA. The thermodynamic parameters
were calculated from the melting curves by a curve fitting
procedure as described previously with an assumption of a
two-state transition.’””°
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