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ABSTRACT

Oligoethylene glycols are used as crowding agents
in experiments that aim to understand the effects of
intracellular environments on DNAs. Moreover, DNAs
with covalently attached oligoethylene glycols are
used as cargo carriers for drug delivery systems.
To investigate how oligoethylene glycols interact
with DNAs, we incorporated deoxythymidine modi-
fied with oligoethylene glycols of different lengths,
such as tetraethylene glycol (TEG), into DNAs that
form antiparallel G-quadruplex or hairpin structures
such that the modified residues were incorporated
into loop regions. Thermodynamic analysis showed
that because of enthalpic differences, the modified
G-quadruplexes were stable and the hairpin struc-
tures were slightly unstable relative to unmodified
DNA. The stability of G-quadruplexes increased with
increasing length of the ethylene oxides and the
number of deoxythymidines modified with ethylene
glycols in the G-quadruplex. Nuclear magnetic res-
ohance analyses and molecular dynamics calcula-
tions suggest that TEG interacts with bases in the
G-quartet and loop via CH-= and lone pair— inter-
actions, although it was previously assumed that
oligoethylene glycols do not directly interact with
DNAs. The results suggest that nhumerous cellular
co-solutes likely affect DNA function through these
CH-= and lone pair-= interactions.

INTRODUCTION

Biomolecules occupy a significant fraction of volume in
living cells (up to 40%), resulting in a highly crowded in-
tracellular environment (1-4). The thermodynamic stabil-
ity of DNA structures is altered in a crowded environ-
ment. Oligoethylene glycol and polyethylene glycol (PEG)
are used as co-solutes to mimic the physical properties in-
side cells. Oligoethylene glycol and PEG destabilize du-
plexes but stabilize non-canonical structures such as G-
quadruplexes (3,5,6). Transcription, reverse transcription
and translation are controlled by stable G-quadruplex for-
mation by DNA or RNA (7-12). Therefore, methods for
specifically stabilizing G-quadruplexes are relevant to ther-
apeutic strategies involving these processes. To increase the
stability of G-quadruplexes, certain G-quadruplex ligands,
such as 5,10,15,20-tetrakis (N-methyl-4-pyridyl) porphyrin
and N-methyl mesoporphyrin IX (NMN), have been de-
veloped, (7,13) although these ligands also stabilize duplex
structures to some extent.

We recently demonstrated that tetraethylene glycol
(TEG)-modified deoxythymidines stabilize G-quadruplexes
with single G-tracts (14). The TEG-modified intermolec-
ular G-quadruplexes are significantly stabilized relative to
unmodified DNA and efficiently inhibit reverse transcrip-
tion, (14) although it is unclear how PEG or oligoethylene
glycol specifically stabilizes G-quadruplexes. Oligoethylene
glycol and PEG covalently bind liposomes, nanoparticles,
proteins and nucleic acids (15,16). These modifications fa-
cilitate liposome uptake into mammalian cells and enhance
pharmacokinetics (17,18). Thus, it is important to under-
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Figure 1. (A) Oligoethylene glycol-modified deoxythymine. (B) Antipar-
allel G-quadruplex (Q1) and antiparallel hairpin (D1) were used in the
present study.

stand how oligoethylene glycol and PEG affect DNA struc-
tures.

Here we evaluated the effect of oligoethylene glycol on
DNA structure and structural thermodynamic stability. We
synthesized deoxythymidine tethered to the oligoethylene
glycols of TEG (molecular weight, 194; X4), octaethylene
glycol (OEG, molecular weight, 370; X8), dodecaethylene
glycol (DEG, molecular weight, 547; X12) and hexade-
caethylene glycol (HEG, molecular weight, 723; X16) (Fig-
ure 1A). Pure, well-defined oligoethylene glycols were pre-
pared using a recently published cost-effective method (19).
These nucleotide derivatives were incorporated into the
thrombin aptamer (Q1) as a model of a G-quadruplex and
into a hairpin as a model of a duplex (D1) (Figure 1B). Ac-
cording to an NMR (nuclear magnetic resonance) study of
the thrombin aptamer, the thymines at positions 4 (T,4) and
13 (T;3) stack on a G-quartet, although the T in position 7
(T7) does not (20,21). Thus, we replaced deoxythymidines
in the loop regions of QI and D1 with X (Figure 1B and
Supplementary Table S1). In our nomenclature, the type of
modification is followed by the position number. For ex-
ample, Q1-(X4), indicates the thrombin-binding aptamer
Q1 with TEG-modified deoxythymidine (X4) at position 4.
We report here the thermodynamic properties of structures
adopted by DNAs modified with oligoethylene glycols and
a comparison with those of unmodified DNAs.

MATERIALS AND METHODS
Materials

The oligodeoxynucleotides used in this study, except for
those modified with oligoethylene glycols, were purified us-
ing high-performance liquid chromatography by Japan Bio
Services Co., LTD. Single-strand concentrations of DNA
oligonucleotides were calculated by measuring their ab-
sorbance at 260 nm and 90°C using single-strand extinction
coefficients calculated from the mononucleotide and din-
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ucleotide data, according to the nearest-neighbor approx-
imation model (22). Absorbance was measured using a Shi-
madzu 1700 spectrophotometer equipped with a thermo-
programmer. The amidite of oligoethylene glycol-modified
deoxythymidine was synthesized according to a published
procedure (See Supplementary Data) (14).

Thermodynamic analyses

Ultraviolet (UV) absorbance was measured using a Shi-
madzu 1700 spectrophotometer equipped with a tempera-
ture controller. Melting curves at 260 or 295 nm were mea-
sured in buffers containing 100 mM KCI, 10 mM K,HPO,
(pH 7.0 at 37°C) and | mM K,EDTA. Samples were heated
at 0.5°C min~! or 0.1°C min~!; melting curves of certain
oligonucleotides differed at 0.1°C min~' and 0.5°C min~!
(data not shown). Thermodynamic parameters (Table 1)
were calculated using average values obtained from curve
fitting at different DNA concentrations (2, 5, 10 and 20 wM)
(23). Before measurements, DNA samples were heated to
90°C, cooled to 0°C at a rate of —0.5°C min~! and incu-
bated at 0°C for 30 min.

NMR spectroscopy

Oligonucleotides Q1-(X4); or Q1-(X4); were dissolved in
10 mM K,HPO, buffer (pH 7.0) containing 100 mM KClI,
1 mM KLEDTA and 10% H,O. The final DNA concentra-
tion in 300 wl was ~0.5 mM. DNA solutions were trans-
ferred to Shigemi NMR tubes. All spectra were acquired
at 25°C using an Agilent VNMRS 600 MHz NMR spec-
trometer equipped with a cold probe. The fingerprint imino
regions of 1D '"H NMR spectra were used to confirm G-
quadruplex folding. To confirm G-quadruplex topology,
2D NOESY spectra were acquired using a mixing time of
200 ms. Double-pulsed field gradient spin echo water sup-
pression was used with 1D and 2D pulse sequences.

Molecular dynamics (MD) simulations

The structure of the G-quadruplex formed by 5'-
GGTTGGTGTGGTTGG-3, determined using NMR,
was acquired from the Protein Data Bank (PDB ID: 1C35)
(24) and adopted as an initial structure of Q1. We added K*
ions around the phosphate groups of the DNA backbone,
and two Cl~ ions were added to neutralize the charge of
the systems. The structures of Q1-(X4), and Q1-(X4); were
constructed by replacing the methyl groups of fourth and
seventh thymines with TEG, respectively. Similarly, the
structures of Q1-(X8)4 and Q1-(Pro),4 used to investigate
the effects of propynyl groups in X4 and X8 were prepared
by replacing the methyl group of the fourth thymine with
OEG or with a propynyl group. Subsequently, TIP3P
water molecules were merged into the system, and MD
simulations were performed using AMBERI14 software
(25). The force fields of X4 and X8 and the propynyl group
were obtained using the GAFF module included in Amber
Tools. The AMBER{f99bsc0 force field was applied to the
other nucleotides and ions (26). Optimization protocols
and MD simulation were as follows: (i) optimization of
water molecules and ions was performed in 1500 steps,



Table 1. Thermodynamic parameters for G-quadruplex formation®
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Sequence AH® (kcal mol~!) TAS® (kcal mol~) AG°5s (kcal mol~!) Tw? (°C)
DI —512+3.7 —44.6 £3.4 —6.6£0.5 66.7
D1-(X4)7 —41.0+£3.3 —359+29 -51+£04 66.0
D1-(X4)10 —437+34 —37.8 £2.7 -59+04 66.5
Ql —42.6 £2.8 -39.1£2.0 —-35+£03 50.7
Q1-(X4)4 —554+£33 —48.8 £2.9 —6.6£04 58.8
Q1-(X4); —41.7 £ 8.7 —-375+1.6 —-42+0.7 54.9
Q1-(X4)13 —49.7+34 —44.0 £2.7 -57+£04 57.6
Q1-(X4)4,13 —572+1.5 —49.7+£54 -7.5+£0.1 66.2
Q1-(X4)47.13 —579+1.1 —499 £ 3.6 —-8.0£0.0 69.4
Q1-(X8)4 —48.7+£1.3 —41.6£1.2 -71+£0.2 64.3
Q1-(X8)7 —443 £33 —39.8+£2.9 —-44+£04 55.2
Q1-(X12)4 —49.6 £2.9 —43.1 £8.1 —-6.5+04 64.9
Q1-(X12); —428+£1.2 —383+1.2 —4.5+0.1 56.2
Q1-(X16)4 —49.1 £2.1 —428 £ 1.8 —-63+0.3 64.9
Q1-(X16); —45.1+2.1 —389+1.9 —4.6+£0.2 56.5

4Experiments were performed in a buffer containing 100 mM KCl, 10 mM K,HPO4 (pH 7.0) and 1 mM K,EDTA. Thermodynamic parameters were

calculated from the average values obtained from curve fitting.
bMelting temperature was calculated at a strand concentration of 5 M.

(i1) the entire system was optimized in 1500 steps without
constraints, (iii) the water molecules and ions in system
were heated to 298 K for 100 ps with fixed conformations
for TEG or OEG-modified Q1, (iv) solvated structures were
generated at constant pressure (I atm) and temperature
(298 K) for 1 ns to equilibrate the system and (v) a 35-ns
simulation was performed under identical conditions. Dur-
ing optimization and MD simulations, the cut-off distance
for non-bonded interactions was set to 10 A. For MD
simulations, the SHAKE algorithm (27,28) was applied
to all bond lengths and periodic boundary conditions
were used. Supplementary Movies S1, 2 and 3 show the
trajectories of Q1-(X4)s for 12.5-13.5 ns, Q1-(X4); for
12.3-13.3 ns and Q1-(X8)4 for 12.8-13.8 ns. Guanine and
thymine bases are green and dark cyan, respectively. K*
ions are shown as purple spheres. X4 and X8 are shown
in ball-and-stick representations. The color scheme of the
modified thymines is as follows: gray, carbon; red, oxygen;
blue, nitrogen and white, hydrogen.

RESULTS AND DISCUSSION
Stability and structures of TEG-modified DNAs

To evaluate the effect of TEG modification on duplex and
G-quadruplex structures, the circular dichroism (CD) spec-
tra of oligonucleotide D1, D1-(X4)7, D1-(X4)0, QI, Ql-
(X4)4, Q1-(X4)7 and Q1-(X4),3 were acquired using a solu-
tion containing 100 mM KCl, 10 mM K,HPO,4 (pH 7.0) and
I mM K,EDTA. B-form DNA exhibits two positive bands
at ~220 and 280 nm and one negative band at ~248 nm.
At 37°C, the CD spectra of D1, D1-(X4); and D1-(X4);
were typical of B-form duplexes (Figure 2A) with two pos-
itive bands near 220 and 280 nm and a negative band near
250 nm. Moreover, the CD spectra of Q1, Q1-(X4)4, Q1-
(X4)7 and Q1-(X4);3 exhibited the characteristic of antipar-
allel stranded G-quadruplexes (Figure 2B) with a positive
band near 295 nm and a negative band near 265 nm. These
results indicate that TEG modifications of oligonucleotides
did not significantly alter the adopted structures.

200 250 300 350 200 250 300 350

Wavelength (nm) Wavelength (nm)

Figure 2. CD spectra for 20 uM (A) D1 (black), D1-(X4)7 (blue) and D1-
(X4)19 (red), and (B) QI (black), Q1-(X4)4 (red), Q1-(X4); (orange) and
QI1-(X4)13 (blue) at 4°C. The buffer was 100 mM KCI, 10 mM K,;HPO4
(pH 7.0 at 25 °C) and 1 mM K,EDTA.
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Figure 3. Typical UV melting curves of (A) D1 (black), D1-(X4); (blue)
and D1-(X4) (red) and (B) Q1 (black), Q1-(X4)4 (red), Q1-(X4); (orange)
and Q1-(X4)3 (blue). The buffer was 100 mM KCl, 10 mM K, HPO4 (pH
7.0 at 25°C) and 1 mM K,EDTA. Strand concentrations were 5 wM.

To determine how the stabilities of DNA structures were
affected by TEG modification, the midpoints of the melt-
ing curves (7p,8) of 5 wM DNA were determined in a buffer
containing 100 mM KCIl, 10 mM K,HPO4 (pH 7.0) and 1
mM K,EDTA. The Ty, values of 5 wM D1, D1-(X4); and
D1-(X4);9 were 66.7, 66.0 and 66.5°C, respectively (Figure
3A and Table 1). The Ty, values of 5 pM Q1, Q1-(X4)4, Q1-
(X4); and Q1-(X4);3 were 50.7, 58.8, 54.9 and 57.6°C, re-
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spectively (Figure 3B and Table 1). The results show that
the incorporation of TEG-modified deoxythymidine signif-
icantly stabilized the G-quadruplex but slightly destabilized
the duplex in a position-specific manner. Moreover, we syn-
thesized Q1 analogues with TEG tethered to the phosphate
group of the 5’ terminus (TEG-pQ1) (Supplementary Fig-
ure S1) and Q1 with a 5’ phosphate group (pQ1). TEG-pQ1
was destabilized relative to pQl indicating that the nega-
tive charge of the phosphate group at the 5’ end the G-
quadruplex decreased stability. We also compared the TEG
modification effect on the G-quadruplex stability. The Ty,
values for TEG-pQ1 and pQ1 were 44.7 and 47.5°C, respec-
tively, indicating that the position of TEG modification was
critical for influencing DNA stability.

To confirm the effect on different types of G-
quadruplexes, we evaluated this modification in the
context of an intramolecular mixed-type G-quadruplex
according to the sequence of the human telomere (Q2)
(Supplementary Figure S2a) and an intermolecular an-
tiparallel G-quadruplex (Q3) (Supplementary Figure
S2b). We evaluated a second TEG-modified hairpin
(D2) (Supplementary Figure S2¢) to investigate how the
TEG-modified deoxythymidine influenced duplex stability
with different nucleotides in the loop. As we expected, the
modification stabilized the G-quadruplexes but destabi-
lized the duplex compared with the unmodified DNAs
(Supplementary Figure S3). Thus, the effects of TEG
modifications of thymidines were independent of sequence
but were dependent on the duplex or G-quadruplex.

We determined the thermodynamic parameters of the
structures formed by the duplexes and G-quadruplexes (Ta-
ble 1). According to the CD spectra of unmodified and
modified DNAs as a function of temperature (Supplemen-
tary Figure S4), we estimated thermodynamic parameters
using the two-state model. The free energy change dur-
ing the formation of DNA structures (AG°;s) for D1, D1-
(X4); and DI1-(X4),o at 25°C were —6.6, —5.1 and —5.9
kcal mol~!, respectively (Table 1), indicating that TEG did
not stabilize the hairpin. The stability difference of DI1-
(X4)7 and D1-(X4);p may be due to base stacking of T
and Tjo with closing base pairs in the stem region of the
hairpin. In contrast, the AG°;s values of G-quadruplexes
formed by Ql, Q1-(X4)4, Q1-(X4); and Q1-(X4);3 were
—3.5, —6.6, —4.2 and —5.7 kcal mol~!, respectively. Al-
though Q1-(X4); was stabilized slightly compared with Q1,
the differences in AH° and TAS® values between Q1 and
Q1-(X4); were within the experimental error range. Signif-
icantly increased stabilization of Q1-(X4); and Q1-(X4);3
was achieved when the TEG-modified deoxythymidines
were in a position in which stacking was observed in the
NMR study (20,21). In each case, the higher stability of
TEG-modified G-quadruplexes compared with unmodified
QI was imparted by a favorable enthalpic contribution (Ta-
ble 1), indicating that TEG interacted with bases in the G-
quadruplexes. Hence, we focused on the modification at po-
sition 4 and 7 of Q1 because the effect of the oligoethlene
glycols for position 4 [Q1-(X4)4] and 7 [Q1-(X4)] on the
G-quadruplexes were drastically change.

The propynyl group stacks with bases in duplexes and
triplexes (29,30). Therefore, we designed propynyl-modified
deoxythymidine (Pro) (Supplementary Figure S5a) and in-
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corporated this residue into duplex- and G-quadruplex-
forming oligonucleotides. UV melting curves (Supplemen-
tary Figure S5b) demonstrate that propynyl modification
slightly destabilized the duplex when incorporated at po-
sition 7 (D1-(Pro);(Supplementary Table S2). In contrast,
propynyl modification stabilized the G-quadruplex in a
position-dependent manner imparted by a favorable en-
thalpic contribution (Q1-(Pro)4 and Q1-(Pro)7 (Supplemen-
tary Table S2). Stabilization imparted by a favorable en-
thalpic contribution was observed for TEG modification
(Table 1), and the stabilization was larger for TEG modi-
fication than for propynyl modification.

TEG comprises hydrocarbons, ether groups and a hy-
droxyl group that interact via CH—r interactions, lone pair—
7 interactions and hydrogen bonds with the G-quadruplex.
Therefore, we hypothesized that TEG in the loop of the
G-quadruplex adopts a conformation suitable for interac-
tions between TEG and the G-quadruplex. To confirm that
TEG interacted with the G-quadruplex, the stabilities of
QI and Q1-(X4)4 were measured in the presence of the G-
quadruplex-stabilizing ligand NMN, which stacks on a G-
quartet via —r interactions (31) and was expected to com-
pete with tethered TEG. Upon addition of NMN, the A G°s
value of QI decreased by 0.6 kcal mol~!' (Supplementary
Figure S6). The AG°;,5 values of Q1-(X4)4, with or with-
out NMN, were similar (Supplementary Figure S6), indicat-
ing that TEG stabilized Q1. This suggests that TEG in Q1-
(X4)4 stacks on a G-quartet and that the interactions be-
tween the G-quartet and TEG are stronger compared with
the m-m interaction between the G-quartet and NMN.

Effect of the number of hydroxyl groups and length of ethy-
lene oxide on the stability of the G-quadruplex

We estimated the effect of the number of hydroxyl groups
and length of the ethylene oxides in the G-quadruplex on its
stability. The A G°»s values of Q1-(X4)4 13 and Q1-(X4)47,13
were —7.5 and —8.0 kcal mol~!, respectively (Table 1), indi-
cating that increasing the number of positions modified by
TEG groups increased with the stability of G-quadruplexes.

We investigated how longer ethylene oxides influenced the
stability of the G-quadruplex. For this purpose, we synthe-
sized G-quadruplexes with longer oligoethylene oxides (X8,
X12 and X16) at positions T4 and T7 (Figure 1 and Sup-
plementary Table S1). We confirmed that all modifications
did not affect the overall architectures of the antiparallel G-
quadruplexes (Supplementary Figure S7). The AG°,s val-
ues of Q1-(X8); and Q1-(X8); were —7.1 and —4.4 kcal
mol~!, respectively (Table 1), indicating their higher stabil-
ity compared with the structures with TEG modification at
the same positions. Stabilization by OEG was imparted by a
favorable enthalpic contribution (Table 1), suggesting that
the hydrocarbons and ether groups in the ethylene oxides
interacted with the G-quartet via CH-m and lone pair-m in-
teractions. The AG°,5 values of Q1-(X12)4 and Q1-(X16)4
were —6.5 and —6.3 kcal mol ™!, respectively (Table 1). This
indicates that the stabilization effect by oligoethylene glycol
at T4 was saturated by the oligoethylene glycols. Because the
oligoethylene glycol located in the narrow space in the two
lateral loops of the G-quadruplex when the oligoethylene
glycol is modified at T4, longer oligoethylene glycols may



prevent favorable interactions. In contrast, the AG°,5 val-
ues of Q1-(X12); and Q1-(X16); were —4.5 and —4.6 kcal
mol~!, respectively (Table 1), indicating that the oligoethy-
lene glycol modified at T; may prevent favorable interac-
tions, because the thymine base at position 7 flipped out.

These results indicate that the number of hydroxyl groups
and the length of ethylene oxides are important for signifi-
cant stabilization of the G-quadruplex by oligoethylene gly-
col modification.

NMR analysis for identifying the effect of TEG modification
on G-quadruplex structures

To analyze the interactions between TEG and DNA, NMR
spectra of certain modified oligonucleotides were evaluated.
The '"H NMR spectra of oligonucleotides Q1-(X4); and Q1-
(X4); exhibited eight sharp imino resonances in the region
from 11.7 to 12.2 ppm (Figure 4A), which indicates the for-
mation of a single G-quadruplex species. 2D NOESY exper-
iments were used to assign the relevant resonances of QI-
(X4)4 and Q1-(X4);7 (Figure 4B). NOE connectivity reveals
that the topologies as well as syn/anti gunanine conforma-
tions and hydrogen bond directionalities within G-quartets
of Q1-(X4)4 or Q1-(X4); G-quadruplexes are the same as
those in non-modified Q1 (21). In general, aromatic and
anomeric chemical shifts in the spectra of Q1-(X4)4 and Q1-
(X4); differed only slightly from the pattern of Q1. Only
T3, T4 and Ty aromatic H6/HS resonances in Q1-(X4), and
Q1-(X4)7 shifted by >0.2 ppm compared with Q1 spectrum
(Figure 4B). Further, anomeric H1’ resonance shifts of Q1-
(X4)4 and Q1-(X4); were within 0.1 ppm compared with the
Q1 spectrum.

The imino peaks of modified oligonucleotides exhibited
larger perturbations (Figure 4A). The imino pattern of Q1-
(X4)4 with the TEG group on T4, which was near the G-
quartet with two edge-type loops, exhibited a noticeable
downfield shift of G5 imino resonances compared with the
spectrum of unmodified Q1. Although modification of Ty
in Q1-(X4)4 might have interfered with T4:T )3 base pairing,
no significant change in the G4 imino chemical shift was
observed. The largest imino resonance shifts in Q1-(X4)7,
compared with the spectrum of QI, were downfield shifts
of Gy and Gy;. It appears that the positioning of the TEG
group exerts a larger influence on the diagonal G-tract than
on the adjacent Gg. We performed 2D NOESY NMR ex-
periments to determine the spatial organization of the TEG
groups with respect to the DNA. However, no NOE cross-
peaks were observed between TEG protons and aromatic,
amino or imino protons in Q1-(X4), or Q1-(X4);. These
analyses indicate that the TEG groups adopted multiple
conformations.

Computational simulations to determine the effect of TEG
modification on G-quadruplex structures

To understand how TEG interacts with G-quadruplexes, we
performed 35-ns MD calculations of Q1, Q1-(X4)4 and Q1-
(X4)7. To obtain the equilibrated structures from MD tra-
jectories, we analyzed the temporal changes in root mean
square deviations (RMSDs) of the sugar-phosphate back-
bones (Supplementary Figure S8). We acquired 24 000
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Figure 4. (A) Imino regions of 1D 'H NMR spectra of Q1, QI-(X4),
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Aromatic-anomeric regions of 2D NOESY spectra of Q1-(X4)s and Q1-
(X4)7. Intranucleotide H6/H8-H1’ cross-peaks are labeled.

snapshots (11-35 ns) to understand TEG-induced stabi-
lization. Supplementary Movies S1 and 2 show the results
of MD calculations for Q1-(X4); and Q1-(X4);, respec-
tively. In the simulations indicated by the NMR analyses,
TEG was dynamic; however, the ethylene oxides in the TEG
group of Q1-(X4), were located close to T3 during most
of the simulation because of CH-m and Lone pair— inter-
actions (Supplementary Movie S1). Moreover, in Q1-(X4)7,
the formation of a hydrogen bond was observed, and the hy-
droxyl group of TEG in Q1-(X4); formed a hydrogen bond
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Figure 5. Representative conformations observed in (A) Q1-(X4)4 (cluster
1 in Supplementary Figure S9a) and (B) Q1-(X4)7 (cluster 1 in Supple-
mentary Figure S10a). The backbone is shown in dark green, and guanine
and thymine bases are shown as green and cyan blocks, respectively. K™ is
represented by purple spheres. The X4 atoms are shown in ball-and-stick
representation with orange for phosphorus, red for oxygen, blue for nitro-
gen, gray for carbon and white for hydrogen. (C and D) Enlarged view in
Figure 5A. Blue, orange and pink dashed lines are CH—m interactions, lone
pair—m interactions and m— interaction, respectively. The values show dis-
tance (A) between interacted regions.

with the phosphate moiety at G¢ (Supplementary Movie
S2). These interactions with TEG may therefore stabilize G-
quadruplexes.

Snapshots taken during MD simulations were classified
into 10 groups (clusters), depending on the RMSD val-
ues for all TEG atoms, using the hierarchical agglomera-
tive clustering method (Supplementary Figures S9 and 10).
NMR analysis shows that the TEG groups adopted mul-
tiple conformations; however, our simulations suggest that
key TEG conformations stabilize the G-quadruplex. For
Q1-(X4)4, 33.4% of snapshots grouped into cluster 1 (Fig-
ure SA and Supplementary Figure S9a). In these snapshots,
TEG bridged the two lateral loops (Figure SA). Moreover,
TEG adopted the bridged conformation in ~59.1% of snap-
shots (clusters 1, 4, 5, 7 and 8) (Figure 5A and Supple-
mentary Figure S9b). Further, the positions of the TEG
groups in Q1-(X4)4 in MD simulations suggest that hydro-
gen bonds formed between the hydroxyl group of TEG and
phosphate oxygens of the G-quadruplexes. In contrast, in
the simulation of Q1-(X4);, 35.3% of snapshots grouped
into cluster 1 (Figure 5B and Supplementary Figure S10a)
and there was no similar conformation among other clus-
ters of Q1-(X4)7 (Supplementary Figure S10b).

We calculated the electronic states of Q1, Q1-(X4)4 and
Q1-(X4); using the fragment molecular orbital (FMO)
method (32) at the MP2/6-31G(d) level. The nucleotides
were divided into fragments (Supplementary Figure S11),
and inter-fragment interaction energies (IFIEs) were cal-
culated (Figure 6). First, we analyzed IFIEs for all frag-
ment pairs for contributions from Hartree—Fock energies
(Egr), which mainly reflect electrostatic interactions asso-
ciated with the formation of hydrogen bonds and dipole—
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dipole interactions. Moreover, electron correlation energies
(Ecorr), which represent the dispersion forces imparted by
m— stacking, CH—m interactions and lone pair—r inter-
actions were estimated. The schematics of G-quadruplex
structures and attractive interactions between DNA and
TEG from Figure 6 are shown in Figure 7A and B (labels
Aj—Ag, Bj—B4 and C;—C;s in Figure 6) and in Figure 7C and
D (labels D;—Djs in Figure 6).

There were regions of low Egr (deep red points labeled A
to Ag) (Figure 6A—C). The interactions were mediated by
hydrogen bond formation in G-quartets, and there was no
critical difference among Q1, Q1-(X4); and Q1-(X4); (A;-
Ag in Figure 6A-C). However, there were specific interac-
tions with TEG (Figure 6B and C, green and blue arrows).
Snapshot analysis showed that hydrogen bond formation
between the hydroxyl group of TEG and a phosphate group
in the G-quadruplex (Figure 6B and Supplementary Figure
S12a and b; green lines) and the repulsion between T, and
X4 in thymine oxygens (Figure 6B, blue arrow; Supplemen-
tary Figure S12a and c) contributed to favorable and unfa-
vorable interactions, respectively. Moreover, hydrogen bond
formation between the thymines in X7 and Gs was observed
(Figure 6C and Supplementary Figure S13a and b; green
line). Therefore, hydrogen bonds likely play important roles
in stabilizing G-quadruplexes through TEG modification.

In contrast, the E.,; values associated with the stack-
ing interactions in the G-quartets (B;—By4 in Figure 6D-F)
for Q1, Q1-(X4), and Q1-(X4); showed similar trends. The
Ecorr values labeled Cy, C, and C; for Q1-(X4)4 were clearly
lower compared with those for Q1 and Q1-(X4); (Figure
6D-F). For example, the E, values labeled C;, C, and
C; for Q1 were —9.0, —1.6 and —6.6 kcal mol~', and those
for Q1-(X4)4 were —15.5, —9.3 and —10.5 kcal mol~!. The
red bars in snapshots for Q1 and Q1-(X4), (Figure 8) show
the orientations of bases in G-quartets and bases in loops,
which stack on the G-quartets. The guanine bases in the
G-quartets in Q1-(X4), were parallel, whereas those in Q1
were not. Moreover, loop bases Gg and Tg in Q1-(X4)4 were
parallel to G5 and Gg (Figure 8B), respectively, indicating
strong stacking interactions (C; and C;) (Figure 6E). T3
was pushed up by the TEG group in Q1-(X4)4; therefore,
the distance between Gy, and T3 in Q1-(X4)4 was shorter
than that in Q1 (Cj in Figure 6E), suggesting that the stack-
ing interactions were enhanced by TEG modification.

Moreover, interactions imparted by TEG-modified de-
oxythymidine induced lower E.,,; values (Figure 5, D—-Dy4
in Figure 6D and E). T-shaped m—m and dipole-induced
dipole interactions were observed between TEG and Gs or
G in Q1-(X4)7, which correspond to D3 and D4 (Sup-
plementary Figure S13c). Figure 5C and D show enlarged
views of the interactions between TEG and T}, or T3in Q1-
(X4)4, which correspond to D; and D, (Figure 6E). The hy-
drocarbons in TEG group in Q1-(X4), formed CH—m and
lone pair—m interactions with T}, or T3 (Figure 5C and D).
The CH—m and lone pair—m interactions had low E,,, val-
ues, reflected by the stabilizing interactions of D; and D.
Moreover, the interaction of D; for Q1-(X4), involved m-
interactions between the propynyl group of TEG and the
base of T,.
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Figure 6. Interaction energies calculated from analysis of Hartree—Fock energies (kcal mol~!) for (A) Q1, (B) Q1-(X4)4 and (C) Q1-(X4)7, and electron
correlation energies (kcal mol~!) between bases for (D) Q1, (E) Q1-(X4); and (F) Q1-(X4)7. The fragment number corresponds to the position of the
nucleotide. Red and blue squares indicate attractive and repulsive interactions shown on scale on the right, respectively. Dashed squares labeled A and B
indicate interactions within a G-quartet and between G-quartets, respectively (Figure 7A and B). Dashed squares labeled C indicate interactions of loop
bases with G-quartets (Figure 7B). Dashed squares labeled D indicate specific interaction with TEG modified thymine (Figure 7C and D).

A B
Ge Tz or X7

Figure 8. The structures of (A) QI and (B) Q1-(X4)4. (A) Snapshot at 35
ns. (B) Representative conformation of cluster 1 (Figure SA). Dark-green
tubes and green and cyan blocks indicate backbone, guanine and thymine,
respectively. Orange, red, gray, blue and white balls indicate phosphorus,
oxygen, carbon, nitrogen and hydrogen atoms of X4, respectively. Red lines
show the orientations of bases in G-quadruplexes. Blue arrows indicate
interactions between the loop bases and G-quartets shown in Figures 6

and 7.
Figure 7. Attractive interactions in the G-quadruplex for (A) Hartree—
Fock energies in Figures 6A-C, (B) elhectron correlation energy ip Fig- Importance of oligoethylene glycols for stabilizing G-
ures 6D-F and (C-D) electron correlation energy of TEG regions in Q1- uadruplexes
(X4)4 (Figure 6E) and Q1-(X4); (Figure 6F). Double-headed arrows cor- q p

respond to the dashed squares in Figure 6. The propynyl group stabilizes DNA structures via stacking

interactions. Therefore, we performed MD calculations for
Q1-(Pro)4 (Figure 9; Supplementary Figures S14 and 15).
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Figure 9. (A) Representative structure of Q1-(Pro)4 at 31 ns and (B and C)
enlarged views around (Pro). Green and cyan blocks and the dark-green
tube represent guanine, thymine and the backbone of the G-quadruplex,
respectively. Orange, red, blue, gray and white sticks or balls illustrate phos-
phorus, oxygen, nitrogen, carbon and hydrogen atoms, respectively. Blue
and pink dashed lines indicate m— stacking interactions and m—m interac-
tions, respectively. The values show the distances in A between interacting
regions.

As shown in Figure 9, Supplementary Figure S15a and b,
the hydrogen bonds in G-quartets (A;—Ag) and stacking in-
teractions between G-quartets (B;—By) followed the same
trends that were observed for Q1, Q1-(X4), and Q1-(X4);
(Figure 6). However, there were differences among inter-
actions between the bases around G-quartets and guanine
bases of the G-quartet (C;—C3). (Pro), interacted with Gy
(D;, —4.1 kcal mol~") and Ty, (D,, —7.5 kcal mol~') (Sup-
plementary Figure S15b). The propynyl group in Q1-(Pro),
was located near Gs and Gy, and the thymine in (Pro)y
stacked on Gs (Supplementary Figure S15a and b), suggest-
ing w—m interactions between the  electrons of the base
of Gy, and triple bond in (Pro)s. A similar interaction has
been reported in benzene and acetylene clusters (33). There-
fore, these stacking interactions involving (Pro)s may sta-
bilize the G-quadruplex. However, the propynyl group in
Q1-(X4)4 was not located near Gs (Figure 5A), suggesting
that the position of the propynyl group in Q1-(X4), dif-
fered from that in Q1-(Pro)s (Figures 5SA and 9A). There-
fore, the stacking interactions between the propynyl group
and bases in Q1-(X4); were weaker than the interactions
between TEG and bases. Our results indicate that the inter-
actions of G-quadruplexes with TEG should be more favor-
able compared with those with the propynyl group.
Moreover, we analyzed Q1-(X8),4 structures. Supplemen-
tary Movie S3 shows the MD trajectory of Q1-(X8), in
equilibrium. The OEG group of X8 was flexible as was X4
in Q1-(X4)4 and Q1-(X4);. We clustered snapshots of QI1-
(X8)4 according to the OEG conformations (Supplemen-
tary Figure S16). The ethylene oxide chain of OEG rotated
around the G-quartet and fit between two loops in the G-
quadruplex (Supplementary Figure S16). Figure 10 shows
the typical OEG conformations of Q1-(X8)4. The ethylene
oxides in OEG were located close to bases in the loop of
the G-quadruplex at distances indicative of CH-m and lone
pair— interactions. Snapshots of cluster 1 of Q1-(X8)4 re-

Figure 10. (A) Representative structure of cluster 1 for Q1-(X8)4 and (B
and C) enlarged views around X8. Green and cyan blocks and the dark-
green tube indicate guanine, thymine and the backbone of Q1, respectively.
Orange, red, blue, gray and white sticks or spheres illustrate phosphorus,
oxygen, nitrogen, carbon and hydrogen atoms, respectively. Green, blue
and violet dashed lines are hydrogen bonds, m— stacking interactions, and
w—r interactions, respectively. The values show the distances in A between
interacting regions.

veal that hydrogen bonds in G-quartets (A1—Ayg) (Supple-
mentary Figure S17a), stacking interactions between G-
quartets (B;—By4) (Supplementary Figure S17b) and stack-
ing interactions between the bases around the G-quartet
were similar to those in Q1-(X4), cluster 1. These results
indicate that the longer chain pushed up the G-quartets.
Further, specific interactions of D;—Dy4 were observed in
QI1-(X8)4 (Supplementary Figure S17b). Although the in-
teraction of D (between T3 and X8) was the same as that
observed in Q1-(X4)4, the interactions of D,, D3 and Dy
were specific to the longer oligoethylene glycol-modified de-
oxythymine (Supplementary Figure S17).

These results show that OEG induced stabilization of G-
quadruplexes compared with TEG because of its numerous
donor sites for CH— and lone pair—m interactions and the
donor and acceptor sites. However, the A G°»s values of Q1-
(X8)4, Q1-(X12)4 and Q1-(X16)4 were —7.1, —6.5 and —6.3
kcal mol~!, respectively (Table 1). The longer oligoethylene
glycols DEG and HEG comprise numerous hydrocarbon
moieties that form CH-m interactions. The conformations
of OEG observed in MD simulations, therefore, reveal the
mechanism of G-quadruplex stabilization.

Biological significance of G-quadruplex stabilization by oli-
goethylene glycols

Synthetic saccharides with hydrocarbons stacked onto the
ends of DNA duplexes via CH—r interactions stabilize the
duplexes, (34) suggesting that CH—r interactions of TEG-
modified deoxythymidine affect duplex stability. Our MD
and FMO calculations show the importance of TEG po-
sitions for stabilizing DNA structures. TEG-modified de-
oxythymidine specifically stabilized the G-quadruplex but
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not the G-duplex, because the TEG positions in the du-
plex may be unsuitable for the formation of CH- inter-
actions. Electrostatic interactions, hydrogen bonding and
stacking interactions are the best understood non-covalent
interactions between DNA and proteins, metabolites and
drugs (35). CH— interactions exert multiple effects, and
these interactions are critical to the association of organic
small molecules, (36) self-assembly of super molecules, (37)
interactions between drugs and proteins (38) and associa-
tions between sugars and proteins (39). However, the im-
pact of these interactions on DNA structures is not consid-
ered significant. Numerous co-solutes with hydrocarbons
are present in cells, such as polysaccharides and metabo-
lites. The structure and stability of DNA in a solution with
co-solutes, such as oligoethylene glycols, PEGs and polysac-
charides, were investigated to understand the effect of in-
tercellular co-solutes on DNA function in cells. For exam-
ple, evidence indicates that co-solutes change DNA func-
tion through alterations in physical properties of the solu-
tion rather than through specific interactions with DNA
(3). However, co-solutes may directly interact with DNA
(40,41). We reported that co-solutes alter DNA structure
and stability through enthalpic contributions, (3) suggest-
ing the possibility of direct interaction of co-solutes with
DNA.

Our present results suggest that the oligoethylene gly-
col specifically interacts with DNA via CH-m and lone
pair—m interactions. Further, oligoethylene glycols cova-
lently linked to DNA interacted with G-quadruplexes and
increased the stability of these DNA structures compared
with free oligoethylene glycols in solution, which was im-
parted by entropic contributions. Our analyses of these
modified DNAs suggest that oligoethylene glycols may in-
teract in a structure-specific manner with DNA. Therefore,
our present results will facilitate understanding PEG-DNA
interactions as well as co-solute-DNA interactions such as
CH- interactions between DNA and co-solutes that regu-
late the function of DNA in cells. A significant finding of the
present study demonstrates that PEG changed the stability
of DNAs with structural specificity. Our results are there-
fore applicable to the design and control of DNA structures
within the cell to regulate biological reactions via the forma-
tion of non-canonical structures.
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Supplementary Data are available at NAR Online.
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