¥ International Journal of
Molecular Sciences

{

Article

Combined Effects of Methylated Cytosine and Molecular
Crowding on the Thermodynamic Stability of DNA Duplexes

Mitsuki Tsuruta , Yui Sugitani 1, Naoki Sugimoto 12 and Daisuke Miyoshi *

Citation: Tsuruta, M.; Sugitani, Y.;
Sugimoto, N.; Miyoshi, D.
Combined Effects of Methylated
Cytosine and Molecular Crowding
on the Thermodynamic Stability of
DNA Duplexes. Int. ]. Mol. Sci. 2021,
22, 947. https://doi.org/
10.3390/ijms22020947

Received: 18 December 2020
Accepted: 15 January 2021
Published: 19 January 2021

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and insti-

tutional affiliations.

Copyright: © 2021 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (http://crea-

tivecommons.org/licenses/by/4.0/).

1 Faculty of Frontiers of Innovative Research in Science and Technology (FIRST), Konan University,
Kobe 650-0047, Japan; m2061010@s.konan-u.ac.jp (M.T.); sugitani@jcdb.co.jp (Y.S.);
sugimoto@konan-u.ac.jp (N.S.)
2 Frontier Institute for Biomolecular Engineering Research (FIBER), Konan University, Kobe 650-0047, Japan
* Correspondence: miyoshi@konan-u.ac.jp; Tel.: +81-(07)-8303-1426

Abstract: Methylated cytosine within CpG dinucleotides is a key factor for epigenetic gene regula-
tion. It has been revealed that methylated cytosine decreases DNA backbone flexibility and in-
creases the thermal stability of DNA. Although the molecular environment is an important factor
for the structure, thermodynamics, and function of biomolecules, there are few reports on the effects
of methylated cytosine under a cell-mimicking molecular environment. Here, we systematically in-
vestigated the effects of methylated cytosine on the thermodynamics of DNA duplexes under mo-
lecular crowding conditions, which is a critical difference between the molecular environment in
cells and test tubes. Thermodynamic parameters quantitatively demonstrated that the methylation
effect and molecular crowding effect on DNA duplexes are independent and additive, in which the
degree of the stabilization is the sum of the methylation effect and molecular crowding effect. Fur-
thermore, the effects of methylation and molecular crowding correlate with the hydration states of
DNA duplexes. The stabilization effect of methylation was due to the favorable enthalpic contribu-
tion, suggesting that direct interactions of the methyl group with adjacent bases and adjacent methyl
groups play a role in determining the flexibility and thermodynamics of DNA duplexes. These re-
sults are useful to predict the properties of DNA duplexes with methylation in cell-mimicking con-
ditions.
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1. Introduction

The covalent addition of a methyl group to the 5-position of the cytosine ring within
a CpG dinucleotide is an epigenetic modification of DNA that is vital for cellular devel-
opment [1-3]. In vertebrate genomes, approximately 70% of CpG residues are methylated
[4]. CpG islands are relatively short (~1 kb) sequences that frequently coincide with gene
promoter regions, especially nearby transcription start sites [5,6]. Moreover, next-genera-
tion sequencing of the methylome for the whole genome has identified methylation in
non-CpG contexts (mCH, where H=A, C, or T) in stem cells, oocytes, and neurons of mam-
mals [7-13]. mCH is largely depleted from embryo stem cells upon cell differentiation and
is restored in induced pluripotent stem cells [14]. Proper DNA methylation is a prerequi-
site for normal development and is further involved in various biological processes such
as the regulation of gene expression, X-chromosome inactivation, suppression of repeti-
tive genomic elements, and carcinogenesis [15-18]. Moreover, deregulation of epigenetic
gene expression is related to the onset of cancer and neurodegeneration [19,20]. It is gen-
erally considered that methylated cytosine represses gene expression by binding with
methylation binding proteins, resulting in the blocking of transcription factors [21-23].
Thus, the specific binding of methylation binding proteins to methylated DNA is critical
for the epigenetic gene regulation system. The affinity between methylated DNA and
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methylation binding proteins is affected by the DNA structure. Therefore, the effects of
methylated cytosine on the DNA structure and its stability and dynamics in living cells
are important not only for understanding epigenetic mechanisms, but also for developing
tailored epigenetic therapies that target cancer and neurodegeneration.

Structural studies with NMR and X-ray crystallography have demonstrated that
methylated cytosine reduces the dynamics of the backbone of DNA duplexes [24-29]. In
agreement with these experimental studies, molecular dynamics (MD) studies have also
indicated that DNA flexibility is reduced by steric repulsion and hydrophobicity of the
methyl groups [30,31]. Moreover, the effects of methylated cytosine on the thermal stabil-
ity of DNA structures have also been reported. Nardo and Mantegazza systematically
conducted FRET melting analysis on DNA duplexes with various numbers of methylated
cytosines under a wide cation concentration range [29]. They found that the melting tem-
perature values were systematically upshifted by approximately 0.5 °C per methylated
cytosine. This thermal stabilization is consistent with a study by Marky and colleagues
using differential scanning calorimetry [32]. Methylation effects on the thermal stability
of noncanonical DNA structures, triplexes, and i-motifs have also been reported [26,32-
34]. However, most of these biophysical and biochemical studies on methylation effects
have been carried out in test tubes with dilute buffer conditions that are totally different
from those in living cells, where DNA folds into various structures to play critical roles in
various biological processes.

In addition to methylated cytosine, the cellular environment has significant effects
on the structure and thermodynamic stability of DNA. Cellular environmental factors
such as pH, cations, and temperature influence DNA thermodynamic stability [35]. More-
over, the volume of the cell is constituted by 20-40% biomolecules, leading to molecular
crowding [35]. It has been demonstrated that B-form duplexes via Watson-Crick base-
pairing are destabilized under molecular crowding conditions, whereas G-quadruplexes
and triplexes with Hoogsteen base pairs are stabilized [36-38]. From these results, it is
possible to consider that molecular crowding, which is a major difference between cell
and test tube conditions, is a critical factor in determining the structure and stability of
DNA. Currently, there have been only a few reports on the methylation effect on the ther-
mal stability of DNA under molecular crowding conditions. Shao’s group reported the
methylation effects on thermal stability of human telomeric i-motif structures under mo-
lecular crowding conditions with Ficoll 400 [39]. They found that the methylation effects
on thermal stability of the i-motif were conserved under crowding conditions. Conserva-
tion of the cytosine effect under molecular crowding conditions has also been observed
for DNA triplexes [32]. In contrast, Wadkins and colleagues studied the methylation ef-
fects on c-myc i-motif DNA and found that the effects on stability were abolished under
molecular crowding conditions with small molecules having different numbers of hy-
droxyl groups [37]. Although the discrepancy in these studies could be due to differences
in DNA sequences and cosolutes in the experiments, further studies are required to un-
ravel the properties of epigenetically modified DNA oligonucleotides under cell-mimick-
ing crowded conditions. To understand the effects of methylation under crowded condi-
tions on the thermodynamics of DNA, the duplex structure is suitable for the following
reasons. First, oligonucleotide duplexes are appropriate for thermodynamic analysis
based on a two-state transition model, whereas i-motif and triplex structures often do not
follow a two-state transition. Second, the duplex may maintain its structure in spite of
various nucleotide modifications, which makes it possible to alter the nucleotide sequence
in a systematic manner. Third, the DNA duplex is not sensitive to cation species and so-
lution pH, simplifying quantification of the methylation effects.

Here, we systematically examined the thermodynamic properties of methylated
DNA oligonucleotides under molecular crowding conditions with various cosolutes such
as polyethylene glycol (average molecular weight 200 (PEG200)), trimethylamine N-oxide
(TMAO), urea, and L-proline to elucidate the effects of DNA methylation in a cell-mim-
icking environment. Thermodynamic parameters as well as CD spectra demonstrated that
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the effects of methylation and molecular crowding are independent and additive. Ther-
modynamic parameters had a linear relationship with the number of methylations and
the degree of molecular crowding. Moreover, we found that the stabilization effect of
methylation was due to the favorable enthalpic contribution, suggesting that direct inter-
actions of the methyl group with adjacent bases and adjacent methyl groups play a role in
determining the flexibility and thermodynamics of DNA duplexes. These results are use-
ful to predict the properties of DNA duplexes with methylation in cell-mimicking condi-
tions.

2. Results
2.1. Design of DNA Sequences and Crowding Reagents

We designed 10-mer non-self-complementary DNA oligonucleotides (Figure 1A-D).
In order to systematically investigate the methylated cytosine effects, the DNA oligonu-
cleotides comprised various numbers of methylated cytosines (Me0: without methylation,
Me3: with three methylations, Me5: with five methylations, and Me8: with eight methyl-
ations). These oligonucleotides were designed to show a two-state transition in the for-
mation of the duplex with a moderate thermal stability to evaluate the methylation and
molecular crowding effects.

A Med E PEG 200
5"-GGCTGCGGT C-3' o
Y-CCGACGCCAG-5 HO H
n
B Me3 F t™™maAO
CH, CH, CH, |
| | I +
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I'-CCGACGCCA G5
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I 11 NH;

CH;CH, CH, CH,CH,

Figure 1. Sequences of DNA oligonucleotides and chemical structure of cosolutes used in this
study. (A) Me0. (B) Me3. (C) Me5. (D) Me8. Chemical structures of (E) PEG200, (F) TMAO, (G)
urea, (H) L-proline.
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As cosolutes to induce molecular crowding, PEG200 (Figure 1F) was used as a stand-
ard cosolute as described previously [40-43]. We have used PEG200 to evaluate molecular
crowding effects on structural stability of various nucleic acids interpreted the results
from our and other groups as a review paper [40-43]. Therefore, PEG200 is suitable coso-
lute to compare with previous studies for molecular crowding effects. PEGs have been
used as a cosolute because of the following reasons. First, PEGs are basically inert with
biomolecules. Second, PEGs are highly water soluble. Although none PEGs and the natu-
rally occurring cosolutes do not completely mimic intracellular conditions, it is important
to use such inert and water soluble cosolutes to evaluate biomolecular characters such as
thermodynamics and hydration under molecular crowding conditions. In addition to the
above-mentioned reasons, PEGs with various molecular weights are commercially avail-
able and are inexpensive to use in great quantities as cosolutes. Notably, it was recently
reported that nucleic acid structure in a molecular crowding condition with PEG200 is
similar with that in cell nucleolus, where DNA molecules exist [44].

TMAO, urea, and L-proline were also used as low molecular weight cosolutes.
TMAO is zwitterionic and a protective osmolyte for various proteins [45-47]. We also re-
ported that TMAO stabilizes DNA duplexes due to its preferential interactions with nu-
cleotide bases [38]. Urea is an important cosolute with implications in maintaining os-
motic stress in cells and destabilizing biomolecular structures [47-49]. L-proline is a com-
patible cosolute that accumulates in plants, bacteria, algae, and marine invertebrates in
response to osmotic stress [50,51]. L-proline stabilizes proteins because of its unfavorable
interactions with various functional groups on the surfaces of proteins, resulting in pref-
erential interactions with water molecules [52]. Since the total concentration of biomole-
cules in a living cell is around 20-40 wt%, here we added cosolutes up to 40 wt% to induce
model molecular crowding conditions.

2.2. Effects of Methylation and Molecular Crowding on DNA Structure

First, we studied the structures of the DNA oligonucleotides using circular dichroism
(CD) spectroscopy. Figure 2A shows the CD spectra of 20 uM oligonucleotides (Me0, Me2,
Me3, Me5, and Me8) in a buffer containing 100 mM KCI, 10 mM K2HPOs (pH 7.0), and 1
mM K2EDTA at 25 °C. Although peak position and intensity depend on the oligonucleo-
tide sequence, these CD spectra showed positive and negative peaks around 280 nm and
250 nm, respectively, indicating the B-form duplex for all oligonucleotides [53]. In addi-
tion, it is possible that minor changes in the CD spectra of the DNA oligonucleotides re-
flect dynamics and flexibility of the DNA backbone as will be discussed later.
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Figure 2. CD spectra of 20 uM oligonucleotides. CD spectra in a buffer containing 100 mM KCl, 10
mM KoHPOs (pH 7.0), and 1 mM K2EDTA in the absence of cosolutes (A) or in the presence of 30
wt% cosolutes (PEG200 (B), TMAO (C), urea (D), and L-proline (E)) at 25 °C. Me0: black, Me3:
orange, Me5: green, and Me8: red.

CD spectra of the oligonucleotides in the presence of 30% PEG200, TMAO, urea, and
L-proline are shown in Figure 1B-E, respectively. These CD spectra were similar to that
in the absence of cosolutes, showing that the B-form duplex is maintained under molecu-
lar crowding conditions with cosolutes. In addition, a sharp negative peak around 220 nm
was observed in the presence of L-proline (Figure 2E). This signal is not from the oligonu-
cleotide but from highly concentrated L-proline, which has a CD intensity around 220 nm.
These results show that the oligonucleotides maintain the B-form duplex under molecular
crowding conditions, although methylation may affect the flexibility of DNA strands and
induce local structure changes.

2.3. Thermal Stability of DNA Duplexes with Methylations under Dilute and Molecular
Crowding Conditions

To investigate the combined effects of molecular crowding and methylated cytosine
on the thermodynamics of the B-form DNA oligonucleotides, we performed UV-melting
analysis in the absence and presence of the cosolutes. Figure 3A shows UV melting curves
of 2.0 uM oligonucleotides traced at 260 nm in 100 mM KCl buffer under dilute conditions.
There was no hysteresis between the melting and annealing curves under all experimental
conditions (Supplementary Figures S1 and S2), suggesting a two-state transition of the
oligonucleotides between the random coil and the B-form duplex. The melting tempera-
tures (Tm) were evaluated and are listed in Table 1. The Tm value increased from 51.4 °C
to 59.5 °C as the number of methylated cytosines increased from zero to eight. Previously,
it was reported that methylation of cytosine increases the Tm value of a B-form duplex
[30]. The increment of around 1 °C per one methylation observed here is consistent with
previous reports [54]. Figure 3B—E show UV melting curves of 2.0 uM oligonucleotides in
the presence of 30 wt% PEG200, TMAOQO, urea, and L-proline, respectively. The Tm values
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are listed in Table 1. As well as in the absence of the cosolutes, a stabilizing trend by meth-
ylation was observed. These results qualitatively show that methylation stabilizes the
DNA duplexes regardless of dilute or molecular crowding conditions.
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Figure 3. Normalized UV-melting curves for 2.0 uM Me0, Me3, Me5, and Me8. Normalized UV-
melting curves in the 100 mM KCl buffer in the absence of cosolutes (A) or in the presence of 30
wt% PEG200 (B), TMAO (C), urea (D), or L-proline (E). UV melting curves were traced at 260 nm.
Me0: black, Me3: orange, Me5: green, and Me8: red.

Table 1. Melting temperature (Tm) ' (°C) for 2.0 uM oligonucleotides in the absence or presence of 30 wt% cosolutes
(PEG200, TMAO, urea, or L-proline) 2.

Abbreviation Cosolutes
Without Cosolute PEG200 TMAO Urea L-Proline
MeO 51.4 +0.52 42.8+0.0 54.0+0.2 375+0.0 40.0+0.1
Me3 544 +05 46.4+0.2 57.2+0.1 40.7 £0.1 42.8+0.2
Me5 58.0+0.5 50.1+0.2 59.9+£0.3 44.4+0.2 46.2+0.4
Me8 59.5+1.8 529+0.2 63.0+0.3 46.7+0.2 48.7+0.1

! Melting temperature was measured at 2.0 uM strand concentration. > Values are meant + standard deviation from at least
three measurements.

The Tm values of Me0 in the presence of PEG200, urea, and L-proline were decreased
to 42.8, 37.5, and 40.0 °C, respectively, from that in the absence of cosolutes (51.4 °C). These
results show that molecular crowding with the cosolutes reduces thermal stability of un-
modified DNA duplexes. Conversely, the Tm of Me0 in the presence of 30 wt% TMAO (54.0
°C) increased. This stabilization by TMAO is consistent with a previous report [38]. It was
observed that osmolytes having the trimethylamine group, such as TMAO, stabilize the
DNA duplex at the lower concentrations because of a direct binding to a groove of the du-
plex through the formation of hydrogen bonds with nucleobases [38]. The Tm values of all
oligonucleotides in the presence of 0, 10, 30, and 40 wt% of cosolutes are listed in Supple-
mentary Table S1. The dependency of thermal stability (the Tm values) of the duplexes in
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the presence of various concentrations of the cosolutes will be discussed later. The Tm val-
ues of the methylated oligonucleotides (Me3, Me5, and Me8) also showed a similar trend:
increase with TMAO and decrease with PEG200, urea, and L-proline. The degrees of fa-
vorable and unfavorable effects observed for the methylated oligonucleotides were almost
identical with those of Me0. This suggests that the effects of cosolutes were similar for all
oligonucleotides irrespective of methylation. This will be discussed in detail in the next
section with the thermodynamic parameters.

2.4. The Combined Effects of Methylation and Cosolutes on the Thermodynamics of DNA
Duplexes

Based on the UV melting curves (Figure 3), we further calculated the thermodynamic
parameters for B-form duplex formation of the oligonucleotides. Figure 4A shows plots
of AG®37 vs. the number of methylations in the absence and presence of the cosolutes. The
values of AG°®s in the absence of the cosolutes (black line) systematically decreased from
-12.1 (Me0) to -13.1 (Me3), -14.1 (Me5), and —13.6 (Me8) kcal/mol, demonstrating quanti-
tatively that methylation stabilized the duplex. We further observed that the AG°®s7 values
of oligonucleotides in the presence of PEG200 decreased as the number of methylated cy-
tosines increased, from -10.3 (Me0) to -11.2 (Me3), -12.3 (Me5), and -13.1 (Me8) kcal/mol.
This stabilization effect by methylated cytosines was observed with the other cosolutes in
a similar manner. Thus, the methylation effects on the thermodynamics of the DNA du-
plex are conserved and do not depend on the experimental conditions. The stabilization
effect of methylation and its independence are consistent with previous studies for DNA
i-motifs and triplex structures [32,39].

A B e
-8.0 t T T -8.0 80.0 I T T
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Figure 4. Plots of AG® (A), AH® (B), and ~TAS° (C) as a function of methylated cytosine content
for oligonucleotides. The parameters were evaluated in 100 mM KCl buffer in the absence of coso-
lutes (black) or in the presence of 30 wt% PEG200 (orange), TMAO (green), urea (red), or L-proline
(blue). Standard deviation < 0.3 (A), 3.7 (B), and 3.6 (C).

Figure 4B shows AH® vs. the number of methylated cytosines in the absence and pres-
ence of the cosolutes. The values of AH® in the absence of cosolutes (black line) gradually
decreased as methylation decreased, from -72.5 (Me0) to =79.3 (Me3), -81.6 (Me5), and -
85.5 (Me8) kcal/mol. This relationship shows that methylation stabilizes the DNA duplex
in an enthalpic manner. The same trends were observed in the presence of the cosolutes,
although the relationships included some fluctuations. Figure 4C shows plots of -TAS® in
the absence and presence of cosolutes. Regardless of the presence of cosolutes, an increas-
ing trend with more methylation was observed. These results suggest that the stabilization
mechanism by methylation under molecular crowding conditions is the same as in a dilute
solution. Therefore, we conclude that the methylation effect and the molecular crowding
effect are independent and additive, in which the degree of the stabilization is the sum of
the methylation and molecular crowding effects. Since the effects of methylation and mo-
lecular crowding are independent from each other, the combined effects are predictable
from the individual effects. These results are useful to predict the properties of methylated
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DNA duplexes under cellular conditions and of PCR amplification in a test tube under
various experimental conditions.

2.5. The Effect of Methylation on Hydration

Since it is generally considered that hydration of the DNA structure is an important
factor determining the molecular crowding effect on structural stability [35], we further
evaluated the hydration changes upon methylated duplex formation by observing the re-
lationship between the equilibrium constant (Kobs) and water activity (aw) as evaluated
from osmotic pressure measurements [36,55]. Figure 5A shows plots of InKobs for the oli-
gonucleotides vs. Inaw in the presence of various concentration of the cosolutes. In the
presence of PEG200, the plot showed a linear relationship. From the slope of the linear
relationship, it is possible to evaluate the value of Anw, which is the number of water mol-
ecules taken up upon formation of a structure [56,57]. The values of Anw were estimated
to be 96, 105, 108, and 106 for Me0, Me3, Me5, and Me8, respectively, corresponding to an
uptake of 9.6, 10.5, 10.8, and 10.6 water molecules per base pair, respectively. In the case
of TMAOQ, the plot showed a convex shape irrespective of methylation. These nonlinear
plots indicate that not only hydration, but also other factors are important for the effect of
TMAO on duplex thermodynamic stability. Figure 5C shows the plots in the presence of
various concentrations of urea. The plot increased linearly with an increase in Inaw. These
slopes were estimated to be 57, 60, 67, and 72 for the oligonucleotides, which correspond
to the uptake of 5.7, 6.0, 6.7, and 7.2, respectively, water molecules per base pair. L-proline
also showed a linear relationship, and these slopes were 85, 87, 100, and 98 (8.5, 8.7, 10.0,
and 9.8 water per base pair). Although the number of water molecules taken up upon
duplex formation depended on the cosolute as shown in previous studies [42], a larger
number was observed for more methylated cytosines. These results show that methyla-
tion enhances the number of water molecules that are taken up by oligonucleotides upon
duplex formation.
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Figure 5. Plots of In Kobs vs. In aw for DNA duplexes. Plots for Me0 (black circles), Me3 (orange
diamonds), Me5 (green diamonds), and Me8 (red triangles) in KCl buffer with PEG200 (A), TMAO
(B), urea (C) or L-proline (D).
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3. Discussion
3.1. Structural Flexibility of Methylated DNA Duplexes under Molecular Crowding Conditions

Spectroscopic studies have shown that the overall structure of the DNA duplex is not
largely affected by cytosine methylation [26,56-58]. However, it has been reported using
single-molecule force spectroscopy that cytosine methylation has a significant effect on
the separation of a duplex [59]. A single-molecule analysis by cyclization assay has further
shown a reduction in DNA flexibility by methylation [60,61]. The decrement of DNA
backbone flexibility has been observed in studies using nuclear magnetic resonance
[24,31], and DNA transport using a nanopore [62]. Molecular dynamic simulations have
further suggested that steric hindrance and hydrophobic effects of methyl groups reduce
flexibility [63—65]. It has also been reported that the mutual relationship between stacking
and hydrogen bonding interactions is affected by methylation, resulting in local distor-
tions of DNA [66]. In this study, we observed a minor change in CD spectra depending
on methylation as shown in Figure 2, in which the CD intensities of the positive and the
negative peaks around 280 nm and 250 nm, respectively, varied depending on methyla-
tion. Such minor changes in CD spectra of methylated DNAs have also been observed in
other studies [32,54,65]. Thus, the small changes observed here indicate that the local
structure is affected by methylation. Moreover, the reduction of backbone flexibility of the
methylated DNAs is consistent with the thermodynamic parameters shown in Figure 4.
Comparing the values of AG®s7 (Figure 4A), AH® (Figure 4B), and ~TAS® (Figure 4C), ther-
modynamic stabilization with a larger number of methylated cytosines is accompanied
with a more favorable enthalpy change that overcomes the unfavorable entropy change.
In addition, the larger changes in the values of AH° and —-TAS® were observed for Me5,
indicating a larger local structure change of Me5. These results are consistent with the CD
spectra shown in Figure 2, although these changes observed in Me5 are not sufficient to
discuss quantitatively the specific local structure of Me5. These thermodynamic parame-
ters clearly show the reduction of flexibility by methylation. Similar to the CD intensity
change under dilute conditions, small CD intensity changes and the unfavorable enthalpy
changes depending on methylation were observed under molecular crowding conditions
(Figures 2 and 4). These changes do not depend on the cosolute species. These results
suggest that the effect of methylation on structural flexibility under molecular crowding
conditions with the cosolutes is similar to that under dilute conditions.

3.2. Thermodynamics of DNA Duplexes with Methylations under Molecular Crowding
Conditions

The Tm values (Table 1) and thermodynamic parameters (Figure 4) show that DNA
duplexes are stabilized by methylation under both dilute and molecular crowding condi-
tions. The plots of Tm and AG® vs. the number of methylations (Figures S3 and 4A) show
the slopes, which correspond to the average value of the Tm increment (ATm) and of the
AG°37 decrement (AAG®s7) per one methylation, which were 1.1 °C and —0.3 kcal/mol, re-
spectively, under the dilute conditions. These values are consistent with previous reports
showing that the ATm and of the AAG®°s per one methylation are 0.5 ~1.5 °C [54,67] and
around —0.9 kcal/mol [32]. In addition, the linear relationship between Tm and AG® and the
number of methylations suggest that thermal and thermodynamic stability from methyl-
ations are additive and mostly independent of sequence context [32,68,69].

The values of ATm per methylation under molecular crowding conditions with
PEG200, urea, and L-proline were 1.3, 1.1, 1.2, and 1.1 °C, respectively. The AAG® per
methylation under molecular crowding conditions with PEG200, TMAO, urea, and L-pro-
line, were —0.4, -0.3, -0.3, and -0.3 kcal/mol, respectively. These values (ATm and AAG®)
are almost the same as those under the dilute conditions, and are mostly independent of
cosolute species, showing that the methylation effect is conserved under molecular
crowding conditions. The conservation of the methylation effect under molecular crowd-
ing has also been qualitatively reported by Shao’s group [39,70]. They studied methylation
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and hydroxymethylation effects on DNA duplex and i-motif structures and found that
ATm values of each after the introduction of methyl groups in the absence and presence of
Ficoll are very similar with each other. These thermal analyses as well as our thermody-
namic parameters prove that molecular crowding does not significantly alter the methyl-
ation regulation of DNA structures. The values of AH® (Figure 4B) and —~TAS° (Figure 4C)
showed that the enthalpic stabilization of the DNA duplex by methylation is also ob-
served under the molecular crowding conditions, although the trend had some fluctua-
tions. These parameters further confirm that the stabilization mechanism of the DNA du-
plex by methylation under molecular crowding conditions is the same as that under dilute
conditions. Therefore, we conclude that the methylation effect and the molecular crowd-
ing effect on the DNA structures and their thermodynamics are independent and additive.
The degree of the stabilization of the DNA duplex is the sum of the methylation and mo-
lecular crowding effects.

3.3. Stabilization Mechanism of DNA Duplexes by Methylation

Previous studies have proposed two possible mechanisms for how methylation af-
fects the thermal and thermodynamic stability of DNA structures. One is that the hydro-
phobic effects of methyl groups affect the hydration state of DNA structures. A larger
hydrophobicity by methylation has also been proposed to be important for nucleosome
formation with histone proteins and the regulation of protein recognition. The other pro-
posed mechanism is direct stabilization by introducing a stronger or an additional inter-
action by methylation. It has been reported that methylation facilitates stacking interac-
tions [68,69,71], because the electron donating methyl group increases polarization of a
cytosine base, leading to a higher dispersion energy [72]. In addition, a methyl group in-
corporates an enthalpically favorable interaction with neighboring bases [68,69,71,73].

To take a closer look at the methylation effects, we further evaluated the hydration
state of the DNA duplexes with and without methylation. It has been reported that a DNA
duplex takes up more water molecules upon folding [36]. Thus, duplex formation, which
is a hydration reaction, should be interrupted under molecular crowding conditions
where the concentration and activity of water molecules are reduced by the large amounts
of cosolutes. In fact, we showed that molecular crowding destabilizes the canonical DNA
duplex in an enthalpic manner, whereas molecular crowding stabilizes noncanonical
DNA structures such as G-quadruplexes and triplexes in an enthalpic manner, because
the noncanonical DNA structures release water molecules upon folding, leading to dehy-
dration [36,74-77]. The number of water molecules taken up upon folding (Anw) can be
calculated from the relationship between InKobs, which is the equilibrium constant of struc-
ture formation, and Inaw, which is water activity [77]. As shown in Figure 5, a linear rela-
tionship in InKobs vs. Inaw was observed for PEG200, urea, and L-proline, allowing us to
evaluate the slope, which corresponds to the value of ~Anw. Note that the nonlinear rela-
tionship for TMAO is consistent with previous studies [38] in which a direct interaction
of TMAO with DNA was proposed for the convex upward relationship. It was observed
that osmolytes having the trimethylamine group, such as TMAOQ, stabilize the DNA du-
plex at the lower concentrations because of a direct binding to a groove of the duplex
through the formation of hydrogen bonds with nucleobases [38]. On the other hand, at
the higher concentration, TMAO inhibits hydration reaction because of the preferential
interaction with water molecules, leading to the destabilization of the duplex as shown in
the other cosolutes. The slopes for PEG200, urea, and L-proline were positive, demonstrat-
ing hydration through folding. The values of ~Anw of Me0 with PEG200, urea, and L-pro-
line were evaluated to be 96, 57, and 85, respectively (Table 2), indicating that these num-
bers of water molecules are taken up upon duplex formation. The value of Anw is altered
depending on cosolute species, which is consistent with our and other studies [36,37,74—
77]. This is at least due to weak preferential interactions between cosolutes and water mol-
ecules. By comparing the differences in Anw values with different cosolutes, methylation
had a small effect. For example, Anw slightly increased from 96 to 106 by eight methyl
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cytosines. Although a slight increment was also observed for urea and L-proline, again,
the dependency on methylation was clearly smaller than that on the cosolute. These re-
sults suggest that methylation does not have a large effect on the number of water mole-
cules taken up upon folding or the hydration state of the DNA duplex. This is consistent
with a previous study showing that methylation does not affect the immobilization of
water molecules in a DNA duplex or a DNA triplex [32]. Therefore, the enthalpic contri-
bution of methylation to stabilize the DNA duplex does not originate from hydrophobic
interactions of methyl groups. At least a part of the enthalpic contribution could be due
to another factor arising from methylation.

Table 2. The value of ~Anw for Me0, Me3, Me5, and MeS8 in the buffer containing 100 mM KCl, 10 mM KoHPO4, and 1 mM
K2EDTA with PEG200, TMAO, urea, or L-proline .

bbreviati -Anw

Abbreviation PEG200 TMAO Urea L-Proline
Me0 96 + 4 - 57+1 85+3
Me3 105+ 2 ; 60 +2 87+1
Me5 1082 - 67 +1 100 +3
Me8 106 +11 ; 7243 98+ 8

1 Values are meant + standard deviation from at least three individual plots of In Kobs vs. In aw. 2 =Anw with TMAO was not
possible to evaluate, because of the non-linear relationship.

What caused the enthalpic stabilization by methylation? As discussed above concern-
ing the minor change in CD spectra with methylation, the methyl group can induce an
additional interaction, leading to a more favorable enthalpy change that exceeds the un-
favorable entropy change. Previously, to understand the stabilization effect of thymine
over uracil, Cooper et al., carried out ab initio calculations for stacking interactions be-
tween base pairs [73]. They found that methyl group-neighboring nucleobase and methyl
group-methyl group interactions stabilize DNA over its uracil counterpart, which lacks
the methyl group, by up to 15% of the total stacking energy, corresponding to 2 kcal/mol.
Under dilute conditions, the AH® value of Me0 was —72.5 kcal/mol and gradually de-
creased to be —85.5 kcal/mol for Me8 (Figure 4B). The slope, corresponding to AAH® per
one methylation, was evaluated to be —1.6 kcal/mol. The values in the presence of PEG200,
urea, and L-proline were -1.5, -1.2, and -0.8 kcal/mol, respectively. These experimental
values obtained here are qualitatively consistent with the ab initio calculation. The ab in-
itio calculation further suggested that methyl interactions with the adjacent base affect the
twist angle and base pair distance (rise) of DNA, which may affect the ~-TAS° value. In
fact, the ~TAS® values of Me0 and Me8 were 60.3 kcal/mol and 70.8 kcal/mol (Figure 4C),
resulting in a 1.3 kcal/mol unfavorable enthalpic contribution by one methyl group. An
unfavorable entropic contribution is also observed under molecular crowding conditions
with PEG200, urea, and L-proline. Therefore, the thermodynamic parameters indicate that
a direct interaction and a local conformational change arising from methylation tune the
thermodynamics of DNA duplexes under dilute and molecular crowding conditions.

3.4. Sequence Dependency of Methylation

The above-mentioned ab initio calculation study further showed that two continuous
thymine bases on the same strand have an additional stabilization of ~1 kcal/mol in com-
parison to two continuous methyl-deficient uracil bases due to an interaction between the
contiguous methyl groups [73]. These results indicate that two continuous methylations
on the same strand are energetically more favorable. Based on this, we further studied the
nucleotide sequence effect of methylation. We designed Me5’, which has five discontinu-
ous methylation sites, whereas Me5 includes two continuous methylation sites on the
same strand (See sequence and position of the methylated cytosine bases in Me5 and Me5’,
Figure 6A,B). Figure 6C-E show values of AG®°, AH®, and —TAS° of Me5’, as well as Me5,
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respectively. We found that Me5' is unstable by 0.56 kcal/mol. This destabilization is due
to the unfavorable AH®, which exceeds the favorable -TAS°, demonstrating that the DNA
duplex of Me5 which has two continuous methylation sites on the same strand is more
stable than that of Me5’ with its enthalpic contribution. Therefore, these thermodynamic
parameters are consistent with the methyl-methyl interactions proposed by the ab initio
calculation study. In addition, Anw values of Me5' with PEG200, urea, and L-proline were
103, 58, and 92, respectively (Supplementary Figure S3 and Table S2). The difference be-
tween Anw values of Me5’' and Me5 are within 10, supporting the direct methyl-methyl
interaction, and indicating that the hydration state is not a major determinant of the ther-
modynamic properties of the DNA duplexes. From these results, we conclude that the
continuous methylation sites induce a more stable and rigid structure, although more sys-
tematic DNA sequences with various methylation patterns and different nearest-neighbor
sets should be studied to reveal rules for the sequence-dependent methylation effect. In
addition, methylation is generally symmetrical at both strands. Although the oligonucle-
otides used in this study were not designed in consideration of this point, Me5' involving
two symmetric CpG sites showed the smaller effect on the local structure and its thermo-
dynamics. These results imply that asymmetric methylation patterns lead to more signif-
icant changes in structure and stability of the DNA duplexes. Further studies considering
the symmetric factor are required to reveal structure and stability of methylated CpG and
non-CpG DNA duplexes existing in living cells.

A Meb B Me5’
573" 5.3
| | |
G G C
G G € —CH;
c CH,— € @ g,
T
G
c
G
o
T
cG
I
375"
C
70.0 -
: E 1 - -
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5 < -80. 4 @
<]
% 3 =
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Me5 Me5’ Me5 Me5' Me5 Me5'

Figure 6. Sequences and schematic base position of Me5 and Me5', and their thermodynamic pa-
rameters. Sequences and schematic base position of Me5 (A) and Me5’ (B). The backbone is omit-
ted for clarify. Methylated cytosine bases and methyl groups are shown in red and as yellow VDW
models, respectively. The values of AG®7 (C), AH® (D), and ~TAS® (E) are shown for Me5 (black)
and Me5’ (gray) in 100 mM KCl buffer.
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4. Materials and Methods
4.1. Materials

All high-pressure liquid chromatography (HPLC)-grade DNA strands used in this
study were acquired from Sigma-Aldrich Japan K. K. (Tokyo, Japan) and Hokkaido Sys-
tem Science Co., Ltd. (Hokkaido, Japan). Each oligonucleotide concentration was deter-
mined by the absorbance at 260 nm. Single-strand extinction coefficients 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 Wako Pure Chemical Co., Ltd. (Osaka,
Japan) or Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan).

4.2. CD Spectroscopy

Circular dichroism (CD) spectra of oligonucleotides were measured for 20 uM oligo-
nucleotides in buffer containing 100 mM KCl, 10 mM KoHPO4 (pH 7.0), and 1 mM K:EDTA
in the absence or presence of 40 wt% cosolute at 25 °C using a Jasco J-820 spectropolar-
imeter (JASCO Co., Ltd., Tokyo, Japan) with a quartz cell with 0.1 cm path length. Before
measurement, each sample was heated to 90 °C for 5 min and gently cooled to 0 °C at a
rate of 0.5 °C/min.

4.3. Thermal and Thermodynamic Analysis

The melting curves of each oligonucleotide were measured by monitoring the ab-
sorption at 260 nm using a UV-1800 spectrophotometer (Shimadzu Co., Ltd., Kyoto, Ja-
pan) with a temperature controller. DNA samples in buffer containing 100 mM KCl, 10
mM KoHPO: (pH 7.0), and 1 mM KzEDTA in the absence or presence of various concen-
trations of cosolutes were heated at a rate of 0.5 °C/min from 0 to 93 °C to trace the thermal
denaturation curves. The thermodynamic parameters were calculated from the melting
curves by a curve fitting procedure as described previously [78,79].

4.4. Water Activity Measurements

The activity of water molecules was determined by the osmotic stressing method
through vapor phase osmometry using a pressure osmometer (5520XR, Wescor, Logan,
UT, USA) at 25 °C [36,38].

5. Conclusions

In this study, we examined the thermodynamics of DNA oligonucleotides with var-
ious numbers of methylation under dilute and cell-mimicking molecular crowding con-
ditions with different cosolutes. The thermodynamic parameters as well as CD spectra
demonstrated that the effects of methylation and molecular crowding are independent
and additive. Of note, the thermodynamic parameters had a linear relationship with the
number of methylations and the degree of molecular crowding. These results may be use-
ful to predict the properties of DNA duplexes with methylation in cell-mimicking condi-
tions. Moreover, we found that the stabilization effect of methylation can be ascribed to
the favorable enthalpic contribution, suggesting that direct interactions of the methyl
groups with adjacent bases and adjacent methyl groups play a role in determining the
flexibility and thermodynamics of DNA duplexes. Finally, although the difference be-
tween Me5 and Me5' observed here is small, this difference indicates that methylation
pattern and position alter the flexibility and thermodynamics of DNA duplexes, and
hence may affect the binding of proteins such as histones and others, leading to epigenetic
regulation of gene expression. Further studies with more systematic DNA sequences with
different sets of neighboring base pairs may be required to predict how conformational
flexibility and stability depend on nucleotide sequence and epigenetic modifications,
which will in turn shed light on the roles of DNA flexibility and thermodynamics in the
epigenetic regulation of gene expression.
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