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Abstract

Single-stranded DNA (ssDNA) is characterized by high conformational flexibility that allows these molecules to adopt a
variety of conformations. Here we used native polyacrylamide gel electrophoresis (PAGE), circular dichroism (CD)
spectroscopy and nuclear magnetic resonance (NMR) spectroscopy to show that cytosine methylation at CpG sites affects
the conformational flexibility of short ssDNA molecules. The CpG containing 37-nucleotide PDYN (prodynorphin) fragments
were used as model molecules. The presence of secondary DNA structures was evident from differences in oligonucleotide
mobilities on PAGE, from CD spectra, and from formation of A-T, G-C, and non-canonical G-T base pairs observed by NMR
spectroscopy. The oligonucleotides displayed secondary structures at 4°C, and some also at 37°C. Methylation at CpG sites
prompted sequence-dependent formation of novel conformations, or shifted the equilibrium between different existing
ssDNA conformations. The effects of methylation on gel mobility and base pairing were comparable in strength to the
effects induced by point mutations in the DNA sequences. The conformational effects of methylation may be relevant for
epigenetic regulatory events in a chromatin context, including DNA-protein or DNA-DNA recognition in the course of gene
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transcription, and DNA replication and recombination when double-stranded DNA is unwinded to ssDNA.
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Introduction

In the cell nucleus, DNA may be present in single-stranded form
as an intermediate in gene transcription, and also during DNA
replication, repair and recombination [1-5]. During these
processes helicases unwind double-stranded DNA to single-
stranded DNA (ssDNA), which serves as a template for RNA
and DNA polymerases [6], and which may be stabilized by
replication protein A involved in DNA replication and repair [4].
ssDNA is characterized by high conformational flexibility,
allowing a variety of conformations and formation of non-
canonical secondary DNA structures such as cruciforms, G-
quadruplexes and triplexes. These structures are suggested to have
regulatory roles in gene transcription [7,8], DNA replication [9],
and recombination [10,11], and may also be involved in
mutagenesis [8,12,13]. The conformational polymorphism of
ssDNA molecules is sequence-dependent, as demonstrated by
several methods including polyacrylamide gel -electrophoresis
(PAGE) [14-17].

Cytosine methylation at CpG and non-CpG sites is a covalent
DNA modification that plays an essential role in controlling gene

@ PLoS ONE | www.plosone.org

transcription by turning off a specific gene or by inactivating an
entire X chromosome [18-21]. The epigenetic regulatory
functions of DNA methylation are becoming increasingly clear,
whereas the mechanisms of methylation-dependent gene regula-
tion are less well understood. Cytosine methylation may regulate
gene transcription by affecting the interaction of DNA with
sequence-specific transcription factors and methyl-CpG-binding
domain proteins, and nucleosomes assembled with non-methylat-
ed DNA are less stable than those with methylated DNA [22,23].
Early studies demonstrated that cytosine methylation causes slight
structural alterations in the B-DNA double-helix [24-26],
changing its mechanical properties [27] and making it more
prone to adopt a Z-conformation [26]. Methylated cytosine
residues can be hydrated via the formation of C-H---O
interactions, which constitute a structural factor in the recognition
of methylated cytosine by polar residues in DNA-binding proteins
[24]. Nuclear magnetic resonance (NMR) analysis has demon-
strated that CpG methylation reduces the dynamics of the DNA
phosphate-sugar backbone [28], while molecular dynamics simu-
lations have suggested that methyl groups decrease DNA flexibility
due to steric hindrance and hydrophobicity [24,29]. This DNA-
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bending flexibility - affected by methylation - may be a critical
factor in formation of nucleosomes [30,31]. Depending on the
level of methylation and the sequence context, methylation may
either inhibit or facilitate DNA strand separation [27]. However,
to the best of our knowledge, previous studies of cytosine
methylation have been focused on double-stranded DNA.

In this study, we evaluated the effects of CpG methylation on
the conformational flexibility of short ssDNA molecules. Using
native PAGE analysis and NMR and circular dichroism (CD)
spectroscopy, we analyzed a set of 37-mer ssDNA oligonucleotides
with two or four CpG sites in each molecule. Effects of cytosine
methylation of one or two of these CpG sites were examined.
Because DNA secondary structures typically are most stable at low
temperatures, the experiments were performed at 4°C, and for
comparison at 37°C where non-canonical DNA secondary
structures usually have melted [15,32-34]. Fragments of exon 4
of the human prodynorphin (PDYN) gene were used as model
molecules because they a) contain CpG sites; and b) may be
involved in DNA metabolic processes due to their potential ability
to form ssDNA in the cell (Fig. 1A). These PDYN segments
demonstrated DNase I hypersensitivity (Fig. 1B) suggesting their
presence in single-stranded form in chromatin context. Further-
more, the sequences derive from a 51-nucleotide mutational “hot
spot” (Fig. 1A, Table 1), containing seven mutations known to
cause the human dominant neurodegenerative disorder spinocer-
ebellar ataxia 23 (SCA23) ([35] and manuscript in preparation). A
high density of these mutations along with the fact that each
mutation eliminates or creates a CpG site suggests a role of
methylation-dependent mutagenesis in this segment. In our
analysis, the magnitudes of the conformational perturbations
introduced by CpG methylation were compared to those induced
by three human pathogenic missense mutations [35] and two
“artificial” mutations (Fig. 1, Table 1).

A PDYN coding sequence

CpG Methylation Effects ssDNA Conformation

Methods

Oligonucleotide Synthesis, Purification and Labeling

The studied oligonucleotides and their abbreviations are shown
in Table 1. The oligonucleotides were synthesized and purified
through high-pressure liquid chromatography (HPLC) by Eurofins
MWG Operon GmbH (Ebersberg, Germany), stored at —80°C
before use, and their concentrations were determined from
260 nm absorption measured using Nanodrop® (Nanodrop
Technologies, Inc, USA). Additional purification of some oligo-
nucleotides (i.e. a-NE (a- neoendorphin), a-NE*™C, (5-methyl-
cytosine), Dyn (dynorphin) A, Dyn A (AS (antisense)), and Dyn
A"™Cy) was performed using PAGE on 15% denaturating gels in
10 M urea, followed by desalting on NAP 5 and NAP 10 columns
(GE Healthcare, UK). Oligonucleotide (20 ng) labeling was
performed at the 5'-end using T4 polynucleotide kinase with
[y-*?P]-ATP as a substrate, and the labeled oligonucleotides were
precipitated by 66% ethanol and 1.2 M ammonium acetate in the
presence of glycogen (0.01 pg/ul), followed by washing with 80%
ethanol. Prior to labeling the oligonucleotides were heated for
10 min at 95°C. Native and denaturating PAGE analysis showed
no differences in the behavior and purity between the HPLC
purified and the double HPLC and PAGE purified oligonucleo-
tides. The HPLC purified oligonucleotides were used in the CD
and NMR experiments.

Mass Spectrometry of Oligonucleotides

A Premier qTOF mass spectrometer (Waters, USA) using
negative-mode electrospray ionization was employed to study the
homogeneity of selected methylated oligonucleotide samples. The
oligonucleotide samples were dissolved to a concentration of 8 g/L
in 1:1 (v/v) water-acetonitrile solution to which 3% piperidine was
added to assist with deprotonation and salt adduct removal. Each
mass spectrum was accumulated for 5 minutes and the data were
integrated. Neutral mass deconvolution was performed using
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5 — | m— e
PDYN segments
a-NE  5-AGGTCAAACGCTATGGGGGCTTTTTGCGCAAATACCC-3’
DynA 5-GTACAAACGCTATGGGGGCTTCTTGCGGCGCATTCGT-3’
DynB 5-GCAGAAGCGCTATGGCGGTTTTCTCCGGCGCCAGTTC-3"
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Figure 1. The PDYN-coding sequence, which gives rise to the opioid peptides a-NE, Dyn A, Dyn B. (A) The oligonucleotides analyzed in
this study correspond to PDYN fragments with a-NE-, Dyn A- and Dyn B-coding sequences. Three pathogenic mutations causing the human
neurodegenerative disorder SCA23 are shown in red, and two “non-natural” point mutations in blue. (B) DNase hypersensitive site in the
human PDYN-coding region. Image was taken from the UCSC Genome Browser on Human 2006 (NCBI36/hg18) Assembly with the Dyn A-coding
sequence used for the search; the region of DNase hypersensitivity overlaps with the Dyn A-coding sequence in HepG2 cells.

doi:10.1371/journal.pone.0039605.g001
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Table 1. Oligonucleotides used in the study.

Oligonucleotide

Sequence

oligonucleotides (RO)

26RO

o-NE 5'-AGGTCAAACGCTATGGGGGCTTTTTGCGCAAATACCC-3’
a-NE°™C, 5'-AGGTCAAA®™CGCTATGGGGGCTTTTTGCGCAAATACCC-3
o-NE (AS) 5'-GGGTATTTGCGCAAAAAGCCCCCATAGCGTTTGACCT-3’

Dyn A 5'-GTACAAACGCTATGGGGGCTTCTTGCGGCGCATTCGT-3/

Dyn A°™C, 5'-GTACAAA®™CGCTATGGGGGCTTCTTGCGGCGCATTCGT-3’
Dyn A*™C, 5'-GTACAAACGCTATGGGGGCTTCTTG™CGGCGCATTCGT-3'
Dyn A*™C, » 5'-GTACAAA®™CGCTATGGGGGCTTCTTG®™CGGCGCATTCGT-3’
Dyn A®™C, 5 5'-GTACAAA®™CGCTATGGGGGCTTCTTGCGG ™ CGCATTCGT-3’
Dyn A M, 5'-GTACAAACGCTATGGGGGCTTCT (GCGGCGCATTCGT-3'

Dyn A M, 5'-GTACAAACGCTATGGGGGCTTCTTG TGGCGCATTCGT-3

Dyn A M; 5'-GTACAAACGCTATGGGGGCTTCTTGCGGCGCATT TGT-3'

Dyn A M, 5'-GTACAAACGCTATGG CGGCTTCTTGCGGCGCATTCGT-3'

Dyn A Ms 5'-GTACAAACGCTAAGGGGGCTTCTTGCGGCGCATTCGT-3'

Dyn A (AS) 5'-ACGAATGCGCCGCAAGAAGCCCCCATAGCGTTTGTAC-3'

Dyn B 5'-GCAGAAGCGCTATGGCGGTTTTCTCCGGCGCCAGTTC-3'

Dyn B°™C, 5'-GCAGAAG®*™CGCTATGGCGGTTTTCTCCGGCGCCAGTTC-3'
Dyn B (AS) 5'-GAACTGGCGCCGGAGAAAACCGCCATAGCGCTTCTGC-3’
Reference

5'-ATCAATGCCAACCGCAGGTCCCTTAG-3’

37RO(+) 5'-GGTGATCAGGGACTTTCCGCTGGGGACTTTCCAGGAT-3’
37RO(-) 5'-GTGATCCTGGAAAGTGAATAGCGGAAAGTGAATGATC-3’
54RO 5'-GCGCCGCAAGAAGCCGCCATAGCGTTTGTACAGGTCCTCATGGCCCATGCTATC-3'

and silent mutations.
doi:10.1371/journal.pone.0039605.t001

commercial software (Waters, USA). In addition, MALDI spectra
provided by Eurofins MWG Operon GmbH (Ebersberg, Ger-
many) for showing the quality of some of the oligonucleotides
analyzed in this study are presented in Fig. S1 and Table S1.
These experiments confirmed that the methylated oligonucleotides
were homogeneous, i.e. there were no mass differences in the
samples due to incomplete methylation (Table S1).

Native and Denaturing PAGE

Native PAGE was carried out at 4°C for 5 hours or 37°C for
3 hours. Prior to the analysis, the oligonucleotides (approximately
0.5 ng per cell) were annealed at 95°C for 10 min, mixed with
loading buffer, and incubated for 30 minutes or overnight at 4°C
or 37°C. The loading buffer consisted of 20 mM Tris/HCI
pH 7.5, 37.5% glycerol, 50 mM NaCl and 15 mM MgCl,. To
examine effects of ion composition, NaCl and MgCl, were omitted
from the loading buffer, or substituted with 0.5 mM ZnCly or
100 mM KClI or 50 mM NH4SO,. The samples were analyzed on
a 15% polyacrylamide (29:1 acrylamide:bisacrylamide) gel with
0.5x TGE (25 mM Tris-HCI, 0.2 M glycine and 1 mM EDTA)
as running buffer. Four single-stranded oligonucleotides were used
as reference oligomers (RO) for migration, i.e. a 26-mer (26RO),
two 37-mers with (+) and (—) strands (37RO(+), 37RO(—)), and a
54-mer (54RO) (Table 1). Relative mobility (R, retention factor)
was calculated as the ratio of the distance migrated by an
oligonucleotide to the distance migrated by the pair of 37-nt
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a-NE, Dyn A and Dyn B correspond to the a-neoendorphin-, dynorphin A- and dynorphin B-coding sequences of the human prodynorphin (PDYN) gene. AS, antisense
oligonucleotide. >*™C, 5-methylcytosine. RO, reference oligonucleotide. (+), plus strand. (=), minus strand. M, mutations are shown in bold italic underlined letters. CpG
dinucleotides are shown in bold letters. Dyn A M;—; are oligonucleotides with human pathogenic SCA 23 mutations [35]. Dyn A M, 5 are oligonucleotides with nonsense

reference oligonucleotides, i.e. 37RO(+) and 37RO(—), which
demonstrated virtually identical mobility on native PAGE.

For denaturing PAGE, samples were prepared in loading buffer
consisting of 20 mM Tris/HCI pH 7.5, 15 mM MgCl,, 50 mM
NaCl and 50% formamide; and run at 37°C on a 7.5 M urea,
15% polyacrylamide (19:1 acrylamide:bisacrylamide) gel in 1x
TBE (8.9 mM Tris base, 8.9 mM boric acid and 0.2 mM EDTA).

CD Spectroscopy

A Chirascan CD unit (Applied Photophysics, Surrey UK) was
used to record CD data of the oligonucleotides dissolved in
10 mM sodium phosphate buffer at pH 7.3. A 2 mm quartz
cuvette was used to hold 400 pl samples of oligonucleotides in the
concentration range 20-30 uM. CD spectra between 220 and
340 nm were recorded at 4°C and at 60°C for all samples, and
melting profiles between 5°C and 60°C were recorded at 275 nm
at a rate of 0.2°C/min. Before the measurements all samples were
annealed at 95°C for 3-5 min. The CD melting profiles were
normalized using the formula (S,—Sgo°c)/ (S5:¢:—Se0°c), where S,
Ssecc and Sgpec are the 275 nm signal intensities at a given
temperature, at 5°C, and at 60°C, respectively.

NMR Spectroscopy

A Bruker Avance 500 MHz NMR spectrometer equipped with
a cryogenic probehead was used to record 1D spectra at 4°C and
at 37°C of unlabelled oligonucleotides dissolved in 10 mM sodium
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phosphate buffer at pH 7.3 (90/10 HyO/DyO). The sample
concentrations were in the range 100-300 pM, with 30 uM
tetramethylsilane added for reference purposes. The water signal
was suppressed using the excitation sculpting method. Before the
measurements all samples were annealed at 95°C for 3-5 min.

Computer modeling

The mFold software [36] was used to predict secondary
structures and folding energies for the 37 nt Dyn A and Dyn B
sequences at temperatures from 5 to 55°C, using an ionic strength
corresponding to 10 mM NaCl.

Results

PAGE Analysis

PAGE mobility depends on the molecular mass, nucleotide
content, sequence, shape, and compactness, and the rigidity of the
oligonucleotide molecules [37]. Oligonucleotides that form non-
canonical structures such as DNA hairpins and G-quadruplexes
differ in mobility on the native PAGE from unstructured
oligonucleotides [38—44], and even single-nucleotide substitutions
may induce conformational changes that can be detected with
PAGE analysis [16].

The effects of cytosine methylation on the oligonucleotide
secondary structures were analyzed by comparing the mobilities of
unmethylated and methylated 37-mer oligonucleotides with the o-
NE-, Dyn A- and Dyn B-coding sequences at 4°C or 37°C
(Tables 1, 2; Figs. 1, 2). The o-NE, Dyn A (AS), and two 37-mer
reference oligomers 37RO(+) and 37RO(—) demonstrated similar
mobilities at each temperature (Fig. 2A,C, lanes 1, 2, 9, 12),
suggesting similar - probably unstructured -conformations. The
Dyn A oligonucleotide demonstrated a higher mobility than these
four species at 4°C (Fig. 2A, lane 4), but did not differ from them
in mobility at 37°C (Fig. 2C, lane 4). The Dyn B and Dyn B (AS)
oligonucleotides migrated faster compared to the first four
oligonucleotides at both temperatures (Fig. 2B,D, lanes 4, 5),
which may be explained by differences in nucleotide sequence or
content, or by acquisition of conformations stable also at 37°C.

Methylation of the Dyn A-oligonucleotide at the first CpG site
from the 5'-end (Dyn A°™C)) resulted in formation of a dominant
slowly migrating conformer at 4°C, while methylation of the
second CpG site (Dyn A™Cy) produced no changes in mobility
(Fig. 2A, lanes 5, 6). Methylation of both the first and second sites
(Dyn A”™C, o), or the first and third sites (Dyn A”™C} 3) resulted in
patterns similar to that produced by the Dyn A’™C; oligomer
(Fig. 2A, lanes 7, 8). At 37°C, the methylated Dyn A
oligonucleotides did not differ in mobility from the unmethylated
Dyn A oligomer (Fig. 2C, lanes 4-8). No mobility effect from
methylation of the o-NE oligomer at the first CpG site was
observed (Fig. 2A, lane 3). Methylation of the Dyn B oligomer at
the first CpG site yielded a conformer with decreased mobility at
both 4°C and 37°C (Fig. 2B,D, lane 6).

The methylation effects were compared to the effects induced
by five point mutations (M) in the Dyn A oligonucleotide
sequence, including the three human pathogenic mutations
causing SCA23 (M;-Mj), a G to C substitution in the middle of
the G run (M), and a T to A substitution producing an in-frame
stop codon (M5) (Tables 1 and 2). The SCA23 mutation My, but
not M; or M3, resulted in a substantial mobility decrease at 4°C
(Fig. 2E, lanes 4-6), while at 37°C these three mutants showed a
similar migration pattern (Fig. 2F, lanes 4-6). The Dyn A M,
oligonucleotide showed elevated mobility at both temperatures
compared to the wild-type oligomer (Fig. 2A,C, lanes 10), while
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the M5 mutation resulted in decreased mobility at 4°C but not at
37°C (Fig. 2A, C, lanes 11).

The migration patterns on native PAGE shown in Fig. 2 did not
depend on the presence or absence of mono- and divalent ions
including 50 mM NaCl, 15 mM MgCl,, 100 mM KCI, 50 mM
NH4SOy4 or 0.5 mM ZnCly in the loading buffer during the pre-
incubation period, nor on whether this period was 10 or 30 min,
or 18 h, before loading on the gel (data not shown). All analyzed
37-mer oligonucleotides demonstrated virtually identical mobility
on the denaturing PAGE (Fig. 2G).

The upper band of the Dyn A’™C, oligonucleotide (Fig. 2A,
lane 5) could conceivably represent a molecular dimer. If so, the
increase in oligonucleotide concentration should shift the equilib-
rium in favor of the dimer. Analysis of labeled Dyn A’™C,
oligonucleotides (Fig. 3, lane 2) preincubated with unlabeled Dyn
A"™C or Dyn A oligonucleotides did not confirm this hypothesis:
a 1400-fold molar excess of the unlabeled oligonucleotides
produced no effects on the ratio of the upper to lower labeled
complexes (Fig. 3, lanes 4-9).

CD Spectroscopy

To characterize the ssDNA secondary structures and their
temperature dependency, CD melting profiles for all PDYN-
derived oligonucleotides were recorded between 5°C and 60°C at
275 nm, ie. the wavelength with maximum intensity of the CD
signal (Fig. 4), and complete CD spectra were recorded at 4°C and
60°C (Fig. S2). The CD spectra at 5°C were typical for ssDNA not
forming DNA G-quartets and triplexes. With exception for Dyn A
M,, all CD signals decreased when temperature increased from
5°C to 60°C, indicating a loss of secondary structure, although the
patterns of signal decrease differed between the samples (Fig. 4).
The Dyn A, Dyn A’ C;, Dyn A’C,, Dyn A®™C;,, Dyn
A5mCI)3, Dyn A My, Dyn A M5 and o-NE oligonucleotides
displayed a substantial reduction of the CD signal between 5°C
and 30°C (Fig. 4) indicating a) loss of secondary structure, and b)
cooperativity of this process that may be due to stabilization of
structures mostly by hydrogen bonds but not stacking interactions.
In contrast, the Dyn A M;, Dyn A Mg, Dyn B, Dyn B°™C, and a-
NE™C, oligomers showed higher stabilities with melting temper-
atures around 35°C.

The M3 point mutation increased the melting temperature from
approximately 15°C for wild type Dyn A to approximately 35°C.
The Dyn A M, oligonucleotide displayed a rather even loss of
signal characterized by two transitional intervals at approximately
25°C and 40°C, suggesting two distinct structural conformations
differing in melting temperature. Such presence of dual structures
could also explain the anomalous behavior of the Dyn A M,
oligonucleotide, and of the o-NE’™C; oligonucleotide that
displayed an initial increase of CD signal with temperature,
followed by a decrease after 30-40°C (Fig. 4). The two
conformations with different CD signals may exist in equilibrium;
when the temperature is increased these oligonucleotides do not
melt into unstructured ssDNA, but instead adopt the conformation
with stronger CD signal. At the highest temperatures however, all
ssDNA structures melt and the standard decrease in CD intensity
is observed.

NMR Spectroscopy

1D '"H-NMR experiments were performed to monitor the
presence of G or T imino proton resonances, which are indicative
of DNA hydrogen bonds and consequently base pair formation. At
4°C the PDYN-derived oligonucleotides and their methylated and
mutated variants display multiple imino proton resonances
originating from various base-pair hydrogen bonds (Fig. 5A),
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confirming the formation of secondary structures involving DNA
base-pairs at this temperature. Imino protons were observed from
both Watson-Crick A-T base pairs (14-15 ppm) and G-C base
pairs (12-13 ppm), as well as from non-canonical G-T pairs (10—
12 ppm). The minimum number of identified base pairs of each
type is presented in Table 2. Due to spectral overlap, formation of
additional base pairs can not be ruled out. The oligonucleotides
displayed different patterns of imino proton resonance (Fig. 5,
Table 2). For example, the Dyn A-oligonucleotide spectrum at
4°C contains ten imino proton resonances from three A-T pairs,
four G-C pairs, and three G-T base pairs (Table 2). The observed
hydrogen bonds may derive either from base pairs in a specific
secondary structure, or from multiple secondary structures existing
in equilibrium. Therefore, the type(s) of secondary structure(s)
formed cannot be elucidated from the imino proton data alone.
Methylation of the Dyn A oligonucleotide at one or two CpG
sites leads to NMR spectra with eleven (Dyn A>™C)), nine (Dyn
A’Cy), eleven (Dyn A™C,9) and ten (Dyn A’™C,3) imino
proton resonances/hydrogen bonds (Table 2). The overall higher
number of hydrogen bonds observed in the methylated oligonu-
cleotides may derive from formation of secondary structures with a
larger number of base pairs or from the co-existence of multiple
secondary structures for each oligonucleotide. The imino proton
spectra for Dyn A™C, Dyn A’™Cy and Dyn A’™C, 4 are rather
similar to the spectrum of unmethylated Dyn A; the main
difference appears to be one or two additional A-T base pairs in
the methylated oligomers (Fig. 5). The imino proton spectrum of
Dyn AsmCI’Q exhibited larger differences, as it displayed a
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Table 2. Mobility on native PAGE and number of base-pair hydrogen bonds obtained from NMR experiments for PDYN derived
oligonucleotides.
No. of hydrogen-bonded imino protons from base pairs observed

Oligonucleotide Relative mobility (R¢) on PAGE® with NMR spectroscopy

4°C 37°C 4°C 37°C

A-T C-G G-T or nonspecific

o-NE 1.05 1.01 2 5 1 2 GC
a-NE>™C, 1.05 1.01 2 4 3 2 AT; 2 G-C
Dyn A 1.13 1.03 3 4 3 =
Dyn A°™C, 0.97 1.01 5 3 3 -
Dyn A°™C, 1.13 1.01 3 3 3 -
Dyn A*™C, , 0.97 1.03 4 3 4 -
Dyn A°™C, 5 0.98 1.02 4 3 3 -
Dyn A M, 1.1 1.02 2 1 1 -
Dyn A M, 1.07 1.00 1 1 = =
Dyn A M3 1.12 1.02 3 3 4 -
Dyn A M, 1.14 1.09 2 3 3 =
Dyn A Ms 0.99 1.03 2 2 3 1GT
Dyn A (AS) 1.02 1.03 n/a n/a n/a n/a
Dyn B 1.09 1.10 2 3 6 1GC
Dyn B°™C, 1.06; 1.09° 1.04; 1.08° 2 5 7 -
Dyn B (AS) 1.06 1.05 n/a n/a n/a n/a
The oligonucleotide sequences and corresponding names are given in Table 1.
4, standard deviation for relative mobility values calculated using data of 2-6 experiments did not exceed 0.02.
-, no imino protons were observed.
n/a, no measurements were carried out.
b R¢ was calculated for dominant bands, except Dyn B°™C,, where calculation was carried out for the lower (left value) and upper (right value) bands showing similar
intensity (see Fig. 2).
doi:10.1371/journal.pone.0039605.t002

plethora of resonances originating from G-T base pairs. Also for
the o-NE and Dyn B oligonucleotides CpG methylation alters the
secondary structure and gives rise to additional base-pair hydrogen
bonds (Fig. 5A, Table 2).

Five mutated Dyn A sequences yielded NMR spectra with
respectively two (Dyn A My), four (Dyn A M,), seven (Dyn A M5),
eight (Dyn A My) and ten (Dyn A Ms) imino proton resonances/
hydrogen bonds (Table 2). The different hydrogen bond patterns
show that these single nucleotide mutations significantly change
the base pair patterns, and consequently the secondary structure of
the oligonucleotides.

At 37°C wild type and modified Dyn A oligonucleotides
displayed no imino proton resonances with the exception of Dyn A
M;. The loss of imino proton resonances most likely reflects the
loss of secondary structure at this temperature. It should however
be noted that increased temperature also causes more rapid DNA
base-pair opening [45], resulting in faster imino proton exchange
accompanied by line broadening. Hence, at elevated temperatures
some secondary structures might exist even if imino proton
resonances are not observed with NMR spectroscopy. Neverthe-
less, the presence of a distinct mismatch G-T base pair in Dyn A
M5 is evidence of base-pairing in this oligonucleotide at higher
temperatures. Also 0-NE, o-NE>™C, and Dyn B retain some
residual secondary structure at 37°C (Fig. 5B).

Computer modeling

Secondary structure modeling of the Dyn A and Dyn B
sequences with the mFold software yielded a number of different
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Figure 2. Analysis of [y-3?P]-labeled PDYN-derived oligonucleotides using PAGE (see Table 1 for sequences). Reference
oligonucleotides (RO) included 26-, 37- and 54-mer oligomers. Samples were preheated for 10 min at 95°C, incubated in loading buffer (20 mM
Tris/HCl pH 7.5, 37.5% glycerol, 15 mM MgCl, and 50 mM NaCl) at 4°C (A, B, E,) or at 37°C (C, D, F, G) for 30 minutes before loading on native (A-F) or
denaturing 7.5 M urea (G) 15% polyacrylamide gel, and resolved at 4°C (A, B, E,) or at 37°C (C, D, F, G). Images shown were taken from the same gel;

equal amounts of radioactive oligonucleotides were loaded.
doi:10.1371/journal.pone.0039605.g002

conformations (Figures S3 and S4). Two examples of Dyn A
structures are shown in Fig. 6, and the thermodynamic properties
of the most favourable secondary structures of the Dyn A- and
Dyn B-coding sequences are presented in Tables S2 and S3. The
calculated melting temperatures range between 24°C and 42°C for
Dyn A, and between 42°C and 54°C for the more stable Dyn B
sequences. These results show that for both sequences, a large
number of conformations are possible at lower temperatures. As
expected, the structures containing non-canonical G-T base pairs,
such as Dyn A structures I and G, are only stable at low
temperatures.

@ PLoS ONE | www.plosone.org

For the Dyn A sequence, the overall most favourable energetics
is exhibited by Dyn A structure B, which consists of one large and
one small stem-loop. Dyn A structure A is a variant of structure B,
where the smaller stem-loop has melted. Dyn A structure A and C
are very similar as they both involve a single loop with a CGC/
GCG stem, but the particular bases included in the stem differ
between the two structures. In structures A and B bases 8-10 are
paired with bases 2527, while in structure C bases 8-10 and 28—
30 are paired together (Fig. 6). Interestingly, although structure B
is more stable than structure C at 5 and 31°C, mFold predicts
structure C to be more stable at temperatures above 31°C (Table
S2). This indicates a fine equilibrium between structures B and C,
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Figure 3. Effects of excess of unlabeled Dyn A and Dyn A*™C,
oligonucleotides on migration of [y->?Pl-labeled Dyn A*™C,
oligonucleotide on a native gel. Samples were preheated for
10 min at 95°C, mixed with loading buffer (20 mM Tris/HCl pH 7.5,
37.5% glycerol, 15 mM MgCl, and 50 mM NaCl), incubated for
30 minutes at 4°C, and resolved on native 15% polyacrylamide gel at
4°C. Lane 1, [y->?P]Habeled o-NE°™C; oligonucleotide; lane 2, [y->2P]-
labeled Dyn A’™C, oligonucleotide; lane 3, double-stranded (ds)
oligonucleotide produced by preincubation of [y->?P]-labeled Dyn A
oligonucleotide with the corresponding antisense oligonucleotide;
lanes 4 to 6 and 7 to 9, [y->2P]-labeled Dyn A°™C; oligonucleotide
preincubated with 0.7, 7.0 or 700.0 ng of unlabeled Dyn A*™C, or Dyn A
oligonucleotide.

doi:10.1371/journal.pone.0039605.9g003

suggesting that the relative order of stability between these two
conformations may vary with factors such as temperature. Fig. 6
shows the positions of the cytosine methylation sites and the
mutated bases in Dyn A structures B and C. For structure B, all
methylated cytosines are base-paired and located in the two stems,
as are two of the five mutated bases. Thus, at least the two
mutations, and possibly also the cytosine methylations, are
expected to induce conformational changes in this structure. For
Dyn A structure C, two methylated cytosines and no mutated
bases are base-paired.

The Dyn B structures are generally more stable than the Dyn A
structures, mostly because the Dyn B sequence has the capacity to
form stable stem-loop structures with long stems. The most stable
Dyn B conformation — structure A — has four consecutive G-C
base pairs followed by an A-T pair in the stem, giving this
structure a melting temperature of 53.8°C. Also for the Dyn B
sequence, there is a structure — number C — that is energetically
very favourable at low temperatures, but rather unfavourable at
higher temperatures (Table S3). This again shows that the
equilibrium determining the proportions between the different
conformations will vary with the temperature. And again, as the
methylated cytosine positions are involved in base-pair formation
(Fig. 6), it appears plausible that such methylation may affect the
conformational equilibrium as well.

Discussion

The results obtained from native PAGE, CD and NMR
spectroscopy are in general agreement and demonstrate that the
PDYN-derived oligonucleotides form secondary structures that a)
are stabilized by canonical A-T and G-C and non-canonical G-T
base pairing, b) display characteristic CD melting profiles, and c)
show differential mobility on a native gel. Cytosine methylation
appears to induce the formation of novel conformers or shift the
equilibrium between existing conformational variants. The effects
of CpG methylation are nucleotide sequence dependent, compa-
rable in strength with those induced by point mutations, and are
manifested at 4°C but not at 37°C.
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Figure 4. Normalized thermal melting profiles of PDYN-derived
oligonucleotides recorded with CD spectroscopy (275 nm)
between 5°C and 60°C. Normalization was performed using the
formula, (S¢—Seo:c)/(Ss:c—Seo-c), Where S;, Ss-c and Seo:-c are the signal
intensities at 275 nm at a given temperature, 5°C, and 60°C,
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- o-NE; Turquoise - o-NE®™C;. B. Black - Dyn A; Blue - Dyn A’™C;;
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doi:10.1371/journal.pone.0039605.9004

PAGE analysis demonstrated that Dyn A, Dyn B and Dyn B
(AS) oligonucleotides may adopt compact conformations charac-
terized by higher mobility on a native gel, that are evident at 4°C
(Dyn A), or at both 4°C and 37°C (Dyn B and Dyn B (AS)). The o-
NE oligomer may be present either in an unstructured form, or in
a structured form that does not differ in mobility from those of the
reference oligonucleotides at 4°C and 37°C. Methylation of the
Dyn B oligonucleotide and of the Dyn A oligomer at the first CpG
site (Dyn A>™C)) substantially decreased the mobility at 4°C or at
both temperatures, respectively. In contrast, methylation of the o-
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Figure 5. 1D "H NMR spectra showing the imino proton region of the PDYN-derived oligonucleotides. Hydrogen-bonded imino protons
originating from A-T base pairs (14-15 ppm), G-C base pairs (12-13 ppm) and G-T base pairs (10-12 ppm) are observed. Spectra were recorded at
4°C (A) or 37°C (B). The oligonucleotide abbreviations used in the figure are presented in Table 1.

doi:10.1371/journal.pone.0039605.9g005

NE oligomer and the Dyn A oligonucleotide at the second CpG
site (Dyn A>™C,) did not affect the native gel mobility. Although
methylation- and structure-dependent base stacking interactions of
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the oligonucleotides with the polyacrylamide matrix can not be
completely ruled out as a cause for the mobility differences, it
appeared more likely that the methylation-induced mobility
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Figure 6. Predicted secondary structures of the Dyn A-coding sequence, calculated with the mFold software (shown as B and C on
Fig. $3). Methylated cytosines are shown in red letters, and mutated bases are shown in blue circles.
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differences arise from conformational differences between the un-
methylated and methylated molecules.

The CD analyses revealed secondary structure formation in the
PDYN-derived oligonucleotides at low temperatures. When the
temperature is increased these structures melt into unstructured or
alternative conformations. The pathogenic M;-M3 mutations had
a large impact on the Dyn A oligonucleotide secondary structures
and increased their thermostability. In contrast, cytosine methyl-
ation did not substantially affect the thermal stabilities of the
oligomers. NMR spectroscopy identified canonical A-T and G-C,
and non-canonical G-T base-pairing in all PDYN-derived oligo-
nucleotides at 4°C. These secondary structures melt upon
increased temperature, as expected, although some oligonucleo-
tides retain secondary structure elements also at 37°C. Both the
CD and NMR experiments were carried out in an environment
containing monovalent ions only, therefore we expect the observed
structures to display higher thermal stability i vivo, ie. in an
environment containing stabilizing proteins and divalent ions. The
NMR, CD, and computer modeling results all showed the
presence of multiple secondary structures with different melting
temperatures, co-existing in equilibrium. The NMR results at 4°C
show that both cytosine methylation and nucleotide mutation
affects the base pairing patterns, indicating that both single
cytosine methylations and single nucleotide mutations can shift the
conformational equilibrium in the ssDNA oligonucleotides. This
strongly suggests that the methylated cytosines form base pairs in
the observed structures. The mFold structure calculations indicate
that the three energetically most favourable Dyn A structures
contain a loop-stem involving two methylated cytosines. This loop-
stem consists of bases 810 (CGC) paired either with bases 25-27
(GCG) in structures A and B, or with bases 28-30 (GCG) in
structure G (Fig. 6). Rather similar free energies are obtained by
base-pairing with either the 25-27 GCG or the 28-30 GCG
sequence, and it is conspicuous that both central cytosines, C26

@ PLoS ONE | www.plosone.org

and C29, constitute methylation sites. It is plausible that
methylation of C26 and/or C29 can affect the preference of
bases 8-10 to form pairs with the 25-27 or the 28-30 GCG triad.
Hence, even though the actual secondary structures cannot be
elucidated from current experiments, and even though the current
computational tools for structure prediction of ssDNA can not
evaluate impact of cytosine methylation, the mFold results
together with spectroscopic data make it likely that slightly
different base-pairing properties of 5-methylcytosine compared to
normal cytosine influences the secondary structure formation of
ssDNA. Density functional theory (DFT) calculations have
demonstrated improved stacking energies for 5-methylcytosine
[46], which might make a loop-stem with 5-methylcytosine
energetically more favourable than a loop-stem with unmethylated
cytosine.

Such a methylation effect is particularly evident for the Dyn B
sequence, where the NMR results show an increased number of
G-C and G-T base pairs as a result of 5mC1-methylation (Fig. 5).
In total 14 imino proton resonances corresponding to Watson-
Crick base pairs are observed, and it appears but impossible to
observe so many base pairs in one structural conformation of the
Dyn B sequence. Thus, the increased number of observed base
pairs indicates that ®C;-methylation has caused an increase in the
number of stable conformations (at 4°C). The existence of multiple
conformations in the Dyn B™™C; NMR sample provides a simple
explanation for the two bands observed on the PAGE gel for the
same sequence (Fig. 2, Table 2).

CpG sites in the dynorphin-coding segment of the PDY)V gene
are differentially methylated in human tissues [47]. Methylation of
the first CpG site in the Dyn A sequence, but not of other sites in
the CpG-rich segment covering the a-NE and Dyn sequences, is
conserved between human subjects, but strongly differs between
brain and peripheral human tissues, and also between tissues and
cultured human cell lines. This site is furthermore located within a
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mutational “hot spot” and is destroyed by two pathogenic
missense mutations that induce human neurodegenerative disor-
der SCA23 ([35], manuscript in preparation). Taken together,
these observations suggest that methylation of this CpG dinucle-
otide has epigenetic regulatory consequences, possibly caused by
the ssDNA secondary structure effects that we observe with PAGE
and NMR analysis.

Formation of non-canonical ssDNA structures may affect DNA-
protein and DNA-DNA interactions, and consequently stimulate
or repress transcription, DNA repair, recombination or replication
[1-5]. Such structures may be formed by ssDNA under conditions
of DNA supercoiling that affects gene regulation in pro- and
cukaryotes [48-50]. One example is the p53 tumor repressor
protein which displays stronger binding to its DNA target site
when the latter adopts a stem-loop conformation [51]. Our data
indicate that cytosine methylation affects the conformational
flexibility of short ssDNA molecules and their propensity to form
secondary structures, both at 4°C and 37°C. Given these results, it
becomes important to examine whether cytosine methylation may
interfere with the conformational flexibility of ssDNA segments in
vivo in a chromatin context under conditions of a crowded
intranuclear environment and DNA superhelical stress. Such
effects may be relevant for the processes with which double-
stranded DNA unwinds to ssDNA during gene transcription, DNA

replication, and recombination.
Supporting Information

Figure S1 Mass spectrum for (A) Dyn A and (B) Dyn
A’™C, oligonucleotides.

(TIF)

Figure S2 CD spectra between 220 and 340 nm for
selected Dyn oligonucleotides in 10 mM sodium
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