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Probing synergistic effects of DNA methylation
and 2'-B-fluorination on i-motif stability

Abstract: The possible role of DNA i-motif structures in telomere
biology and in the transcriptional regulation of oncogene promoter
regions is supported by several recent studies. Herein we investigate
the effect of four cytidine nucleosides (and combinations thereof) on
i-motif structure and stability, namely 2'-deoxycytidine (dC), 2'-
deoxy-5-methyl-cytidine (5-Me-dC), 2'-deoxy-2'-fluoro-
arabinocytidine  (2'F-araC), and  2'-deoxy-2'-fluoro-5-methyl-
arabinocytidine (5-Me-2'F-araC). The base pair 5-Me-2'F-araC:2'F-
araC produced i-motifs with a pH, (“pK.") value that closely
matches physiological pH (7.34 + 0.3). NMR analysis of the most
stable telomeric sequence (HJ-2) at pH 7.0 indicated that the
structure is stabilized by hybrid 5-Me-dC:2'F-araC hemiprotonated
base pairs and therefore highlights the significance of the interplay
between base and sugar modifications on the stability of i-motif
structures.

Introduction

DNA sequences containing stretches of cytosine residues
can form intercalated, quadruple-helical i-motif s
under acidic conditions. i-Motifs consist of tw
stranded duplexes that associate head-to-tail
base pair intercalation." Due to the pH sensit]
structures, they have found use in the desig
logic circuits,” and nanomachines. Thé
biological relevance of i-motifs in eukaryotic system
transcriptional regulatory regions and telomeres
becoming increasingly recognized.®""

Numerous strategies have been developed to prom
motif formation at physiological p
identifying ligands which can selectj
vivo" and determining the role of i
regulation™™ and telomere biology."""
strategies include extending
altering the sugar, base,
branched RNA to hol
introducing the i-m
DNA plasmid;®
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Figure 1. Base and sugar modifications previously introduced in i-motif
structures.

The nucleobase modifications studied include 5-fluoro,
5-bromo, 5-iodocytosine, and 5-methylcytosine (5-Me-
dC).”*! The latter stabilizes i-motif structures up to pH 6.0
(ATy2 = +1.9 °C; ApHip = +0.11, relative to cytosine) (Figure
1).B% 5.Me-dC is of particular interest as C-rich regions in
genomic DNA located near transcriptional start sites
(TSS)P"  are susceptible to methylation and 5-
hydroxymethylation (5-hMe).*?*% |n fact, 5-Me-dC and 5-
hMe-dC are considered epigenetic regulators of gene
expression.?**® Furthermore, 5-Me-dC plays a significant
role in genomic imprinting, transcriptional inhibition, and
gene silencing applications.®*”*® The presence of 5-Me-dC
in DNA telomeric sequences affects telomere length,
telomerase activity, and telomeric repeat-containing RNA
(TERRA) transcription.®®*? Therefore, investigating the
effect of 5-Me-dC modification on the stability of telomeric i-
motifs is of great interest.?°*"
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Scheme 1. Scheme outlining the synthesis of the modified phosphoramidite 12.
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Results and

Synthesis of 2'- y-2'-fluoro-5-methyl-arabinocytidine

nucleoside analogue, 5-Me-2'F-
araC, was carried out as shown in Scheme 1. The brominated
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sugar precursor 2 was prepared from the readily available
compound 1 following previously published protocols.*" The first
synthetic route we pursued required benzoyl protection of 5-
methylcytosine (3) to afford 4 in 46% vyield. Glycosylation was
accomplished by silylation of the nucleobase 4, followed by
coupling with the brominated sugar in CCl,, resulting in an o/B-
anomeric mixture. The anomeric mixture was separated by
column chromatography to afford the fully protected -
nucleoside 5 in 41% yield.

To overcome the challenge of separating o/B-anomeric
mixtures, an alternative synthetic route was devised. Thus,
glycosylation of thymine (7) with the brominated sugar precursor
2 afforded the protected B-thymidine nucleoside (8) with
anomeric purity and high yields (Scheme 1). Compound 8 was
converted to 5-Me-2'F-araC (6) using the triazole intermediate
method followed by removal of the benzoyl groups (91% yield
over three steps).

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal

10.1002/chem.201704591

WILEY-VCH

Table 1. UV-meIting[a] and pHm[b] data of the modified oligonucleotide sequences.

Code Sequence (5' - 3') Ti2 AT, Ti2 AT, Ti2 Base
5.0 5.0 7.0 7.0 7.4 pH12 pairing
HT-0 CCC TAACCC TAACCC TAACCC 59.2 - 15.2 - - :CH"
0.2 +0.6
HT-2 CfCfC TAA CfCfC TAA CfCfC TAA CfCfC 741 +14.9 321 +16.9 27.3 fC:fCH"
0.5 0.3 0.2
HTM-1 CC™CTAA CC™CTAA CC"CTAACC™C 64.5 +5.3 19.9 +4.7 C™.C"H"
HTM-2 CC™C™ TAA CC™C™ TAA CC™C™ TAA CcC™C™ 64.8 +5.6 31.0 +15.8 C™.C"H"
0.2 £0.1
HTM-3 Cc™C™C TAAC™C™C TAA C™C™C TAAC™C™C 63.6 +4.4 17.7 +2.5 C™.C"H"
HTM-4 c™C™C™ TAAC™C™C™ TAAC™C™C™ TAAC™C™C™ 66.2 +7.0 22.7 C™.C"H"
HTFM CfC™fC™ TAA CfC™fC™ TAA CfC™fC™ TAA CfC™fC™ 70.4 +11.2 30.3 +0.58 fC™:fC"H"
0.5 0.2 0.
HJ-1 CfCC™ TAA CC™fC TAA CfCC™ TAA CC™fC 69.9 +10.7 31.2 6.53 -0.02 fC:fCH"
0.2 +0.3 C™.C"H"
HJ-2 CC™C™ TAA CfCfC TAA CfCfC TAA CC™C™ 75.5 +16.3 35. 717 +0.62 fC:C"H"
0.2 0.2 +0. +0.2
HJ-3 CfC™fC™ TAA CfCfC TAA CfCfC TAA CfC™fC™ 74.5 +15.3 33.0 +17.8 29.5 7.34 +0.79 fc™fCH"
0.3 £0.1 £0.1 +0.3
HJ-4 CfC™fC™ TAA CCC TAA CCC TAA CfC™fC™ 68.8 28.7 1356 253 6.70 +0.15 fC™.CH"
+0.2 +0.6 +0.3 +0.1

[a] Oligonucleotide concentration: 4 uM (single strands). T, data were calculated fro
in. AT,

corresponds to the midpoint of the dissociation transition obtained at 0.5 °
respective unmodified strands. (-) indicates sequences for which no melti
[b] The pK, of the i-motif structures is referred to as pH,,, defined as the,

structures were calculated from the plot of molar ellipticity at 284 nm at’different pH values in
UM (single strands). CD versus pH data were fit to a standard titration model involving a single prftonation event using CDgps =
C;and C, T, and A: dC/A/T).

10°"P%%) Nucleotide codes: fC: 2'F-araC, C™: 5-Me-dC, fC™: 5-Me-24

The NOESY NMR spectra of 6 showed a clear,
between H-1' and H-4' of the sugar ring and betwe
sugar and H-6 of the nucleobase,
for the B-anomer (Figure S1). Selective benzo
position gave 10, which upon 5'-dimethoxytritylafi
phosphitylation afforded the desired 5-Me-2
phosphoramidite derivative 12 as a mixture of diastereome
('P NMR, Figure S2). The long-range '°F-*'P coupling
consistent with the “W”-like conformati
C3'-03'-P3' framework in a C2'-endo

Effect of nucleobase and sugar modi
formation

A library of eleven
their sequences and
formation and stabilit
dichroism (CD), melting te
the case of HJ-2, structural
resonance (N
were very close
as Ty2 and pH
folding/unfolding is
therefor:
not at

the kinetics of i-motif

V-visible spectroscopy thermal denaturation profiles where Ty,
s were calculated for the main melting transitions relative to the
ed, or an absence of AT, and (n.d.) implies not determined.
tures are folded into i-motif. The pH,., values for i-motif
NaP; buffer at 5 °C. Oligonucleotide concentration: 50
CDrigh * (CDjow — CDign)/(1 +

irst, 5-Me-dC was incorporated in the human telomeric
quence at the same positions as previously reported for 2'F-
raC: four incorporations in HTM-1, eight in HTM-2 and HTM-3,
and twelve in HTM-4 (Table 1)1 Recently, Xu et al.
incorporated one, two (forming a base pair), and three
consecutive 5-Me-dC units in a 24-nt human telomeric repeat.®”
Their studies revealed that one or two 5-Me-dC inserts stabilize
DNA i-motif structures, while three consecutive modifications
were destabilizing. Interestingly, in our studies, HTM-4, which
contains four stretches of three consecutive 5-Me-dC
modifications, was more stable than HT-0 at pH 5.0 (AT42,= +7.0
°C, Table 1) and at pH 7.0 (ATy, = +7.5°C). The highest Ty,
values at pH 7.0 were obtained for sequence HTM-2 (T4,2 = 31.0
°C, Figure S3) with eight 5-Me-dC incorporations.

CD experiments at pH 5.0 confirmed i-motif formation,
exhibiting characteristic positive and negative CD bands at
around 285 nm and 255-260 nm, respectively (Figure S4). At pH
7.0, the strands with modified cytosine inserts retained the
characteristic i-motif signature. By contrast, the control strand
(HT-0) no longer showed the characteristic positive i-motif
signature at pH 7.0, as expected. This stabilization has been
ascribed to the hydrophobicity and bulkiness of the 5-methyl
group, which consequently leads to reduced flexibility of the

This article is protected by copyright. All rights reserved.
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methylated i-motif structures.®® Moreover, Yang et al. showed
that 5-methylcytosine stabilizes DNA i-motif conformations by
increasing the base-pairing energies (BPEs) relative to
cytosine.® From an electronic perspective, this increase in BPE
is expected since the electron-donating methyl group stabilizes
the positive charge, strengthens the base-pairing interaction,
and therefore stabilizes the methylated i-motif structure.

Based on these results, 5-Me-2'F-araC was incorporated at
the same positions as HTM-2 to provide sequence HTFM (Table
1). HTFM was more stable than HT-0 (T4, = 70.4 °C vs. 59.2 °C,
pH 5.0) and HTM-2 (T4, = 64.8 °C) at all studied pHs; however,
HTFM exhibited a lower Ty, value relative to the 2'F-araC
modified sequence (HT-2). HTFM still maintained significant
stability at neutral pH (T4, 30.2 vs. 32.1 °C). At pH 7.0 and 7.4,
HT-2, HTM-2, and HTFM were at least 15 °C more stable than
the control sequence (Table 1 and Figure S3).

Next, we investigated the effect of combining 5-Me-dC and
2'F-araC modifications in the same sequence (not in the same
nucleotide). It is interesting to note that while HJ-1 and HJ-2
each comprise four 5-Me-dC inserts and four 2'F-araC inserts,
HJ-2 exhibited significantly higher stability at all studied values
of pH. Based on the NMR studies described below, we
hypothesize that the positional effect observed in these
sequences arises from the nature of their base pairs (fC:fC
C™C™H" in HJ-1 versus fC:C™H" in HJ-2, Table 1).
containing four 2'F-araC and four 5-Me-2'F-araC
exhibited very similar stability to HT-2 and HJ-2 at pH 5.0. At pH
7.0 and pH 7.4, the stability trend observed was HJ-2
HT-2. Sequence HJ-4 (containing only four 5-
modifications) exhibited the lowest T4, value; neve
was significantly more stable than the control se
the pH 5.0-7.4 range.

Effect of chemical modifications on the pHi, o
structures

Next we were interested in determinjng the pK, values o
newly synthesized nucleoside 6 and
ON sequences in order to investi

(4.4), 5-Me-dC (4.6),
monitoring the change in abs

tive nature of

electron-donating methyl group.
ures were calculated from the

86) The pH1/2 da
well with Ty, data . With the exception of
sequences exhibited a higher pHq;
. Consistent with the Ty, data, the
er than that of HJ-1 (7.17 versus
6.53, Table 1). he highest pHq,; value of 7.34,

which falls between the intracellular (7.2) and extracellular (7.4)
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pH values in normal differentiated adult cells and the intracellular
[44

pH value in cancerous cells (7.4).

Structural determination via NIR

of the 2'F-
ructures, an NMR study
melting temperature
J-2, with cytosine

and 8.5-10.5 ppm,
peratures at neutral pH
ssignments (Figures 2B
ed at 45 °C correspond
that the stability of this

To obtain further insigh
araC / 5-Me-dC combinatiol
of HJ-2 was undertaken.

imino and amino pr
respectively, at ex
(45 °C, Figure 2A)
and S8), the imino
to the fC:C"Ha

two-dimensional NMR spectra of HJ-
tterns characteristic of an i-motif
structure (Figure S8 a

-H6 TO cross-peaks and H5-amino NOEs. A similar
rn was observed for 5-Me-dC (i.e. Me5-H6 TOCSY cross-
and Me5-amino NOEs). Nucleobase spin systems were
ted with their own sugars through H6-H1' and H6-H2'/H2"
-peaks. 2'F-araC residues were distinguished from
racteristic splitting in the H1' resonances of the
fluorinated due to the strong 'H-'F coupling.
Hemiprotonated base pairs were identified by following intra-
nucleotide H6-H5/Me5 - intra-nucleotide H5/Me5-amino >
trand amino-imino - intra-nucleotide imino-amino ->
ucleotide amino-H5/Me5 - intra-nucleotide H5/Me5-H6
ays in the NOESY spectra (Figure S9B). Four pathways
re found connecting 5-Me-dC and 2'F-araC residues, and two
onnecting dC residues. This shows the formation of four
fC:C™H" and two C:CH" base pairs (Figures 2B, S8, and S9).

Resonaw of cytosine nucleobases were identified by their

H1'-H1' NOE cross-peaks along the minor grooves were
found between 2'F-araCs on one side and between 5-Me-dCs
on the other side (Figure 2B); therefore, all 2'F-araCs occupy
one minor groove and base pair with the 5-Me-dCs. These
connectivities, together with some weak sequential NOEs,
allowed the unambiguous assignment of the residues in the
central core of the i-motif. Hence, the structure of HJ-2 is
stabilized by four hemiprotonated fC:C™H" base pairs flanked by
two C:CH" base pairs (Figure 2). The experimental NOEs
strongly indicate that the structure of HJ-2 is very similar to that
of the native structure (HT-0), with both adopting a 5'E
configuration.” Based on this similarity, a model structure of HJ-
2 was built from the structure of the human telomeric C-rich
strand reported by Phan and co-workers (PDB 1ELN).”

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal

A) 8/20 & 9/21 20 i B)
2/14A “ 3/15 21‘ TZ 1‘9‘ /\ |
T=45°C || || )
\ /\JUL MLV
"""" 16 15 115 1211 10 Topm 5.8
(W
|
T=35°C H M’M"Ub
oy
W jU\w‘L’UU“’ 6o
1‘6 1‘5 1'4 1‘3 12 11 l‘O ; ‘ ppm
I =
T=25°C \J g
n A | I 2 6.2
M L J UJJU‘ W .
"""" s T ST T T T e
T=15°C | | J 64
;“,“"\” ‘ M 1o OFU/“I‘\ :
y W
"""" '1‘,;"‘;)%”“”;;”"“"1‘;'”“"1‘2”‘"”";1”‘""“1;;‘““”‘;””"j“’;;m‘ 66
o, 921 c
T=5°C 514N _3/15 20 1913 ﬂw
7/191‘3“/ﬂ 21h ly2\/ |
M | ’JU‘J“\JW\/ v 68
\1/13 T T T T T T )
16 15 14 13 12 11 10 9 ppm
imino region amino region

10.1002/chem.201704591

C7H1'-T16H6

WILEY-VCH
6.8 66 6.4 6.2 6,0
«
C19H1'-CM3H1"
u \ CF9H5-C1H5
15.8

CF15H5-C19H5
Y

Al1H1'-C13H5
6.0

X
ClH1'-CM21H1' B
‘
[i1]

C19H5-CF15H5

CMBHl'—CMZOHI'CFSH]X‘—CFl‘lHl’
A\
(x)
crym'-cuu
(]

6.2

{xa=c1385-511H1"

X
CM2H1'-CM20H1" !

C13H1'-CF9HL1" 6.4

CMZgl'-CMZHI' »CF14H1'-CF9H1"’ '

CF8H1’-CF15H1"

CF8H1'-CF14H1

x
L X 6.6
J CM21H1'-C1E1"
14H1’-CFBH1"

F CM20H1'-CM3H1’ Al1Q6-C1HS5

b )
’J,r"‘ N 6.8

6.8 6.6 6.4 6.2 6.0
®,-"H (ppm)

C) Schematic representati
5-Me-dC minor groove side (ri
dAin grey.

were submitted
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shown in Figure 2.
ilarity with the unmodified structure,
. 2'F-araC sugars adopt a South

conformation instead o conformation usually found in

t pH 7.0. The observed imino and amino signals are labeled based on the assignment of the NOESY spectra
HJ-2 (mixing time 150 ms, T = 5 °C, pH 7.0). H1'-H1' connectivities are characteristic of i-motif structures.
alation topology. D) Two views of the solution structure of HJ-2: the major groove side (left) and the
5-Me-dC in green (5-Methyl group in red); 2'F-araC in blue (2'F atoms in green); dT in magenta; and

the native i-motif (Figure 3). Similar to our recently reported
observations in the tetrameric structure of d(TCCfCfCC),?" the
arabinose 2'-fluorine is well accommodated within the major
groove of the i-motif. Also, HJ-2 exhibited very similar pattern of
favourable electrostatic contacts that were previously obtained in
the 2'F-araC tetrameric i-motif structure (Figure 3).?” The
electronegative fluorine and the positively polarized H2' alleviate
the unfavorable electrostatic interactions leading to closer

This article is protected by copyright. All rights reserved.
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sequential (H2'-O4', H2'-05') and inter-strand distances (H2'-02)
compared to the unmodified structure.

Figure 3: Details of sugar contacts in A) unmodified telomeric i-motif
(PDB 1ELN) and B) 2'F-araC and 5-Me-dC substituted i-motif HJ-2.
Fluorine atom is shown in green and close distances corresponding to
favorable electrostatic interactions are shown in yellow.

Conclusions

to physiological pH, str
motif stability. Based on
following stabilization trend
> fC:fCH' = CT:C"H" > fC™:
studies also rev
motif structures at
the position of the v

Ty, data obtain@d at pH 7.4, the
observed: fC:C™H" > fC™:fCH"
"= fC™:CH" > C:CH". Our
e 5-Me-dC units stabilize i-
H. By carefully selecting
s cytidine modifications studied here, it
e the pH and temperature-dependent
nstructed from i-motifs.™

ibrary of chemically modified

oligonucleotides that m used to probe the biological
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significance of i-motifs that are prevalent in telomeric and
promoter regions of the human gepggme. Furthermore, they may
find use in the discovery and dev t of specific ligands or
antibodies that target native i-motifs in

Experimental Sectio

General Experimental. indi ise, reactions were
performed in oven-drie der Argon. Solvents
used were dried by MBraun). Proton, fluorine,
and phosphorous n ce spectra ("H NMR, '°F
NMR, *'P NMR) wer Mercury 400 MHz and the
tic resonance spectra (*°C
” Data were processed by the
mical shifts (6) are reported in
, calibrated to the residual protium in the
ling constants (J) are reported in Hz.
g the following abbreviations: s = singlet, d
et, m = multiplet (where the range of
chemical shift is gi ytical thin-plate chromatography was
performed on pre-coated 200 um layer thick silica gel TLA-R10011B-323
plates (Silicyc| Purifications by column chromatography were
rformed or;,a gel (40-63 um, 230-400 mesh). High-resolution mass
tra (HR were obtained on a mass spectrometer under electron
ionization (ESI) conditions. Detailed experimental procedures for
thesized compounds along with NMR and HRMS characterization
ly presented in the supplementary information.

TopSpin or Mes
parts per million
deuterated solvent.

Synthesis and Purification. Oligonucleotide synthesis
at 1 pmol scale on the Unylinker CPG solid support (from
ChemGenes) on an ABI 340 DNA Synthesizer (from Applied Biosystems).
Phosphoramidites thymidine (dT), deoxyadenosine (N-Bz) (dA),
deoxycytidine (N-acetyl) (dC), and 5-methyl-2'-deoxycytidine (5-MeC)
ed at 0.1 M concentration in acetonitrile and coupled for 200 s.
C was used at 0.13 M concentration and coupled for 600 s. 2'F-5-
aC was coupled for 1200 s. After the completion of synthesis, the
G was transferred to a 1.5 mL screw-cap eppendorf where 1 mL
H4OH was added and placed on a shaker for 48 hours at room
temperature. The solution was centrifuged then decanted from the
cleaved CPG. Samples were vented for 1 h, chilled in dry ice, and
evaporated to dryness, where they were then purified by ion exchange
HPLC on Agilent 1200 Series Instrument (from Agilent Technologies)
using a Protein-Pak DEAE 5PW column (7.5 x 75 mm). The buffer
system consisted of water (solution A) and 1 M aqueous lithium
perchlorate (solution B) at a flow rate of 1 mL/min. The gradient was 0-
60% solution B over 42 minutes at 60 °C. Samples were desalted using
the NAP-25 desalting columns according to manufacturer’s procedure.
The extinction coefficients of 2'F-araC and 5-Me-2'F-araC were
approximated to that of the unmodified sequence. Unless otherwise
indicated, MilliQ water and autoclaved consumables were used. Masses
were verified by ESI-MS (Table S3).

UV Melting Studies. UV thermal denaturation data were obtained on the
Varian CARY 300 UV-Vis spectrophotometer (from Agilent Technologies)
equipped with a Peltier temperature controller. The concentration of
oligonucleotides used was 4 uM prepared in 10 mM sodium phosphate
buffer (pH 5.0, pH 7.0, and pH 7.4). Concentrations were determined
after quantitating the samples by UV absorbance at A = 260 nm. Samples
were heated at 90 °C for 15 minutes, slowly cooled to room temperature,
then stored at 5 °C overnight before measurements were performed.
Denaturation curves were acquired at 265 nm at a ramp of 0.5 °C/min.
Samples were kept under a nitrogen flow at temperatures below 12 °C.
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The optimal melting temperature (T42) values were calculated using the
first derivative method.

Circular Dichroism Studies. CD studies were performed at 5 °C on the
JASCO J-810 spectropolarimeter (from JASCO Analytical Instruments)
using a 1 mm path length cuvette. Temperature was maintained using
the Peltier unit within the instrument. Spectra were recorded from 350-
230 nm at a scan rate of 100 nm/min and a response time of 2.0 s with
three acquisitions recorded for each spectrum. The spectra were
normalized by subtraction of the background scan with the corresponding
buffer. Data were smoothed using the means-movement function in the
JASCO graphing software. The concentration of oligonucleotides used
was 50 pM prepared in 10 mM sodium phosphate buffer (pH 5.0 and pH
7.0).

Nuclear Magnetic Resonance. Samples for NMR experiments were
dissolved 9:1 H,O/D,O (10 mM sodium phosphate buffer. All NMR
spectra were acquired in Bruker Avance spectrometers operating at 600
and 800 MHz, equipped with cryoprobes and processed with the
TOPSPIN software. NOESY™ spectra in were acquired with mixing
times of 150 and 250 ms. TOCSY!"® spectra were recorded with the
standard MLEV-17 spin-lock sequence and a mixing time of 80 ms.
Water suppression was achieved by including a WATERGATE"" module
in the pulse sequence prior to acquisition. The spectral analysis program
SPARKY was used for semiautomatic assignment of the NOESY cross-
peaks and quantitative evaluation of the NOE intensities.

Structural calculations. Restrained molecular dynamics calculations
were carried out with the SANDER module of the package AMB,
12.0.*® Coordinates from the human telomeric i-motif (pdb code 1
were utilized as starting points for the AMBER refinement, consi
an annealing protocol in vacuo, followed by trajectories of 500 ps each in

specific protocols for these calculations have be
elsewhere.®! The BSC1 force field was used to descri
and the TIP3P model was used to simulate water m
parameters for the 2'F-araC derivatives were extracte
Analysis of the representative structures was carried out
program.®?

Keywords: i-motif  telomeric DNA * 5-methylcytosine
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