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Abstract

G-rich and C-rich DNA sequences capable of forming G-quadruplex (GQ) and i-motif
structures are found in the telomeres and promoter region of several genes that cause
cancer. Despite extensive studies in vitro, determining their topologies in the native
cellular environment is not easy. In this work, we have used one of the conservatively
modified nucleoside analogs, namely 5-fluoro-2’-deoxyuridine (FdU) to study the GQ and
i-motif structures of the human telomeric (H-Telo) DNA repeat sequence. The probe was
found to be minimally perturbing and could distinguish different GQ topologies by
providing unique signatures. Previous reports using cellular crowding mimics have
indicated the formation of parallel GQ conformation. However, we found out that the H-
Telo DNA ONs did not assume parallel conformation in intracellular buffer conditions
using our probe. Further, with the incorporation of the probe into a C-rich H-Telo DNA
ON, we were able to study the transition from i-motif to random coil structure. Besides,
we were also able to validate the ipH of the C-rich sequence using CD studies. Taken
together, 5-fluoro-2’-deoxyuridine is a promising probe, which can be used to determine

the structure of non-canonical nucleic acid motifs in the native cellular environment.



1. Introduction

DNA can form both canonical and non-canonical structures. Canonical structures include
the different types of double-helical conformations such as A-form, B-form, and Z-form
(Figure 1B). All three conformations are characterized by Watson-Crick base pairing
where A is paired with T and G is paired with C through hydrogen bonding (Figure 1A).
B-form is commonly found double-helical conformation in all the biological systems while
A-form is found in dehydrated samples of DNA such as those in crystallographic
experiments and the Z-form is found in an environment having very high salt
concentrations. Non-canonical structures include hairpin, bulge, pseudoknot, tetraplexes
such as G-quadruplexes and i-motifs, etc.!* The tetraplexes such as GQ and i-motifs are
characterized by Hoogstein base pairing (Figure 2A). The structural diversity found in
nucleic acids is associated with a multitude of functions they carry out in the biological
system. They perform a plethora of functions such as storage and transfer of genetic
information from one generation to another generation, catalysis and regulation of gene
expression, etc.> Non-canonical structures, namely G-quadruplexes and i-motifs (Figure
2B) have gained particular importance due to their conserved location in the genome®”’

and their functional role in regulating gene expression including that of oncogenes.?*?
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Figure 1: (A) A:T and G:C Watson-Crick base pairing. (B) Different forms of DNA such
as A-form, B-form, and Z-form where the individual strands are connected via Watson-
Crick base pairing.?
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Figure 2: (A) Hoogstein base pairs. (B) H-Telo G-quadruplexes'* and i-motif structures
stabilized through Hoogstein base-pairing.'®

1.1. G-quadruplex structure and function

G-quadruplexes (GQs) are formed when two or more G-quartets stack with each other in
the presence of metal cations like K*, Na*, Li* or NH4*. The G-quartets are a group of four
guanine nucleotides located on one plane interacting with each other through Hoogstein
base pairing. Initially, it was thought that these are mere structural aberrations found only
in in vitro conditions but extensive investigations in the last two decades have clearly
indicated their presence in cellular conditions.*®'” Computational predictions backed up
by experimental evidence indicate the presence of GQs in the functional regions of
genome like telomeres and promoter regions of DNA and untranslated regions of mRNA,
which are known to cause cancer.'®1’ Studies have suggested that GQ-forming regions
of the genome are found to be conserved across species especially vertebrates®’ and
found to be playing an important role in regulating important cellular processes such as

replication, transcription, translation, telomere maintenance, etc.'%!81% For example, a
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mutation from G->A in the purine-rich strand complementary to the nuclease
hypersensitivity element Il (1) (present in the upstream region to the promoter region of
proto-oncogene c-MYC) affects the rate of transcription significantly. Thus, small
molecules, which can act as GQ-binders and affect the important regulatory processes
such as transcription, translation, replication, etc. have been proposed as an alternative
strategy to treat diseases such as aging-related diseases and cancer.?>2* However, there
are a very few clinically available small molecules binders because of a very fundamental
challenge associated with structural diversity of GQs in cellular conditions. This structural
diversity (Figure 3) is due to the diversity in sequences, ionic conditions and molecular
crowding conditions found in cells.?>?6 Thus, there is a need to develop specific GQ
binders that will have the ability to bind to only a particular GQ topology leaving others
unaffected.?’

Various biophysical techniques like circular dichroism, NMR, EPR, and
fluorescence spectroscopy have been used to probe the structural diversity of GQs in
different ionic conditions and molecular crowding conditions trying to mimic the native
environment in the cell.?8-31 Human telomeric (H-Telo) DNA Oligonucleotide (ON) is a
very well-studied system consisting of (TTAGGG)n repeats. It is known that H-Telo DNA
adopts multiple conformations in K* solution as found out using 2-D NMR.*? It adopts an
anti-parallel conformation in NaCl, parallel conformation in SrCl> and in presence of

molecular crowding agents such as PEG.*

d

Parallel Anti-parallel Hybrid Parallel Anti-parallel Hybrid
Intermolecular G-Quadruplex Intramolecular G-Quadruplex

Figure 3: Structural diversity of G-quadruplexes based on the strand stoichiometry,
strand directionality, and arrangement of connecting loops.3?
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1.2. i-Motif structure and function

i-Motifs are formed by C-rich strands with stacked intercalation of hemi-protonated C-
neutral C base pairs (CH*-C, Figure 4.%* The i-motifs are found in the regions which are
complementary to G-rich regions in the genome which are known to cause cancer.32°
Despite this fact, i-motifs have been given much less attention compared to GQs. This is
because GQs form under physiological conditions but i-motifs are generally formed at
acidic pH** and evidence for GQ formation in cellular conditions is available now while
this is yet to be unambiguously established in the case of i-motifs.3® However, some
studies suggest that negative super helicity, molecular crowding, change in the loop
composition can potentially induce the formation of i-motifs under physiological
conditions.3® Similar to GQs, i-motifs have been reported to take part in the regulation of
gene expression. For example, a study suggests that the C-rich strand directly upstream
of the BCL2 promoter element has the ability either to form a hairpin or an i-motif structure
present in the form of an equilibrium mixture.®” The study demonstrates how small
molecules can shift the equilibrium and affect the transcription. The pH sensitivity of i-
motifs has been applied in mapping pH changes in live cells, in designing nanomachines
and as switches in logic operations.®® All these results suggest their potential application
as therapeutic targets similar to the GQs. However, there are not many viable small

molecule binders that target i-motifs specifically.
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Figure 4: Structural diversity in i-motifs. NMR structure of i-motif-forming oligonucleotide
sequences. The two i-motifs show differences in intercalation topologies, strand polarity
and loop composition.3® Figure adapted from Reference 39.

1.3. Challenges associated with the study of GQ and i-motif structures

Numerous biophysical methods, namely circular dichroism (CD), fluorescence and X-ray
crystallography and NMR are used in probing the structure and small molecular binding
properties of GQ and i-motifs.*® Methods like fluorescence, NMR and X-ray use ONs
labeled with an appropriate probe or probes because natural nucleosides do not contain
intrinsic labels that are compatible with the above-said techniques. So, several chemical
probes have been developed to analyze these non-canonical structures. However, the
majority of probes are not compatible with both in vitro and in-cell analysis, and most
importantly, the probes poorly distinguish different topologies of GQ and i-motif structures.
Therefore, development of chemical probes that can differentiate different nucleic acid
structures, namely duplex, GQ and i-motif in vitro and can also be used in cell-based

assays is highly desired.
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Recently, Srivatsan and co-workers introduced a novel dual-app nucleoside
probe*! (5-fluorobenzofuran 2’-deoxyuridine), containing a fluorophore and °F NMR
label. The probe is an excellent GQ sensor and enabled the determination of the structure
of H-Telo DNA overhang in live frog oocytes by **F NMR. This report elucidated the power
of %F NMR in the structural analysis of nucleic acids. We next wanted to harness the
power of 1°F isotope in probing the relative population of GQ/i-motif/duplex forms adopted
by H-Telo DNA ONs in in vitro as well as in live cells such as mammalian cells and frog
oocytes. For this, it is important to use a probe that will provide unique signatures for GQ,
i-motif and duplex forms. In this regard, we decided to use one of the conservatively
modified nucleoside analogs, namely 5-fluoro-2’-deoxy uridine (FdU) to study different
forms of H-Telo G-rich and C-rich ON sequences.

Herein, we report the synthesis and incorporation of 5-fluoro-2’-deoxyuridine and
its phosphoramidite substrate into H-Telo G-rich and C-rich ONs. The nucleoside analog
is practically non-perturbing and distinguishes different GQ topologies by providing
unique signatures. Further, this probe incorporated into C-rich H-Telo sequence clearly
reported the transformation of a random unfolded structure to i-motif structure as a
function of pH. Taken together, 5-fluoro-2’-deoxyuridine is a promising probe to determine
the structure of nucleic acids, in this case, non-canonical nucleic acid motifs in native

cellular environment.

2. Experimental Section

2.1. Materials

5-Fluoro-2’-deoxyuridine was obtained from Biosynth Carbosynth. 4,4’-dimethoxytrityl
chloride, pyridine, N,N-dimethyl aminopyridine (DMAP), N,N-diisopropylethylamine
(DIPEA), PEG 200 and all reagents used for buffer preparation (Bio-ultra grade) were
obtained from Sigma Aldrich. 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite was
obtained from Alfa Aesar. H-Telo DNA ONs CONGQ1, CONGQH1 and CONGQH2 were
obtained from Integrated DNA Technology (IDT) or Eurofins Genomics India Pvt. Ltd.
Phosphoramidites of natural bases for solid-phase synthesis were obtained from
ChemGenes corporation or from Sigma Aldrich. Solid supports for DNA solid-phase

synthesis were obtained from Glenn Research. Other solid-phase reagents were ordered
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either from ChemGenes corporation or Sigma Aldrich. DNA ONs were purified by PAGE
(20% gel) using urea as the denaturant and desalting was carried out using a Sep-Pak
Classic C18 cartridge (Waters Corporation). Autoclaved water was used for all

biophysical analysis.

2.2. Instruments

DNA ONs synthesis was performed using ABI applied Biosystems 392 DNA/RNA
synthesizer. High-Performance Liquid Chromatography (HPLC) was carried out using
Agilent Technologies 1260 Infinity HPLC. Absorbance measurements were carried out
using Shimadzu UV-2600 spectrophotometer. UV thermal melting analysis was carried
out with the help of Cary 300BIO UV-Vis Spectrophotometer. CD analysis was done using
JASCO J-815 CD spectrometer. NMR of small molecules was obtained using Bruker
AVANCE Il HD ASCEND 400 MHz spectrometer and processed using Mnova form
Mestrelab research. Similarly, NMR of ONs in different salt conditions was obtained using
Bruker AVANCE IIl HD ASCEND 600 MHz spectrometer using QCIF cryoprobe and

processed using Bruker Topspin software.

2.3. Synthesis of 5-O-DMT-protected 5-fluoro-2’-deoxyuridine 1(DMT-FdU) and
DMT-FdU-phosphoramidite 2

o)
o)
(6] F F\f‘\/,i_l
F NH
| A | K. iPryNP(C)OE(CN NI
\ AO DMT-CI, DMAP NSO jproNEt DMTO
- DMTO - o
HO o pyridine, RT 0 dry THF, RT
] 14h, 80% K J 30min, 38% CN
, o\
oy ,P\o/\/
OH ;\
5-Fluoro-2'-deoxy uridine (FdU) 1 (DMT-FdU) 2

Scheme 1. Synthesis of DMT-FdU-phosphoramidite substrate 2.

2.3.1. Synthesis of 5’-O-DMT-protected FdU 1 (DMT-FdU)
FdU (350 mg, 1.4 mmol, 1.0 eq), 4,4’-dimethoxytrityl chloride (DMT-CI) (723 mg, 2.1
mmol, 1.5 eq) and 4-(dimethylamino)pyridine (DMAP) (87 mg, 0.7 mmol, 0.5 eq) were
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taken in a 50 mL round-bottomed flask and dried under vacuum for 1 h. 12 mL of dry
pyridine was added to the above reaction mixture following which it was kept for stirring
at room temperature (~25 °C) for 14 h. The reaction mixture was extracted with 100 mL
(x2) of ethyl acetate and 80 mL (x2) of sodium bicarbonate solution. The extracted
organic layer was passed through sodium sulfate to remove traces of water. Silica gel
column chromatography was conducted to purify the compound 1. Yield 80% (780 mg).
'H NMR (400 MHz, CDCls): d(ppm) 7.78 (d, 1H, J = 6.8 Hz), 7.41-7.39 (m, 2H), 7.32-7.20
(m, 7H), 6.85-6.82 (dd, 4H (meta in 4-(OMe)Ce¢H4 )), 6.33-6.29 (m, 1H, J1 = 6.5Hz, J2 =
5.9 Hz), 4.54-4.51 (m, 1H, J; = 3.2 Hz, J, = 4.0 Hz, J3 = 3.2 Hz), 4.08-4.05 ( g, 1H, J1 =
J2=J3=3.2 Hz), 3.78 (s, 6H), 3.66-3.44 (m, 2H), 2.50-2.44 ( m, 2H); 3C NMR (400 MHz,
CDCl3): d(ppm) 158.5, 144.0, 135.1, 129.8, 127.8, 126.9, 124.1, 123.8, 113.2, 87.0, 86.2,
85.3, 76.8, 76.5, 71.7, 63.1, 55.1, 52.7, 45.3, 40.1; HRMS: m/z Calculated for
CaoH29FN2NaO7 [M+Na]* = 571.1900, found: 571.1897.

2.4. Synthesis of DMT-FdU-phosphoramidite substrate 2

200 mg (0.4 mmol, 1.0 eq) of compound 1 was taken in a 10 mL round-bottom flask and
kept in vacuum for 30 minutes. It was dissolved in 4 mL of dry tetrahydrofuran (THF)
under N2 atmosphere. N,N-Diisopropylethylamine (DIPEA, 0.19 mL, 1.1 mmol, 3.0 eq)
was added and the solution was stirred under N> atm at 0 °C. After 10 minutes of stirring
at 0 °C, 0.163 mL (0.7 mmol, 2.0 eq) of 2-cyanoethyl N,N-diisopropylaminochloro
phosphoramidite was added using a gas-tight syringe and stirred at 0 °C. The reaction
was seen to be complete within half an hour. A work up was carried out using 40 mL ethyl
acetate and 40 mL (x2) sodium bicarbonate solution. It was followed by a brine wash and
finally passed through sodium sulfate to remove traces of water. A silica gel column
chromatography was performed to elute a mixture of two diastereomers at 60% ethyl
acetate:petether (containing 0.4% Triethylamine) solution. Yield 38% (104 mg). *H NMR
(400 MHz, CDCI3): (ppm) 7.88 (d, 1H, J = 6.1 Hz), 7.82 (d, 0.65H, J = 6.1 Hz), 7.42-7.39
(m, 3.3H), 7.32-7.22 (m, 11.7H), 6.86-6.81 (m, 6.62H), 6.35-6.32 (m,1.65H), 4.68-4.66
(m, 1.65H), 4.21-4.05 (m, 1.65H), 3.79 (s, 9.93H), 3.76 (m, 6.73H), 3.42-3.38 (m, 3.3H),
2.65-2.60 (m, 1.65H), 2.64-2.46 (m, 3.44H), 2.33-2.26 (m, 1.72H), 1.20-1.10 (m, 19.8H);
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3P NMR (400 MHz, CDCI3): d(ppm) 149.64, 149.38; HRMS: m/z Calculated for
C39H47FN4OgP [M+H]* = 749.3100, found: 749.3072.

2.5. °F NMR of FdU different solvents
150 uM samples of FdU in different solvents containing 15% DMSO-de were prepared
and 19 NMR was recorded using trifluorotoluene (TFT) -63.72 ppm as reference.

2.6. Synthesis of H-Telo G-rich and C-rich DNA ONs

The following four H-Telo DNA ON (3 G-rich ONs and 1 C-rich ON) sequences were
synthesized with the modified nucleoside phosphoramidite incorporated at the positions
shown, namely compound 2:

FGQ1: (5 AGG GTT AGG G2T AGG GTT AGG G 3))

FGQH1: (5 TTG GGT TAG GG2 TAG GGT TAG GGA 3’)

FGQH2: (5 TAG GGT TAG GG2 TAG GGT TAG GGT T 3)

FIMHT: (5 CCC TAA CCC 2AA CCC TAACCC TAAJ)

The ONs with the incorporated modification were synthesized (1 ymole scale, 1000
Angstrom CPG solid support) following the standard procedure for solid-phase synthesis.
After solid-phase synthesis, synthesized ONs were deprotected from their solid supports
and other protecting groups by treating with 28-30% Ammonium Hydroxide solution for
16 h at 55 °C and 30 minutes at 70 °C. The solution was then dried using speed vac and
the residue was then purified by denaturing Polyacrylamide gel electrophoresis (20% gel).
The gel band w.r.t. the ON was identified using UV shadowing, following which it was cut
and crushed. The ON was extracted using 4 mL ammonium acetate solution (0.05 M) for
12 h and finally desalted using Sep-Pak classic C18 cartridges (Waters) before being
taken for quantification. Diluted samples of the ONs were prepared and the absorbance
was at 260 nm was recorded to calculate the amount of synthesized ONs. The purity of
the ONs was then checked using RP-HPLC (Figure 6) and identity confirmed by mass
spectrometry (Table 1 & Figure 16 in Annexure).

HPLC conditions: Mobile phase A = 50 mM TEAA buffer (pH 7.5), mobile phase B =
ACN. Flow rate = 1 mL/min. Gradient = 0-100% B in 30 min. HPLC analysis was carried

out using a Luna C18 column (250 x 4.6 mm, 5 micron).
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2.7. CD studies

Modified and unmodified GQ-forming ONs (8 uM) were heated (90 °C for 5 minutes) in
sodium phosphate buffer (10 mM, pH 7.0) comprising 100 mM of NaCl or in potassium
phosphate buffer (10 mM, pH 7.0) comprising 100 mM of KCI or in Tris-HCI buffer (50
mM, pH 7.0) comprising 150 mM of SrCl. or in Intracellular (IC) buffer (25 mM potassium
phosphate buffer, 85 mM KCI, 10 mM NaCl, 1 mM MgCl,, 130 nM CaClz, pH 7.4) or in IC
buffer containing 40% of PEG (pH 7.4). Similarly, samples of modified and unmodified i-
motif ONs were formed in sodium acetate buffer (30 mM) of different pH values such as
5.0, 5.5, 5.8 or sodium phosphate buffer (30 mM) with pH values 6.0, 6.1, 6.3, 6.6, 7.0, &
7.4 all containing 100 mM NaCl. The samples were cooled and CD was recorded in at
least duplicate. Similarly, duplex samples were formed by annealing FdU-modified ONs
(5.0 uM) with corresponding complementary ONs (5.5 pM) in the above different buffer

solutions.

2.8. Tndetermination

Modified and control ONs (1 pM) were annealed similarly as in CD experiments. The
measurements were then carried out using Cary 300 Bio UV-Vis spectrophotometer. The
temperature was raised at a rate of 1 °C/min from 20°C to 95 °C and then cooled at the
same rate until it reached 20 °C. The absorbance was measured at 295 nm for G-

guadruplex samples and at 260 nm for duplex and i-motif samples.

2.9. °F and 'H NMR of modified GQ- and i-motif-forming ONs
NMR samples with modified and unmodified ONs were annealed similarly as in CD

experiments in different ionic conditions as mentioned below:

FGQ1 (50 uM) in buffer (pH 7.0) containing 100 mM NaCl
FGQ1 (50 uM) in buffer (pH 7.0) containing 100 mM KCI
FGQ1 (50 uM) in buffer (pH 7.0) containing 150 mM SrCl,
FGQ1 (50 uM) in IC buffer (pH 7.4)

FGQ1 (50 uM) in IC buffer containing 40%PEG (pH 7.4)
FGQHL1 (50 uM) in IC buffer (pH 7.4)

YV V V V V V
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FGQH1 (50 pM) in IC buffer containing 40%PEG (pH 7.4)

FGQH2 (50 uM) in IC buffer (pH 7.4)

FGQH2 (50 uM) in IC buffer containing 40%PEG (pH 7.4)

FIMHT (50 uM) in Sodium Acetate buffer (30 mM, pH 5.0) containing 100 mM NacCl
FIMHT (50 pM) in Sodium phosphate buffer (30 mM, pH 7.4) containing 100 mM NaCl
Note: All NMR samples contained 20 % D-0O.

YV V. V V V

3. Results and Discussions

3.1. Repurposing 5-fluoro-2’deoxy uridine (FdU) for GQ and i-motif
analysis

FdU is also called as floxuridine and belongs to a class of drugs called antimetabolites. It
is prescribed for the treatment of cancers. It acts as a substrate analog and inhibits
thymidylate synthase, which causes an imbalance in the cellular concentration of dNTP
leading to induced cell death.*? FdU has three advantages**- (i) fluorine label at position
5 is one of the conservative modifications and is less likely to affect the structure of nucleic
acids, (ii) °F is 100% abundant and its chemical shift is highly sensitive to its local
environment, and (iii) absence of fluorine in the biological systems would eliminate
background signal, which is a problem with other NMR nuclei. Based on these
considerations, we decided to repurpose FdU in studying the structure and recognition

abilities of GQ and i-motif structures in vitro and in native cellular settings.

3.2. Sensitivity of FdU to changes in polarity and viscosity of the

solvent medium

FdU incorporated into ON sequences can experience different microenvironment due to
changes in interaction with neighboring bases. In order to study its sensitivity at the
nucleoside level, we carried out *°F NMR experiments in solvents of different polarity and
viscosity. It is evident from Figure 5 that FdU gives unique chemical shifts for different
solvents based on polarity and viscosity. This observation encouraged us to incorporate
FdU into GQ and i-motif forming H-Telo DNA ON sequences.
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Figure 5: °F NMR of FdU in different solvents. The data presented here shows in order
of increasing polarity from water to 1, 4-dioxane followed by higher viscous solvents
DMSO and ethylene glycol.

3.3. Synthesis of DMT-FdU-phosphoramidite substrate 2 and its

incorporation into ONs

FdU was incorporated into H-Telo G-rich and C-rich repeats by using standard solid-
phase ON synthesis protocol.* The ON sequences, namely FGQ1, FGQH1, FGQH2 and
FIMHT that were synthesized are listed in Table 1. The reason for choosing the mentioned
ONss is that they adopt distinct conformations in particular ionic conditions. Thus, they give
the advantage to qualitatively confirm different kinds of topologies adopted by H-Telo
DNA ONs progressively starting from in vitro conditions to live cells such as mammalian
cells and frog oocytes. The modification was introduced at the loop region, TTA in case
of GQs and TAA in case of i-motifs, due to the following reasons: (i) incorporation into the
G-rich/C-rich region could potentially affect the formation of G-quadruplex/i-motif
structures® and (ii) the loop residues adopt a distinct conformation in different GQ?%/i-
motif*6 topologies. The labeled ONs were purified by gel electrophoresis (20% gel) using

urea as the denaturant. The purity of the ONs was checked by reverse-phase HPLC
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(Figure 6) and confirmed by mass spectrometry (mass spectra in Annexure and Table 1

next page).
FGQ1 FGQH1
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Figure 6: HPLC profiles of PAGE-purified H-Telo DNA ONs at 260 nm.

Table 1: Molar extinction coefficients and mass analysis of H-Telo DNA ONs

H-Telo DNA ON £260° (Mcm™) Calculated mass Observed mass
FGQ1 227260 6969.16 6969.32
FGQH1 243060 7577.25 7577.69
FGQH2 251860 7881.30 7881.85
FIMHT 219160 7133.70 7133.71

Note: e260? values of modified ONs were calculated using IDT oligo-analyzer. The €2602

value of modified oligonucleotide (7320 M-lcm™) was used in the place of thymidine.
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3.4. FdU modification does not affect the structure and stability of
labeled GQs and i-motifs

The effect of modification on GQ and i-motif structures and their stability was evaluated
by performing CD and thermal melting experiments using FdU-modified and unmodified
control ONs in different ionic conditions. FGQ1 formed anti-parallel conformation in NaCl
with a positive peak at ~293 nm, a strong negative peak at ~263 nm and a positive peak
at ~245 nm (Figure 7a).%?2 FGQ1 showed parallel conformation in SrCl, (negative peak at
~240 nm and positive peak at ~260 nm, Figure 7b).> FGQ1 formed hybrid type mixed
parallel-antiparallel GQ structures in KCI (positive peak at nearly 290 nm and a shoulder
at nearly 270 nm, Figure 7c).%? FGQH1 showed a pattern matching with the hybrid type-
1 GQ structure in the IC buffer (strong positive peak at nearly 285 nm and a small shoulder
peak around 270 nm, Figure 7e).**4” FGQH2 presented a pattern resembling the hybrid
type-2 GQ structure in the IC buffer (strong positive peak at nearly 290 nm and a shoulder
peak around 266 nm, Figure 7f).#%4% IC buffer contains a high concentration of K* ions,
apart from other ions, and hence, FGQ1 showed a CD profile similar to that in potassium
phosphate buffer containing K* ions alone (Figure 7d). Importantly, respective control
unmodified ONs formed distinct GQ structures similar to the modified ONs in various
conditions tested. These results are consistent with the literature reports for the same
sequences.

H-Telo DNA ONs in a synthetic molecular crowded condition such as in the
presence of PEG is known to adopt a parallel GQ topology.3° To study the structural
transformation, CD spectrum of ONs was taken in the presence of 40% PEG. Consistent
with the literature reports both control and modified ONs formed parallel GQ structure
(Figure 8a).3%4! Further, control and labeled ONs annealed with the complementary ON
sequence exhibited CD profiles typical for a duplex regardless of the ionic conditions
(Figure 8b).
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Figure 7: CD spectrum of (a) FGQ1 (5 uM) in 200 mM NacCl (b) FGQ1 (5 uM) in 150 mM
SrCl; (c) FGQ1 (8 uM) in 100 mM KCI (d) FGQ1 (8 pM) in IC buffer (pH 7.4). Similarly,
CD spectrum of (e) FGQHL1 (8 uM) is shown in IC buffer, (f) FGQH2 (8 uM) in IC buffer.
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Figure 8: (a) CD study of H-Telo DNA ONs (8 puM) in IC buffer containing 40%PEG (b)
CD profiles of duplexes consisting of control modified and unmodified ONs annealed with
their respective complementary ON sequence.
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Figure 9: CD study of FIMHT in buffers of different pH.

Next, CD profile of FdU-labeled C-rich ON FiIMHT and its control ON was recorded
as a function of pH (Figure 9). At pH 7.4 and till pH 6.0 the ONs formed a random caoill
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structure (positive peak at ~272 nm and a negative peak at ~248 nm).® Further, reduction
in pH resulted in a CD profile matching the i-motif structure (positive band centered
around ~287 nm and negative band centered around ~254 nm).> A plot of changes in
ellipticity at 287 nm versus pH gave a sigmoidal curve, which allowed to determine the
ipH value for the transition of random unfolded structure to i-motif structure (Figure 10).
The ipH value was found to similar for the control (5.95 £ 0.03) and modified sequences

(5.93 + 0.01) which was in consensus with the literature reports.54
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Figure 10: Determination of ipH of FIMHT by using circular dichroism (CD) studies.

The melting temperatures for GQ structures in different ionic conditions were found
to be consistent with literature reports (Table 2 & 3).4* In confirmation with CD studies, Tm
values indicated that the modification had a minimal or no impact on the stability of GQs
formed in different ionic conditions (Figure 11a to 11d). From a comparison of all the
melting curves, the results indicate that parallel conformation is the most stable and anti-
parallel the least stable with the mixed parallel anti-parallel coming in-between (Figure
11e). Similarly, we performed thermal melting experiments on i-motif forming ON
sequence FiMHT in sodium acetate buffer (pH 5.0, pH 5.5) (Table 4 & Figure 12).° The
reason for conducting the study at these pH values is that the C-rich H-Telo DNA ON
FIMHT forms i-motifs under acidic conditions and as also observed in our CD

experiments, they transform to random coil with increasing pH.
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Figure 11: Thermal melting profile of (a) FGQ1 (1 uM) in 100 mM NacCl, (b) FGQ1 (1 uM)
in 150 mM SrCly, (c) FGQ1 (1 pM) in 100 mM KCI, (d) FGQH2 (1 pM) in IC buffer, (e)
comparison of stability of different GQ topologies.
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Figure 12: Thermal melting study on (a) FIMHT (1 pM) in sodium acetate buffer (30 mM)
containing 100 mM NacCl (pH 5.0) (b) FIMHT (1 uM) in sodium acetate buffer (30 mM)
containing 100 mM NacCl (pH 5.5).

Table 2 & 3: Calculated Tm values of H-Telo DNA G-quadruplexes

FGQ1 84.1+0.6 57.8+0.4 65.7 £ 0.7
CONGQL1 84.7 £ 0.6 55.7 + 0.6 66.3 0.5
FGQH2 64.1+1.0
CONGQH?2 65.3 + 0.6

Table 4: Calculated T, values of H-Telo DNA i-motifs

FIMHT 49.0+0.2 39.7+0.3

CONIMHT 48.3+0.4 39.7+0.7
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Conclusion form CD and UV-thermal melting analysis: Extensive CD experiments
with control and modified i-motif and GQ -forming sequences in different ionic conditions
and pH values, indicate that FdU incorporation does not affect the formation of native
structure. Similar Tm values exhibited by control and modified ONs indicate the modified
nucleoside does not affect the stability of GQ and i-motif structures. Inspired by these
results, we next sought to obtain °F NMR signatures for different GQ and i-motif forms.

3.5. 1°F NMR of GQ-forming ONs

Control H-Telo DNA ON sequence (CONGQL1) is known to form anti-parallel conformation
in NaCl,% parallel conformation in SrCl,°® and multiple GQ structures in KCI.3? Similarly,
it is known from the literature that CONGQH1 and CONGQH2 form predominantly hybrid
1 and hybrid 2 conformations in K* ionic conditions.*%474% 19F NMR spectrum was
recorded for DNA ONs annealed in the presence of different ions and the results are
shown in Figure 13.

FGQ1 showed multiple peaks in KCI solution. This is in line with the reported
literature** where it has been shown that the same ON sequence adopted multiple
structures including hybrid-type GQs. FGQ1 showed a single peak in NaCl solution
corresponding to an anti-parallel GQ conformation.®? Similarly, FGQ1 showed a single
broad peak in SrCl,, which corresponds to the parallel GQ conformation as reported in
the literature.® Intracellular (IC) buffer contains a high concentration of K* ions, apart from
other ions, and hence, multiple peaks corresponding to different GQ structures were
observed as in the case of a buffer containing K* ions alone. FGQH1, which forms
predominantly a hybrid type-1 GQ structure gave a single peak in IC buffer.4%4” However,
FGQH2 showed multiple peaks in IC buffer, with a major peak at -164.98 ppm, which is
possibly hybrid type-2 structure. Previously, it was reported that the same unmodified
sequence adopted predominantly (~ 60% - 70%) hybrid 2 conformation.*48 |t is important

to mention here that the ONs in IC buffer did not adopt a parallel GQ structure.
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Figure 13: *®F NMR signatures of H-Telo DNA ONs (50 uM) in different ionic conditions

as mentioned on the left edge of the figure. All NMR experiments were carried out at 298
Kor 25 °C.
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Synthetic crowding agents such as PEG and deep eutectic solvents support the
formation of a parallel stranded GQ structure.®>#! To study the structural transformation
by *F NMR, FGQ1, FGQH1, and FGQH2 ONs annealed in the presence of PEG were
subject to NMR analysis. Interestingly, all the ONs in the presence of PEG almost
completely transformed into the parallel GQ structure (Figure 14). Collectively these
results indicate that FdU is an efficient GQ sensor and provides resolved °F signatures
for different GQ structures, without affecting the native fold.

-165.07

FGQH2 in IC(40%PEG)

P
oy . oy S

-165.10

FGQH1 in IC(40%PEG)

-165.16

FGQ1 in IC(40%PEG)
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Figure 14: °F NMR signature of parallel conformation of H-Telo DNA ONs (50 uM) in IC
(pH 7.4) containing 40% PEG. ONs get converted to a parallel from in the presence of
PEG200. All NMR experiments were carried out at 298 K or 25 °C.

3.6. Detection of i-motif structure by °F NMR

Encouraged by the ability of FdU to detect different GQ structures, we sought to expand
its utility in probing i-motif structures. i-Motif forming FIMHT ON was subjected to 1°F NMR
analysis in buffer at different pH. At physiological pH (7.4), the ON forms a random coil
and produces a signal at -165.06 ppm. At pH 5.0, this sequence adopts an i-motif and
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produces a signal at -165.85 ppm (Figure 15). These results are consistent with the CD
experiments, and remarkably, FdU gives distinct *°F signature for random coil and i-motif
structure. We plan to set up more NMR experiments at intermediate pH values in IC buffer

to evaluate the progression of structural transformation from random coil to i-motif form.

FiMHT in SPB(pH7.4)

-165.85

FiMHT in SAB(pH 5.0)

" " C Tuin " e © T T
chemical shift(ppm)

Figure 15: °F NMR of C-rich H-Telo DNA ON FiMHT (25 pM) in (a) Sodium acetate
buffer (pH 5.0) containing 100 mM NacCl. (b) Sodium phosphate buffer (pH 7.4) containing
100 mM NacCl. All NMR experiments were carried out at 298 K.

4. Conclusions and future plan

We were able to design a probe that is practically non-perturbing and highly conformation-
sensitive. The '°F label helps us in distinguishing different GQ topologies by providing
unique signatures in different ionic conditions. We found out using the probe that G-rich
H-Telo DNA ONs did not assume parallel GQ structure in IC buffer conditions despite the
previous findings. Further, with the incorporation of this probe in C-rich H-Telo ON, it was
able to detect the transition from i-motif to random coil. Given the quality of our probe, we
will be conducting further experiments in mammalian cells or frog oocytes which can help
in co-relating our findings in in vitro conditions. Besides, we are also planning to perform
experiments to elucidate the qualitative ratios of GQ/i-motif/double helix adopted by a

double-stranded G-rich: C-rich H-Telo DNA in both in vitro and native cellular conditions.
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6. Annexure

Mass spectra of FGQH1:

sample needle port A 40ulfmin
21092018_BHAKTI_GQH1 7 {0.136) Tr (600:2000,0.13 Mid); Sm (SG, 2x25.00); Sb (2,10.00 ); Cm (7:169)
A

TOF MS ES-
_ 2 64e5
100+ 75783750 A 7578.69:0.00
264160
FGQH1
=
7443.2500
38304
7909.3750
30515
AL e B e B e e mass
6000 6500 7000 7500 8000 8500 9000 9500
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Mass spectra of FGQH2:

sample needle port A 40ul/min

21092018_BHAKTI_GQH2 91 {1.570) Tr (600:2000,0.13 Mid); Sm (SG, 2x25.00); Sb (2,10.00 ); Cm {5:172) TOF MS ES-
A _ 5.32e5
100+ 7882 6250 A:  7882.85:0.02
532255
FGQH2
3?__
7747 3750
77882
o----———-¥¥rr— T T T (T1AE
6000 6500 7000 7500 8000 8500 9000 9500
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Mass spectra of FGQ1:

sample needle port A 40ul/min

21092018_BHAKTI_GQ1_1 7 {0.136) Tr (600:2000,0.13 Mid); Sm (SG, 2x25.00); Sh (2,10.00 }; Cm (5:112) TOF MS ES-
100+ A = 1.05e5
6970.1250 A 6970.28+0.01
105235
=2
7250.3750
6334.5000 19175
17069
) 6986.3750 7400.2500
6819.0000;11878 13230
R 10646
b3
0 T T T TT T T T TTr T mass

5000 @ 5250 @ 5500 @ 5750 - 6000 - 6250 | B500 6750 7000 0 7250 7500 7750
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Mass spectra of FIMHT:

Sample port A 20ulfmin

22022020_AKANSHA_FIMHT 16 (0.280) Tr (600:2000,0.13 ,Mid); Sm (SG, 5

A
100+ 7133.7500
54486
FIMHT
52
6998.5000
14532
D 1 T T T I.lll
6000 65200 6400 6600 65800 7000

43

%25.00); Sbh (2,60.00 ); Cm (10:110)
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NMR Spectra

IH NMR of 1(DMT-FdU) (CDCls; 400 MHz)
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13C NMR of 1(DMT-FdU) (CDCls; 400 MHz)
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IH NMR of DMT-FdU-phosphoramidite substrate 2 (CDCls; 400 MHZz)
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3P NMR of DMT-FdU-phosphoramidite substrate 2 (CDCls; 400 MHz)
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