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2’-5-linked isoTBA 15mer sequence with (232) loop composition formed stable antiparallel quadruplex structures similar

to the SELEX derived 15mer TBA sequence with (232) loop composition. Parallel versus antiparallel topology of 3’-5'-G-
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quadruplexes is largely dictated by the loop length, and it is known that the truncated loops favour parallel quadruplexes.
In contrast to TBA, systematic reduction of loop length in isoTBA from (232) to (222), (131) or even (111) did not alter the
antiparallel topology of the resulting 14mer, 13mer and 11mer G-rich modified isoTBA-like sequences.

Introduction

G-quadruplexes have been gaining increasing attention in
the recent past because of their abundance in vivo and their role in
meiosis, telomere maintenance, gene regulation1 and also as
targets for cancer treatments. % The G-quadruplex structures, their
folding mechanism, protein binding to the quadruplex structures
and ligands targeting the quadruplex over duplex were extensively
studied by various experimental and theoretical studies.? Many
therapeutically important G-quadruplex aptamers have been
derived by SELEX and show high affinity towards biologically
important targets. Examples include the thrombin-binding aptamer
(TBA), anti-cancer and anti-HIV alptamers.‘l's'6 The high affinity with
the target is derived from the fitting of the three dimensional shape
of the quadruplex to the binding site and an array of
electrostatic/hydrogen bonding interaction possibilities created in
the loop region, as a consequence of the folded structures.

The thrombin-binding aptamer (TBA; d(GGTTGGTGTGGTTGG)) binds
to thrombin, a large protein involved in the blood coagulation
cascade.” The unimolecular structure of the G-quadruplex formed
by TBA is well studied and is composed of two stacked G-quartets
and two external TT loops and one central TGT loop, resulting in a
chair-like conformation, stabilized by monovalent cations such as
Na" and K*% The TT loops were found to be sufficient to span the
narrow grooves and the TGT loop sufficed to span the wider groove
of the quadruplex. The two TT loops of the quadruplex are currently
believed to be interacting with thrombin anion exosite | in 1:1
stoichiometry.9 Several chemical modifications of TBA are reported
in the literature in the view of further optimizing its binding to

Dr. V. A. Kumar, Dr. N. D. Erande, Dr. M. Fernandes and M. N. Aher
Organic Chemistry Division

CSIR-National Chemical Laboratory

Dr. Homi Bhabha Road, Pune 411008, India

E-mail: va.kumar@ncl.res.in

tElectronic  supplementary information (ESI) available: Gel electrophoresis,
representative CD-melting curves, CD-hysteresis curves, Thrombin binding CD-spectras
and MALDI-TOF spectras

This journal is © The Royal Society of Chemistry 20xx

thrombin and also to improve its stability10 against cellular
nucleases. The nucleotides in the loop region as well as the length
of the loop control the topology and stability of the quadruplex
structures in general and also in the case of TBA.™* Shorter loop

lengths (less than total 6 nucleotides in the loop) are known to
destabilize the intramolecular, antiparallel folded G-quadruplex of
TBA and allow only the parallel intermolecular four-stranded G-
quadruplex structures. As a consequence, the thrombin binding
activity of TBA sequences in which the loops are short is adversely
affected.” In contrast, releasing the rigidity in the loop region by
introducing unlocked nucleic acid monomer at selective positions in
the loop region of TBA, stabilized of the intramolecular folded TBA

quadruplex structure.13
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The 3’-deoxy-2’-5’-linked non-genetic isoDNA (Figure 1) exhibits
high stability against cellular enzymes14 and therefore it could be a
promising alternative nucleic acid for developing DNA therapeutics.
Formation of duplex and triplex structures comprising isoDNA and
complementary RNA are well-documented in the literature.”,?* In
our previous study, we discovered that employing these nuclease
resistant, homogeneous 2’-5’ linkers in the sequence of TBA
(isoTBA) could also form wunimolecular folded G-quadruplex
structures and could exhibit thrombin binding and anti-coagulant
properties.16 In 3'-deoxy-isoDNA, the phosphodiester linkages are
C2'-C5' instead of C3'-C5' linkages in native DNA (Figure 1). This
leads to an increase in the number of bonds between O5' and 3'-O-
phosphorus from six in DNA to seven in isoDNA. Also, the 2’-5’
linkages maintain an extended backbone geometry, as the
anomeric effect and the 04’-C1’-C2’-02’ gauche effect on the
substituted sugar favours N-type sugar conformation (Figure 2)."
This extended backbone with increased number of bonds in isoTBA
compared to TBA might be responsible for the relatively less stable
G-quadruplex structure compared to TBA. In this particular case
therefore, the flexibility in the loop region probably needs to be
addressed.

We reported earlier that replacement of the central TGT loop by
UGU loop, stabilized the G-quadruplex structure of isoTBA."® The 3"
hydroxy group in uridine would disfavour the extended N-type
sugar conformation (Figure 2) compared to the 3'-deoxyuridine,
due to the additional 04’-C4’-C3’-03’ gauche effect and exert
rigidity in the TGT loop region due to favoured compact S-type
geometry of the sugar (Figure 2).” We therefore envisaged that
unlike in TBA, isoTBA may benefit from decreasing the loop length
and we thought of exploring the effect of systematically studying
the effect of decreasing the length in the loop region of isoTBA. We
also synthesized the earlier reported TBA sequences with
decreasing loop length, for comparison.12 This would enable us to
study the effect of the reduced loop length on the topology of the
G-quadruplexes formed by different isoTBA-like sequences and
compare it with isosequential TBA. We report here the unique
antiparallel topology and thermal stability of all the isoTBA
sequences using ultraviolet (UV) absorption, Circular dichroism (CD)
spectroscopy, and Gel electrophoresis studies. The chaperone
effect of thrombin to induce unomolecular antiparallel fold in these
oligomers is also investigated.

Results and Discussion

Guanine-rich DNA sequences tend to form four-stranded helical
structures called G-quadruplexes. Depending on the direction of the
guanine-containing strands and presence of syn or anti glycosidic
bond angle (GBA) of guanine, the topology of G-quadruplexes are
classified in three groups: parallel (group 1), mixed or hybrid (group
I1) and antiparallel (group III).18 In parallel (group 1) quadruplexes, all
the guanosine residues adopt the same GBA (all either anti or syn)
and all the four strands have the same orientation. The mixed or
hybrid (group 1l) quadruplexes contain both, sequences of
guanosines with the same type of GBA (such as anti-anti and syn-
syn), as well as different types (such as syn-anti and anti-syn steps).
In contrast, antiparallel G-quadruplexes (group-lll) exhibit both anti
and syn guanines with syn-anti or anti-syn steps. As both group-II
and group-lll quadruplexes possess at least one of the four strands

2| J. Name., 2012, 00, 1-3

oriented antiparallel to the others, both are considered as types of
antiparallel quadruplexes. Various factors affect the topology of G-
quadruplexes, such as loop length, type of nucleobase in the loop,
glycosidic bond angle of guanine, ete.”% Among all these, loops
play a key role in determining the nature of the folding of G-
quadruplexes. studied various G-
quadruplex-forming sequences with varying loop lengths using UV
and CD spectroscopy, molecular modelling and simulations to

Balasubramanian et al.

confirm that parallel is the only possible conformation for G-
quadruplexes with shorter loops (i.e., total number of nucleotides
in the loops less than 6)."

We synthesized oligomers with decreasing loop lengths (having
total number of loop residues 7, 6, 5 and 3) containing both 3’-5’-
(TBA) and 2’-5’-phosphodiester-linked (isoTBA) backbone. The
synthesized oligomeric sequences their MALDI-TOF
characterization data are listed in Table 1 (ESI Figure S9).

and

Table 1. TBA and isoTBA loop-modified sequences, MALDI-TOF mass
analysis

Entry Code Sequence MALDI-TOFMass
No. Calc./Obs.
1 TBA232(7) 5 GGTTGGTGTGGTTGG 3’ 4726/4727
2 TBA222(6) 5 GGTTGGTTGGTTGG 3’ 4396/4396
3 TBA131(5) 5 GGTGGTGTGGTGG 3’ 4117/4116
4 TBA111(3) 5 GGTGGTGGTGG 3’ 3484/3481
5 isoTBA232(7) 5 GGTTGGTGTGGTTGG 2’ 4726/4731
6 isoTBA222(6) 5 GGTTGGTTGGTTGG 2’ 4396/4392
7 isoTBA131(5) 5 GGTGGTGTGGTGG 2’ 4117/4121
8 isoTBA111(3) 5 GGTGGTGGTGG 2’ 3484/3483

The three-digit number in the sequence code is an indication of the
number of residues in each of the three loops, from the 5' to the 3'/2' end
and the number in parentheses indicates the total number of loop
residues. For example, TBA232(7) bears two residues each in the TT loops
and 3 residues in the central TGT loop, making the total number of loop
residues 7. Loop residues are indicated in bold letters.

G-quadruplex formation of all the loop-modified
sequences was evaluated by CD spectroscopy. CD spectroscopy was
also used to explore the parallel, mixed or hybrid and antiparallel G-
quadruplex folding topology based on well-characterized CD
patterns corresponding to the topology of the G-quadruplexes.21
The thermal stability of the loop-modified TBA and isoTBA
sequences was evaluated by CD melting experiments at different
strand concentration as well as with different salt concentrations.
Thrombin-binding efficiency of TBA232(7) and all the isoTBA
sequences along with their thermal stability experiments was also
done using CD spectroscopy. The difference in the UV absorption
before and after melting (thermal difference spectrum, TDS) is
known to be a “fingerprint” spectrum of quadruplexes.22 We
recorded the TDS for all the sequences to verify their folding
topology. These results were further supplemented by denaturing
and non-denaturing gel electrophoresis.

Evaluation of G-quadruplex formation using CD spectroscopy

In de-ionized water alone, the CD spectrum of only the 15mer
TBA232(7) exhibited a weak positive signal at ~292 nm, showing its
propensity to form a unimolecular antiparallel G-quadruplex even in
the absence of cations. All the other loop-modified TBA and isoTBA
sequences failed to show the positive CD band ~290 nm, and

This journal is © The Royal Society of Chemistry 20xx
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Table 2. CD analysis of TBA and isoTBA loop-modified sequences
5uMin H,0at5° C 5uMin 100 mM K at5°C  20uMin100mM K" at5°C 5 puMin 500 mM K" at 5° C
Code Maxima Minima Maxima Minima Maxima Minima Maxima Minima Topology
(nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm)
TBA232(7) 292 255 295, 245 262 295, 245 262 292, 245 262 Antiparallel
Hybrid or mixture
TBA222(6) 280, 250 265 292,252 270 292, 252 275 292, 252 275 of antiparallel and
parallel
Hybrid or mixture
TBA131(5) 280, 265 235 295, 275, 235 295, 275, 235 295, 275, 235 of antiparallel and
260 260 260
parallel
TBA111(3) 255 230 260 235 260 235 255 230 Parallel
isoTBA232(7) 260 295 295, 250 268 295, 250 268 295, 240 260 Antiparallel
isoTBA222(6) 260 294 291, 243 265 291, 243 265 291,243 265 Antiparallel
isoTBA131(5) 280-258 298, 230 292, 245 265 292-245 265 292, 245 265 Antiparallel
isoTBA111(3) 250 295 290, 250 265, 295, 245 265 290, 245 270, Antiparallel

were unable to adopt a quadruplex structure in the absence of
cations (Figure 3).
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Fig. 3 CD spectra of the loop-modified sequences (Black-5 uM in H,0, Red-
5 uM in 100 mM K*, and Green-5 puM in 500 mM K°)
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In the presence of K ions (5 uM strand concentration, 100 mM K,
Figure 3, Table 2), the unmodified 3’-5" TBA232(7) showed a
maximum at 295 nm and a minimum at 265 nm, indicative of a
unimolecular antiparallel G-quadruplex.18 Decreasing the loop
length in TBA is known to disturb the unimolecular TBA quadruplex
structure and our results were similar to those reported earlier for
TBA222(6) and TBA131(5)."”> These two sequences with
intermediate loop lengths of six and five residues respectively
displayed CD spectra with two positive bands near 292 nm and 262
nm and a negative peak at 235 nm indicating either a hybrid-type
(group 1) quadruplex conformation or the co-existence of
multimolecular-parallel and unimolecular-antiparallel
conformations. The 3’-5’-linked sequence with the shortest loops,
TBA111(3), having a total of three thymine loop residues, exhibited
maxima and minima at 260 nm and 235 nm respectively, indicating
the group-I multimolecular parallel G-quadruplex topology.12 Thus,
in concurrence with the previous reports and loop-length
phenomenon studied by Balasubramanian,” we observed that in
case of TBA, as the loop length decreased from 232(7) to 111(3),
the quadruplex topology changed from intramolecular-antiparallel
to multimolecular-parallel structures. The shorter loop lengths
could not support the unimolecular antiparallel quadruplex
topology. We further studied the CD spectra of the isoTBA
sequences with shorter loops in comparison to TBA (Figure 3). The
results are tabulated in Table 2. Contrary to the results obtained for
the loop-modified TBA, we observed that irrespective of loop
length, all the modified isoTBA sequences containing 222(6), 131(5)
or even 111(3) loop nucleotides, exhibited a strong positive CD
signal at 295 nm and minima at ~260 nm in the presence of K" ions,
characteristic of the unimolecular antiparallel G-quadruplex
conformation. In the case of 2’-5'-linked isoTBA, extended N-type
conformation of nucleotides and presence of larger P-P distance’
might decrease the strain caused by shorter loop lengths and allow
the isoTBA to assume an antiparallel G-quadruplex structure.
Another reason for the preferred antiparallel conformation for the
isoTBA sequences could be the preferred syn and anti
conformations for the 5-end- and penultimate nucleobase
respectively, of 2’-5’-linked oligomers, as evident from NMR""** and
X-ray crystal structural studies.”® This conformational restriction of
2’-5’-linked isoTBA oligomers may result in them not conforming to

J. Name., 2013, 00, 1-3 | 3
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the 'all syn' or 'all anti' nucleobase conformation, a prerequisite for
the formation of parallel quadruplex structures.
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Fig. 4 CD spectra of all the loop-modified sequences at 20 uM concentration

in 100 mM K" a) TBA sequences b) isoTBA sequences

The CD patterns for all the TBA and isoTBA sequences
were studied at higher salt concentration (Figure 3) and at
increased strand concentrations® (Figure 4) to see if this affected
the unique antiparallel nature of the G-quadruplexes formed by
isoTBA sequences in comparison with those by TBA sequences. In
the case of TBA232(7), only increase in the intensity of bands at 295
nm and 265 nm was seen, with the overall CD pattern remaining
unchanged. In the loop-restricted TBA sequences TBA222(6),
TBA131(5) and TBA111(3), the increased intensity of the CD signal
at 260 nm was observed in the CD spectra at higher strand
concentration, with decreasing loop length, indicating higher
inclination to form multimolecular parallel structures (Figure 4a). In
contrast, the CD maximum at 260 nm corresponding to
multimolecular parallel structure was not observed even at the
higher salt or strand concentrations studied herein for 2'-5'-linked
isoTBA sequences with reduced loop lengths (Figures 3 and 4b),
confirming that these G-quadruplexes were indeed of unimolecular
antiparallel topology. In the case of isoTBA sequences with shorter
loops isoTBA222(6) and isoTBA131(5), the intensity of the CD
signals at 295 nm remained comparable to that of isoTBA232(7).
For the sequence isoTBA111(3) however, the intensity of the CD
signal at 295nm was found to be comparatively less.

Gel Experiments

To confirm the structural and topological behaviour of the
synthesized sequences, we performed denaturing and non-
denaturing polyacrylamide gel electrophoresis experiments. In the
denaturing gel (ESI, Figure S1), the mobility of the oligonucleotides
displayed molecular weight dependency and marginally higher
mobility was seen for TBA111(3) and isoTBA111(3). The non-
denaturing gel (Figure 5) clearly displayed the differences caused by
the differing loop length on the quadruplex topology.

1 2 3 4 3 € e 8 9
Lane | [

Fig. 5 Non-denaturing polyacrylamide gel mobility assay of all the TBA and
isoTBA sequences in phosphate buffer (10mM, pH7.2) containing 500mM
KCl. Lanel-Scrambled TBA sequence 5'-GGTGGTGGTTGTGGT-3' in water,
without any added cations, Lane2-TBA232(7), Lane3-isoTBA232(7), Lane4-
TBA222(6), Lane5-TBA131(5), Lane6-TBA111(3), Lane7-isoTBA222(6), Lane8-

4| J. Name., 2012, 00, 1-3
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isoTBA131(5), Lane9-isoTBA111(3). The bands were visualized by UV-
shadowing.

In Figure 5, Lane 1 contains the scrambled TBA sequence that lacks
the G-stretches required to form the typical unimolecular
antiparallel TBA quadruplex structure, but has the same nucleotide
composition. Lanes 2 and 3 show the similar mobility of the 15mer
unmodified TBA232(7) and isoTBA232(7), corresponding to the
unimolecular antiparallel quadruplex in the presence of K*. Lane 4
also shows the formation of unimolecular quadruplex by TBA222(6),
although the CD spectrum indicated a hybrid structure for this
sequence. The multiple bands in lane 5 correspond to TBA131(5).
Lane 6 shows highly retarded major bands of multimolecular
parallel quadruplex for TBA111(3) as seen also in CD spectral
studies. Lanes 7, 8 and 9 correspond to isoTBA222(6), isoTBA131(5)
and isoTBA111(3). None of the isoTBA sequences show any major
retarded band in the gel, indicating the absence of multimolecular
parallel quadruplexes and confirming the formation of unimolecular
antiparallel quadruplexes in these cases, as also seen from their CD
spectral studies.

Evaluation of G-quadruplex thermal stability using CD
spectroscopy

The stability of the G-quadruplexes was followed by
temperature-dependent change in the amplitude of the CD signal at
295 nm for antiparallel quadruplexes formed by isoTBA sequences
in comparison with TBA232(7). The results were also compared with
change in the amplitude of the CD signal at 260nm, for the parallel
quadruplex formed by TBA111(3) (Table 3). At 5 uM strand
concentration in the presence of 100 mM K', the isoTBA232(7)
structure was found to be less stable than the control TBA232(7)
(Table 3, AT,, = -13 °C, ESI Figure SZ-a).16 All other shorter loop-
containing antiparallel G-quadruplexes of isoTBA showed a
decrease in stability with decreasing loop length. isoTBA222(6) and
isoTBA131(5) were equally stable, with T, 5 °C less than that of
isoTBA232(7) (ESI Figure S3-a). TBA111(3) the sequence with the
shortest loop, existed in the parallel multimolecular quadruplex
conformation, consequently showed the highest thermal stability
compared to all other sequences (AT, = +5 °C compared to
TBA232(7)). In contrast, isoTBA111(3), containing the same
nucleobases in the loop showed the lowest stability among all the
sequences synthesized. Thus, although the extended 2’-5’ linkages
help to reduce the strain of the shortened loops compared to 3'-5'
linkages and allow the formation of unimolecular folded structures,
the formed structures were less stable compared to the antiparallel
quadruplexes formed by other isoTBA and TBA sequences.

The inter- Vs intramolecular nature of the quadruplexes
was confirmed by carrying out CD melting experiments at higher
strand concentration (20 uM). The melting temperatures of all the
isoTBA sequences were independent of concentration, similar to
the TBA232(7) (at 5 uM and 20 uM; Table 3, ESI Figure S2-b & S3-b),
confirming that these sequences indeed formed intramolecular
(monomeric) folded structures. For all the CD melting experiments
of antiparallel sequences, the hysteresis between the heating and
the cooling curves was found to be negligible, again indicating
unimolecular G-quadruplexes (Table 3 and ESI, Figure S4, SS).26 The
sequence TBA111(3), however, being a parallel multimolecular
sequence melted at higher temperature at 20uM strand
concentration. In the case of this sequence, appreciable hysteresis
was also observed between the heating and cooling curves.

This journal is © The Royal Society of Chemistry 20xx
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We further studied the CD melting of the isoTBA
sequences at a higher K" ion concentration of 500 mM. The T,,
values of all the sequences were found to be higher under these
conditions, except in the case of isoTBA111(3), where marginal
destabilization was observed (ESI Figure S2-c & S3-c).

Table 3. TBA and isoTBA loop-modified sequences and their CD-T,, at 295
nm at varying salt and strand concentrations

Tm (°C) at 5 uM, Tm(°C) at20uM, T, (°C)at5uM,
Sequence in 100 mM KCI in 100 mM KCI in 500 mM KClI
code

Heat Cool Heat Cool Heat Cool

TBA232(7) 50 50 48 48 54.2 52.3
TBA111(3) 55° 45° 59.5° 52.5°  63.8° 53°
isoTBA232(7) 37 37 34 34 40 a1
isoTBA222(6) 32 32 34.2 32.5 40 39.5
isoTBA131(5) 32 32 33.6 32.2 36.1 37.8
isoTBA111(3) 22 20 20 20 21.5 19.1

?indicate the CD-T,, values at 260 nm while all other values are at 295 nm.
UV-Thermal Difference Spectra

To distinguish the difference in the topology of the G-
quadruplexes of the synthesized loop-modified sequences, we
recorded their UV absorbance at different temperatures to
generate the thermal difference spectra (TDS). The TDS is known to
provide a fingerprint of G-quadruplex topologies.22 Thermal
difference spectra (TDS) were obtained by subtracting the spectral
scan of the sample at temperatures below (i.e., 10 °C) and above
(i.e., 90 °C) the melting temperatures (T,,s, Figure 6). The TDS factor
is the ratio of AA240 nm/AA295 nm, where AA is the difference, at a
given A, between the absorbance above (i.e., 90 °C) and at a given
temperature, T, below the melting temperature (where T=5 °C, 10
°C,..., etc. upto the melting temperature, Tm).18
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As the CD spectra for TBA232(7) and TBA111(3) showed maxima at
295 nm and 260 nm respectively, indicating two distinctly different
G-quadruplex topologies, we first checked the TDS and TDS factor
for these two sequences (Figure 6a,b). For the sequence TBA111(3),
the values of TDS factor (AA240 nm/AA295 nm) appeared above 4,
indicating a group | parallel quadruplex. The TDS factor of
unmodified TBA232(7) was below 2, characteristic of antiparallel

220 240 260 280 300 320 0

wavelength(nm)
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quadruplexes (group lll). Our observation that the TDS factor for
both TBA222(6) and TBA131(5) was also below 2 was in
concurrence with Iiterature,18 where it is reported that the TDS
factor cannot differentiate group-Il and group-lll antiparallel
quadruplexes. We conducted similar studies for the isoTBA
sequences. The TDS factor of all the isoTBA sequences of the study
were characteristic of antiparallel G-quadruplex topology (Figure
6c,d). These results confirm the correct assignment of
parallel/antiparallel quadruplex structures in concurrence with the
CD signatures.

Chaperone Effect of Thrombin

It has been earlier demonstrated that thrombin can act as a
molecular chaperone for the folding of TBA232(7).27 In our earlier
studies we observed that the isomeric 2'-5'-linked isoTBA sequence
also could be induced to attain a folded G-quadruplex by the
chaperone activity of thrombin.*® We performed CD experiments
with all the sequences of the study, in the presence of increasing
concentrations of thrombin at low temperature (Figure 7). In the
case of native TBA232(7), a CD maximum at 295 nm was observed
even in the absence of either thrombin or K', revealing the
preference of G-quadruplex structure as discussed above. We
observed an increase in the CD signal amplitude with a concomitant
shift towards 300 nm upon incremental addition of thrombin. All
the other 3’-5’-linked TBA sequences with decreasing loop lengths
did not show any change in CD pattern upon addition of thrombin
indicating inability of thrombin to assist the folding of these
sequences into a quadruplex structure (ESI, Figure S6). In the case of
all the 2’-5’-linked isoTBA sequences, the CD maximum at 295 nm
and thus, the G-quadruplex structure was not evident in the
absence of either thrombin or K* ions. Upon incremental addition of
thrombin, the CD maximum at 295nm emerged for isoTBA232(7),
isoTBA222(6) and isoTBA131(5). Isoelliptic points were observed at

~280 nm and-255 nm in the case of isoTBA232(7) and isoTBA222(6),
indicating the two-state nature of the structural transition.”’
However, in the case of isoTBA111(3), thrombin was unable to
induce the sequence to adopt the antiparallel G-quadruplex
structure. The temperature-dependent stability of these induced G-
quadruplex structures was determined by recording the change in
the CD amplitude at 295 nm with increasing temperature. The
strength of the TBA232(7) G-quadruplex was the highest with T, =
22 °C, followed by isoTBA232(7) (T, = 13 °C), isoTBA222(6) and
isoTBA131(5) (T, < 10 °C for both sequences). The CD signal at 295
nm was restored upon addition of K" ions and the quadruplexes
were found to be as stable as with K* ions alone (ESI, Figure S7, S8)
Table 4. CD data showing the chaperone effect of thrombin on the TBA

and isoTBA loop-modified sequences and T,, values of the resulting
quadruplexes

+Thrombin Tmat 5 uM with
Sequence Binding to Thrombin
code Maxima Minima Thrombin
(nm) (nm) Heat/cool (°C)

TBA232 (7) 298, 248 278-268 Yes 22/22
isoTBA232(7) 290, 245 265 Yes 13/13
isoTBA222(6) 291, 250 265 Yes <10/<10
isoTBA131(5) 296, 248 272 Yes <10/<10
isoTBA111(3) 260 295 No -
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Fig. 7 Changes in CD signal upon addition of thrombin to a) TBA232(7), b)
isoTBA232(7), c)isoTBA222(6), d) isoTBA131(5) and e) isoTBA111(3). (Black-
0.0, Red-2.22 X 10*uM, Green-4.44 X 10“uM, Blue-6.66 X 10”uM, Cyan-
8.88 X 10uM, Magenta-11.1 X 10™*uM)

Conclusions

The 2’-5’-linked isoTBA sequences of the present study were found
to form antiparallel G-quadruplex structures, independent of loop
length in presence of K* ions. This result is in contrast to previously
reported studies of 3’-5’- phosphodiester-linked G-quadruplexes
where reducing the loop length resulted in a change from
antiparallel to parallel quadruplex structural topology. The
decreasing loop-length in the isoTBA sequences however, adversely
affected the thermal stability of these regioisomeric antiparallel
quadruplexes and also the thrombin chaperon effect to fold them
into stable quadruplex structures was reduced for oligomers with
shorter loops.

MATERIAL AND METHODS
Oligonucleotide synthesis and purification

3’-5’- and 2’-5'-linked oligonucleotides were synthesized in-house
on a Bioautomation Mermade-4 DNA synthesizer employing B-
cyanoethyl  phosphoramidite  chemistry. The  2’-deoxy-3’-
phosphoramidites were obtained from ChemGenes and 3’-deoxy-2’-
phosphoramidites from Glen Research. Universal columns procured
from Bioautomation were used for 2’-5’-linked oligomer synthesis.
Oligonucleotides were cleaved from the solid support by treating
with aqueous ammonia at 60° C for 6 h and then concentrated.
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Oligonucleotides were purified by RP-HPLC on a C18 column using a
Waters system (Waters Delta 600e quaternary solvent delivery
system, 2998 photodiode Empower2
chromatography software). An increasing gradient of acetonitrile in
0.1 M triethylammonium acetate (pH 7.0) was used.

array detector and

MALDI-TOF mass

MALDI-TOF mass spectra were recorded on Voyager-De-STR
(Applied Biosystems). The matrix used for analysis was THAP (2, 4,
6-trihydroxyacetophenone) and ammonium citrate as matrix in 2:1
proportion.

CD spectroscopy

CD spectra were recorded on a Jasco J-815 CD spectrometer
equipped with a Jasco PTC-424S/15 peltier system. 2mm path-
length quartz cuvettes were used for a sample volume of 500ul and
strand concentration of 5 uM or 20 UM in potassium phosphate
buffer (10 mM, pH 7.2) containing 100 mM or 500 mM KCl.
Oligomers in buffer were annealed by heating at 95 °C for 5 min,
then slowly cooling to room temperature followed by refrigeration
for 5 to 6 h before use. Spectral scans over a range of 320 nm to
200 nm were collected as accumulations of 3 scans at a scanning
rate of 100 nm min™. CD melting was performed by monitoring CD
intensity at 295 nm against temperature over a range of 5-90 °C at a
heating rate of 2 °C per min.

UV-Thermal Difference Spectra

UV-absorbance scans of the TBA and isoTBA oligomers were
recorded using 10mm pathlength quartz cells on a Cary 300 Bio UV-
Visible Spectrophotometer (Varian) or an Analytik Jena SPECORD®
200 plus spectrometer equipped with peltier-controlled
temperature controller and a scanning speed of 300 nm/min. The
TBA oligomers (5 uM strand concentration) were annealed in
potassium phosphate buffer (10 mM, pH 7.2), containing 100 mM
KCl. The concentration was calculated on the basis of absorbance
from molar extinction coefficients of the corresponding
nucleobases of DNA. UV spectra over 200 nm-320 nm range were
recorded over a temperature range of 5 or 10 to 90 °C. A 3 min
equilibration period at each measurement was allowed to ensure
homogeneous sample temperature. The autozero function was
applied on the corresponding buffer at 10 °C. TDS factors were
calculated as the absolute values of AA240 nm/AA295 nm, where
AAA is the difference, at the given wavelength A, between the
absorbance above (90 °C) and at a given temperature T, below the
melting temperature (where T =5 °C, 10 °C,..., etc. upto the melting
temperature, Tm).18

Gel electrophoresis

The quadruplex-forming ability and the nature of the quadruplexes
formed by the synthesized oligomers were assessed by denaturing
and non-denaturing polyacrylamide gel electrophoresis using 20%
gels. As a reference, the scrambled TBA sequence, viz., 5’-
GGTGGTGGTTGTGGT-3’ (15-mer) was used. For the non-denaturing
gel, TBA and isoTBA oligomers (350 uM strand concentration) were
annealed in 10 mM potassium phosphate buffer (pH 7.2) containing
500 mM KCI prior to loading on the gel. The gel was run in TBE
buffer at a voltage of 150 V at 10 °C till the bromophenol blue dye
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had migrated to 3/4th gel length. The bands were visualized by UV-
shadowing. For the denaturing gel containing 7 M urea, the TBA and
isoTBA oligomers (350 1M strand concentration) were annealed in
de-ionized water, and the gel was run in TBE buffer at 25 °C at 150

V.
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