—

Acta Biochim Biophys Sin 2014, 46: 837-850 | © The Author 2014. Published by ABBS Editorial Office in association with Oxford University Press on behalf of the Institute ABBS
of Biochemistry and Cell Biology, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences. DOI: 10.1093/abbs/gmu077.

Advance Access Publication 22 September 2014

Original Article

.

i 2

Structure variations of TBA G-quadruplex induced by 2’-O-methyl nucleotide

in K* and Ca?* environments

Xiaoyang Zhao'-2, Bo Liu!, Jing Yan!, Ying Yuan!, Liwen An!, and Yifu Guan'*

'Key Laboratory of Medical Cell Biology, Ministry of Education, Department of Biochemistry and Molecular Biology, China Medical University,

Shenyang 110001, China

Department of Chemistry, Shenyang Medical College, Shenyang 110034, China
*Correspondence address. Tel/Fax: +86-24-23255240; E-mail: yfguan55@sina.com

Thrombin binding aptamer (TBA), a 15-mer oligonucleo-
tide of d(GGTTGGTGTGGTTGG) sequence, folds into a
chair-type antiparallel G-quadruplex in the K* environ-
ment, and each of two G-tetrads is characterized by a
syn—anti—syn—anti glycosidic conformation arrangement.
To explore its folding topology and structural stability, 2'-O-
methyl nucleotide (OMe) with the C3'-endo sugar pucker
conformation and anti glycosidic angle was used to selectively
substitute for the guanine residues of G-tetrads of TBA, and
these substituted TBAs were characterized using a circular
dichroism spectrum, thermally differential spectrum, ultra-
violet stability analysis, electrophoresis mobility shift assay,
and thermodynamic analysis in K* and Ca** environments.
Results showed that single substitutions for syn-dG residues
destabilized the G-quadruplex structure, while single substi-
tutions for anti-dG residues could preserve the G-quadruplex
in the K™ environment. When one or two G-tetrads were
modified with OMe, TBA became unstructured. In contrast,
in Ca?* environment, the native TBA appeared to be un-
structured. When two G-tetrads were substituted with OMe,
TBA seemed to become a more stable parallel G-4 structure.
Further thermodynamic data suggested that OMe-substitu-
tions were an enthalpy-driven event. The results in this study
enrich our understanding about the effects of nucleo-
tide derivatives on the G-quadruplex structure stability in
different ionic environments, which will help to design
G-quadruplex for biological and medical applications.
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Introduction

Guanine-rich sequences are able to fold into an unusual sec-
ondary structure called G-quadruplex (G-4). The G-4

structure contains two or more stacked G-tetrads, and each
G-tetrad is composed of four guanine residues maintained
together by Hoogsteen hydrogen bonds in a plane. Based on
the relative strand directions, these G-4s can be classified
into parallel or antiparallel topology (Fig. 1). These highly
ordered G-4 structures have been frequently found in telo-
meres [1-3], gene promoters [4,5], and the 5'-untranslated
regions of mRNAs [6,7] of eukaryotic systems, implying
their biological functions in oncogenetics and transcription/
translation regulations [8,9].

Synthetic guanine-rich oligonucleotides are able to fold
into particular G-4 structures. One of the extensively studied
examples is thrombin binding aptamer (TBA). TBA is a
15-mer oligonucleotide of d(GGTTGGTGTGGTTGG). It
interacts with thrombin in a high binding affinity to inhibit the
thrombin-catalyzed process of fibrinogen—fibrin conversion.
Structural analyses show that TBA folds into a chair-type anti-
parallel G-4 structure in K™ solution [10,11] (Fig. 1). One of
the particularly interesting features of this G-4 structure is that
the guanine residues in the G-tetrads adopt different glycosid-
ic angles: G2, G6, G11, and G15 are in the anti glycosidic
angle, while G1, G5, G10, and G14 are in the syn glycosidic
angle. Thus, each G-tetrad is characterized by a syn—
anti—syn—anti glycosidic angle arrangement [12,13].

Many studies have been carried out to understand the
folding topology and structural stability of TBA. One of the
strategies is to use different nucleotide derivatives with spe-
cific structural features or physicochemical properties to se-
lectively substitute nucleotides of TBA. As shown in Fig. 2,
deoxyribonucleotides (DNA residues) have a C2'-endo
sugar pucker conformation, whereas ribonucleotides (RNA
residues) have a C3'-endo sugar pucker conformation. Many
nucleotide derivatives of a particular structure offer many
opportunities and advantages for this purpose. For example,
locked nucleic acid (LNA) has a well-confined C3'-endo
sugar pucker conformation and an anti glycosidic bond
angle due to its bicyclic ring furanosyl structure [14]. In
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Figure 1. Spatial structure of G-quadruplex (A) Antiparallel G-quadruplex of TBA. (B) Parallel G-quadruplex. (C) A G-tetrad plan with a coordinated
K™ in the center. Gray and white colors represent syn and anti glycosidic conformations, respectively.
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Figure 2. Chemical structures of DNA, RNA, 2'-OMe, and LNA DNA is in the C2’-endo sugar pucker conformation, while others are in the C3’-endo

sugar pucker conformation.

comparison, unlocked nucleic acid (UNA) exhibits a less
rigid sugar pucker conformation because of the missing
bond between C2' and C3' atoms [15,16]. Furthermore,
2'-deoxy-2'-fluoro-B-p-arabinonucleic acid (2'F-ANA) [17]
and 8-bromodexoyguanine (8-BrdG) [18,19] possess differ-
ent sugar pucker rigidity and glycosidic angles. The modi-
fied TBAs using these different nucleotide derivatives have
been studied using nuclear magnetic resonance (NMR) spec-
troscopic analyses, circular dichroism (CD) measurements,
ultraviolet (UV) thermal stability determination as well as
anticoagulant assay, and the effects of sugar pucker con-
formation, glycosidic angles, the loop—ion interactions on
the TBA G-4 structures have also been explored.
2'-0-Methyl nucleotide (OMe) is another nucleotide de-
rivative with a modified ribose, which possesses a C3'-endo
sugar pucker conformation and a constrained anti glycosidic
bond angle (Fig. 2) [20]. It exhibits many attractive proper-
ties, such as preference to hybridize with RNA sequences,
faster hybridization kinetics than DNA [21,22], excellent
biological stability, and biocompatibility useful for

Acta Biochim Biophys Sin (2014) | Volume 46 | Issue 10 | Page 838

antisense-based therapeutic applications [23—25]. Thus, it
could be used as an alternative model compound to study
how a particular structural conformation of individual
nucleotides affects the TBA G-4 structure stability and rele-
vant biological functions. Compared with other derivatives,
OMe-substituted TBA has not been explored yet. In add-
ition, TBA has been studied in K™ and Na™ solutions in pre-
vious studies [26,27], but systematic substitutions of TBA
with OMe in K™ and Ca®" environments have not been
reported, and the effect of divalent ions on the TBA G-4
folding topology remains unclear.

In this study, we prepared a group of TBA variants which
contain one, two, four, or eight OMe-substitutions at the
selected positions, and characterized their G-4 topologies in
both K™ and Ca®" environments by CD spectroscopy,
thermal differential spectrum (TDS), UV thermal stability
analysis, and non-denatured electrophoresis mobility shift
assay. We then proposed a possible TBA folding topology
for each TBA variant and discussed its unique formation in
different ionic environments.
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Materials and Methods

Preparation of oligonucleotides

The native TBA and OMe-substituted TBAs (HPLC grade)
were purchased from TaKaRa (TaKaRa, Dalian, China).
Their stock solutions were prepared in 10 mM sodium caco-
dylate buffer (pH 7.5) at a final concentration of 0.1 mM
and stored at —20°C.

TBAs containing one, two, four, and eight OMe-substitu-
tions at the selected positions were prepared by Sangon
Biotech (Shanghai, China) (Table 1). Their solutions were
prepared in 10 mM sodium cacodylate buffer (pH 7.5), con-
taining either 50 mM KCl or 50 mM CaCl,.

CD spectroscopy

CD spectra of TBA species were acquired using a Jasco
J-810 spectropolarimeter (Jasco, Tokyo, Japan). A total of
500 pl of TBA solution in a cell of 0.1 cm path length was
placed in a thermo stable holder. CD spectra were recorded
from 200 to 340 nm at room temperature unless specified.
Three scans at a speed of 500 nm/min were accumulated for
each sample. The final TBA concentration (5 pM) for CD
spectroscopic study was prepared in 10 mM sodium cacody-
late buffer (pH 7.5), containing either 50 mM KCIl or CaCl,.
To ensure that all TBAs adopt the same structure at the be-
ginning of each experiment (CD measurement, UV analysis,
TDS and native gel electrophoresis), a slow melting-cooling

Table 1. Nucleotide sequences of TBA and OMeN-modified TBAs

Name Modified TBA sequence
TBA 5'd(GGTTGGTGTGGTTGG)
MI1(2) 5'd(GgTTGGTGTGGTTGG)
MI(5) 5'd(GGTTgGTGTGGTTGG)
MI(11) 5'd(GGTTGGTGTGETTGG)
MI1(14) 5'd(GGTTGGTGTGGTTgG)
M2(2,11) 5'd(GETTGGTGTGETTGG)
M2(5,11) 5'd(GGTTgGTGTGETTGG)
M2(10,11) 5'd(GGTTGGTGTgETTGG)
M2(11,14) 5'd(GGTTGGTGTGETTEG)

M4(2,5,11,14)
MS8(1,2,5,6,10,11,14,15)

5'd(GgTTgGTGTGgTTgG)
5'd(ggTTggTGTgeTTeg)

*DNA and OMeN are in upper and lower cases, respectively. Numbers
in parentheses are the modified positions of TBA nucleotide sequence.
TBA M1(n)s represent a single OMe substitution at the position n (n =2, 5,
11, or 14) of TBA, respectively. Similarly, TBA M2 represents the TBA
species containing two OMe substitutions. M2(2,11) indicates two OMe
substitutions at diagonal positions 2 and 11 in the same G-tetrad plane,
M2(5,11) and M2(11,14) have two OMe substitutions at adjacent positions
in the same G-tetrad plane, and M2(10,11) has two OMe-substitutions at
the stacked positions in two tetrad planes. TBA M4 and M8 represent four
OMe substitutions in one G-tetrad plane and eight substitutions in two
G-tetrad planes, respectively.

cycle at 0.2°C/min was performed prior to each experiment.
The native TBA and OMe-modified TBAs with identical
sequences were assumed to have identical extinction
coefficients.

To examine the structural stability, CD spectra of the native
TBA dissolved in 50 mM KCI buffer were recorded at differ-
ent temperatures. The temperature of the sample was con-
trolled using a circulating water bath (Pharmacia, Stockholm,
Sweden). Samples were equilibrated at each temperature for
5 min prior to data acquisition. The ellipticity was calculated
using the software Spectra Manager.

Thermal stability analysis

The UV absorption melting curves of different TBA species
were recorded on a UV—VIS spectrophotometer equipped
with a Cary 100 temperature control accessory (Varian, Salt
Lake City, USA). Eighty microliters of TBA solution in a
capped quartz cuvette of 1.0 cm path length were used in
each measurement. To make the experimental data compar-
able, a multicell thermal block was used to make temperature
measurement for six samples simultaneously. The UV ab-
sorption at 295 nm was measured at temperatures ranging
from 25 to 90°C with 1.0°C increment. It has been well
known that the absorbance at 295 nm allows precise moni-
toring of the G-quadruplex unfolding and folding processes
[28]. To ensure that the structural transition of TBA was con-
ducted under a thermal equilibrium condition, a slow rate of
0.2°C/min was used for both heating and cooling processes.
The denaturation and renaturation curves for data analysis
were an average of three independent measurements. The
hysteretic behavior of the melting/annealing process was
used to evaluate the kinetics of G-4 formation. To assess the
molecularity of the G-4 formation, the dependence of the
thermal stabilities on the oligonucleotide concentration was
examined. The structurally stable TBA variants at concentra-
tions of 0.1, 0.5, 1.0, 5.0, and 10.0 uM in K and Ca" solu-
tions were recorded using the same data acquisition
procedure mentioned above.

Thermal differential spectrum (TDS)

Absorption spectra of each substituted TBA species were
recorded on a Cary 100 UV -VIS spectrophotometer (Varian)
in the range from 200 to 340 nm with a scan speed of
1200 nm/min and a spectral increment of 1 pt/nm. These
spectra were collected at temperatures of 90 and 15°C, which
corresponds to the unfolded and folded states, respectively.
Thermal differential spectra were obtained by subtraction of
the low temperature (15°C) absorbance spectra from the high
temperature (90°C) absorbance spectra. All of the differential
spectra were normalized.

Acta Biochim Biophys Sin (2014) | Volume 46 | Issue 10 | Page 839

#20z Iudy g€ uo 3senb Aq L.eg1/.€8/01/9%/3101He/sqqe/woo dno olwapede//:sdjy Woly papeojumoq



Folding topologies of OMe-substituted TBAs

Thermodynamic parameters calculation

The absorbance profile recorded at 295 nm was analyzed
using the built-in software Cary WinUV which is designed
based on the principle of non-linear least-square curve
fitting and van’t Hoff plot method [29].

The best-fit baselines of melting curves before and after
thermal transition were obtained using the non-linear
least-square curve fitting approach and then normalized
using the following formula:

0T = (A(T) — 4u(T))/(4e(T) — Au(T),

where 6 is the folded fraction of G-4 at a given temperature,
A(T), Ay(T) and Ag(T) represent the UV absorbance at a
given temperature, the unfolded UV absorption and the
folded UV absorption at 295 nm, respectively. The folded
fraction curves lead to the determination of the melting tem-
perature (7;,) and the annealing temperature (7},), which cor-
respond to the point of § = 0.5 [30]. These normalized
melting curves were used to assist the calculation of the
thermodynamic parameters (AH, AS, and AG) once the con-
centration of oligonucleotide, molecularity, and the calcula-
tion temperature were given [30]. In general, the analysis
assumes that AH is independent of temperature, which
means that the heat capacity change (ACp) during the reac-
tion is zero. Standard AH and AS were used to determine the
Gibbs energy and the association constant (K,). K, was
obtained using the formula K, = 6 /({ — 6), and In(K,) was
plotted as a function of 1/7'in K~ '. By using the equation of
free Gibbs energy AG = —RTIn(K,) = AH — (TAS), In(K,)
could be equal to —(AH/R) - (1/T7)+AS/R. The plot of In(K,)
versus 1/7 is a straight line with a slope of —AH/R and an
intercept on Y axis of AS/R. In the current study, all the
original experimental curves for data processing were an
average of at least three independent measurements and the
accuracy of T, and T, values was within + 0.1°C.
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Electrophoresis mobility shift assay

OMe-substituted TBA species were incubated with 10 mM
sodium cacodylate buffer (pH 7.5) in the presence of
50 mM KCl or CaCl, at 37°C for 1 h. Then, 20% native gels
were prepared by mixing 13.3 ml 30% acrylamide solution,
4ml 5 x TB (containing 50 mM KCI or CaCly), 2.5 ml
water, 140 wl 10% APS, and 13 pl TEMED. The gel of
8 cm x 10 cm x 0.1 cm was polymerized within 45 min. A
final concentration of 20 uM TBA solutions (containing
2 wl stock solution, 2 pl loading buffer, 1 wl 1 M KCI or
CaCl,, and 5 pl water) was loaded on gels. Electrophoresis
was run in 1 X TB (Tris-borate buffer containing 50 mM
KCI or 50 mM CacCl,) for 1.5h at 100 V at 4°C. The gels
were then stained with Stains-All (Sigma) and washed three
times. Images were recorded using a Model Z320 Personal
Scanner (FangZheng, Beijing, China).

Results

G-4 folding topology of OMe-substituted TBA

in K* solution

To confirm the folding topology of the native TBA, its CD
spectrum was recorded using the procedure as described pre-
viously [31]. As expected, in 50 mM K™ solution, it showed
a characteristic CD spectrum of an antiparallel G-4 structure:
positive peaks at 295 and 245 nm as well as a negative peak
at 265 nm (Fig. 3A) [32]. As the temperature increased,
these CD peaks were gradually decreased, and finally its CD
spectrum became featureless, indicating that the antiparallel
G-4 structure of native TBA has been changed to an unstruc-
tured oligonucleotide at a high temperature (Fig. 3B). These
CD spectra were consistent with the previous results [31]
and served as an important reference for comparison with
CD spectra of other OMe-substituted TBAs.
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Figure 3. CD spectra of the native TBA in K* and Ca®* solutions and in the K™ solution at different temperatures (A) CD spectra of TBA in K™
and Ca®" solutions, respectively. Each CD spectrum is an average of at least three scans. A CD maximum at 295 nm and a CD minimum at 265 nm are
spectral signatures of the anti-parallel G-quadruplex structure of TBA. The TBA concentration is 5 uM in 10 mM sodium cacodylate (pH 7.5). (B) CD
spectra of the native TBA in the K™ solution at different temperatures. As the temperature increases, the CD maximum at 295 nm and the CD minimum at
265 nm become disappeared gradually, indicating the collapse of the anti-parallel G-quadruplex of the native TBA.
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Folding topologies of OMe-substituted TBAs

OMe-substituted TBA species M1(2) and M1(11) showed
the CD spectra almost identical to the native TBA (Fig. 4A),
suggesting that they have the same G-4 folding topology as
the native TBA. However, the CD peaks of M1(5) and
M1(14) were significantly reduced, indicating much unstable
G-4 structures. The CD spectra of M2(2,11), M2(5,11),
M2(10,11), and M2(11,14) were almost featureless, implying
an unstructured oligonucleotide (Fig. 4B). The CD spectra of
species M4(2,5,11,14) and M8(1,2,5,6,10,11,14,15) clearly
suggested that they are unstructured (Fig. 4C).

The thermal differential spectrum of native TBA exhibited
two negative peaks at 265 and 295 nm, and two positive
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Figure 4. CD spectra of native and 2’-OMe-substituted TBAs in 50 mM K* (left) and 50 mM Ca’" environments (right) (A,D) Single substitution.

(B,E) Double substitution. (C,F) Four and eight substitution.

peaks at 245 and 275 nm (Fig. 5A), which were the typical
TDS signatures of antiparallel G-4 structure previously
reported [33]. Only M1(2) and M1(11) displayed a similar
TDS feature (Fig. SA). Other OMe-substituted M2, M4, and
M8 did not show any TDS features except M2(2,11)
(Fig. 5B,C), implying unstructured oligonucleotides.

G-4 folding topology of OMe-substituted TBA

in Ca®" solution

The CD spectrum of the native TBA in 50 mM Ca*" solution
was an almost flat curve, except a negative peak at around
240 nm (Fig. 3A). In addition, the native TBA showed a
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Figure 5. Normalized TDS of native and 2’-OMe-substituted TBAs in 50 mM K* (left) and 50 mM Ca’* environments (A,D) Single substitution.

(B,E) Double substitution. (C,F) Four and eight substitution.

weak TDS feature (Fig. 5SD). These data suggested that the
native TBA in 50 mM Ca®" solution might have some local
structures due to the loop—ion interaction. Single-
OMe-substituted species, M1(2), M1(11), and M1(14), also
showed featureless CD spectra (Fig. 4D). Interestingly, the
CD spectrum of M1(5) showed a positive peak at ~265 nm
(Fig. 4D). Double substitutions did not promote TBA to
become structured (Fig. 4E). However, when two G-tetrads
were fully substituted, M8 showed a CD spectrum characteris-
tic of a stable parallel G-4 structure (Fig. 4F).
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Electrophoresis mobility shift of OMe-substituted TBAs

To prove the structural variations induced by OMe-substitu-
tions in different ionic environments, we analyzed these
OMe-substituted TBAs by non-denatured polyacrylamide gel
electrophoresis mobility shift assay. The running buffers con-
tained 50 mM K" or 50 mM Ca*", respectively, to maintain
the original structures of these substituted TBAs. To minimize
the temperature effect, electrophoresis experiments were per-
formed at 4°C. Using 8-bp and 16-bp oligonucleotides as the
mobility markers, we found that the native TBA migrated at a
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rate comparable to a 10-bp oligonucleotide in K" -containing
gel. The OMe-substituted TBAs ran differently due probably
to their structure variations. The unstructured M8 migrated at
a rate similar to a 14-bp oligonucleotide, slower than others
because of its extended chain (Fig. 6A). It is worth noting that
all these native TBA and OMe-substituted TBAs showed a
single band, implying that only one type of TBA conformer
was present in each case.

In Ca®"-containing gel, the native TBA moved at a rate of
a 14-bp oligonucleotide just like M8 in the K" -containing
gel. The substituted M8 was significantly retarded, slower
than the 16-bp oligonucleotide (Fig. 6B). Other partially
substituted TBAs ran at the rates between the native TBA
and M8. In all, each TBA in the Ca®"-containing gel
showed only one band except M1(5) and M4(2,5,11,14)
which showed one dominant band and one very weak band.
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Figure 6. Native PAGE images of the TBA and OMe-substituted TBAs
in 50 mM electrophoresis buffer (A) KCl. (B) CaCl,.

UV thermal analysis of structural stability

of OMe-substituted TBAs

The melting curves at 295 nm were recorded for all TBA
species, and melting temperatures (7;,) were determined
accordingly. A slower heating/cooling rate (0.2°C/min) was
applied to ensure that these thermal transition processes
were under thermal equilibrium conditions. There are two
ways to determine the melting temperature: normalization of
the melting curve and the first derivative of the melting
curve. In this study, we used the folded fraction correction to
normalize these curves for data analysis [34]. The melting
temperatures determined using the first derivative of melting
curve were less consistent and were not used in this study. In
addition, we also recorded their annealing curves and deter-
mined their annealing temperatures (77,).

The melting curve and annealing curve of the native TBA
in K" solution were perfectly reversible (Supplementary
Fig. S1), and T;,, was determined to be 50.2°C (Table 2). In
the case of single OMe substitution for anti-dG, the melting
and annealing curves of M1(2) were almost reversible with
Tm and T, of 38.7 and 38.1°C, respectively. M1(11) also
showed a similar reversible feature with 7,,, and T, of 38.8
and 38.2°C, respectively (Fig. 7). These results are consist-
ent with the CD data (Fig. 4A). Once the syn-dG residues
were substituted, M1(5) and M1(14) demonstrated very
small UV absorbance changes without obvious thermal tran-
sition, indicating that they were much less stable. These data
are consistent with that of CD analysis (Fig. 4B) and TDS
results (Fig. SB). M2(5,11), M2(2,11), M2(10,11), and
M2(11,14) showed flat UV absorption curves, indicating an
unstructured oligonucleotide. The UV spectrum of M4 and
MS8 became almost flat, and no thermal transition could be
determined (Supplementary Fig. S1).

In contrast, the native TBA showed no thermal transition
at all in Ca®" environment (Supplementary Fig. S2).
M1(5) showed a minor thermal transition, and its melting
and annealing curve were not reversible. All M2 species did
not show any obvious thermal transition. However, M4
exhibited an evident non-reversible behavior of the melting
and annealing curves, and its 7, and 7, were estimated to be

Table 2. Melting temperature, annealing temperature, and thermal parameters (25°C of TBA and OMeN-substituted TBAs in K™ and Ca’"

solutions

Tons Species Tm (°C) AH (kJ/mol) TAS (kJ/mol) AG (25 °C) (kJ/mol) T.(°C)

K* TBA 50.2 £ 0.1 —216.6 + 1.0 —199.6 + 0.7 —16.95 + 0.1 49.5+0.1
M1(2) 38.7 £ 0.1 —1512+1.2 —1446 + 1.4 —6.652 + 0.1 38.1 £ 0.0
MI1(11) 38.8 +£0.0 —151.5+ 0.9 —1448 + 1.1 —6.696 + 0.4 382+ 0.0
M2(2,11) 293+ 0.1 —139.0 £ 2.1 —1369+ 1.9 —-1955+1.9 289+ 0.0

Ca*" M4 532+ 0.0 —215.6 + 1.2 —196.9 +2.9 —18.651 + 0.1 33.1 +£0.0
M8 60.3 + 0.1 - - - 45.6 + 0.0
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Figure 8. Concentration-dependent behavior of melting temperatures
of TBA and OMe-substituted TBAs

53.2 and 33.1°C, respectively (Fig. 7). The hysteretic behav-
ior implied that, in Ca®" environment, M4 underwent differ-
ent denaturation and renaturation processes, but could also
be the result of the mixture of two different species. M8 pre-
sented a complex melting curve of a multiple-phase thermal
transition.

To determine the molecularity of these OMe-modified
TBAs, the melting temperatures of TBA, M1(2) and M1(11)
in K™ solution and M4 and M8 in Ca®" solution at concentra-
tions of 0.1, 0.5, 1.0, 5.0, and 10.0 uM were also recorded.
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T and T, represent melting temperature and annealing temperature, respectively.

The concentration >10.0 M was not used in this study
because higher concentrations might raise concern about the
correctness of very intense UV absorption. Melting tempera-
tures of M4 and M8 at a concentration of 0.1 uM in Ca®" so-
lution were not determined since their UV melting curves
were too noisy. These plots showed that only M8 demon-
strated a concentration-dependent melting temperature profile
in Ca®" solution (Fig. 8).

Discussion

To determine the definitive folding topologies of
G-quadruplexes of different G-rich sequences under differ-
ent conditions, X-ray crystallographic and NMR spectro-
scopic methods have been utilized extensively, and many
G-quadruplex structural features (strand polarity, molecularity,
loop orientations, and so on) have been observed [10,13,35].
To explore the effects of hydrogen bonds, G-tetrad stacking
interactions, glycosidic angles, and ion binding sites on the
G-quadruplex formation, many nucleotide derivatives have
been used to substitute for special nucleotides of these
G-quadruplexes. CD spectroscopy, as a supplementary ap-
proach to X-ray crystallographic and NMR spectroscopic
methods, offers advantages of easy sample preparation, data
acquisition, and structure interpretation to identify the
G-quadruplex structures [36,37]. Previous studies have
derived empirical CD spectral signatures characterizing par-
ticular G-4 topologies. In general, an antiparallel G-4
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topology exhibits two positive peaks (~295 and 245 nm)
and a negative peak at ~265 nm [32,38]. On the other hand,
the parallel G-4 structure displays usually a positive peak at
~265 nm and a negative peak at ~240 nm [38,39]. When
the G-rich sequences adopt a hybrid G-4 structure, their
CD spectra show a mixed profile of antiparallel and parallel
G-4 structure [38,40]. These CD spectroscopic signatures
have been used as a convenient means to distinguish differ-
ent G-4 topologies, particularly when the structural informa-
tion of X-ray crystallography and NMR spectroscopy are not
available.

Prediction of the G-4 folding topologies presents a great
challenge, since accumulated data have shown that the G-rich
sequences, molecularity, loop property, and ionic condition
can significantly influence the G-4 folding topology and
structural stability. In addition, the sugar pucker conforma-
tions and the glycosidic angles of nucleotides in the G-tetrads
also play an important role.

To uncover the relationship of the TBA G-4 structure with
the sugar pucker conformations and the specific glycosidic
angle, many nucleotide derivatives with particular structural
features have been studied. UNA is an acyclic RNA mimic
with a missing bond between the C2" and C3’ atoms of the
ribose, thus, it can offer an increased sugar conformation
flexibility. All 15 TBA variants with a single UNA substitu-
tion at each position showed similar CD spectra in 100 mM
K™ solution, indicating that UNA substitutions did not alter
the original antiparallel G-4 topology at all [41]. It seemed
that UNA substitutions for any nucleotides of TBA would
not disturb the original glycosidic angle arrangement of
G-tetrad.

In contrast, nucleotides having a well-confined sugar
pucker conformation demonstrated significantly different
effects on the G-4 folding topology. 2'-Deoxy-2'-fluoro-
p-arabinonucleic acids (2’F-ANA) confer a DNA-like con-
formation and favor an anti glycosidic angle [42]. When the
anti-dG residues of TBA were substituted with 2'F-araG, the
antiparallel G-4 topology was still conserved. However,
when all the syn-dG residues, two G-tetrads, and all residues
were substituted with 2'F-ANA, their CD spectra presented a
typical parallel G-4 topology in 25 mM K™ solution. LNA is
characterized by a 2'-O, 4'-C-methylene-B-p-ribofuranosyl
unit. It is a bicyclic ribosyl structure that effectively ‘locks’
the ribose in the C3’-endo sugar pucker conformation that is
dominant in A-form DNA and RNA [43]. This C3’-endo
sugar conformation has a confined anti glycosidic angle.
Bonifacio ef al. [14] have measured the biological activity of
LNA-modified TBA in 50 mM K™ buffer, and found that
single LNA substitution for either dG5, dT7, or dG8 showed
the decreased thrombin inhibitory activity, whereas a LNA
substitution for dG2 exhibited a biological activity compar-
able with the native TBA. In light of the glycosidic angle ar-
rangement, the LNA-dG2 substitution maintained the

original syn—anti—syn—anti glycosidic angle arrangement
of the TBA G-tetrad, whereas the LNA-dGS5 substitution
induced the syn—anti switch of glycosidic angle. Virno et al.
[36] used an NMR technique to analyze four LNA-substi-
tuted TBAs: single substitution for dG15 (LNA-dG15),
single substitution for dG1 (LNA-dG1), eight substitutions
of two G-tetrads and 15 substitutions of whole TBA nucleo-
tides. The NMR results showed that LNA-dG15 turns out to
be the only one that is able to form an antiparallel G-4 struc-
ture in K* buffer, while LNA-dG1 and TBA with eight
LNA substitutions gives the spectra characteristic of a
mixture of different G-4 structures. The fully substituted
TBA was unstructured. It is apparent that only LNA-dG15
substitution would maintain the original syn—anti—syn—anti
glycosidic angle arrangement, whereas others would not. A
CD denaturation experiment also showed that the
LNA-substituted sequence d(ggTTggTGTggTTgg) reduced
the thermal stability by 20°C in comparison with the native
TBA [36,44]. In constrast, when nucleotide derivatives
possess a constrained syn glycosidic angle, their substitu-
tions display an opposite effect. Good examples include
8-bromodeoxyguanine (8-BrdG) [19] and deoxyguanosine
with bicycle(3.1.0)hexane pseudosugar [37].

Substitutions of ribonucleotides for deoxyribonucleotides
of TBA has been studied by Tang and Shafer [45]. In
25 mM K™ solution, dTBAr2 (GgTTGgTGTGgTTGg) pre-
served the same antiparallel G-4 topology, whereas dTBArl
(gGTTgGTGTgGTTgG) became a parallel G-4 structure.
The fully substituted species rTBA (gguuggugugguugg)
demonstrated a CD spectrum of a parallel G-4 structure.
These results concluded that the preference of riboguanosine
for the anti glycosidic angle is the driving force for topology
transition. Additionally, the thermal melting temperature
versus the species concentration suggested that when the
antiparallel G-4 structure of TBA was converted to a parallel
one, the G-4 molecularity changed from a unimolecular one
to a bimolecular one.

In the current study, we used OMe to further extend the
understanding on the TBA G-4 folding topology influenced
by the sugar pucker conformation and the glycosidic angle.
As mentioned earlier, OMe is one of the RNA mimics with
C3'-endo sugar pucker conformation and a constrained anti
glycosidic angle. CD spectrum and TDS of each TBA
species provided clear evidence of the TBA folding top-
ology. When the anti-dG residues are substituted with OMe,
M1(2) and M1(11) preserve the original anti—syn—anti—syn
glycosidic conformation arrangement, and as expected, their
CD spectra reveal an antiparallel G-4 topology of TBA. In
the case of M1(5) and M1(14), however, their CD spectral
peaks decrease significantly. In either of these two cases,
OMe substitution leads to a syn—anti glycosidic angle
switch of the substituted dG residues, and the resulting syn—
anti—anti—anti or anti—anti—syn—anti G-tetrad is not the
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energetically favorable configuration of the antiparallel G-4
structure. The CD spectra of M2(5,11), M2(10,11) and
M2(11,14) suggested an unstructured TBA because each
one has one G-tetrad with either syn—anti—anti—anti or
anti—anti—syn—anti arrangement (Fig. 4B). Substitutions
for dG2 and dG11 do not disturb the syn—anti—syn—anti ar-
rangement, and M2(2,11) presents a very weak CD spec-
trum, suggesting a much less stable G-4 structure (Fig. 4B).
TBA M4(2,5,11,14) and MS8(1,2,5,6,10,11,14,15) present
featureless CD spectra, an indication of an unstructured
TBA due to the anti—syn switch (Fig. 4C). Fig. 5 shows
TDS data of substituted TBAs. When the antiparallel G-4
structures are conserved, the TDS results show characteristic
spectral features which are consistent with the previous
report [28]. These data unambiguously indicated that the se-
lective substitutions of OMe for syn-dG residues disturb the
syn—anti—syn—anti arrangement of the G-tetrads of the anti-
parallel G-4 folding topology and lead to the collapse of the
TBA structure consequently.

To evaluate the folding topology and molecularity of these
OMe-substituted TBAs, we also performed the electrophor-
esis mobility shift assay (Fig. 6). The native TBA migrates at
the fastest rate equivalent to a 10-bp marker in K*-gel due to
its compact structure, whereas the unstructured species M8
migrates at the slowest rate similar to a 14-bp marker
(Fig. 6A). Other substituted TBAs move differently due
mainly to their structural variations. It is worth noting that all
TBAs, either the native or the OMe-substituted ones, show a
distinctive single band, implying that only one TBA conform-
er is present in each case. Tang and Shafer [45] studied the
G-4 structure using 20% non-denaturing polyacrylamide gel
at 4°C. Their results showed that TBA migrated at the rate
equivalent to the dT13 marker; whereas ribonucleotide-
substituted rTBA of parallel G-4 structure appeared a smear
band between dT22 and dT27, indicating that its mobility was
significantly retarded. These results indicated that the parallel
G-4 structure migrates much slower than an antiparallel G-4
structure. Our gel mobility shift assay results are also in good
agreement with the CD results, i.e. the native TBA, M1(2)
and M(5) in K™ solution are of an antiparallel G-4 topology,
and M8 in K™ solution is unstructured.

To further examine the structural stability of different
TBA species, UV thermal melting analysis was conducted.
Thermal melting and annealing curves at 295 nm of the
native TBA are perfectly reversible, indicating a thermal
equilibrium process. The melting temperature was deter-
mined to be 50.2°C, consistent with the data reported in a
previous study [46]. M1(2) in K™ solution also exhibits re-
versible melting and annealing curves, and 7., and 7, were
measured at 38.7 and 38.1°C, respectively. M1(11) shows a
similar thermal reversible feature with 7,,, and 7, of 38.8 and
38.2°C. The lack of hysteresis between denaturation and
renaturation curves indicates an intramolecular formation
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process of G-quadruplex [47]. This conclusion is consistent
with the gel analysis results. Once the syn-dG residues are
substituted, M1(5) and M1(14) in K" solution show very
small absorbance changes and no obvious thermal transition,
indicating that they are less stable. All M2(5,11), M2(10,11)
and M2(11,14), as well as M4 and M8, show flat curves
without thermal transition at all. The concentration-inde-
pendent behavior of melting temperatures of TBA variants in
K™ solution provides an additional proof of intramolecular
G-4 structure (Fig. 8).

Further comparison has revealed an interesting phenom-
enon. When all the syn-dG residues were substituted by
RNA, TBA was converted to a parallel G-4 structure in K*
solution [45]. On the contrary, full substitutions of TBA with
LNA in K" solution led to a complete destruction of the
TBA structure [44]. In the present study, OMe substitutions
for syn-dG residues also destroy the TBA structure. Thus, it
strongly suggested that although RNA, LNA, and OMe
share a similar C3’-endo sugar pucker conformation and the
anti glycosidic angle, they do have different impacts on the
TBA structure. It is probably due to the electronegativity,
steric repulsion, hydrophobicity and other properties of dif-
ferent nucleotide derivatives. Further studies are needed.

Divalent ions Ca®" and Mg®" play an important role in
many biological events. Ca*" functions as the secondary
massager to conduct intracellular signals and as a regulatory
factor to control the cascade coagulation reactions as well.
Mg”" works as the cofactor of enzymes or as the activators
to promote enzymatic activity. Literature analysis showed
that almost all the experiments of TBA, including those sub-
stituted TBAs with LNA, 2'-F-ANA and UNA, have been
conducted in monovalent ionic solution, but the influence of
divalent ions Ca*" or Mg>" on the TBA G-4 structure has
rarely been reported.

One previous study has explored the G-4 structure of
TBA in monovalent ions (Li*, Na®*, K", Rb", Cs™, NH})
as well as in divalent ion (Mg®", Ca®", Sr*", and Ba®")
environments [48]. The native TBA in Li*, Na®, K*, Cs™,
Ca®", and Mg>" solutions showed similar CD spectra. The
melting behavior of the TBA-ion complexes concluded that
K", Rb", NH{, Sr*" and Ba®>" benefited the formation of
an antiparallel G-4 structure with transition temperatures
above 25°C. However, a weak complex of TBA with cations
Li", Na*, Cs™, Mg?", and Ca®>" could only be formed at
very low temperatures. Results concluded that only cations
with an ionic radius of 1.3—1.5 A could be sandwiched per-
fectly by two G-tetrad planes of TBA, while other cations
were either too small or too large to fit in this space. This
study showed that the melting temperatures of TBA in Ca*"
and Mg”" solutions could not be determined since they did
not show any thermal transitions monitored at 295 nm. The
jonic radii of Na™ and Ca*" have been estimated to be
~1.0 A, and their essential binding site for the parallel G-4
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structure has been found to be the same [49]. Previous inves-
tigations have also found that Ca>* could promote the intra-
molecular antiparallel G-4 d[(G4T4)3G4)] to undergo the
structure transition [50,51]. Our data (Figs. 4 and 5) provide
more experimental evidence to support this empirical rule.

In the present study, the native TBA appears to be unstruc-
tured in 50 mM Ca”>" solution (Figs. 4D and 5D), and so are
the single-OMe substituted TBAs except M1(5). Double-
substituted TBAs are also unstructured (Fig. 4E). When the
G-tetrads are substituted with OMe, their CD spectra showed
a formation of a parallel G-4 structure (Fig. 4F). In this case,
the G-tetrads are in the anti—anti—anti—anti glycosidic con-
formations, an energetically favored structure by parallel G-4
[52]. It is interesting to make a comparison with a previous
study of the tailed TBAs, 5-GTAGGT-TBA and
5'-TTTTTT-TBA [33]. These two TBA variants showed dif-
ferent CD spectra in different ion solutions. In K™ solution,
both tailed TBAs showed CD spectra similar to that of an anti-
parallel G-4 structure. However, in Ca*" or Mg”" solution,
the tailed 5'-GTAGGT-TBA was of the parallel G-4 structure,
whereas 5'-TTTTTT-TBA was a mixture of parallel and anti-
parallel structures. Unfortunately, melting temperatures of
these two-tailed TBAs in the Ca>" and Mg”" solutions were
not determined.

In Ca*"-containing gel, the native TBA migrates at a much
slower rate which is like the unstructured M8 in the
K*-containing gel, and M8 is significantly retarded (Fig. 6B).
Other partially substituted TBAs migrate at the rates between
the native TBA and M8. Importantly, all the native and OMe-
substituted TBAs show a distinctive single band in the 20%
gel, implying that only one type of G-quadruplex is formed.

We also assessed the thermal stabilities of these TBA var-
iants in Ca?" solution. The native TBA and three M1 TBAs
show no thermal denaturation at all, and only M1(5) exhibits a
minor thermal transition with a small hysteresis. None of the
M2 TBAs show obvious thermal transition (Supplementary
Fig. S2). M4, however, exhibits hysteresis property, with T,
and T, determined to be 53.2 and 33.1°C, respectively. In
general, the hysteresis of melting and annealing curves is
observed under two conditions. The first situation is when the
heating and cooling rates are too fast so that the transition
process does not reach the thermodynamic equilibrium state,
and the second situation is when the complex formation is an
intermolecular process. In the present study, the hysteresis is
still observable even at slower heating and cooling rates of
0.2°C/min, indicating that the M8 formation is probably an
intermolecular association event in Ca®" solution, since this
folding process is a slower dynamic process than the unfolding
one. These results also suggested that the unfolding—folding
process in K" solution is different from that in Ca*" solution.

Miyoshi ef al. [53] have quantitatively investigated the
effects of divalent cations on the antiparallel G-4 of
d(G4T4Gy), and showed that higher concentrations of Ca**

could induce a structural transition from the antiparallel
to the parallel G-4, and finally to G-wire, a highly ordered
parallel G-4 structure. Other examples include a supra-
molecular self-assembly of d[(TGG)4] induced by Mg*"
[54], an intermolecular G-4 of d[(G4T,);G4] induced by
Sr** [55], and a parallel G-4 of d(TGTG3TGTGTGTGs;) in
the presence of Mg®"™ and Ba®" [56]. Neidle et al. [57] have
proposed a model for higher-order telomere structure of
d[TAG;T,AG3T] and d[AG3(T,AG3)s]. This model reveals
that the parallel strands are linked with the trinucleotide loops
positioned on the outside of the G-tetrads in a propeller-like
arrangement, and therefore the folded human G-4 can form a
cylindrical quasi-super helix, like a G-wire, with the stacking
interactions between G-tetrads [57]. Based on the kinetic and
equilibrium analyses, Miyoshi et al. [50] concluded that
at least two Ca>" ions were required for the transition. The
Ca®" ions are located at the center of the four G-quartets
or between two G-tetrads when the O6 atoms of guanine
residue are accessible. The kinetic parameters also indicated
that d(G4T4G4) underwent the transition through multiple
steps involving the Ca®" binding, isomerization, and oligo-
merization of d(G4T4Gy). Our results showed that only TBA
M8 in Ca®" solution exhibits a CD spectrum of a parallel
G-4 structure (Fig. 4F), a concentration-dependent melting
temperature profile (Fig. 8), and a multiple-phase transition
behavior (Fig. 7). All the results lead to the conclusion that
the M8 might be present in a more stable parallel G-4 top-
ology in Ca*" solution. A recent study showed that when the
TT loops were replaced by one or two guanine residues,
TBA became an intermolecular parallel G-4 structure [46].

There are still debates about the contributions of enthalpy
and entropy to the G-4 structure stability; however, no con-
clusive remarks have been derived. A previous study focus-
ing on the molecular dynamic simulation proposed that the
enthalpy favors the antiparallel G-4 structure, whereas the
entropy favors the parallel form [26]. The stable G-4 struc-
tures are believed to be due to interactions within loops as
well as between loops and G-quartets. This molecular
dynamic simulation also predicted that entropic contributions
are more significant in parallel G-4 structures where the loop
flexibility is greater [26]. Bugaut and Balasubramanian [58]
have observed that addition of one nucleotide led to a signifi-
cant decrease in both 7, and AG at 37°C for the G-4 struc-
tures with a total loop length less than five nucleotides. On
the other hand, any increase in loop lengths does not signifi-
cantly affect the stability when the total loop length is more
than five nucleotides [58]. Using G;TTTG;-loop-G3TTTG3
and G3TTAGs-loop-G;TTAG; as model compounds (loop
length = 1-12 thymine residues), a strong correlation
between the total loop length and 7,, was established:, i.e.
the addition of one nucleotide resulted in a 2°C drop or
~0.3 kcal/mol in AG in K" solution. However, this trend
was less clear in Na™ solution [59].
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Based on the melting curves, we used the non-linear
least-square curve fitting method to fit the melting and anneal-
ing curves recorded at 295 nm, and calculated van’t Hoff data
(enthalpy and entropy) for the native TBA and OMe-substi-
tuted TBAs. As shown in Table 2, the OMe-substituted
M1(2) and M1(11) in K™ solution have increased the AH (by
~65kJ/mol) and TAS (by ~55kJ/mol). However, the
increased TAS is not enough to compensate for the increased
AH, resulting in the reduced stability (by 10 kJ/mol). In the
case of M2(2,11), AH and TAS were further increased by
~12.5 and ~8.0 kJ/mol, respectively, leading to a much less
stable structure. These results concluded that thermal stability
of the OMe-substituted TBAs is an enthalpy-driven event. In
Ca®" solution, M4 showed the two-phase transition, and the
calculated values of AH and TAS were close to that of the
native TBA. In the case of M8, a higher melting temperature
might indicate the formation of parallel G-4 structure.

Cancer has become the first threat to human health world-
wide. Although chemotherapy and radiotherapy can deliver
promising treatment results, their toxicity and drug resistance
have become two major obstacles to achieve the desired
success. Using oligonucleotides with particular G-quadruplex
structures as therapeutic agents have been proposed as new
types of treatment strategy. Two strategies have been pro-
posed. One is to prepare oligonucleotides the sequences of
which are the same as that of the targeted promoters and to
terminate the transcription once bound to the promoter of the
targeted genes [60]. Another one is to design novel G-4 struc-
tures which possess high binding affinities with regulatory
proteins and to interfere with the signal transduction pathways
[61,62]. To guarantee the effectiveness of these approaches,
several technical problems have to be solved:, i.e. how to
ensure the correct folding topology of these G-4 forming
sequences, how to reduce the off-targeting efficiency, and
how to enhance their structural stability to resist enzymatic di-
gestion in blood circulation system. Nucleotide derivatives
could provide promising solution in this regard, since they
demonstrate a great diversity of structures and physico-
chemical properties. As revealed in this study and other inves-
tigations, different nucleotide derivatives can modulate the
G-4 topologies, structural stabilities and binding affinities of
TBA. Further evidence has also shown a correlation between
the biological activity and the selected substitutions. All these
results pinpoint the potential applications of the nucleotide
derivatives substituted G-quadruplexes in biological and
medical research.

To understand the effect of the sugar pucker conformation
and the cations on the TBA G-4 folding topology and struc-
tural stability, we prepared a group of TBA variants which
possess OMe substitutions at the selected positions, and
used CD, TDS, UV stability analysis, electrophoresis mobil-
ity shift assay and thermodynamic analysis to examine
these TBAs in K* or Ca?" environment. In K™ solution,
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OMe substitutions for syn-dG residues destabilized the
G-quadruplex structure, while substitutions for anti-dG resi-
dues preserved possibly the G-quadruplex. Substitutions for
more residues exhibited a negative impact on the TBAs’ sta-
bility. In contrast, in Ca®" solution, the native TBA was un-
structured due probably to the smaller radium of Ca**, while
other single-substituted and double-substituted TBAs
showed no structure at all. A G-tetrad substitution induces a
parallel G-4 formation and two G-tetrad substitutions were
speculated to form a more stable parallel G-4 structure.
Thermodynamic analyses showed that the G-4 structures of
different substituted TBAs in K™ and Ca®*" environments
were enthalpically favored. The structural variation of TBAs
in different ionic environments enriches our understanding
about the TBA and other G-quadruplex formation, and these
results and conclusions could benefit the design of novel
G-quadruplexes for biomedical applications.
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