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Abstract—Using UV and CD spectroscopy, we studied the thermodynamic stability and folding topology of G-quadruplex-
es (G,), formed by G-rich fragments in human microsatellites that differ in the number of guanosines within the repeating
unit. The oligonucleotides d(GGGT), and d(GGT), were shown to form propeller-type parallel-stranded intramolecular
G-quadruplexes. The G, melting temperature is dramatically decreased (by more than 45°C) in the transition from the tri-
G-tetrad to the bi-G-tetrad structure. d(GT),-repeats do not form perfect G-quadruplexes (one-G-tetrad); folded G,-like
conformation is not stable at room temperature and is not stabilized by monovalent metal ions. The minimum concentra-
tion of K* that promotes quadruplex folding of d(GGT), was found to depend on the supporting Na* concentration. It was
demonstrated for the first time that the complementary regions flanking G,-motifs (as in d(CACTGG-CC-(GGGT),-TA-
CCAGTGQG)) cannot form a double helix in the case of a parallel G, due to the steric remoteness, but instead destabilize the
structure. Additionally, we investigated the effect of the described oligonucleotides on the activity of topoisomerase I, one
of the key cell enzymes, with a focus on the relationship between the stability of the formed quadruplexes and the inhibition
degree of the enzyme. The most active inhibitor with 1C5;, = 0.08 uM was the oligonucleotide d(CACTGG-CC-(GGGT),-
TA-CCAGTG), whose flanking G,-motif sequences reduced the extreme stability of G-quadruplex formed by d(GGGT),.
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Microsatellite DNA repeats ranging in size from two
to six nucleotides per repeated unit are widespread within
the eukaryotic genome. These noncoding DNA sequences
were for a long time believed to be idle. Only two decades
ago, data suggesting their special role in DNA metabolism
and genome functioning appeared. It was established that
the microsatellite repeats are hot points for homologous
recombination, and they are regions of elevated genome
instability [1]. These processes play an important role in
multistep carcinogenesis and other pathological condi-
tions [2]. One of the reasons for unusual properties of the
microsatellite DNAs could be that they adopt noncanon-
ical conformations. Uniform repeated nonrandom
sequence is able to form a new structural motif due to syn-
chronous local changes in DNA secondary structure,
which is determined by special geometry of the stacking
contacts. Indeed, all the known noncanonical forms of
nucleic acids are made of sequences that possess symmet-
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rical elements, repeats and other deviations from random
distribution of the nucleotide residues. Our study is
focused on several guanine-containing sequences —
d(GGGT),, d(GGT),, and d(GT), that mimic one chain
of the microsatellite repeats and may potentially form G-
quadruplex, one of the most amazing, and extensively
studied alternative forms of DNA [3-5]. G-Quadruplexes
(G,) are formed via intra- or intermolecular interactions
in DNA or RNA molecules containing oligoG sequences
(so-called G-tracts). The core of the quadruplex consists
of two or more G-tetrads, in which four guanine residues
from different G-tracts are combined by a system of
Hoogsteen hydrogen bonds (Fig. 1). Stacking interactions
of the G-tetrad planes form specific structure of G,. DNA
and RNA quadruplexes are the only noncanonical struc-
tures the formation of which in the living cell was strictly
proved [6-8]. Being structural elements of the genome, G-
quadruplexes are recognized by numerous proteins and
enzymes, and they affect the most important biological
processes such as replication, chromosome end protec-
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Fig. 1. Schematic view of structurally different quadruplexes. a) Intramolecular G, that differ in strand orientation within the quadruplex core.
b) Parallel G, for which G-tetrad structure and potassium ion binding regions (black circles) are shown. ¢) Types of loops that join G-tracts

in the quadruplex.

tion, transcription, translation, mutagenesis, and DNA
recombination [9-13]. Besides, G-quadruplexes are con-
sidered as targets for low molecular weight ligands (poten-
tial antitumor agents) that influence gene expression [14,
15]. Moreover, oligonucleotide quadruplexes (DNA
aptamers) introduced into the cell are potential medica-
tions as such [16, 17].

The probability of the G-quadruplex formation by
rearrangement of a corresponding region of double-
stranded genome DNA (G,-motif) is increased in case of
negative supercoiling [18]. Topoisomerase I is one of the
key enzymes that regulate DNA topology. On one hand,
this enzyme can relax DNA by lowering the number of
supercoils. On the other hand, it can recognize and bind
certain G-quadruplexes that results in loss of its enzymat-
ic activity as it was established recently [19]. In particular,
it was shown that the thrombin-binding DNA aptamer, as
well as oligonucleotides possessing similar primary struc-
ture, are able to inhibit topoisomerase I activity [20].
Topoisomerase I inhibitors constitute one of the classes of
modern antitumor drugs that are successfully applied for
treatment of hemoblastosis, small cell lung cancer, and
other oncology diseases [21].

Structures of G-quadruplexes are extremely diverse.
This is explained by such variables as quantity of the
quadruplex-forming molecules (1, 2, or 4), G-tract
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length, strand mutual orientation [22], nucleotide
sequence (composition) and size of the loops joining the
G-tracts [23-25] (Fig. 1). All this hinders our under-
standing of functioning mechanisms of the G-quadru-
plexes in the genome and makes it necessary to study sec-
ondary structures formed by certain G, motifs in detail.

In the present work, we described the structure and
stability (in different experimental conditions) of G-
quadruplexes formed by oligonucleotide models of
microsatellites with tetra-, tri-, and dinucleotide repeats
d(GGGT),, d(GGT),, and d(GT), that differ by number
of guanosine residues within the G-tract and number of
repeated units. In addition, studies were made of the
effect of characterized oligonucleotides on the activity of
topoisomerase I, one of the key DNA metabolism
enzymes. Because in the genome microsatellite repeats
are flanked with irregular sequences, we also used
oligonucleotides having two motifs: the repeated
sequence to be analyzed and flanking duplex-forming
fragments. UV and CD spectroscopies were used to dis-
sect conformation potential of the oligonucleotides under
study and to evaluate the thermodynamic stability of sec-
ondary structures formed by them. Ability of the oligonu-
cleotides to inhibit conversion of plasmid DNA into the
relaxed form by topoisomerase 1 was studied using elec-
trophoresis techniques.
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MATERIALS AND METHODS

Oligonucleotides. PAGE-purified oligodeoxyri-
bonucleotides made by Syntol (Russia) were used in this
work: d(GGGT), (1), d(CACTGG-CC-(GGGT),-TA-
CCAGTG) (2), d(GGT), (3), d(GT);5 (4), d(GT)6 (5),
d(GT);, (6), d(CACTGG-T-(GT),;-T-CCAGTG) (7),
d(GCACTGG-T-(GT),,-T-CCAGTGC) (8), d(GCA-
CTGG-T-(GT);-T-CCAGTGC) (9), d(GCACTGG-
T-(GT),-T-CCAGTGC) (10), d(CACTGG-T-(GT),s-
T-CCAGTG) (11), d(GCACTGG-T-(GT),s-T-CCA-
GTGC) (12), d(GCACTGG-T-(GT),,-T-CCAGTGC)
(13), d(GCACTGG-CC-(GT);,-TA-CCAGTGC) (14),
d(TAGTCTGGTACTGCATGCTATGCACG) (15). Con-
centrations of the oligonucleotides were measured spec-
trophotometrically using molar extinction coefficients
calculated by the nearest neighbor algorithm. Oligo-
nucleotides were dissolved in buffer A (20 mM HEPES-
KOH, 140 mM NaCl, 5 mM KCI, pH 7.3). The solutions
obtained were put into a water bath preheated to 95°C and
slowly (during several hours) chilled down to the room
temperature (annealing).

To assess the influence of monovalent metals ions on
stability of the secondary structure formed by oligonu-
cleotide d(GGT),, three sets of solutions were made.
Sample 1 of the first set was prepared by dissolving
d(GGT), in buffer B (10 mM Tris-HCI, pH 7.2) at a final
concentration 9.4-107° M in 400 pl of solution. This sam-
ple was used as a control containing no potassium ions.
To make other solutions of this set, KCl (concentrated
solution or dry powder) was added to the sample 1 to the
final salt concentration 5-750 uM. A second set of solu-
tions was prepared similarly in buffer C (10 mM Tris-
HCI, pH 7.2, 20 mM NacCl). KCI concentration range
was 4-546 mM. For the third set of d(GGT), solutions
made in buffer D (20 mM HEPES, 120 mM Nad(l,
pH 7.3), KCI concentration range was 14-307 mM. In the
latter two sets, NaCl concentrations were constant
(20 and 120 mM for the second and the third sets, respec-
tively) while KCI concentrations varied. Samples were
annealed as described above.

UV spectroscopy. Melting curves of the oligonu-
cleotide samples were registered in thermostatted quartz
cuvettes (Hellma, Germany) with optical pathlength 10
or 1 mm using a double-beam Hitachi U-2900 UV/
Visible spectrophotometer (Hitachi, Japan) equipped
with an SPR-10 thermoelectric controller. Conformation
changes were registered between 10 and 90°C at 295 or
260 nm. Heating rate was 0.5°C/min. Oligonucleotide
concentrations varied in the range of 5.3-70 uM.

Circular dichroism. CD spectra were registered in
10 mm quartz cuvettes (Hellma) using a Chirascan spec-
trometer (Applied Photophysics Ltd, UK) equipped with a
thermoelectric controller, between 7 and 85°C.
Temperature was increased uniformly at 0.5°C/min rate.
Measurements were taken every 3-8°C in the wavelength
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range 230-330 nm. Scanning speed was 1 nm/sec. To avoid
water condensation on the cuvette surface, the cuvette
chamber was blown with nitrogen. Spectrum of buffer A
without oligonucleotide was taken as a baseline that was
subtracted from the sample spectrum. CD values were pre-
sented as molecular dichroism Ae (cm™'*M™!) counting per
oligonucleotide. The spectra were processed with the
Origin 8.0 software using the Savitsky—Golay filter.

Studying the influence of guanine-rich oligonu-
cleotides on topoisomerase I activity. Nuclear extract from
the HeLa cells that contains topoisomerase I was used in
the work. To prepare the extract, cells were double washed
with PBS. Then, 3 ml of buffer E (10 mM HEPES,
pH 7.6, 60 mM KCI, 1 mM EDTA, 1 mM DTT) and
0.1% NP-40 were added. The mixture was centrifuged for
5 min at 200g and 4°C. The sediment (cell nuclei) was
suspended in 100 pl of buffer E and centrifuged under the
same conditions. The sediment was mixed with double
volume of buffer F (20 mM Tris-HCI, pH 8.0, 420 mM
NacCl, 1.5 mM MgCl,, 0.2 mM EDTA, 25% glycerol) and
1/6.25 volume of 2.5 M NaCl. The mixture was thor-
oughly mixed and left on ice for 10 min. Then, the mix-
ture was centrifuged at 16,000g and 4°C for 10 min. The
supernatant (nuclear extract) was stored at —20°C. One
activity unit of topoisomerase I was defined as nuclear
extract concentration that converted 250 ng of super-
coiled pUC19 plasmid to relaxed form during 30 min at
37°C [26]. The plasmid relaxation was monitored by elec-
trophoresis in 1% agarose gel. Plasmid pUC19 was isolat-
ed from E. coli (strain XL1-Blue) using GeneJET plasmid
miniprep kit (Fermentas, USA), according to the manu-
facturer’s manual. Cells were cultivated in the LB medi-
um supplemented with 0.1 mg/ml ampicillin at 37°C with
shaking (300 rpm) for 10 h.

To assess ability of oligonucleotides to affect activity
of the topoisomerase I, 0.15 pg of supercoiled pUC19
plasmid DNA was mixed in buffer G (10 mM Tris-HCI,
pH 7.9, 1 mM EDTA, 0.15 M NaCl, 0.1% BSA, 0.1 mM
spermidine, 5% glycerol) with 1 unit of nuclear extract of
HelLa cells and the studied oligonucleotides at different
concentrations. Reaction was performed at 37°C for
30 min, then it was stopped by adding SDS to final con-
centration 1% and treating with proteinase K (50 pg/ml)
for 30-60 min at 55°C. Reaction products were separated
by electrophoresis in 1% agarose gel at electric field
strength 2 V/cm in standard Tris-borate buffer at room
temperature. The gels were stained in water solution of
ethidium bromide (0.5 pg/ml). DNA quantity in the
bands was measured by fluorescence in the transmitted
UV light with wavelength 240-360 nm. The enzyme inhi-
bition extent was calculated using the equation:

(S - SO)/(Scomrol - SO) X 100%7 (1)

where S was an amount of supercoiled plasmid after treat-
ment with topoisomerase I in the presence of oligonu-
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cleotide, S, Was an amount of supercoiled plasmid
without enzyme treatment, S, was an amount of super-
coiled plasmid after topoisomerase I treatment in the
absence of oligonucleotide inhibitor.

Specific topoisomerase I inhibitor camptothecin at
concentration range 0.1-10 pM was used as a positive
control.

RESULTS

Analysis of the G-quadruplexes formed by oligonu-
cleotide d(GGGT), and its derivative, in which G -motif is
flanked by mutually complementary sequences. To charac-
terize secondary structures formed by a set of the oligonu-
cleotide models, the combination of UV and CD spectro-
scopies was utilized. UV-spectroscopy allows independ-
ent monitoring of denaturation of G-quadruplexes and
DNA duplexes, while CD gives an opportunity to deter-
mine the quadruplex topology [27, 28]. The pattern of
temperature dependence of UV absorbance at 295-
297 nm is a marker of G-quadruplex structure. In distinc-
tion from DNA duplex, whose melting is accompanied by
hyperchromic effect (usually at 260 nm), breakdown of
G-quadruplex causes a decrease in optical density of the
solution, and this is a cooperative process. Furthermore,
denaturation of DNA duplex that may coexist with the
G,-structure does not contribute to the G-quadruplex
melting profile at this wavelength [29].

The oligonucleotide d(GGGT), UV-melting curve
(at 295 nm) in buffer A containing K* and Na* shows a
cooperative helix-coil transition that corresponds to the
G-quadruplex denaturation (Fig. 2a). Hypochromic
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effect is more than 10%. At the same time, the thermody-
namic stability of the structure is so high (T, is over
85°C) that it is not possible to register its full denaturation
profile. The melting curve at 295 nm for the d(CACTGG-
CC-(GGGT),-TA-CCAGTG), where mutually comple-
mentary hexanucleotide fragments were connected to the
5'- and 3’-ends of (GGGT)-repeat through the short
linkers, suggests that this oligonucleotide also forms Gy.
However, its T, (73°C) is more than 12°C lower than
that of the non-flanked analog d(GGGT), (Fig. 2a).
Moreover, the value of the hypochromic effect that
accompanies the G-quadruplex denaturation in this case
is only 7%. Thus, it is significantly lower than value
shown for the d(GGGT), oligonucleotide. This effect is
explained by the fact that 16 nucleotide residues (out of
32) in the d(CACTGG-CC-(GGGT),-TA-CCAGTG)
do not contribute to the G, melting, though they absorb
UV light. Destabilizing effect of the oligonucleotide frag-
ments that flank (GGGT)-repeat could be due to that
these sequences do not hybridize during the G-quadru-
plex formation, which is energetically unfavorable.
Indeed, d(CACTGG-CC-(GGGT),-TA-CCAGTG)
melting leads to negligible non-cooperative optical densi-
ty increase at 260 nm suggesting that duplex structure is
absent (Fig. 2b).

Topology of quadruplex formed by the oligonu-
cleotides d(GGGT), and d(CACTGG-CC-(GGGT),-
TA-CCAGTG) was determined with CD spectroscopy. It
is known that guanine base orientation relative to sugar
cycle (conformational isomers sin-anti about N-glycoside
bond) affects CD spectra of the quadruplex DNA.
Therefore, G, with antiparallel and mixed (parallel-
antiparallel) topologies, where guanosines are in both sin-
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Fig. 2. Thermodynamic stability and topology of tri-tetrad G,. a) Curves of temperature dependence of UV-absorbance (UV-melting curves)
at 295 nm for oligonucleotides d(GGGT), (/) and d(CACTGG-CC-(GGGT),-TA-CCAGTG) (2). b) UV-melting curve of d(CACTGG-
CC-(GGGT),-TA-CCAGTG) at 260 nm. ¢) CD spectra of d(CACTGG-CC-(GGGT),-TA-CCAGTG) were measured at different temper-
atures from 37 (/) to 83°C (2); intermediate temperatures that correspond to CD spectra in the direction of the positive band amplitude
decrease were 45, 53, 61, 69, 75, and 79°C. Insert: oligonucleotide melting profile obtained from CD data at 265 nm. All the measurements

were taken in buffer A.
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and anti-conformations, are easily distinguishable from
the quadruplexes having parallel topology with all the
guanosine residues being in anti-conformation. While
antiparallel G, CD spectra have distinctive positive max-
imum at 295 nm along with a negative peak at 265 nm and
a positive peak around 245 nm, parallel G, has positive
maximum at 260 nm. The pattern of the d(GGGT), and
d(CACTGG-CC-(GGGT),-TA-CCAGTG) CD spectra
evidences parallel strand arrangement in the quadruplex
core with propeller loops (Fig. 2¢).

Secondary structure generated during intramolecular
folding of the d(CACTGG-CC-(GGGT),-TA-CCAGTG),
which we suggest, is shown in the Fig. 3a. One can see that
in case of parallel orientation of the strands in the G-
quadruplex structure, the Gy-flanking complementary
sequences cannot form double helix due to their spatial
remoteness. Thus, these sequences only destabilize
intramolecular parallel G-quadruplex. For comparison,
structure of the antiparallel G,, which coexist with a
duplex domain made of G,-flanking sequences, is shown
in the Fig. 3b. CD spectral data registered at different tem-
peratures allowed building a melting curve for the
d(CACTGG-CC-(GGGT),-TA-CCAGTG) (Fig. 2c,
insert) that corresponds well to the curve of temperature
dependence of the UV absorbance at 295 nm. The pres-
ence of isodichroic points in a set of CD spectra registered
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at different temperatures suggests that the secondary
structure generated by the (GGGT), and d(CACTGG-
CC-(GGGT),-TA-CCAGTG) oligonucleotides breaks
up according to the all-or-none model that excludes the
presence of intermediate structures.

Characteristic of G-quadruplex formed by oligonu-
cleotide d(GGT),; influence of monovalent metal ions on
secondary structure stability. The d(GGT/ACC)
microsatellite repeat is the most frequently occurring
trinucleotide repeat in the human genome [30].
Nevertheless, experimental studies of the conformation
potential of the d(GGT), have not been performed yet.
Our data on the UV-melting of the d(GGT), at 295 nm
suggest that it forms G-quadruplex with T, 40°C in
buffer A (Fig. 4a). Though the melting curve correspond-
ed to cooperative structural transition, value of the
hypochromic effect was largely dependent on the sample
preparation conditions (annealing time, sample incuba-
tion time at low temperature, concentration of the
oligonucleotide) varying between 11 and 22%. This indi-
cates the presence of several quadruplex conformations
that slowly turn to each other. This suggestion is support-
ed by the CD data. According to the spectrum, parallel
G,-topology prevails, but the shoulder at 287 nm evi-
dences possible presence of the other quadruplex confor-
mations (Fig. 4b). The absence of distinct isodichroic

Fig. 3. a) Putative secondary structure formed during intramolecular folding of d(CACTGG-CC-(GGGT),-TA-CCAGTG). b) For compar-
ison, structure of the antiparallel G, that coexists with the duplex domain formed as a result of hybridization of sequences flanking G,-motif

is shown.

BIOCHEMISTRY (Moscow) Vol. 80 No. 8 2015
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Fig. 4. Thermodynamic stability and topology of bi-tetrad G, formed by oligonucleotide d(GGT),. a) UV-melting curve at 295 nm. b) CD
spectra measured at different temperatures, starting from 24 (/) and finishing at 69°C (2); intermediate temperatures that correspond to CD
spectra in the direction of the positive band amplitude decrease were 29, 34, 39, 44, 49, 54, 59, 64°C. Insert: oligonucleotide melting profile
obtained from CD data at 275 nm. All the measurements were taken in buffer A.

points in a set of the CD spectra registered at different
temperatures confirms that the d(GGT), oligonucleotide
exists in several structural forms.

It is known that parallel G, tend to stick together by
means of stacking interactions between the terminal G-
tetrads [31, 32]. However, under conditions of our exper-
iment the quadruplex dimerization did not occur. The
absence of dependence of melting temperature on the
oligonucleotide concentration in the 5.3-70 uM range
speaks in favor of intramolecular complex formation in
case of this oligonucleotide.

To study the influence of monovalent metal ions on
the formation and stability of parallel G-quadruplexes
with only two G-tetrads, we registered the melting curves
for the d(GGT), oligonucleotide at 295 nm in buffers B,
C, and D that have different concentrations of K* and
Na*. The shape of the melting curves obtained in buffer B
that contains no monovalent metal ions or only contains
potassium ions in the range 5-750 uM suggests that the
G-quadruplex is only partially assembled (Fig. 5a). Even
if the quadruplex structures appeared, they were unstable
at room temperature. It is worth mentioning that in this
set T,.x was estimated approximately, as we did not
observe the low temperature plateau; conventional tem-
perature was 18°C, irrespectively to the solution composi-
tion, and hypochromic effect did not exceed 6-8%.
Unlike buffer B, buffer C solutions contained 20 mM
NaCl, and concentration of KCI varied from 4 to
546 mM. It was shown that only at 103 mM K*, signifi-
cant changes in the shape of the melting curves were reg-
istered; hypochromic effect increased to 20% and T,
value reached 55°C. Further increase in KCI concentra-
tion caused quadruplex stabilization (Fig. 5b). For com-
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parison, superposition of the UV-melting curves for
oligonucleotide solutions in buffer C, where potassium
ion concentrations varied (before and after the threshold
value), is shown in the Fig. 5b. To determine the role of
Na* in the quadruplex structure stabilization, in the next
experimental set we increased NaCl concentration to
120 mM, which remained constant for this set (buffer D).
Raising NaCl concentration made it possible to form G,
already at 14 mM K™, i.e. seven times lower than in case
of buffer C, where NaCl concentration was 20 mM.
Further addition of KCI up to 307 mM led to quadruplex
structure stabilization. In Fig. 5c, linear dependence
T,ei—In[K*] for samples in the buffer D containing
120 mM NacCl is shown.

Complex formation in case of oligonucleotides con-
taining (GT) repeat. A set of synthesized compounds (4-
14) contained oligonucleotides with very different num-
ber of dinucleotide repeats (from 11 to 31). Some
oligonucleotides possessed mutually complementary 6-7-
nucleotide sequences connected to the 5'- and 3’-ends of
d(GT), through different mono(di)nucleotide linkers.
These systems were designed to determine which factors
can affect generation of the secondary structure by
repeating (GT), sequence and, in general, whether it is
possible to form these structures in the conditions that, as
it was shown above, favor intramolecular assembly of the
parallel G-quadruplexes by the (GGT) and (GGGT)
repeats. Curves of temperature dependence of the UV
absorbance at 295 nm for the d(GT), and its analogs in
buffer A demonstrate a moderate hypochromic effect of
6-7% in case of oligonucleotides that contain no GT-
repeat flanking sequences, and 3-4% in case of the ones
having such sequences. This fact is of great importance,
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Fig. 5. Influence of the monovalent metal ions on formation of bi-tetrad G, by the oligonucleotide d(GGT),. a) Normalized to the equal ini-
tial optical density UV-melting curves (at 295 nm) of oligonucleotide solutions in buffer B without sodium ions but containing different K*
concentrations: 0 (1), 5 (2), 30 (3), 150 (4), 750 uM (5). b) Normalized to the equal initial optical density UV-melting curves (at 295 nm) of
oligonucleotide solutions in buffer C containing 20 mM Na* and different concentrations of K*: 36 (1), 103 (2), 258 (3), 546 mM (4).
c) Dependence of T, of G-quadruplexes on In[K*] in buffer D containing 120 mM NaCl.

as it indicates that decrease in the sample optical density
during heating is related to the conformational changes in
the GT-repeats, while the presence of flanking sequences
just decreases this effect. For example, a melting curve for
d(GT) oligonucleotide is shown in the Fig. 6a. For com-
parison, heating of the unstructured random sequence
oligomer (15) caused marginal non-cooperative increase
in optical density at 295 nm due to weakening of base
stacking with the temperature increase (data not shown).
Corresponding to the weakly-cooperative conformation-
al change, melting curves for d(GT), are similar to the
profiles of the temperature dependence of UV-
absorbance at 295 nm for the d(GGT), oligonucleotide in
buffer B containing no monovalent metal ions or con-
taining K* at very low concentrations (to 750 pM) (com-
pare Figs. 5a and 6a). One can assume that (GT), repeats
form partially assembled quadruplex structures that are
not stabilized by K* and Na* present at physiological
concentrations, in contrast to the systems with two
(d(GGT),) and three (d(GGGT),) tetrads at the quadru-
plex core. Apparently, the presence of thymine residues
impedes formation of adequate stacking contacts (at the
distance 3.3-3.4 A) between the G-tetrads and retention
of potassium ions that are unable, due to spatial remote-
ness even if present in the quadruplex core, to form coor-
dinate bonds with oxo groups of guanines of the neigh-
boring G-tetrads and stabilize four-helical structure. Low
cooperativity of melting and the absence of dependence
of the conventional T, (12°C) on the number of dinu-
cleotide repeats support correctness of the stated supposi-
tion. Furthermore, increase of K* concentration to
100 mM did not increase stability of the secondary struc-
ture generated by d(GT),. Analysis of temperature
dependence of UV absorbance at 260 nm for these
oligonucleotides revealed that complementary d(GT),-

flanking sequences do not generate duplex structures (S-
shaped helix-coil transition is missing). According to the
CD spectra registered at different temperatures, strands
are arranged in parallel in the putative G-quadruplexes
for all the compounds having dinucleotide repeats
(Fig. 6b). At the same time, it is worth mentioning that
the maximum of the positive band for structured
oligomers does not correspond to 260 nm, but is long-
wavelength shifted, and bathochromic shift of the CD
spectra further increases with temperature. This behavior
is unusual for standard G-qudruplexes.

Effect of G-quadruplex-forming oligonucleotides on
the topoisomerase I activity. We studied influence of gua-
nine-rich di-, tri-, and tetranucleotide repeats on the abil-
ity of topoisomerase I to relax pUCI19 plasmid DNA via
reversible cleavage of one strand of the double helix. We
also analyzed the relation between stability of G-quadru-
plex formed by repeated sequence and its inhibiting capa-
bility. To do so, we added different quantities of the char-
acterized oligonucleotides to the reaction mixtures con-
taining nuclear extract from Hela cells, and topoiso-
merase I substrate. Plasmid pUC19 relaxation was moni-
tored using agarose gel electrophoresis, as electrophoretic
mobility of the supercoiled topoisomer is significantly
higher than that of relaxed or linear forms. At first, the
obtained nuclear extract from HeLa cells was checked for
topoisomerase activity using highly specific enzyme
inhibitor camptothecin [33]. The data confirmed that
supercoiled plasmid relaxation is caused by the topoiso-
merase I and not by some other nuclear protein. The
topoisomerase I inhibition rate in the presence of Gy-
motif-containing oligonucleotides was calculated using
Eq. (1). Oligonucleotides d(GGGT),, d(CACTGG-CC-
(GGGT),-TA-CCAGTG), d(GGT),, d(GT), and other
oligomers containing GT-repeats were added to the final
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concentrations 0.05-12.5 pM. Random sequence
oligomer (15) that is unable to form quadruplex structure
was used as a control. The d(GGGT), and d(CACTGG-
CC-(GGGT),-TA-CCAGTG) oligonucleotides pos-
sessed the strongest inhibitory activity. They started to

0.0981
0.0924

0.0861

A295

0.0804

5 15 25 35

Temperature, °C
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affect topoisomerase I ability to decrease DNA supercoil
density already at 0.05 puM (Fig. 7, a and b). The
d(GGT), oligonucleotide appeared to be less efficient; to
reach the same inhibition levels, one had to add 10 times
more of this oligonucleotide than d(GGGT), (Fig. 7c).

] b
. 140
1201
] £ 100
80 <
60

4 401 5 15 25 35
Temperature, °C
0_
-40

240 260 280 300 320 340 360

Wavelength, nm

Fig. 6. Analysis of the oligonucleotide d(GT),, secondary structure. a) UV-melting curve at 295 nm. b) CD spectra measured at different tem-
peratures, starting from 5 (/) and finishing at 38°C (2); intermediate temperatures that correspond to CD spectra in the direction of the pos-
itive band amplitude decrease were 9, 11, 14, 17, 20, 23, 26, 29, 32, 35°C. Insert: oligonucleotide melting profile obtained from the CD data

at 276 nm. All the measurements were taken in buffer A.

a d(GGGT),

*
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C d(GGT),

*_‘
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1 10

v
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b d(CACTGG-CC-(GGGT),-TA-CCAGTG)
¥__
2 3 4 5 6 7 8
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Fig. 7. Relaxation of supercoiled plasmid pUC19 induced by topoisomerase I in the presence of oligonucleotides: a) d(GGGT),;
b) d(CACTGG-CC-(GGGT),-TA-CCAGTG); ¢) d(GGT),; d) random sequence oligonucleotide; ) d(GT),s. Electrophoregram of enzy-
matic reaction products in 1% agarose gel; oligonucleotide concentrations (uM) were 12.5 (2), 10 (3), 5 (4), 2.5 (5), 1.0 (6), 0.5 (7), 0.1 (8),
0.05 (9), 0 (10). Lane I corresponds to the reaction mixture containing no enzyme. For visualization, gels were stained with ethidium bro-
mide. Positions of supercoiled and relaxed plasmids are indicated on the left side of the panel (e).
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Fig. 8. Inhibition of topoisomerase I activity by oligonucleotides: a) d(GGGT),; b) d(CACTGG-CC-(GGGT),-TA-CCAGTG);
¢) d(GGT),. Curves of the relationship between enzymatic activity inhibition rate and the logarithm of concentration of the oligonucleotides
are built according to the electrophoresis data (Fig. 7) using ImagelJ software.

Addition of the control oligomer (15) did not affect
topoisomerase activity; even at 12.5 uM concentration, it
did not inhibit relaxation of supercoiled plasmid DNA
(Fig. 7d). Topoisomerase activity was not inhibited by the
oligonucleotides containing GT-repeats (Fig. 7¢). The
number of dinucleotide repeats and the presence of the
GT-motif-flanking sequences did not affect the results.
The revealed regularities corresponded well to our data
regarding stability of secondary structures generated by
d(GT),. Even if G-quadruplex was partially folded during
sample chilling, its T, was significantly lower than the
temperature at which we studied topoisomerase I activity
(37°C).

To quantify the inhibitory effect of the G-quadruplex
structures, the electrophoregrams were processed using
Image] software (National Institutes of Health, USA).
Based on the curves of dependence of enzyme inhibition
activities on logarithm of the oligonucleotide concentra-
tion in the reaction mixture, the half-maximal inhibitory
concentrations (ICs) for G,-forming oligomers were cal-
culated: 0.63 £ 0.06, 0.12 £ 0.02, and 0.08 £ 0.01 uM for
d(GGT),, d(GGGT),, and d(CACTGG-CC-(GGGT),-
TA-CCAGTG), respectively (Fig. 8). It is seen that the
d(CACTGG-CC-(GGGT),-TA-CCAGTG) oligonu-
cleotide is the strongest topoisomerase inhibitor, its melt-
ing temperature being 12°C lower than T, of non-sub-
stituted d(GGGT),.

DISCUSSION

Using physicochemical methods, we demonstrated
that d(GGGT), and d(GGT), oligonucleotides mimick-
ing one strand of the microsatellite repeats generate in
buffer A propeller-type parallel-stranded intramolecular
G-quadruplexes with T,., more than 85 and 40°C,
respectively. The pattern of temperature dependence of

the UV absorbance at 295 nm (hypochromic effect occur-
rence) was an indication of a quadruplex structure.
Absence of T, dependence on concentration of the
oligonucleotide indicated intramolecular complex for-
mation in case of d(GGGT), and d(GGT),. Parallel
topology of formed G, was proven using CD spec-
troscopy. Our data do not contradict the literature data,
which suggest that intramolecular quadruplexes with
three mononucleotide loops possess parallel topology
irrespective of nucleotide composition of the loops [34,
35]. It is worth mentioning that published data regarding
structure of the G, formed by d(GGGT), were contradic-
tory for a long time. It was described as an antiparallel
quadruplex stabilized by two G+ G+ G+ G tetrads and
one G*T+G-T tetrad [36]. Only recently, using a
molecular dynamics method [37], NMR-spectroscopy
[31], thermodynamic analysis [38], and fluorescence
[39], it was shown that the d(GGGT), sequence consid-
ered as an aptamer for binding to HIV-1 integrase folds
into a parallel G,. Extremely high thermodynamic stabil-
ity that preserves the quadruplex structure even in the
presence of the complementary strand is a hallmark of
this quadruplex [39].

In a 2014 work [40], it was pointed out that addition
of two nucleotide residues GC to the 5'-end of
d(GGGTGGGTGGGTGGG) does not affect the paral-
lel topology of the formed G,, but causes its destabiliza-
tion. In our work, hexanucleotide complementary regions
were attached to both ends of the analogous sequence
through the short linkers. For the first time, it was shown
that duplex domain formation does not occur in this case,
and G,-motif-flanking regions significantly (by more than
12°C) destabilize the quadruplex structure. The observed
effect is caused by steric incompatibility of duplex domain
with a parallel quadruplex structure: because of its forma-
tion, duplex-forming strands are separated in space and
cannot hybridize (Fig. 3a). In contrast to the d(CAC-
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TGG-CC-(GGGT),-TA-CCAGTG), during intramolecu-
lar folding of the thrombin-binding aptamer d(CACTG-
GTAGGTTGGTGTGGTTGGGGCCAGTG) an anti-
parallel G-quadruplex is formed that coexists with DNA
duplex. At that, both structural domains significantly
influence each other [29].

Secondary structure generated by the d(GGT),
oligonucleotide is poorly studied. Earlier, it was described
as self-associate that is only formed in the presence of
potassium and magnesium ions [41]. In a recent work,
d(GGT), sequence was a part of an oligonucleotide (anti-
tumor aptamer), in which it was connected with four
TGG-repeats through dinucleotide linker [42]. Using
NMR-spectroscopy, CD, and chromatographic methods,
the authors showed that this oligonucleotide folds into
eight monomeric parallel quadruplex structures that are
in equilibrium with each other. These observations do not
contradict our results, according to which d(GGT),
forms several different G, with parallel topology and all of
them were products of intramolecular folding. It is worth
mentioning that stable quadruplexes having two G-
tetrads usually possess antiparallel topology, for example,
G, formed by thrombin-binding aptamers [29, 43] or
some telomere repeats [44]. Thus, characterized in our
work bi-G-tetrad parallel quadruplexes with T, 40°C
are of interest. It should be mentioned that parallel G,
formed by extended microsatellite loci could form the
pearl-necklace monomorphic G, in the G-rich strand as
it was stated for minisatellite repeats [45]. In our work,
using UV melting, minimal quantity of monovalent ions
was determined that is required for full folding of the
d(GGT), oligonucleotide into a parallel quadruplex. It is
known that G-quadruplexes are sensitive to the kind and
concentration of cations present in the environment [46].
Monovalent metal ions cause the most stabilizing effect,
especially K, as its size allows it to move into G, cavity
and to be located between neighboring G-tetrads [35, 47].

In the present work, in three sets of experiments con-
centration of potassium ions varied significantly, while
sodium ion concentration was constant and comprised 0,
20, and 120 mM for different experimental sets. It was
shown that assembly of perfect G, does not occur if the
buffer solution only contains K* in the 5-750 pM con-
centration range. Under the experimental conditions,
DNA carries a charge of —1 per each internucleotide
phosphate residue, i.e. the concentration of negative
charge on the d(GGT), oligonucleotide (at 9.4:10°° M
concentration) was approximately 103 uM. It is obvious
that volume concentration of ions that did not exceed
750 uM was not high enough for shielding of the phos-
phate group charges and for specific binding in the
quadruplex cavity. However, formation of partially assem-
bled G, due to propensity of G-tracts to form G-tetrads
was registered at low temperatures even in the absence of
metal ions (Fig. 5a); this phenomenon was also observed
during antiparallel bi-G-tetrad quadruplex assembly [48].
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Using sets of d(GGT), solutions in buffers C and D with
constant concentrations of sodium ions that participate in
shielding of the charge of the phosphate groups, we have
shown that threshold concentrations of K* that facilitate
intramolecular folding of the oligonucleotides into the G-
quadruplex depend on Na* concentration: 103 mM K™ in
the presence of 20 mM NaCl and 14 mM K* in the pres-
ence of 120 mM NaCl. Further increase in K* concen-
tration caused stabilization of the G, (Fig. 5, b and ¢).

Secondary structures generated by the repeated GT
sequence-containing oligonucleotides were studied in
works by Kaluzhny and collaborators [49, 50]. According
to them, oligonucleotides fold into unstable quadruplex
structures, and ability to form G, was shown to depend on
the length of the repeat. However, CD and fluorescence
data did not allow making unequivocal conclusions about
existence of quadruplexes, in particular, for d(GT),,
oligonucleotide. In our work, it was shown that
oligodeoxyribonucleotides containing GT-repeats do not
form perfect G-quadruplexes. Stability of the partially
assembled G,-like structures did not depend on the dinu-
cleotide repeat length, presence of the flanking
sequences, and concentration of monovalent ions.
Absence of inhibitory effect of these oligonucleotides on
topoisomerase I also suggests that they do not generate
stable quadruplexes under enzymatic reaction conditions,
and topoisomerase does not initiate assembly of such
structures.

It is known that numerous cellular proteins specifi-
cally recognize G-quadruplexes [4] causing their unwind-
ing [51-53], stabilization [54-57], or even initiation of the
quadruplex assembly (in this case proteins act as molecu-
lar chaperons) [48, 58]. We focused on topoisomerase I,
which is a widespread multifunctional enzyme that regu-
lates DNA topology during transcription, replication,
chromosome condensation, and recombination by means
of reversible cleavage of one DNA duplex strand and
relaxation of supercoiled DNA [59]. It was shown that
topoisomerase I is one of the important intracellular tar-
gets for antitumor drugs [21]. Topoisomerase I can recog-
nize and bind to certain non-canonical DNA forms —
Holiday junctions, DNA triplexes, G-quadruplexes [19,
20, 60, 61]. In particular, affinity of the enzyme to single
strand oligonucleotides that form G, is much higher than
affinity to random oligonucleotides [19, 20, 62]. It was
shown that inter- and intramolecular G4 can inhibit
topoisomerase I-mediated DNA cleavage [19]. This
effect was also observed for the oligonucleotides having
repeated G-tracts, but unable to form stable quadruplex
structures [19, 20]. Moreover, as it was shown, topoiso-
merase I is able to induce assembly of intermolecular par-
allel G, by oligonucleotides containing five successive
guanosines [62]. However, a set of published DNA and
RNA models was random, and antiparallel quadruplexes
prevailed among intramolecular G,. For the first time, we
correlated stability of the parallel G, generated by
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microsatellite repeats and their ability to inhibit super-
coiled plasmid DNA relaxation by topoisomerase I.

We have shown strong inhibitory effect of parallel G-
quadruplexes formed by the oligonucleotides d(GGT),
and d(GGGT), on topoisomerase I activity. At that, the
inhibitory effect appeared at much lower concentrations
of the quadruplex “traps” (nano(micro)molar) than for
previously studied G, [20] (Figs. 7 and 8). The ability of
the d(GGT), and d(GGGT), oligonucleotides to inhibit
topoisomerase | activity correlated well with stability of
the corresponding G-quadruplexes and with number of
the guanine residues in the repeat. In work [62], where
influence of the d(GGGGGT), and d(GGGT), oligonu-
cleotides on the topoisomerase activity was dissected, it
was also shown that the longer G-tract in the repeated
sequence, the stronger the inhibitory effect. However,
comparison of our data with literature data was compli-
cated, because in [62] type and stability of G, was not
addressed and G, structure formed by d(GGGT), was
mistakenly described as antiparallel. Furthermore,
approaches used to estimate topoisomerase I activity in
our work and in [62] were different.

Comparative study of d(GGGT), and its derivative
having hexanucleotide fragments at the 5'- and 3'-ends of
the G,-motif revealed that the d(CACTGG-CC-
(GGGT),-TA-CCAGTG) inhibits topoisomerase more
efficiently, though T, of its G, is significantly lower than
T of the d(GGGT),-generated quadruplex. This
apparent discrepancy might be explained by increased
dynamic flexibility of the system, which contains quadru-
plex-destabilizing elements, allowing the enzyme to
adjust its structure to the oligonucleotide ligand-binding
site features more easily than the structure of extremely
stable d(GGGT),. In work [20], it was shown that G,-
motifs that are flanked with duplex-generating regions
possess higher inhibition ability, and the strongest
inhibitory effect was observed for the duplex domains
containing 6 bp. However, G, in this work possessed
antiparallel topology allowing formation of the duplex
that was able to support quadruplex structure (Fig. 3b).
Therefore, reasons for the elevated inhibitory effect of
such composite oligonucleotides might differ from the
ones stated by us.

As it was shown, oligonucleotides containing GT-
repeats did not inhibit topoisomerase I irrespective of
their length and presence of flanking fragments. They
behaved as a control random oligomer (Fig. 7, d and e).
Apparently, the enzyme did not recognize partially
formed G, possessing low thermodynamic stability and
did not facilitate conformational shift to the quadruplex
structures as it was seen for oligonucleotides containing
several successive guanine residues [62].

Thus, it was shown that d(GGGT), and d(GGT),
specifically bind to topoisomerase I and inhibit super-
coiled DNA relaxation. At that, extent of influence of the
oligonucleotides on activity of the topoisomerase corre-
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lated with stability of the corresponding G-quadruplexes.
However, in case of greatly stable G, generated by
d(GGGT),, factors that decrease thermodynamic stabili-
ty of the structure, increase inhibitory activity of the lig-
and. Thus, of the studied set of oligonucleotides, the
d(CACTGG-CC-(GGGT),-TA-CCAGTG), which has
G,-motif flanking sequences that do not hybridize in case
of parallel topology of quadruplexes, appeared to be the
strongest inhibitor. When the number of guanosine
residues in the repeats was decreased to one (d(GT),),
imperfect (because of alternate thymidine residues inter-
ference) G-quadruplexes with low thermodynamic stabil-
ity were not recognized by topoisomerase I, and the pres-
ence of the enzyme did not shift equilibrium to the for-
mation of complete quadruplex conformation by the
d(GT), oligonucleotides.

This work was supported by RFBR-DFG grant 14-
04-91343.
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