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Abstract

The most frequently appearing form of DNA is a double helical structure in which two single strands are held together by
Watson-Crick base pairs. In addition, guanine rich DNA sequences are known to adopt several unusual structures with G-
quartet as a basic repeating motif. Recently large self-assembling nanostructures, called G-wires have become of great in-
terest because of their potential use in molecular electronics. To better understand the forces driving structural transitions
of G-wires formed from d(G,T,G,) oligonucleotide in Na* solutions, we employed a number of techniques such as UV
and CD spectroscopy, differential scanning calorimetry (DSC), gel electrophoresis, small angle X-ray scattering (SAXS)
and dynamic light scattering (DLS). All the experimental techniques showed that thermally induced folding transitions
depend on the cooling rate. In addition, DSC shows that thermally induced unfolding transition depends on heating rate,
thus leading to the conclusion that structural transitions of d(G,T,G,) are kinetically governed processes.
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1. Introduction

It seems that unusual structures of RNA and DNA
have not yet revealed all of their secrets. Guanine rich
DNA sequences have been of particular interest since
their presence is supposed to be crucial to a number of im-
portant biological processes. For instance telomeres at the
end of chromosomes contain repeats of nucleotides that
are guanine rich and may form G-quadruplexes."* Forma-
tion of telomeric G-quadruplexes inhibits the activity of
enzyme telomerase required for the uncontrolled growth
of majority of cancer cells.*” Proliferation of various can-
cer cells can also be achieved with specific quadruplex-
forming oligonucleotide aptamers that are able to bind to
certain cellular proteins.'®!! G-quadruplex forming oligo-
nucleotides can also act as antiviral agents,'>'* potassium
sensing agents'* or can influence control regions of some
oncogenes. >

G-quadruplex structures consist of stacked G-quar-
tets formed by a cyclic coplanar Hoogsteen base pairing
of the four participating guanines.!”'® The pairing of gua-
nines and stacking of G-quartets is very versatile."” G-
quadruplexes are renowned for their structural diversity
with the strand polarity and glycosidic torsion angles
strongly dependent on the nature of the cations, the con-

necting loops, and the capping bases.’*** G-quadruplexes
are usually formed from one (monomolecular), two (bi-
molecular) and four (tetramolecular) single strands, but
some of the guanine rich oligonucleotides can create large
self-assembling nanostructures like G-wires* as shown in
Figure 1, Frayed-wires®* or G-lego.” These structures are
of growing interest because oxidation potential of guanine
is the lowest among deoxynucleotide bases. These guani-
ne rich sequences may act as functional elements in mole-
cular electronics.?

These superstructures represent a challenge also in
terms of basic understanding of forces that drive their for-
mation. The problem is that our understanding of G-quadru-
plex formation and structure is rather limited even for short
sequences comprising only 3—4 G-quartets.”’” This is mainly
due to the presence of multiple conformations in solution
that may undergo kinetically governed interconversions and
folding/unfolding transitions. Recently our lab has investi-
gated polymorphism of quadruplexes formed from
d(G,T,G,) in Na*and K* solutions.?®?* We have confirmed
that the formation and unfolding of certain G-quadruplexes
are kinetically governed processes. In the present work the
thermally induced structural transitions of supermolecular
assemblies using a simple 10 nucleotide sequence
d(G,T,G,) in Na* solutions was followed to test a wider
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Figure 1: Comparison of G-quadruplex conformations that
d(G,T,G,) oligonucleotide may adopt as represented by Marsh et al 3

applicability of such approach. Furthermore, we interpret
the transitions in terms of a kinetically governed coexistence
of several quadruplex structures and the unfolded single
strand form. To reach this goal we employ a number of tech-
niques such as UV and CD spectroscopy, gel electrophore-
sis, small angle X-ray scattering (SAXS), dynamic light
scattering (DLS), and differential scanning calorimetry
(DSCO). The first three experimental techniques, along with
atomic force microscopy (AFM) have already been engaged
to characterize G-wires formed by telomeric DNA repeat
d(G4T2G4).30 Similarly, SAXS and DLS have already been
used successfully to study overall molecular shape and ag-
gregate size of G-quadruplexes,’' ™ but their usage is still
very scarce in such studies. In this work we will demonstra-
te the applicability of SAXS and DLS in determination of
structural features of G-quadruplex structures.

2. Experimental and Methods

2. 1. Materials

The d(G,T,G,) oligonucleotide was obtained HPLC
pure from Midland Co. U.S.A. DNA was first dissolved
in water and then extensively dialyzed against the buffer
(three changes of buffer solutions in 24 h) using a dialysis
tube Float-A-Lyser (Spectrum Laboratories, USA, Mw
cutoff 500 Da). Its concentrations in buffer solutions were
determined spectrophotometrically at 25 °C. The value of
€560 = 99000 M~ ecm™, which was estimated from the nea-
rest-neighbor data of Cantor et al.,* was used for the ex-
tinction coefficient of oligonucleotide’s single stranded
form at 25 °C. The buffer used in all experiments consi-

sted of 20 mM Na-cacodylic buffer, | mM EDTA and 30
mM NaCl (pH = 6.9). Initially all the samples were trans-
formed into single-stranded form by heating in an outer
thermostat at 95 °C for 5 min, cooled down to 4 °C at the
cooling rates of 0.05 or 1.0 °C/min to form quadruplex
structures and then used in the UV, CD, DLS, SAXS,
DSC and PAGE experiments.

2. 2. UV Melting Experiments

Absorbance versus temperature profiles of
d(G,T,G,) samples were measured in 0.25 mm path-length
cells using a Cary 100 BIO UV/Visible Spectrophotometer
(Varian Inc.) equipped with a thermoelectric temperature
controller. Thermally induced folding/unfolding transi-
tions of d(G,T,G,) quadruplex samples (¢ = 1.1 mM in sin-
gle strands) prepared either at the cooling rate of 0.05 or
1.0 °C/min were monitored between 5 and 95 °C at A =
295 nm at the heating/cooling rate of 1.0 °C/min.

2. 3. CD Spectroscopy

CD spectra of d(G,T,G,) quadruplexes in Na* solu-
tions were measured as a function of temperature in an
AVIV CD Spectropolarimeter 62A DS, equipped with a
thermoelectric temperature controller. Ellipticity, 6, was
measured between 5 and 95 °C in the temperature inter-
vals of 3 °C at the average heating rate of 1.0 °C/min. CD
spectra of samples (c = 1.1 mM in single strands) prepared
at either of the cooling rates, corrected for the correspon-
ding buffer contribution, were collected between 220 and
320 nm in a 0.25 mm cuvette at 60 nm/min, signal avera-
ging time of 2 s and 5 nm bandwidth. Molar ellipticity,
[6], was obtained from equation [8] = 6/(c - [), where [
stands for the path-length through the cuvette. In all expe-
riments a 0.25 mm quartz glass cuvette was used.

2. 4. Differential Scanning
Calorimetry (DSC)

DSC experiments were performed using a Nano DSC
II instrument (Calorimetry Sciences Corp., UT, USA) on
the samples that were previously prepared by temperature
treatment in an outer thermostat (cooling rate of 0.05 or 1.0
°C/min and a subsequent annealing at 4 °C). Quadruplex
concentration used in these DSC studies was 1.1 mM in
single strands. Cyclic DSC measurements were performed
at the heating rates of 0.5, 1.0 and 2.0 °C/min and a single
cooling rate of 1.0 °C/min. Therefore the effect of different
sample preparation (temperature treatment) in an outer
thermostat was only observed during the first DSC melting
scan. From there on the temperature treatment in the DSC
apparatus was equal for all the samples (same sequence of
heating rates and the same cooling rate of 1.0 °C/min). The
measured temperature interval was between 4 °C and 95
°C. The corresponding baseline (buffer-buffer) scans were

Prislan et al.:

Kinetically Governed Formation of d(G,T,G,) Assemblies

591



592

Acta Chim. Slov. 2012, 59, 590-600

subtracted from the unfolding/folding scans (i.e. hea-
ting/cooling scans) prior to their normalization and analy-
sis. The total enthalpy of unfolding or folding, AH, ,, was
obtained from the measured DSC thermograms as the area
under the AC,, = C P~ C pg VEIsus T curve, where C P2 is
the measured partial molar heat capacity corrected for the
baseline and normalized to 1 mole of quadruplex in single
strands, and C p.s 18 the corresponding partial molar heat ca-
pacity of the unfolded single stranded state obtained by ex-
trapolation from high temperatures over the whole measu-
red temperature interval.

2. 5. Gel Electrophoresis

G-quadruplex structures formed upon cooling of
single-stranded DNA (¢ = 340 uM in 20 mM Na-cacody-
lic buffer, | mM EDTA and 30 mM NaCl) at the cooling
rate of 0.05 or 1.0 °C/min were studied by non-denaturing
PAGE performed on 20% polyacrylamide gels supple-
mented with 50 mM NaCl. G-quadruplex samples prepa-
red at either of the cooling rates were loaded on gels and
the electrophoreses were run at 20 °C (3.5 h), at 10 V/cm
(I=300 mA). Bands in the gel were followed by UV sha-
dowing at A = 254 nm without any markers. Afterwards
gel was submerged in small volume of 0.5 pug/ml EtBr.
Gel was allowed to stain for 10 minutes at room tempera-
ture and after destaining in H,O placed on a transillumina-
tor. Bands were photographed at excitation wavelength of
302 nm. To facilitate comparisons between the bands ob-
served with different samples the double stranded
d(G,T,G,), quadruplex and d(GA,C,T,C) hairpin were
used as control oligonucleotides.

2. 6. Small-Angle X-Ray Scattering
Measurements

Small-angle X-ray scattering (SAXS) spectra were
measured with a modified version of the Kratky compact
camera (Anton Paar KG, Graz, Austria).35 The camera was
attached to a conventional X-ray generator Krislalloflex
760 (Bruker AXS GmbH, Karlsruhe, Germany) that was
operating at 40 kV and 35 mA. As a source of X-rays the
sealed X-ray tube with a cooper anode was used. Utilizing
the modern focusing multilayer optics (Max Flux#) the Cu
K, X-rays with a wavelength 1 = 0.154 nm were filtered
out. In addition a software monochromator was also used,
which considered only the scattered X-ray photons within
a predefined window of energies and in this way elimina-
ted also possible remaining hard X-rays from the detected
scattered light. The samples were measured in a standard
quartz capillary with an outer diameter of 1 mm and wall
thickness of 10 um. The scattered X-ray intensities were
detected with the position sensitive detector PSD ASA (M.
Braun GmbH, Garching, Germany) in the small-angle re-
gime of scattering vectors 0.07 < q < 7 nm™', where ¢ =
47/A - sin(1%/2), ¥ being the scattering angle. The measu-

ring times of 20 hours yielded satisfactory measuring stati-
stic. Scattering data were corrected for the empty capillary
and solvent scattering and put on absolute scale using wa-
ter as a secondary standard.*® However, the SAXS intensi-
ties obtained in this way were still experimentally smeared
due to finite dimensions of the primary X-ray beam;’’ the-
refore the experimental scattering intensities were desmea-
red simultaneously during the evaluation procedure.

2. 7. Dynamic Light Scattering
Measurements

Dynamic light scattering (DLS) measurements we-
re performed on a 3D-DLS Spectrometer (LS Instru-
ments, Switzerland). The instrument was equipped with a
35 mW He-Ne laser (4 = 632.8 nm), high precision
beam-splitter, focusing entrance and collimating exit lens
and two single-mode fiber-optics detectors with avalanc-
he photodiodes (photo detection efficiency > 65 %).
Samples were measured in the scattering cells that were
immersed in a large-diameter thermostated bath of index
matching liquid (decaline). Utilizing the primary-beam
attenuator the counting rates were adjusted to about 500
kHz at an angle of 90° to the direction of the primary
beam. The instrument was used in a 3D-cross-correlation
scheme. A number of DLS measurements of 2 minutes
each for nonfiltered samples and 30 minutes each for the
filtered sample (filtered through the filter with pore-size
of 20 nm; Whatman Anotop® 25 Plus — syringe filters
containing proprietary alumina based Anopore membra-
ne with glass microfiber prefilter were used) were collec-
ted and approximately 15 of them were averaged to ob-
tain the final autocorrelation function. All the measure-
ments were performed at an angle of 90° to the direction
of the primary beam.

2. 8. Indirect Fourier Transformation
of SAXS Data

For detailed analysis of experimental SAXS curves
the Generalized Indirect Fourier Transformation
GIFT*** software package was used. However, solely
the use of its basic part, i.e. the Indirect Fourier Transfor-
mation method IFT,** was sufficient in our case, becau-
se there were no considerable effects of interparticle inte-
ractions on the scattering data observed for the studied
samples. IFT is namely a completely model-free method,
which is appropriate only for dilute particulate systems
with negligible interparticle interactions. It is based on the
fact that the form factor, P(q), which represents the intra-
particle scattering contribution, can be written as the Fou-
rier transformation of the pair-distance distribution func-

tion p(r):**

P(q)=4Jrj‘p(r)-5in(qr)-dr, (1
0 gr
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where r is the distance between two scattering centers wit-
hin the particle. Pair-distance distribution function serves
as a tool for the determination of the scattering particles’
geometry.***’ At distances r bigger than the maximum di-
mension of particle the p(r) function adopts the value of
zero and in this way provides a useful tool for determina-
tion of the particle’s maximum dimension. Furthermore,
from the shape of this function the type of scattering
particles” symmetry can be deduced.*’

2. 9. Evaluation of Dynamic Light Scattering
Results

During dynamic light scattering experiments the
fluctuations of the scattering intensity are monitored. The-
se fluctuations are directly related to the fluctuations of
the scattering amplitudes, which originate from the con-
centration fluctuations arising from Brownian move-
ment*3#° of the scattering particles in solution. The fluc-
tuations of the scattering amplitude can be expressed in a
form of the scattering amplitude (field) autocorrelation
function G,(7), which is connected to the diffusion coeffi-
cient of free scattering particles D with the following re-

lation:>%!

el i) )

where 7is the delay time and ¢ = (4w n/A ) sin(1%2), with
n, being the refractive index of the solvent and A the wa-
velength of the light in vacuum. Unfortunately, it is expe-
rimentally not possible to obtain G,(7) directly. The raw
result of DLS experiment is namely a time-dependent in-
tensity autocorrelation function G,(7), which is connected
to G,(7) by the Siegert equation:™

G,(r)=B+C[G()}, 3)

where parameter B is the baseline and constant C repre-
sents the strength of the coherent signal. The DLS method
is in majority of cases used for particle sizing. In this man-
ner it exploits the well-known Stokes-Einstein equation,
which provides the connection between the diffusion
coefficient of globular scattering particles D and the
hydrodynamic radius Ry:

kT
6D, ’

“4)

R!I

where k; is the Boltzmann constant, T is the temperature,
and 7 the dynamic viscosity of the solvent. DLS techni-
que is therefore a useful tool for determination of the
hydrodynamic radii of the scattering particles. However,
one has to be aware that the hydrodynamic radius is by de-
finition the radius of a hypothetical spherical particle that
would have the same diffusion coefficient as the scatte-
ring particles do have in the studied sample (solvent). This

means that Ry; is a parameter determined exclusively on
the basis of dynamic properties of the scattering particles
that are influenced also by the interparticle interactions;
i.e. the scattering particles actual shape and size has only
an indirect influence on the Ry,

In the case of polydisperse systems the field auto-
correlation function G(7) is represented by an integral
over many exponentials:

Gl(r):

[ Dz,) W) e ™ —dr., 5

where 7_is the relaxation time defined as 7, = l/Doqz, the
function D(7,) represents the continuous distribution of
relaxation times 7, and W(7,) a corresponding weighting
function depending on the kind of distribution (number,
volume or intensity distribution) adopting the value of ”L’f,
Tj or 1, respectively. Combination of Equation (3) and
Equation (5) allows the determination of D(7,) from the
experimentally determined G,(7) function. D(7)) can ea-
sily be converted into the more commonly used distribu-
tion function of hydrodynamic radii D(R,,).”* Expression
described by Equation (5) is a modified Laplace transfor-
mation. The distribution functions presented later in this
paper were obtained by inverse Laplace transformation of
experimental data utilizing the program ORT (Optimized
Regularization Technique).>

3. Results and Discussion

3. 1. Thermaly Induced Folding and
Unfolding of d(G,T,G,) Quadruplexes

It has already been observed previously that forma-
tion and unfolding of certain sequences of G-quadruple-
xes are governed kinetically. In order to test whether that
applies also to d(G,T,G,) quadruplexes we have first re-
corded a series of UV heating/annealing curves. The re-
sults of such experiments are shown in Figure 2. The das-
hed line corresponds to the melting curve, which was re-
corded for the sample that was previously heated up to 95
°C and then slowly (0.05 °C/min) cooled down to 5 °C in
an outer thermostat. The shape of this curve suggests that
unfolding of d(G,T,G,) quadruplexes is a biphasic transi-
tion. The estimated melting temperatures, 7, s, are 54 and
87 °C for the first and second transition, respectively. An
annealing curve during the cooling cycle with the rate of 1
°C/min was recorded next (see dotted line in Figure 2).
This curve suggests that folding of our quadruplex is a
monophasic transition with T, of about 51 °C. Immedia-
tely after such cooling cycle the UV melting curve was re-
corded once more (see full line in Figure 2). In contrast to
the bimodal shape of the first UV melting curve its shape
is typical for monophasic transition with T}, of about 53
°C. Several additional cycles consisting of melting and
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Figure 2. UV-melting and cooling curves at 295 nm for d(G,T,G,)
quadruplexes in 20 mM Na-cacodylate buftfer solution at pH = 6.9
and C(Na*) = 50 mM. Melting curve of quadruplex sample prepa-
red at the cooling rate of 0.05 °C/min and measured at the heating
rate of 1 °C/min (dashed line). Reproducible loops consisting of the
melting curves determined at the heating rate of 1 °C/min (full line)
and cooling curves observed at the cooling rate of 1 °C/min (dotted
line).

annealing curves were recorded afterwards, but were all
found to be reproducible. These UV absorbance measure-
ments obtained in the presence of Na* ions therefore show
hysteresis of the UV melting and annealing curves, which
depends on the heating and cooling rate. The observed
hysteresis suggests that folding/unfolding of various
d(G,T,G,) structures is a kinetically governed process.
Different rates of cooling resulted in changes of shape and
T, s of UV unfolding curves. This effect has already been
reported by our lab®*?° We attributed observed differences
to the kinetically governed formation of more than one
structure. Results presented in Figure 2 suggest that after
slow cooling (0.05 °C/min) there are at least two predomi-
nant conformers whereas in the case of moderate cooling
(1 °C/min) there seems to be only one conformer present
in the solution.

In order to support UV results and to get some furt-
her insight on the conformation of quadruplexes occurring
in solution we also measured the temperature dependence
of CD spectra of two d(G,T,G,) samples prepared at the
cooling rates of 0.05 and 1.0 °C/min, respectively. These
results are shown in Figure 3. CD spectra of the model
quadruplexes with parallel strands are characterized by a
peak around A = 264 nm and arround 240 nm, while those
with antiparallel strands exhibit peaks at around 295 nm
and troughs at arround 265 nm.**® We expected predo-
minant formation of G-wires and consequently our results
to resemble CD spectra of model quadruplexes with paral-
lel strands. By contrast, samples prepared at either slow or
moderate cooling rate and recorded at 5 °C exhibit a nega-
tive minimum at 240 nm, a large positive band at 262 nm
and another positive band at 291 nm. The origin for unex-

pected CD spectra may be narrowed down to two causes.
First of all the shape of CD spectra of G-quadruplexes is
determined by the population of syn/anti geometries of
guanosine glycosidic torsion angles and this geometry is
not directly related to the strand orientation. That would
mean that majority of population might still adopt confor-
mation of G-wires and the CD spectra would differ from
CD spectra of model quadruplexes with parallel strands.
The second explanation for our results is more straightfor-
ward. It might be possible that formation of G-wires is not
a major pathway under conditions used during our experi-
ments but is just one of the many, more or less equally
probable processes leading to different conformations of
G-quadruplexes as shown in Figure 1. Thus positive peaks
at A =262 and 291 nm may indicate possible presence of
mixture of parallel, antiparallel or/and hybrid type of qua-
druplex structures.

When samples prepared at slow cooling rate are
compared to those prepared at moderate cooling rate (see
Figure 3) we can see that the later have a slightly lower
molar ellipticity at A = 262 nm and slightly higher molar
ellipticity at 291 nm. Such behavior suggests that the as-
sociation of the d(G,T,G,) single strands into the corres-
ponding G-quadruplexes is a kinetically governed process
that, depending on the cooling rate, leads to a different
composition of G-quadruplex structures formed at low
temperatures. Even though CD spectroscopy can provide
only indicative information on strand orientation we can
speculate from the shape of the curves and the increased
molar ellipticity at 262 nm that slow cooling rate favors
formation of G-wires due to their apparent parallel strand
orientation.

| ncd
o

-
(5,1

-y
o

(0] % A0° [deg M e

Figure 3. Temperature dependence of CD spectra of d(G,T,G,)
quadruplexes in in 20 mM Na-cacodylate buffer solution at pH =
6.9 and C(Na*) = 50 mM prepared at the cooling rate of either 0.05
°C/min (black surface) or 1 °C/min (grey surface). The measured
ellipticity was normalized to 1 M single strand concentration and 1
cm path length of light.
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Figure 4. CD melting curves of d(G,T,G,) quadruplexes in 20 mM
Na-cacodylate buffer solution at pH = 6.9 and C(Na*) = 50 mM
prepared at the cooling rate of either 0.05 °C/min (dashed lines) or
1 °C/min (full line). The measured ellipticities at A = 262, 280 and
291 nm were normalized to the one obtained for 1 M single strand
concentration and 1 cm path length. Concentration of d(G,T,G,)
was 1.1 mM.

be observed at both wavelengths (i.e. 262 and 291 nm).
Since CD melting curve measured at A = 291 nm did not
show any transition between 70 and 95 °C, we can specu-
late that the transition observed at A = 262 nm in the same
temperature interval is caused by unfolding of structure
with parallel strand orientation. Our guess is that transi-
tions at higher temperatures are caused by unfolding of G-
wires. They can adopt different lengths and their polydis-
persity in length is probably the reason why there is a
steady decay observed after the first and before second
transition in a CD melting curve obtained at 262 nm. At
the highest measured temperatures (~ 95 °C) CD signals
of all structures are lost indicating that they undergo a
complete unfolding into single-stranded forms.

We have employed DSC to find out whether the
measured melting processes of structures formed by
d(G,T,G,) oligonucleotide involve one or several Kineti-
cally governed interconversions and folding/unfolding
transitions. Thermograms of d(G,T,G,) quadruplexes
measured in the presence of 50 mM NaCl at three diffe-
rent heating rates with the starting sample prepared at
very slow or moderate rate of cooling are presented in
Figure 5. They show a significant dependence on the hea-
ting and cooling rate. The most pronounced differences
are observed between the DSC heating curves measured
at a given heating rate for quadruplex samples prepared by
the thermally induced folding at very low (0.05 °C/min)

The measured changes of CD peak positions and ra-
tios of their magnitudes during unfolding reflect structural
(topology) changes of the measured G-quadruplexes. In
Figure 4 we show CD melting curves at wavelengths whe-
re changes in spectra are well defined, i.e. at A = 262 and
291 nm. Melting curve obtained at A = 262 nm for the
sample prepared at slow cooling rate agrees with UV data
that suggest unfolding of d(G,T,G,) quadruplexes in bip-
hasic transition with 7}, s of 54.5 and 85 °C for the first
and second transition, respectively. The melting curve of
sample prepared at moderate cooling rate also suggests
biphasic transition with T, staying approximately the sa-
me but with second transition being significantly smaller
in extent. Melting curves at A = 291 nm for the samples
prepared at either cooling rate show only one transition
with T}, being 51.5 °C for the sample prepared at slow
cooling rate and 52.5 °C for the sample prepared at mode-
rate cooling rate. The presence of at least two different
structures would explain the obtained CD melting curves.
It seems that during slow and moderate cooling d(G,T,G,)
oligonucleotide forms G-wires, bimolecular and possibly
tetramolecular G-quadruplexes. Bimolecular quadruple-
xes can adopt three different conformations with parallel
and antiparallel strand orientation. Unfolding of these
conformations is probably the cause for first transition
between 51 and 55 °C and would also explain why it can
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Figure 5. DSC thermograms of d(G,T,G,) quadruplexes in in
20 mM Na-cacodylate buffer solution at pH = 6.9 and C(Na*) = 50
mM. The AC, (per mol of single strands) vs T curves measured at
the heating rate of 0.5 °C/min (M), 1 °C/min (®) and 2 °C/min (A)
for quadruplex samples prepared at the cooling rate of either 0.05
°C/min (bottom) or 1.0 °C/min (top).
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and moderate (1.0 °C/min) cooling rates. When samples
were prepared at slow cooling of 0.05 °C/min, the DSC
heating curves show at least three structural transitions
(two peaks and a shoulder at 65 °C) which indicates the
presence of at least three G-quadruplex structures at low
temperatures. By contrast, samples prepared at moderate
cooling of 1.0 °C/min are characterized by DSC melting
curves that reflect at least two structural transitions (huge
and small peak). For samples prepared either at the coo-
ling rate of 0.05 or 1.0 °C/min the measured DSC heating
and cooling curves were highly reproducible at all measu-
red heating and cooling rates. The difference between
samples prepared at slow and moderate cooling rates is in
accordance with results obtained from spectroscopic tech-
niques. Inspection of all DSC results shows that the total
area under the measured DSC thermograms is the same
(within few %) regardless of the cooling rate at which the
samples were prepared and regardless of the heating rate
at which they were unfolded (see Figure 5). The overall
enthalpy of unfolding, AH,,, equals 25 kcal per mole of
oligonucleotide and approximately 3 kcal per mole of
guanine. Let’s assume that all of the guanines are involved
in G-quadrupleks formation. Since G-quartets consist of
four guanines we can conclude that the average enthalpy
of G-quadruplexs unfolding expressed per mole of G-
quartets equals 12 kcal/mol. This value is somewhat lower
than the corresponding literature data (between 15 and 20
kcal/ mol), and suggests the existence of unpaired guani-
nes.

Even though the top panel of Figure 5 shows that
unfolding of d(G,T,G,) does not depend on heating rate,

the bottom panel tells a very different story. The last peak
in DSC melting thermograms of d(G,T,G,) prepared at
very slow cooling rate shifts with increasing heating rate
(0.5 = 1.0 — 2.0 °C/min) to higher temperatures (85 —
87 — 89 °C). This shifts can also be considered as indica-
tion of kinetically governed folding and unfolding transi-
tions of structures formed by d(G,T,G,).

3. 2. Structural Characterization
of d(G,T,G,) Quadruplexes

In line with the conclusions based on the described
CD and DSC measurements, also gel migration experi-
ments revealed a coexistence of three groups of migrating
structural forms as depicted in Figure 6. The fastest mi-
grating group consists of two major bands. The slowest of
these two bands travels with approximately the same
speed as d(G,T,G,), control oligonucleotide. We believe
that because of the similar size (24 vs. 20 nucleotides) the
bands in fastest migrating group correspond to possible
conformations of bimolecular structure of d(G,T,G,),.
Two different bands clearly point to the presence of at
least two different bimolecular conformers which agrees
nicely with conclusions based on the CD melting curves.
The middle group consists of three major bands. Based on
the position of bimolecular quadruplexes and the possible
structures d(G,T,G,) oligonucleotide can adopt we specu-
late that these bands originate from the next simplest
highly ordered structure, that is, tetramolecular structure
of d(G,T,G,),. The three bands may represent the first two
states appearing in the formation of G-wires and the tetra-

Figure 6. Non denaturing PAGE (20 %) of d(G,T,G,) quadruplexes prepared at the cooling rate of either 0.05 °C/min (3) or 1 °C/min (4). a) Bands
were followed by UV shadowing (A = 254 nm) at the constant temperature of 20 °C. As control oligonucleotide double stranded d(G,T,G,), qua-
druplex marker (1) and d(GA,C,T;C) hairpin marker (2) were used. b) The same gel was stained with EtBr and bands were followed by transillu-

minator at A = 302 nm.
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molecular G-quadruplex (see Figure 1). The third group
of slowly migrating structures looks like one long, smea-
red band which stretches from the beginning of the gel
and up to the beginning of the second group of bands. It
most likely consists of multiple structures with different
sizes which originate from different stages of G-wire for-
mation. The presence of G-wires with different sizes is in
accordance with literature®™’ and also agrees with our
CD-melting curves and DSC thermograms. The contents
of these groups seem to depend on the cooling rate at
which the samples are prepared. The gel experiments
show that samples prepared at the cooling rate of 0.05
°C/min are characterized by a more pronounced slowest
migrating group thus indicating that a higher proportion
of the G-wires is very likely responsible for the second
transition observed in UV and CD melting curves. Higher
percentage of G-wires may also be responsible for the ap-
pearance of second peak at about 85 °C in DSC thermo-
grams. Since this peak shifts to higher temperatures with
increasing heating rate we can speculate that formation of
G-wires is kinetically governed process. On the other
hand, the samples prepared at a moderate cooling rate of
1.0 °C/min are characterized by a more pronounced fastest
migrating group resulting from higher portion of bimole-
cular quadruplexes compared to G-wires. The negligible
intensity of slowest migrating group of samples prepared
at either slow or moderate cooling rate along with the ent-
halpies obtained from DSC data suggest that even though
the structures of different lengths are present in solution,
d(G,T,G,) folds predominately into shorter G-wires.

The same gel was stained with EtBr and resulting
bands are shown in Figure 6b. As expected, EtBr does not
bind to d(G,T,G,), control oligonucleotide, therefore no
bands can be visible in the first lane. On the other hand, Et-
Br interacts with the second control oligonucleotide which
is in accordance with other control oligonucleotides that
form hairpin structures. The fastest migrating group of our
sample seems to interact with EtBr with negligible affinity.
This is in accordance with our suggestion that this group
probably consists of bimolecular quadruplexes which have
a very low binding affinity to EtBr. The middle migrating
group is comprised of structures which according to the in-
tensity of bands exhibit stronger interaction with EtBr. The
slowest band in this group shows as a strongest single band
on the stained gel. The slowest migrating group also exhi-
bits stronger interaction with EtBr when compared to bi-
molecular quadruplexes suggesting that EtBr binds to G-
wires with significant affinity.

These findings were further supported by the DLS
measurements presented in Figure 7, which were obtained
for the sample with quadruplexes prepared at the cooling
rate of 0.05 °C/min (slow cooling) and the cooling rate of
1 °C/min (fast cooling). In Figure 7a the corresponding in-
tensity autocorrelation functions are depicted. Already
these raw DLS results reveal the bimodal shape of G,(7)
function which clearly indicate the presence of two popu-
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Figure 7. Dynamic light scattering results for the sample with qua-
druplexes prepared at the cooling rate of either 0.05 °C/min (slow
cooling) or the cooling rate of 1 °C/min (fast cooling) all measured
at an angle of 90° to the direction of the primary beam. The former
sample was also filtered through the filter with pore-size of 20 nm.
(a) Experimental DLS intensity autocorrelation function G,(7)
(symbols) with the corresponding fits according to the ORT evalua-
tion (lines). (b) Inverse Laplace transformation of the DLS results:
scattering intensity weighted distribution function D(R,,).

lations with very different dynamic properties in the sam-
ple, i.e. “bigger-particle” and “smaller-particle” popula-
tion. In addition the slowly cooled sample was filtered
through a filter with pore-size of 20 nm in order to isolate
the smaller-particle population and analyze it indepen-
dently. The obtained monomodal form of G,(7) function
in this case confirms that by filtration only the smaller-
particle population was successfully separated out. In the
next step all these raw data were further analyzed perfor-
ming indirect inverse Laplace transformation utilizing the
ORT technique.>® The corresponding results are presented
in Figure 7b in a form of intensity weighted distribution of
hydrodynamic radii D(R};). To facilitate the mutual com-
parison of these results, the distributions obtained for
slowly and fast cooled sample are normalized to the
height of the peak of the population of bigger-particle po-
pulation. In addition, the filtered sample is also normali-
zed to the height of the peak of the small-particle popula-
tion for slowly cooled sample. At this point we have to
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stress that the obtained values of the hydrodynamic radii
are quantitatively valid only for the small-particle popula-
tion showing the average effective sizes around 3.3 nm.
Namely, at higher values of R;; the DLS results are expec-
ted to be dependent on the scattering angle of the measu-
rement, but we have not explored such dependence in our
experiments. Such dependence is expected since the size
of these particles is already comparable or larger to the si-
ze of the wavelength of the scattered light. Such depen-
dence could also indicate on scattering particle anisotropy
and/or polydispersity. Large polydispersity is in any case
obvious from the results presented in Figure 7b. Therefo-
re, these results should only be taken qualitatively, but
even as such they clearly indicate on the presence of three
distinct populations of scattering particles in the studied
two samples. This finding nicely conforms to the electrop-
horetic and also spectroscopic results presented in the pre-
vious paragraphs. The results from Figure 7 also clearly
indicate that in the case of slowly cooled sample the pro-
portion of population with small particles with respect to
the one with the big particles is much smaller. This can be
seen from the smaller first decay in G,(7) function for
slowly cooled sample in Figure 7a and also from the ratio
of the corresponding two peak heights in Figure 7b. What
is even more, Figure 7b also reveals that by filtration the
population of small particles was isolated in an important
proportion, even though the short tail (representing larger
particles in small population) is obviously missing in the
filtered sample — see the corresponding D(Ry,) distribution
functions in Figure 7b.

DLS results were complemented by the SAXS re-
sults on the same samples that are depicted in Figure 8.
The scattering curves in Figure 8a show on very similar
situation in both two samples, with slight differences only
in the innermost part of the scattering curves (see inset in
in Figure 8a). It has to be cleared out, that the size-resolu-
tion of SAXS technique is in this case from size of appro-
ximately 1 nm to approximately 27 nm while the informa-
tion about larger particles is hidden in the primary beam
and is not accessible by our experiment. Because of this
limitation the SAXS results do not reveal the populations
of larger particles that were detected with DLS and other
techniques, but can only observe the population of smaller
particles. As SAXS is a direct structural method it gives
direct structural information on the population of these
smaller particles. The most detailed information about the
structural features of this population are given via the re-
sults of the IFT method presented in Figure 8b. Intere-
stingly the IFT results for filtered and original slowly coo-
led sample are very similar, both indicating slightly elon-
gated scattering particles with diameter of cross-section of
about 3 nm and maximum dimension of 6.5 nm (slight
differences in these curves might arise from the difference
of the average electron density of these samples and con-
sequent slight difference in the scattering contrast of the
scattering particles in these samples). These particles also
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Figure 8. (a) Experimental SAXS curves on absolute scale at 25 °C
for the sample with quadruplexes prepared at the cooling rate of
either 0.05 °C/min (slow cooling) of the cooling rate of 1 °C/min
(fast cooling). The former sample was also filtered through the fil-
ter with pore-size of 20 nm. Inset: zoom of the low ¢ part of the
scattering curves. (b) Results of the IFT analysis of the SAXS cur-
ves: pair-distance distribution functions p(r).

resemble those of fast cooled sample, which seem to be a
bit more globular with maximum dimensions of about 5
nm. These results also nicely conform to the values of the
hydrodynamic radii obtained for the fastest population of
particles in the DLS results.

4. Conclusions

We have used a number of techniques such as UV
and CD spectroscopy, DSC, gel electrophoresis, SAXS
and DLS to follow thermally induced structure transitions
of supermolecular assemblies using a simple 10 nucleoti-
de sequence d(G,T,G,) in Na* solution. Our results show
that the formation of investigated assemblies is not a
straightforward process but rather involves multiple steps
with several structures being formed. We interpreted our
data through simultaneous presence of bimolecular and
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tetramolecular G-quadruplexes along with G-wires of dif-
ferent lengths, which is in accordance with the suggested
conformations that d(G,T,G,) oligonucleotide may adopt
(Figure 1). Also all of the experimental techniques sho-
wed that thermally induced folding transitions in solution
depend on cooling rate and DSC showed that thermally
induced unfolding transition depend on heating rate, thus
leading to the conclusion that folding/unfolding transi-
tions of structures formed by d(G,T,G,) are kinetically
governed processes.
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DNA najpogosteje obravnavamo kot dvoveriZno molekulo, v kateri sta dva komplementarna niza med seboj povezana z
Watson-Crick-ovimi baznimi pari. Z gvanini bogata zaporedja DNA pa lahko tvorijo tudi drugacne, bolj nenavadne
strukture, ki so sestavljene iz t.i. G-kvartetov. MoZnost uporabe v molekularni elektroniki je zbudila zanimanje za
samoureje nenanostrukture, ki so jih poimenovali G-Zi¢ke. Zadali smo si cilj, da bi bolje razumeli strukturne prehode
G-Zick, ki nastanejo iz oligonukleotida d(G,T,G,). V ta namen smo uporabili vrsto eksperimentalnih tehnik; UV in CD
spektroskopijo, diferen no dinami no kalorimetrijo (DSC), gelsko elektroforezo, ozkokotno rentgensko sipanje (SAXS)
in dinami no sipanje svetlobe (DLS).. Vse eksperimentalne tehnike so pokazale, da sta nastanek in ureditev struktur od-
visna od hitrosti ohlajanja, DSC pa je pokazala, da je razvijanje struktur odvisno od hitrost gretja. To nas je pripeljalo do
zakljuCka, da sta tvorba in razvitje struktur, ki nastanejo iz oligonukleotida d(G,T,G,), kineti¢no pogojena.
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