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A human telomere DNA segment (HT-DNA) can fold into a G-quadruplex in the presence of some
monovalent cations. These cations can interact with the phosphate groups of the DNA segment and/or
with the O6 oxygen atom of guanines, which are called non-specific interactions and specific
interactions, respectively. However, until now how these two interactions affect the structure of
HT-DNA has not been well understood. In this study, a combination of analytical ultracentrifugation
(AUC) and circular dichroism (CD) was used to explore the effects of these two interactions on the
structure of a 22-mer single-stranded DNA with a sequence of 5'-AGGG(TTAGGG)z-3'. The results
showed that the standard sedimentation coefficient (s;o.) of HT-DNA starts to increase when the
concentration of potassium ions (Cy+) is higher than 10.0 uM due to the formation of a G-quadruplex
through specific interactions. Whereas, for a control DNA, a higher C+ value of 1.0 mM was needed for
increasing s,ow due to non-specific interactions. Moreover, potassium ions could promote the
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formation of the G-quadruplex much more easily than lithium, sodium and cesium ions, presumably due
to its appropriate size in the dehydrated state and easier dehydration. The molar mass of DNA at
DOI: 10.1039/c6sm01010e different cation concentrations was nearly a constant and close to the theoretical value of the molar
mass of monomeric HT-DNA, indicating that what we observed is the structural change of individual
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Guanine-rich nucleic acids can fold into secondary structures
called G-quadruplexes, four stranded DNA structures formed by
stacked G-tetrad planes connected by eight Hoogsteen hydrogen
bonds."™ Human telomeres containing tandem repeats of
sequence d(TTAGGG) at their extreme 3’-end are the complexes
of DNA and proteins located at the ends of the chromosome,
which play important roles in protecting chromosomes from
fusion and degradation.'>*® Under near-physiological conditions
in vitro, telomere DNA sequences can fold into G-quadruplexes,
which have shown abilities to interfere with cell function and
may have a relationship with cell cancerization."”'® Until now,
numerous methods have been used to analyze the structure of the
human telomeric G-quadruplex in vitro, such as high-resolution
solution state NMR,>*"*' single crystal diffraction,® molecular
dynamics (MD) simulations,* circular dichroism (CD),”*>**2°

fluorescence,”?” differential scanning calorimetry (DSC),>*?°
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(AUC)"*%*° and so on.

The structure and stability of the human telomeric G-quadruplex
are determined by the concentration® and sequence®*" of DNA and
the nature and concentration of cations in solutions,” %>
ligands®®** and cosolvents.'*° Among these conditions, cations
play an important role. For example, HT-DNA can fold into an anti-
parallel G-quadruplex structure in the presence of sodium ions
while it forms a hybrid G-quadruplex in potassium ion solutions.**°
The increase in the concentration of cations can lead to an increase
in the stability of the G-quadruplex as revealed by DSC and CD
melting curves.”®*> In order to understand the effect of cations on
the G-quadruplex in detail, two interactions should be considered
separately, the specific interactions and non-specific interactions.
The specific interactions referring to the interactions between
the G-quadruplex and cations in the center of a G-quartet or
coordinated between two G-quartets are strongly related to the
hydration extent and the size of the cations,»** which are
analogous to those found in host-guest systems such as the
crown ethers.** These inner cations are all dehydrated ions and
can stabilize the negative electrostatic potential created by the
guanine O6 oxygen atoms within the quadruplex core.***®
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Besides the specific interactions, owing to the polyelectrolyte
nature of HT-DNA4, it is surrounded by a cloud of counterions,
which make up the non-specific interactions with HT-DNA. The
non-specific interactions should also have an influence on the
structure of the G-quadruplex.>®> However, until now only a few
results about the effects of these two different interactions
between cations and G-quadruplexes on the structure of
guanine-rich telomere DNA have been reported. For example,
using a fluorescent indicator to study the linkage between the K"
binding and folding of HT-DNA with a sequence of 5-AGGG
TTAGGGTTAGGGTTAGGG-3', Chaires et al. found that three K*
ions bind to each HT-DNA chain when the concentration of free
K' ions is 5 mM and the number increases to 8-10 when the
potassium ions concentration is 20 mM.*® Nevertheless, they
also mentioned that this method cannot distinguish specific
and non-specific binding from each other.

Analytical ultracentrifugation (AUC) is a powerful method to
study the structural and hydrodynamic properties of nucleic
acids.”?*3%47753 In a centrifugation field with a suitable rotation
velocity, the instrument records the sedimentation and diffusion
processes of nucleic acids. The standard sedimentation coefficient
(S20w), hydrodynamic radius (R,) and weight-average molecular
weight (M) can be determined. Thus, AUC can be used to
characterize the influence of cations on the conformational
change of nucleic acids. In an interesting precedent, Le et al.
showed that the sedimentation coefficient of two G-quadruplex-
forming sequences increases with the K* ions.>* They mentioned
that the low sedimentation coefficients at a low potassium
concentration (25 mM) can be attributed to hydrodynamic
non-ideality.” Thus, it is difficult to distinguish the contribution
of a shift from a non-ideal solution to an ideal solution and from
specific and non-specific potassium binding.> In this study, with
a combination of AUC and CD, we investigated the effects
of different salts on the conformation of a human telomeric
DNA sequence 5'-AGGG(TTAGGG);-3" (HT-DNA) with 10.0 mM
tris(hydroxymethyl) aminomethane(Tris) to decrease the non-
ideality. Due to the specific interactions, HT-DNA starts to fold
from a random coil to a G-quadruplex structure when the
concentration of potassium ions (Cx+) is larger than 10.0 uM.
When Ck- reaches 1.0 mM, the folding of HT-DNA is complete
and the non-specific interactions start to work. Furthermore,
the effects of lithium, sodium and cesium ions on the for-
mation of quadruplex structures of HT-DNA were also studied.
The results show that K" can promote the formation of the
G-quadruplex much more easily, presumably due to its appropriate
size and easy dehydration.

Experimental section

Preparation of DNA aqueous solutions

A 22-mer HT-DNA and a control DNA with sequences of
5'-AGGGTTAGGGTTAGGGTTAGGG-3’ and 5’-TTATCTATGCTG
TTACTCTGACTC-3" were synthesized and purified using high
performance liquid chromatography (HPLC) by Sangon Biological
Engineering Technology and Services (Shanghai, China). The most
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important criterion for choosing the control DNA is that the
control DNA cannot form a secondary structure in our study.
Oligonucleotides were used as received and dissolved in 10.0 mM
tris(hydroxymethyl)Jaminomethane (Tris)-HCl buffer solution
(pH = 7.5) to give a stock solution with a concentration of
~50 uM. The DNA stock solution was heated to 95 °C for
5 min, and then slowly cooled down to room temperature.
The stock solution was stored at —20 °C for future use. The
concentrations of DNA were determined at 260 nm using a
UV-vis spectrophotometer (UV-2802PCS, UNICO, Shanghai)
with appropriate molar extinction coefficients at 260 nm
(228.5 mM ™" em™ " for HT-DNA, and 216.1 mM ' ecm™ ' for
control DNA, the values are calculated at http://biophysics.
idtdna.com/UVSpectrum.html). Ultra-pure Milli-Q water with a
resistivity of 18.2 MQ c¢m used in all experiments was purified by
filtration through a Millipore Gradient system after distillation.
Tris(hydroxymethyl) aminomethane (Tris) (99%), concentrated
hydrochloric acid (37.5%), lithium chloride (LiCl, 99%), sodium
chloride (NaCl, 99%), potassium chloride (KCl, 99%) and cesium
chloride (CsCl, 99%) from Sinopharm were used as received. The
DNA solutions for sedimentation velocity and circular dichroism
experiments were diluted from the DNA stock solution by 10.0 mM
Tris-HCI buffer solutions with appropriate concentrations of salts
(LiCl, NaCl, KCl or CsCl).

Circular dichroism (CD)

CD spectra were recorded on a JASCO ]J-810 spectrometer using
a 1 mm path length quartz cuvette. The final concentration of
the oligonucleotide was 8.0 pM in 10.0 mM Tris-HCI buffer
solution (pH = 7.5) with different concentrations of salts. For each
sample, the measurements were performed at room temperature
from 200 to 320 nm with a scanning rate of 100 nm min~" and
each final spectrum was the average of three scans. The scans of
the buffer alone containing the same concentration of salt were
measured under the same experimental conditions and used as
the background correction.

Sedimentation velocity experiments

Sedimentation velocity (SV) experiments were performed on a
Proteomelab XL-A/I analytical ultracentrifuge (Beckman Coulter
Instruments) with an An-60 Ti 4-hole rotor assembled by three
cells and a counterbalance. UV-vis absorbance optics was used
in this study to monitor the sedimentation and diffusion
processes of DNA. Before each measurement, a volume of
400 pL of DNA solution with different concentrations of salts
and a 410 pL of corresponding buffer without DNA as the
reference were loaded into the cell assembled by a two-sector,
charcoal-filled Epon centerpiece and two quartz windows. All
experiments were conducted at 20.0 °C with a rotational speed
of 58000 rpm at a wavelength range of 260 to 300 nm. The
criterion for selecting the appropriate wavelength is that the
absorbance should be in the range of 0.5 and 1.0. About 250 scans
for each cell were collected during each SV experiment and
analyzed by SEDFIT using a continuous distribution ¢(s) model
which can separate the effects of diffusion and sedimentation of
the solute.”>>’ In the SEDFIT software, the maximum entropy
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regularization which follows the CONTIN method provided by

Provencher®®® is used to solve the Lamm equation (eqn (1)).
dc 10 dc 5,5
Ef;E{%DE—wrsc] (1)

where ¢, r, t, w, s and D are the concentration of the solute,
radial distance from the axis of rotation, sedimentation time,
angular velocity, sedimentation coefficient and diffusion
coefficient, respectively. With the combination of the Svedberg
equation and the Stokes-Einstein equation:

7S~kB~NA~T
M= =vp) @)

ks T kg-T
p=t8- 1 _ 3
S 61N Ry G)

we can obtain the information of molar mass M and hydro-
dynamic radius Ry, where the kg, Na, T, ps, 7, fand # refer to the
Boltzmann constant, Avogadro’s number, absolute temperature,
solvent density, partial specific volume of the solute, frictional
coefficient, and solvent viscosity, respectively. Herein, we measured
the value of the partial specific volume (7) of DNA in different
salt solutions by the density contrast sedimentation velocity
according to Schuck et al®® The measured values of U are
0.55 ml g~ ' for K/DNA, Na/DNA, Li/DNA and Tris/DNA and
0.47 ml g~' for Cs/DNA when the concentration of CsCl
is higher than 1.0 mM, which are similar to the earlier
reports.>>®"% To eliminate the effect of different solvents on
the sedimentation coefficient, the experimental sedimentation
coefficient (Sy9exp) can be easily converted to the standard
conditions (s,0) by means of eqn (4)**

Mos \ {1 — VP2ow
20w = $20exp | —— | | ——=—"— (4)
" P (ﬂzo,w) (1 - szoAs>

where Syoexp and S0, are the experimental sedimentation
coefficient and the standard sedimentation coefficient in water
at 20.0 °C, respectively. 20, Haom, P20 aNd Pagyy are the viscosity
and density of solvent and water at 20.0 °C, respectively.

Results and discussion
The effect of potassium ions on the conformation of HT-DNA

Both nuclear magnetic resonance (NMR) and laser light scattering
(LLS) can be used to determine the structural and hydrodynamic
properties of DNA, while the concentration needed in these
experiments is relatively high. DNA chains may form dimers,
trimers and multimers at high concentrations, and thus it is
difficult to study a single-molecule behavior with these two
techniques.’*> Moreover, the fluorescence method can be used
to study the single molecular behavior because of its high
sensitivity, however, the labeling with extrinsic fluorophores
or the substitutions of 2-aminopurine for adenine bases might
influence the structural properties of DNA.?>?*”% In this study,
we use analytical ultracentrifugation (AUC) to study the hydro-
dynamic properties of human telomere DNA (HT-DNA) in
different salt solutions as AUC is a powerful technique to
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Fig.1 Normalized sedimentation coefficient distribution of (a) HT-DNA

and (b) control DNA at different concentrations of KCl, where the

concentrations of HT-DNA and control DNA were 2.0 uM.

investigate the solution properties of biomacromolecules with-
out labeling.”?¢3947733:66°%% After loading sufficient data to
SEDFIT (version 14.1),>>°° we chose the continuous distribution
¢(s) model with maximum entropy regularization to fit the data
and the standard sedimentation coefficients (sy,,), diffusion
coefficients (D) and weight-average molecular weights (M)
can be obtained. Fig. 1 shows typical standard sedimentation
coefficient distributions of HT-DNA and control DNA in 10.0 mM
Tris-HCI buffer solutions (pH = 7.5) with different concentrations
of potassium ions (K'), where the concentration of each DNA was
kept at 2.0 uM. Each unimodal distribution of s,o with a
molecular weight (M,,) of about 7.0 x 10> g mol " indicates a
single-molecule behavior. Moreover, both s,,, of control DNA
and HT-DNA increase with the concentration of K', but
the change in S0, of HT-DNA is larger than that for control
DNA because of the additional conformational change from a
random coil to the G-quadruplex structure.

To determine the structural change of HT-DNA with the
increasing concentration of KCl, the CD spectra of HT-DNA
with different concentrations of KCI were measured, as shown
in Fig. 2. We increased the concentration of HT-DNA to 8.0 pM
to obtain a good signal-to-noise ratio in CD measurements.
Note that there is no change in the standard sedimentation
coefficient induced by KCl at two concentrations of DNA
(2.0 uM and 8.0 puM), as shown in the ESIt (Fig. S1). Fig. 2
shows that a strong positive peak near 290 nm with a shoulder
peak around 270 nm and a smaller negative peak around
235 nm are observed with the increasing concentration of K*,
indicating the formation of a hybrid-type G-quadruplex, which
is consistent with earlier reports.”>’®”* For control DNA, the CD
spectra do not change with the increasing concentration of K,
indicating no conformational change, as shown in the ESI} (Fig. S2).
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Fig. 2 CD spectra of the K*-induced G-quadruplex of HT-DNA in a buffer
solution (10.0 mM Tris—HCL, pH = 7.5) at 25 °C, where the concentration of
HT-DNA was 8.0 pM.

Fig. 3(a) shows the influence of the K™ concentration ranging
from 0 to 1.0 M on the structural change of HT-DNA in detail.
As a control, the standard sedimentation coefficient of a random
sequenced-DNA in the presence of different concentrations of
KCI was also measured. We can divide the whole region into
three subregions, respectively. In subregion I, there is no change
in 8,4 of both HT-DNA and control DNA with the increase in Ck-.
Sp0,w Of HT-DNA increases with Cy- in subregion IL. s, , of control
DNA only starts to increase in subregion III when the Cg- is
higher than 1.0 mM. It is known that polynucleotides as polyions
exhibit polyelectrolyte properties in aqueous solutions in the
presence of salts, so the counterions will condense onto the
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Fig. 3 (a) KCl concentration dependence of the standard sedimentation
coefficient of HT-DNA and control DNA. (b) Normalized CD signal and
standard sedimentation coefficient as a function of KCl concentration,
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DNA chains to decrease the electrostatic repulsive interactions
between phosphate groups of polynucleotides.”>”* Moreover,
the increase in the amount of the counterions can lead to an
increase in the degree of adsorption of counterions and thus a
decrease in the size of the polyions.”*””® Nevertheless, there is
no increase in sy, of control DNA until the concentration of K"
is above 1.0 mM, as shown in Fig. 3(a). Similarly, Sauer et al.
reported that the addition of NaCl has no effect on the counter-
ion condensation of a poly(T) when the NaCl concentration is
smaller than 1 mM as the solution contains 10 mM sodium
phosphate.”” Thus a small amount of K" less than 1.0 mM
added into the system containing 10.0 mM Tris has no obvious
effect on the counterion condensation and the standard sedi-
mentation coefficient of control DNA. However, s, of HT-DNA
starts to increase with Cx+ when Cy- is higher than 10.0 pM which
is much smaller than 1.0 mM. For HT-DNA, besides the non-
specific electrostatic interaction which weakens the electrostatic
repulsion between nucleotides, specific interactions between the
dehydrated cations and O6 of guanine also exist.>® The specific
interactions stabilize the G-tetrad formed by four guanines and
promote the formation of the intra-molecular G-quadruplex
accompanying an increase in s, with a small K" concentration
of ~10.0 pM, which was also verified by CD experiments.

To visually distinguish the different contributions of specific
and non-specific interactions to o, of HT-DNA, Fig. 3(b)
shows the normalized signals of CD and s, .. With the increase
in K concentration the CD signal of HT-DNA increases and
levels off when the concentration of K is larger than 1.0 mM,
indicating that the folding process is complete, which is similar
to the results reported by Chaires et al.*® Thus, the increase in
S20w Of HT-DNA in the subregion II is due to the formation of
the G-quadruplex. In the subregion III, the increase in s, of
HT-DNA and control DNA is presumably due to the non-specific
interactions between phosphate groups and K', which make
the sedimentation of DNA much faster.

The effects of specific cations on the formation of the
G-quadruplex

Fig. 4 shows the standard sedimentation coefficient distributions
of HT-DNA in 100.0 mM LiCl, NaCl, KCI and CsCl solutions. The
unimodal distribution indicates a unimolecular behavior of
HT-DNA upon addition of these salts. A significant difference
in 50, in the presence of different salts is observed, which will
be discussed as follows. First of all, from the Svedberg equation,
we know that the sedimentation coefficient of macromolecules
is proportional to buoyant mass [M;, = M(1 — pg)] divided by
the hydrodynamic radius of the macromolecules. Note that
the influence of the density and viscosity of the solvent is
eliminated by the use of the standard sedimentation coefficient.
By fitting the sedimentation data to the continuous distribution
¢(s) model with SEDFIT, we can obtain the values of M,, and Ry,
with the relative standard errors less than 5%.”® Since the
molecular weight of cations decreases in the order Cs' >
K" > Na' > Li', M,, of HT-DNA decreases in the order M, csci
(8.0 x 10°> g mol ") > M, xa (6.9 x 10° g mol ') & M, naci
(7.0 x 10°* g mol ™) & My, 1ici (6.7 x 10° g mol ™). As reported by
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Fig. 4 Normalized standard sedimentation coefficient (s,o,) distributions
of HT-DNA in different salt aqueous solutions, where the concentrations
of HT-DNA and each salt were 2.0 uM and 100.0 mM, respectively.

Hearst et al., the density of Cs/DNA (2.09 g m1™") is higher than
the density of K/DNA (1.78 g ml™ '), Na/DNA (1.80 g ml™ ') and
Li/DNA (1.78 g ml™").°" Thus, My csa1 > Mpxa ® Mpyac ~
M, 1ic1- Moreover, the hydrodynamic radius of HT-DNA in each
salt solution obeys the order Ry, y;c (1.52 nm) = Ry, cscp (1.52 nm)
> Rnnacal (1.43 nm) > Ry, ke (1.34 nm). Second, the so-called
secondary salt effect, which refers to a new electric field created
by the salt ions due to the different sedimentation rates of
various ions, should also be considered, where the secondary
salt effect obeys the order CsCl > KCl > NaCl > LiCL”° Thus,
with the combination of these effects mentioned above, we have
Scsal > Skcl > Swacl > Siicl With the same salt concentration of
100.0 mM.

The CD spectra of HT-DNA in 100.0 mM LiCl, NaCl, KCl and
CsCl solutions were also measured, as shown in Fig. 5. In
contrast to the hybrid-type G-quadruplex formed in the
presence of 100.0 mM K, as shown in Fig. 2, Fig. 5 shows a
positive peak at 295 nm and a negative peak at 265 nm with the
addition of 100.0 mM Na*, which is characterized in a basket-
stranded G-quadruplex according to the previous studies.””® For
Li" (or Cs"), a positive peak located at 295 nm is also observed,
while its signal is much weaker than that for Na" and K'.

Furthermore, the structures of HT-DNA in different salt
solutions with the concentration ranging from 0 to 1.0 M were
measured by CD (the data are not shown). The intensity curves
of CD signals at characteristic wavelengths (290 nm for the KCl
solution and 295 nm for the other three salt solutions) are
shown in Fig. 6. Without the addition of a salt, the CD signal of
HT-DNA is around 0, indicating a random coil conformation.*>”°
The gradually increased signal with increasing salt concentration
indicates the formation of the G-quadruplex. As discussed in
Fig. 3(b), HT-DNA starts to fold with the addition of 10.0 uM KCl
and the folding completes when the concentration of KCI
increases to 1.0 mM. From Fig. 6, we can also see the folding
process of HT-DNA in other three salt solutions. With the
addition of NaCl, the CD signal starts to increase at 100.0 UM,
and then the signal reaches its maximum and levels off with a
further increase in salt concentration when the concentration of
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Fig. 5 CD spectra of the cation-induced G-quadruplex folding in the
presence of different cations in a buffer solution (10.0 mM Tris/HC|,
pH = 7.5) at 25 °C, where the concentration of HT-DNA was 8.0 uM.
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Fig. 6 Salt concentration dependence of the CD signal of HT-DNA in
aqueous solutions, where the concentration of HT-DNA was 8.0 uM.

NacCl is higher than 20.0 mM, indicating a fully folded structure.
Nevertheless, in the presence of LiCl or CsCl, the CD signal
only starts to increase when the concentration is higher than
1.0 mM, where the non-specific interactions are dominant as we
discussed before. The CD signal is still increasing when
the concentration of Cs' or Li' is already above 100.0 mM,
indicating that the folding of HT-DNA is not complete. The
different concentrations of each type of cation needed for
starting and complete folding of HT-DNA suggest the difference
in the ability of these cations to induce the formation of the
G-quadruplex.

Fig. 7 shows the salt concentration dependence of the
standard sedimentation coefficient and the percentage increase
in s, of HT-DNA (a) and control DNA (b). Fig. 7(b) shows s,
of control DNA is nearly a constant when the concentration of
each salt is smaller than 1.0 mM, and it starts to increase with
different extents with further addition of salts. To visually investigate
the change in s,0,, of HT-DNA (or control DNA) with the addition
of salt, we show the percentage increase in s,o, (f%) at the
right side of the Y axis, where f= (Saow — S20,w,0)/S20,,0 X 100.
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Fig. 7 Salt concentration dependence of the standard sedimentation
coefficient and the percentage increase in sxo (f%) of (a) HT-DNA and
(b) control DNA in aqueous solutions, where the concentration of each
DNA was 2.0 uM. f% is defined as (Sxow — S20,w,0)/S20.w,0 X 100 and Sxo.w,0
refers to sx0,.w Of HT-DNA (or control DNA) in the buffer solutions without
the addition of these four types of salts.

With the addition of 100.0 mM Cs', K, Na* and Li", the change
in 850, for control DNA is 56.8%, 16.4%, 13.1% and 6.3%,
respectively, which is due to the non-specific counterion con-
densation by noting that there is no specific interactions
between control DNA and salts. The different changes in s,
may be due to the different changes in buoyant mass My, and the
second salt effect, as mentioned in Fig. 4. For HT-DNA, the
minimum concentration of cations required to induce the
increase in s,0, follows the order K* (~10.0 pM) < Na'
(~100.0 pM) < Cs" =~ Li' (~1.0 mM), ie the ability of
cation-induced formation of the G-quadruplex follows the order
K" > Na" > Cs" ~ Li", which is consistent with the CD results
shown in Fig. 6. Previous reports also showed that the ability of
cations to induce the formation of the G-quadruplex is
different.*>*%" By the use of an ultrafast microfluidic mixer,
Liu et al. showed that the folding rate of the G-quadruplex
formed from (d(TTAGGG),) was more rapid in K' solution than
that in Na* solution.*® The dehydrated K" ion is more suitable
for the G-quartet than Na", not only because of a better fit size of
dehydrated K', but also due to the lower energetic cost of
dehydration of K'. Note that it was reported that the dehydrated
radius of ions obeys the order Li* < Na* < K" < Cs".5"®° The
results obtained from large angle X-ray scattering (LAXS) and
double difference infrared spectroscopy (DDIR) suggested that
the smaller lithium ion is more strongly hydrated than Na®,
K" and then Cs*.®® Therefore, it is more difficult for Li* to
dehydrate and then bind with the G-quadruplex due to its small
size and high extent of hydration.”>®* Furthermore, the size of
dehydrated Cs" is too large to fit the cavity of the G-quartet. The
main interactions between Li", Cs* and HT-DNA are non-
specific interactions, which are responsible for the increase in
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Fig. 8 Salt concentration dependence of the hydrodynamic radius of
(a) HT-DNA and (b) control DNA in aqueous solutions, where the concen-
tration of each DNA was 2.0 uM.

S20w When the concentration is higher than 1.0 mM, as shown in
Fig. 7(a). The percentage increase in sy, of HT-DNA in the
presence of 100.0 mM Cs', K, Na" and Li" is 69.6%, 33.4%,
25.0% and 10.3%, respectively. The changes in s, ,, for HT-DNA
are more pronounced than that for control DNA, which resulted
from the additional formation of the G-quadruplex.

The hydrodynamic radius (R,) is a critical property to
characterize the effect of cations on DNA. In SV experiments,
we can obtain the values of D and Ry, by fitting the sedimentation
data with SEDFIT. Fig. 8 shows the changes in R}, of HT-DNA (a)
and control DNA (b) with the increase in salt concentration. As
shown in Fig. 8(b), a larger R;, value indicates that the control
DNA with a small concentration of salts adopts a more extended
conformation in the solutions. When the concentration of each
salt reaches 1.0 mM, R}, decreases with the concentration of salt,
which is due to the non-specific interactions. The salt concen-
tration where the non-specific interactions start to work is in
good agreement with the value obtained from Fig. 7(b). The salt-
induced condensation of DNA is a common phenomenon in the
aqueous solutions of polyions. Using fluorescence correlation
spectroscopy (FCS), Sauer et al. studied the hydrodynamic
properties of polythymine in the 10 mM sodium phosphate
buffer solution, and they found that the hydrodynamic radius
(Ry) remains unchanged when the NaCl concentration is smaller
than 10 mM, and scales with concentration of added NaCl with
an exponent o = (—0.11 £ 0.01) when the NaCl concentration is
higher than 10 mM.”” Here, R;, scales with the salt concentration
as R, oc C* with the exponents for these four types of cations
between —0.043 and —0.051 and has a weak cation-dependence.
Note that the difference between the values of the exponents in
our study and the value (—0.11) reported by Sauer et al. may be
due to the different lengths and sequences of DNA samples
and/or the species of buffers.

This journal is © The Royal Society of Chemistry 2016
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Fig. 8(a) shows that the trends of R}, with the increasing
concentration of salt are different from that for control DNA.
With the addition of cations, the R} value of HT-DNA first
slightly increases, which might reflect that there are some
intermediate structures during the early folding process or
the interaction between guanine and cations is different from
the interactions between other nucleobases and cations by
noting that there is no increase in Ry of control DNA at low
cation concentration (1.0 pM-1.0 mM). Using the molecular
dynamics simulations to study the interactions between cations
and a double-stranded DNA, Shen et al. showed that K" and
Cs" have a much stronger ability to coordinate to guanine.®”
Further addition of salts leads to a decrease in Ry, which is the
result of the formation of the G-quadruplex and the decrease in
the intramolecular electrostatic repulsion as discussed before,
and the concentration required to induce a decrease in R}, of
each cation obeys the order K* (~10.0 uM) < Na' (~100.0 pM)
< Cs" ~ Li" (~1.0 mM). The difference in the critical concen-
tration of these salts is due to the specific interactions, which
has been mentioned in Fig. 7. Moreover, in contrast to control
DNA, the value of R;, of HT-DNA has a significant cation-
dependence. For example, as shown in Fig. 8(a), when the salt
concentration reaches 100.0 mM, the value of HT-DNA in each
salt solution obeys the order Rhcsci ® Rhrici > RhNaci >
Ry xc1- Here, the different R, may be due to the different
conformations of HT-DNA exhibited in the different salt solutions,
which are characterized by CD as shown in Fig. 5 and 6. And it was
also reported that the G-quadruplex formed in the KCI solution is
more compact than that in the NaCl solution,” which is in good
agreement with our results. From Fig. 6, we know that HT-DNA is
fully folded in the 100.0 mM NacCl and KClI solution while it is not
fully folded in the presence of 100.0 mM LiCl and CsCl.

Fig. 9 shows the changes in the molecular weight of HT-DNA
(a) and control DNA (b) determined by the Svedberg equation

12 —+
(a) HT-DNA
8l el o
. S K
g =—{3-Cs
gy K
en 4%} —/—Na"
o —ZLi'
= 12
Ny (b) Control DNA
B
E gm——o—a—g%;;
—{Cs
=K
4t —/~Na'
=/~ Li'

0.00 10° 10" 10* 10° 10* 10’ 10°
Csalt / HM

Fig. 9 Salt concentration dependence of M,, of (@) HT-DNA and (b) control
DNA in aqueous solutions, where the concentration of each DNA was 2.0 pM.
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Fig. 10 Schematic diagram of the effects of K* on the conformation of
HT-DNA.

(eqn (2)) with the increase in concentration of Cs*, K*, Na* and
Li". In the buffer solution without any addition of salt, with
Tris" as the counterion, the apparent molecular weight of
HT-DNA and control DNA is 7.5 x 10° g mol ' and 8.2 x
10% g mol ', respectively. For both DNA chains, there is a small
change in molecular weight when the addition of salt concen-
tration is smaller than 1.0 mM. While, when the concentrations
of KCl, NaCl and LiCl are larger than 1.0 mM the counterions
gradually change to K', Na" and Li’, respectively. Hence, the
apparent molecular weight of HT-DNA decreases accordingly,
as shown in Fig. 9(a) and (b). With the increasing concentration
of Cs" with a similar molecular weight of Tris®, the molecular
weights of HT-DNA and control DNA remain essentially
unchanged. Furthermore, the M,, of HT-DNA over the whole
salt concentration range is similar to the true molecular weight
of monomeric HT-DNA4, indicating an intramolecular con-
formational change and that there are no dimers and multimers
in our system. Fig. 10 visually demonstrates the effects of K" on
the conformation of HT-DNA.

Conclusions

The interactions between the G-quadruplex and cations in the
system are very important to the structure of the G-quadruplex. By
a combination of AUC and CD, we studied the effects of K on the
conformation of HT-DNA and control DNA. For control DNA, the
minimum concentration of K* used to induce an increase in s
and a decrease in Ry, is about 1.0 mM, which is due to the non-
specific counterion condensation. 10.0 uM K' can induce an
increase in $,0,, and a decrease in Ry, of HT-DNA due to the specific
interactions. The results suggested that the specific interactions
work prior to the non-specific interactions in our system containing
10.0 mM Tris. Moreover, the M,, of HT-DNA obtained from s, and
Ry, is similar to the true molecular weight of HT-DNA, suggesting an
intra-molecular folding. Furthermore, the studies of the effects of
the species of cations on the folding of HT-DNA show that the ability
of cations to induce the formation of the G-quadruplex we studied

+

obey the order K > Na" > Cs" ~ Li".
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