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ABSTRACT

Telomeric G-quadruplexes (G4s) are non-canonical DNA structures composed of TTAGGG repeats. They are extensively studied both as
biomolecules key for genome stability and as promising building blocks and functional elements in synthetic biology and nanotechnology.
This is why it is extremely important to understand how the interaction between G4s is affected by their topology. We used small-angle
x-ray scattering to investigate the end-to-end stacking of antiparallel telomeric G-quadruplexes formed by the sequence AG3(T2AG3)s.
To represent the experimental data, we developed a highly efficient coarse-grained fitting tool, which successfully described the sam-
ples as an equilibrium mixture of monomeric and dimeric G4 species. Our findings indicate that the antiparallel topology prevents the
formation of long multimeric structures under self-crowding conditions, unlike the hybrid/parallel structures formed by the same DNA
sequence. This result supports the idea that the stacking of monomeric G-quadruplexes is strongly affected by the presence of diagonal
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loops.
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I. INTRODUCTION

G-Quadruplexes (G4s) represent a unique and fascinating class
of non-canonical nucleic acid secondary structures that are prone to
form in G-rich DNA/RNA sequences. These structures arise from
the stacking of two or more G-quartets, formed by the association of
four guanine bases through Hoogsteen hydrogen bonding. = The
nucleotides that are not engaged in the Hoogsteen networks par-
ticipate in the formation of loops bridging the extremal tetrads.
Coordination of a central cation with the O6 atoms of the guanine
bases is essential to the stability of the structure. A distinctive feature
of G4s is their structural polymorphism, which is embodied in the
diversity of their possible conformations depending on the specific
nucleotide sequence and the environmental conditions.”” Based on

the relative orientation of the G-tracts in the 5'-3’ direction, G4s
can be classified as parallel, antiparallel, and hybrid™" (see Fig. 1).
In the parallel topology, all the G-tracts run in the same direction,
whereas in the antiparallel topology, two adjacent G-tracts run in
opposite directions. The hybrid conformation combines features of
both parallel and antiparallel arrangements. Two parallel G-tracts
are usually connected by external (or propeller) loops, while two
antiparallel G-tracts are connected by lateral loops if they are con-
tiguous and by diagonal loops if they are on the opposite side of the
G-quartet.

Putative G4-forming sequences are widespread in the human
genome.” Nevertheless, their higher concentration in specific loca-
tions, such as gene promoters and telomeric regions, suggests
their involvement in significant biological processes such as gene
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FIG. 1. Schematic representation of parallel (a), antiparallel (b), and hybrid (c) G4
topologies. (d) Chemical representation of the G-tetrad.

expression and telomere maintenance. ™" Indeed, it was shown
that, when G4s are not properly unwound by helicases, issues
such as telomeric lagging strand defects and slowed replication
through telomeres in combing assays arise.” Moreover, the distinc-
tive physico-chemical properties of these structures have led to the
development of numerous applications in the fields of materials sci-
ence and nanotechnology. In particular, the strong dependence of
G4 stability and topology on the type and concentration of cations in
solution makes them well-suited for use as switchable components
in molecular machines and programmable nanostructures.

At present, the vast majority of studies on G4 structures are
concerned with their monomeric state. Cellular nuclei, however, are
highly crowded environments, and putative G4-forming sequences
may be located in DNA regions quite close to each other.”” ' There-
fore, the interactions between different G4 sub-units might lead
to multimeric higher-order structures under physiological condi-
tions."” Even though base-pairing is the most common mechanism
leading to the multimerization of nucleic acids, stacking interactions
at the level of extremal tetrads are also known to induce the for-
mation of self-assembled G4 aggregates. The length of the resulting
higher-order structures might vary from a few G4s (mainly dimers
and trimers) to a few hundred G4s in the case of G-wires.”
At the telomeric level, the biological role of multimeric struc-
tures has been associated with protein recognition and telomerase
processing.” In addition, the presence of multimeric G4 struc-
tures has been linked with neurological disorders.”’ Furthermore,
a deeper understanding of stacking interactions and self-assembly
of G4 sub-units could play a crucial role in the fabrication of
well-ordered nano-networks.”' Indeed, well-ordered DNA nano-
networks have emerged as promising platforms in nanotechnology
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due to their unique structural properties and programmability.””*’
High-ordered G4s could be designed with precise control over size,
shape, and functionality. These networks can offer a versatile frame-
work for various applications, including drug delivery, biosensing,
and nanoelectronics.

In a recent study, we have investigated the multimerization
of the model human telomeric sequence AG3(TTAG3); (Tel22) in
K* solution, as induced by self-crowding.”* For this purpose, we
introduced a novel approach combining Extremely Coarse Grained
(ECG) Monte Carlo Simulations and Small Angle X-ray Scattering
(SAXS) experiments. Our results showed how stacking interactions
at the level of the extremal tetrads lead to the formation of aggre-
gates characterized by an exponential chain length distribution.
Furthermore, we observed an increase in the fraction of paral-
lel structures, along with a decrease in the syn-anti and diagonal
+ lateral loop structural components, upon increasing the average
multimer chain length. Here, we report the results of SAXS measure-
ments performed to investigate the effect of self-crowding on the
multimerization of Tel22 in Na* solution and to further elucidate
the subtle interplay between G4 topology and self-assembly induced
by stacking interactions. In contrast to the case of Tel22 (K*),
Tel22 (Na*) is expected to adopt a mainly antiparallel topology.””*’

In order to accurately reproduce the obtained SAXS profiles, we
developed an ECG fitting tool specifically designed to identify the
multimeric geometry that optimally reproduces the SAXS data. We
observed that the antiparallel arrangement inhibits the formation
of extensive multimeric structures under self-crowding conditions,
unlike the hybrid/parallel structures formed by the identical DNA
sequence.

Il. MATERIALS AND METHODS
A. Sample preparation

The lyophilized human telomeric sequence Tel22 was pur-
chased from Eurogentec (Seraing, Belgium) and dissolved in a
50 mM phosphate buffer at pH 7, 0.3 mM EDTA, and 150 mM
NaCl. A stock solution with a DNA concentration of C ~ 13 mM
was annealed by heating up to 95° and then slowly cooling down
to room temperature. The solution was left overnight at room tem-
perature. Subsequently, centrifugation of the solution at 15 °C and
15000 rpm for 120 s was performed. At this point, three solutions at
C=0.6 mM, C=1.2mM, and C = 4.5 mM were prepared from the
centrifuged solution. The molarity of the solutions was determined
by UV absorption spectroscopy, using a molar extinction coefficient
£=228500 M~' cm™ at 260 nm. Finally, the three solutions were
further annealed and left at room temperature overnight. This pro-
cedure was employed in our previous work to obtain the formation
of aggregates in the case of Tel22 (K*).”

In order to obtain a Tel22 sample in the purest possi-
ble monomeric state, a solution with a DNA concentration of
C = 1 mM was annealed using the same buffer. Subsequently, Size
Exclusion Chromatography (SEC) was performed using an equili-
brated Superdex 75 16/600 column kept at a constant flow rate of
0.5 ml/min. The loading concentration and injection volume of
the sample were, respectively, C = 1 mM and V = 300 ul. After
collecting the monomeric fraction, UV absorption spectroscopy
measurements were performed to assess the molarity of the solution,
which resulted to be C = 62 uM.
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B. SAXS experiment

The SAXS experiment was performed at the BM29 beamline
at the European Synchrotron Radiation Facility (ESRF) in Greno-
ble, France. The incident energy was 12.5 keV (incident wavelength
0.099 nm), and the scattering vector range was [0.044-5.21] nm~.
All the patterns were acquired at temperature T = 20 °C, and the
buffers were also measured in order to perform a proper subtraction
of the solvent contribution to the sample environment.

C. Circular dichroism experiment

Circular Dichroism (CD) measurements of Tel22 (Na™) at con-
centrations C = 62 yM, C = 0.6 mM, C = 1.2 mM, and C = 4.5 mM
and of the Tel22 SEC monomer were performed using a Jasco J-810
spectropolarimeter in 0.01-0.1 mm path length quartz cells. Spectra
were collected in the range from 220 to 330 nm with a scan speed of
50 nm/min. All the CD profiles were acquired at room temperature.
CD data were expressed as the difference in the molar absorption Ae
M~ cm™'] of the right- and left-handed circularly polarized light.

D. Polyacrylamide gel electrophoresis (PAGE)

Native 20% PAGE gels were prepared with 29:1 acry-
lamide/bisacrylamide solution and 1x TBE (Tris-Borate-EDTA),
pH 7.0. Gels were run at 4 °C and 120 V for 1 h. Oligonucleotide
samples annealed at 0.6, 1.2, and 4.5 mM concentrations were
diluted to 20 or 50 uM concentration in a 50 mM phosphate buffer
at pH 7.0, supplemented with 0.3 mM EDTA and 150 mM NaCl. A
solution of glycerol/TBE was added (10% final) to facilitate sample
loading into the wells. Bands were visualized by UV shadowing at
254 nm.

E. ECG fitting

For the analysis of the SAXS data presented in this work, we
propose a novel ECG fitting tool. The normalized SAXS intensity
corresponding to an arrangement of simple geometric sub-units
is reproduced in a computational cost-effective manner. This is
achieved by randomly generating N scattering points with uniform
number density within the geometric sub-units.”""" A histogram
containing the distribution of the distances between all possible pairs
of points, which corresponds to the pair distance distribution p(r),
is then generated, and the normalized form factor is calculated as

Npins
2 p(ri)sin (Qri)/(Qri)
Pnorm(Q) = £ Nome > (1)
z p(ri)

where Ny, is the number of bins in the p(r) histogram, r; is the
ith entry, and Q is the momentum transfer.”” Our algorithm is cur-
rently limited to hard cylinder (HC) sub-units but, in principle,
could be extended to other geometrical shapes. The various HC
sub-units used to construct the fitting model can be translated and
rotated with respect to each other to obtain any arbitrary configura-
tion in the three-dimensional space. Subsequently, we implemented
a Levenberg-Marquardt algorithm for nonlinear least squares curve-
fitting that allows us to identify the HC geometric configuration that
best reproduces the experimental SAXS intensity.
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F. Fitting models

The SAXS signals of the samples at C = 0.6 mM and
C = 1.2 mM concentrations were fitted using a model consisting
of a monomer-dimer mixture. The dimer, which is composed of
two HCs with radius R and length L, is obtained by aligning the
two sub-units on top of each other at distance d = 0.5R between the
centers of the extremal bases and then rotating the top HC so that
the two central axes form a tilting angle a. A cartoon representation
of the model is reported in Fig —4(c). By denoting the contri-
butions of the monomeric and dimeric form factors, respectively,
with Py (Q) and Piin"(Q), the overall SAXS intensity can be
expressed as

1(Q) = CN4(89)* Vinon[ foronPrion (Q) + 2(1 = fonon) P (Q) ],
2)

where N, is Avogadro’s number, Ap is the scattering length density
contrast, Vo is the monomer’s volume, and fyon is the fraction of
HCs in the monomeric state. The radius R and height L of the HCs,
which are supposed to be the same in monomers and dimers, were
used as fitting parameters along with fon.

At the highest investigated concentration (C = 4.5 mM), repul-
sive interactions between the scattering particles were observed.
Therefore, Eq. (2) was modified to take into account inter-particle
correlations. This can be done by introducing partial static struc-
ture factors describing monomer-monomer, monomer-dimer, and
dimer-dimer interactions. The present analysis, however, revealed
that only a small fraction (namely less than 5%) of the G4 sub-units is
involved in the formation of dimers, thus leading to negligible devi-
ations from unity for the monomer-dimer and dimer-dimer partial
structure factors.”’ As a consequence, only monomer-monomer
interactions were taken into account and the SAXS intensity of the
C = 4.5 mM sample was modeled as follows:

1(Q) = CN4(Ap)* Vion| finonS'(Qs phi, D) Prsa™(Q)
+2(1 = fmon)Piim (Q)]» 3)

where S'(Q; ¢,D) is a corrected structure factor that is usually
employed in the case of non-spherically symmetric scattering par-
ticles.” By denoting the orientational average of the scattering
amplitude of a HC as (f(Q)), S’ (Q; ¢, D) takes the following form:

@I
S(Q’¢>D)—l+m(5PY(Q,¢,D) 1). (4)

The expression for the monomer-monomer structure factor
Spy(Q; ¢, D), which was used in the present work, is that of the hard
sphere repulsive potential.”* ¢ denotes the particles’ volume fraction
in the solution, and D is the hard sphere diameter.

I1l. RESULTS AND DISCUSSION

As already observed in the literature, the secondary structures
of Tel22 (Na*) and Tel22 (K*) in diluted solutions are quite dif-
ferent, being prevalently antiparallel and hybrid, respectively (see
Fig. S1a). The different behavior of the Tel22 sequence in the
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FIG. 2. Comparison between the CD spectra of Tel22 in K* (green) and Na* (brown) solutions at (a) C = 0.6 mM, (b) C = 1.2 mM, and (c) C = 4.5 mM concentrations.

presence of the two cations is even more evident when the DNA con-
centration is increased, as shown in the CD spectra reported in Fig. 2.
In the case of Tel22 (Na*), the distinctive markers of the antiparallel
topology, i.e., amaximum at ~295 nm and a minimum at ~260 nm,
can be identified for all the samples. The intensity of both these
features only displays slight changes with increasing concentration;
therefore, no major conformational differences among the samples
can be inferred. This finding is in contrast to the case of Tel22 (K*),
where a clear shift from the hybrid toward the parallel topology was
observed as a function of concentration, as witnessed by the fact that
the shoulder at 265 nm becomes the dominant peak with respect to
the maximum at 290 nm.

One can wonder whether the observed topological differences
of Tel22 in the two ionic environments are related to the multimer-
ization properties of the involved G4s. SAXS is a particularly suitable
technique to answer this question, as it is able to probe the structural
properties of biomolecules in the nanometer scale.

In Fig. S1b, a comparison between the SAXS signals of the
Tel22 (Na*) and Tel22 (K*)** monomers is reported. Remark-
ably, the signals superimpose quite well onto each other, suggesting
that the G4 monomeric units in the two ionic environments have

approximately the same dimensions within the experimentally
accessible space resolution. This result highlights the difficulty of
distinguishing the different topologies of G4s with SAXS. As shown
in Fig. S2, the experimental data are reproduced very well for Tel22
(Na*) by a Hard Cylinder (HC) form factor with the correspond-
ing values for the radius Ryon = 1.02 £ 0.02 nm and for the height
Lmon = 3.1 £ 0.3 nm. These values are very similar to those found
for Tel22 (K™). It is worth noting that, using the HC shape is equiv-
alent to describe the G4 monomer as a homogeneous biomolecule.
Actually, in the past, the G4 SAXS form factor has been accurately
approximated with a core-shell cylinder model, with an inner core
representing the cavity containing the central cations and an outer
shell describing guanines, hydrated sugar, and phosphate groups.
We verified that this model provides an equivalent reduced chi-
squared value as the HC model when fitting the SAXS data of G4
monomers. For this reason, to maintain the ECG fitting method as
efficient as possible, we adopted the latter, which employs a lower
number of parameters.

As for the samples annealed at high DNA concentrations, the
corresponding SAXS intensities are reported in Fig. 3 for both ionic
environments at C = 0.6 mM [panel (a)], C = 1.2 mM [panel (b)], and

(2)

0.1

C=0.6 mM C=4.5mM
= "V Tel22 (K e Tel22 (K e ool Tel22 (K
S f 3] .
= Tel22 (Na") = 00f Tel22 (Na") = Tel22 (Na")
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FIG. 3. Comparison between the SAXS curves of Tel22 (K*) (green) and Tel22 (Na*) (brown) solutions at (a) C = 0.6 mM, (b) C = 1.2 mM, and (c) C = 4.5 mM. The SAXS
curve of Tel22 (Na™) at C = 62 uM (black dashed line) is also reported to highlight any significant deviation from the monomeric state. The curves of Tel22 (K*) and Tel22
(Na*) C = 62 uM have been rescaled by an arbitrary factor to better emphasize the differences in shape with Tel22 (Na*). The gray area highlights the high-Q region, where

all the curves overlap with each other.
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C = 4.5 mM [panel (c)]. The quite good overlap of the curves in the

high-Q region (gray areas in Fig. 3) once more suggests that the over-
all shape of the G4 sub-units is similar in the two ionic environments
at all the investigated concentrations. In the low-Q region, however,
striking differences can be noticed. In Tel22 (K*), there is an observ-
able excess of scattering over the monomeric plateau, whereas this
phenomenon is absent in Tel22 (Na*). These differences indicate
that the formation of exponentially distributed aggregates observed
in the K* solution does not occur in the presence of Na*. In
light of the CD results, the current findings support the hypothesis
according to which antiparallel G4s possess a loop geometry poten-
tially leading to hindered stacking interactions between extremal
tetrads.”

To provide a quantitative interpretation of the SAXS data, we
developed an ECG fitting tool capable of incorporating contribu-
tions from multiple HC sub-units (see Sec. 1I). The SAXS profiles
of Tel22 (Na*) at C = 0.6 mM and C = 1.2 mM concentrations were
successfully reproduced using a model comprising a mixture of HC
monomers and dimers [see Eq. (2)], thus suggesting a weak level of
self-assembly. To improve the stability of the fitting procedure, we
set the radius R and length L for the HC sub-units of dimers equal to
those of the corresponding monomers. In addition, the tilting angle
o formed between the central axes of the two HCs in the dimer was
set to be equal to 20°, according to the results from our previous
work on Tel22 (K*).2

Meanwhile, the Tel22 (Na*) sample at C = 4.5 mM concen-
tration deserves particular attention. A careful examination of the
SAXS curve [Fig. 3(c)] reveals a slight drop of the scattered intensity
below the monomeric plateau in the low-Q region. This behavior,
which has already been observed in both proteins and nucleic acids,
is related to the presence of repulsive interactions between the scat-
tering particles.” *' The corrected structure factor S'(Q; ¢, D) can
be approximately retrieved by dividing the SAXS intensity by the
Tel22 monomeric form factor [see Eq. (3)] due to the fact that the
dimeric species is present for less than 5%. As shown in Fig. S3,
we successfully described the corrected structure factor by using the
analytical expression Spy(Q; ¢, D) for the Percus-Yevick approx-
imation in the case of the hard sphere potential.”” The excellent
agreement between S’ (Q; ¢, D) and Spy (Q; ¢, D) is attributed to the
fact that the ratio |{f(Q))[*/Inon(Q) is very close to 1 for Q values
below 1.5 nm™".

Therefore, we directly analyzed the SAXS curve of Tel22 (Na*)
at C = 4.5 mM concentration by multiplying the scattering intensity
of the monomer-dimer mixture by Spy(Q; ¢, D), as in Eq. (3). The
cartoon representations of the model for the samples at, respectively,
C=0.6mM, C=1.2mM, and C = 4.5 mM concentrations are shown
in Figs. 4(a)-4(c), respectively, along with the SAXS curves and the
best fits using Eqs. (2) and (3).

The values of R, L, and fion resulting from the fits are reported
in Table I. The G4 monomeric sub-units are found to have approx-
imately the same dimensions for all the measured samples. The
minor changes in these structural parameters are consistent with
the small differences at the level of the secondary structure revealed
by CD measurements (Fig. 2). Meanwhile, the fraction of dimers
faim slightly increases (from 2.0% to 4.0%) with concentration. The
prevalent presence of monomers in all the Tel22 (Na*) samples was
also verified by PAGE measurements. In Fig. S4, we show that at all
the concentrations, only one band, corresponding to the monomer
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FIG. 4. SAXS curves of Tel22 (Na*) at (a) C = 0.6 mM, (b) C = 1.2 mM, and (c)
C = 4.5 mM concentrations, along with the corresponding best ECG fits repre-
sented, respectively, by blue, green, and red lines. Sketches representing the fitting
model are also reported.
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TABLE I. Parameters extracted from the ECG fits. The angle « between the central
axes of the two HCs in the dimer was fixed to 20° and fgim = 1 — fimon.

C (mM) R (nm) L (nm) fmon (%) ﬁiim (%)
0.6 1.04 £ 0.01 3.18 £ 0.05 98.0 £ 0.5 2.0+£0.5
1.2 1.03 £ 0.01 3.29 £ 0.01 96.8 £ 0.5 32+0.5
4.5 1.06 £ 0.01 3.22 £ 0.01 96.0 £ 0.3 40+0.3

species, is clearly visible. This result further highlights the difference
with the case of the Tel22 (K*) system, where the average number of
stacked units was found to lie in the range 1.94-3.31.*" The impor-
tance of a hybrid/parallel topology to promote multimerization is
also supported by the fact that the difference in CD spectra between
the 4.5 mM sample and the Tel22 (Na*) monomer, which is related
to the dimeric fraction, turns out to be consistent with a hybrid-like
fold (see Fig. S5). As for Tel22 (Na*) at C = 4.5 mM, the particle vol-
ume fraction ¢ and the hard sphere diameter D associated with the
structure factor Spy (Q; ¢, D) were also determined. From the fitting
procedure, we obtained the values D = 5.61 + 0.04 nm and ¢ = 3.90
+ 0.02%, the latter being in agreement with the molar concentration
of the sample (see Sec. II of the supplementar ).

The above-mentioned results can be 1nterpreted in light of
some insights. The assembly process of G4 monomers is governed
by the delicate balance between the repulsive electrostatic inter-
action resulting from the negative charge of phosphate groups in
their backbone and the presence of counterions, which can effec-
tively screen these Coulombic forces. In addition, DNA concen-
tration plays a significant role, as the trade-off between screen-
ing distances and inter-particle separation will determine whether
repulsive, attractive, or no interactions occur.”’ In the present case,
the counterion concentration, and hence the ionic strength of the
bulffer, is relatively high; thus, an efficient screening of the backbone
charges is expected. Nevertheless, SAXS studies on the end-to-end
attraction between short DNA suggest that the presence of T loops
impeding stacking interactions leads to the persistence of repulsive
forces up to high ionic strengths.” "~ This observation, combined
with the CD results, suggests that the peculiar loop geometry of
the antiparallel topology (namely, the presence of diagonal loops)
discourages stacking attraction but also results in non-negligible
repulsive interactions at high DNA concentrations. Therefore, given
the weak attractive monomer-monomer interaction witnessed by
the small amount of the dimeric fraction, one can speculate that
excluded volume effects could be the main source of the observed
inter-particle repulsion, consistent with the hard sphere potential
approximation.

IV. CONCLUSIONS

Our results show that the self-assembly through stacking inter-
actions of antiparallel G4s formed by the Tel22 sequence in Na*
solution is hindered up to millimolar DNA concentrations. By ana-
lyzing the SAXS profiles of the investigated samples using our ECG
fitting tool, we found that only a small fraction of G4 dimers
is formed under the investigated conditions, with repulsive inter-
actions further limiting aggregation at higher concentrations. In
contrast, our previous work demonstrated that the parallel/hybrid

ARTICLE pubs.aip.org/aipl/jcp

topologies are able to promote the formation of Tel22 aggregates
under the same self-crowding conditions.”’ The present findings
provide valuable insights into the self-assembly of short segments
of telomeric sequences, as modulated by topology, ionic strength,
and DNA concentration. This kind of knowledge may profoundly
impact the design of nanometric devices and scaffolds using DNA
G4 as building blocks.

SUPPLEMENTARY MATERIAL

The naterial contains the comparison of SAXS
monomers, Tel22 (Na*) at C = 4.5 mM, PAGE, estimate of the
CD component of the dimeric fraction, and summary of the fitting
parameters.
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