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Four steps for revealing and adjusting the 3D structure of aptamers
in solution by small-angle X-ray scattering and computer simulation
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Abstract
Nucleic acid (NA) aptamers bind to their targets with high affinity and selectivity. The three-dimensional (3D) structures of
aptamers play a major role in these non-covalent interactions. Here, we use a four-step approach to determine a true 3D structure
of aptamers in solution using small-angle X-ray scattering (SAXS) and molecular structure restoration (MSR). The approach
consists of (i) acquiring SAXS experimental data of an aptamer in solution, (ii) building a spatial distribution of the molecule’s
electron density using SAXS results, (iii) constructing a 3D model of the aptamer from its nucleotide primary sequence and
secondary structure, and (iv) comparing and refining the modeled 3D structures with the experimental SAXSmodel. In the proof-
of-principle we analyzed the 3D structure of RE31 aptamer to thrombin in a native free state at different temperatures and
validated it by circular dichroism (CD). The resulting 3D structure of RE31 has the most energetically favorable conformation
and the same elements such as a B-form duplex, non-complementary region, and two G-quartets which were previously reported
by X-ray diffraction (XRD) from a single crystal. More broadly, this study demonstrates the complementary approach for
constructing and adjusting the 3D structures of aptamers, DNAzymes, and ribozymes in solution, and could supply new
opportunities for developing functional nucleic acids.
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SAXS Small-angle X-ray scattering
XRD X-ray diffraction

Introduction

Aptamers are synthetic RNA or DNA oligonucleotide ligands
capable of recognizing other molecules and may even exhibit
catalytic activity. Aptamer–target interactions depend on the
aptamer’s three-dimensional (3D) structure, distribution of
their charges, and the nature of its binding partner. Various
structural elements, such as hairpins, bulges, pseudoknots,
and G-quadruplexes [1], ensure aptamer interactions with
their targets through hydrogen bonds, hydrophobic interac-
tions, van der Waals interactions, and aromatic stacking [2].
Aptamers are used in a large variety of biosensors [3–9] and
therapeutics [6, 10–12]. Aptamer binding depends on its 3D
structure. The problem now is that the aptamer’s 3D structure
cannot be directly extrapolated from its nucleotide sequence
or its secondary structure. To understand the molecular basis
of the complex formation, knowledge about a main aptamer
spatial conformation is very desirable, but is often unavailable
because of limitations of analytical methods for structure anal-
ysis. To date, the most common methods to study nucleic acid
structures include X-ray diffraction (XRD) [13], nuclear mag-
netic resonance spectroscopy (NMR) [14–19], small-angle X-
ray scattering (SAXS) [20, 21], circular dichroism (CD) [22],
fluorescence resonance energy transfer (FRET) [23], and
cryogenic electron microscopy (Cryo-EM, mostly for DNA-
origami or protein–NA complexes) [24, 25].

The most precise method is XRD crystallographic analysis
[26, 27]. However, this method only provides a static picture
of one oligonucleotide conformation in the solid state whereas
NMR, SAXS, FRET, and CD can probe dynamic conforma-
tional changes in solution under more physiologically relevant
conditions. NMR finds aptamer conformations in solution
with atomic resolution, but this technique is generally limited
to small biomolecules (< 30–40 kDa). Alternatively, FRET
can only measure the relative distance between fluorescently
labeled nucleotides and does not show the structure of a whole
molecule [28]. In addition the fluorescent labeling of a nucleic
acid may affect its 3D structure. CD spectroscopy is ideal for
tracing conformational transitions between discrete nucleic
acids motifs (G-quadruplexes, A, B, Z-forms, etc.) [29]. CD
is used as a complementary method to NMR spectroscopy and
SAXS, because it does not require any labeling [22]. Cryo-
EM still has the lowest limit in determination of molecular
mass (about > 60 kDa) [30].

SAXS is a powerful technique for structure determination
of biomolecules in solution as well as their higher-order as-
semblies, if the initial constituents are known [20, 21, 31]. The
theoretical basis of structural analysis by small-angle scatter-
ing on particles was first presented by Guinier [32] and

applied to nucleic acids by Timasheff in 1961 [33]. Small-
angle scattering intensity from a particle drops exponentially
with an angle, and the index of power is associated with a
generalized particle size and its radius of gyration. The mag-
nitude of gyration radius depends on the distribution of the
scattering center in space, particle size, and shape. Moreover,
the form of the scattered radiation intensity curve with an
increasing angle is significantly different for the three basic
conformations of biological macromolecules: a ball, stick, and
disk. SAXS has several advantages over the other structural
techniques including minimal sample preparation time, ana-
lyzing individual macromolecules or their complexes in solu-
tions at physiological conditions or at any required tempera-
ture, pH, and buffer, and rapid data collection and processing
[31]. In our work, we applied four steps for finding and
adjusting a 3D structure of a thrombin binding aptamer
(RE31) in solution based on molecular modeling according
to its nucleotide sequence and SAXS experiments (Fig. 1).

Material and methods

Circular dichroic spectrum analysis and UV-melting

All experiments were performed using inorganic salts and
reagents of chemically pure grades (Khimmed, Moscow,
Russia). The aptamer RE31 (5'-GTG ACG TAG GTT GGT
GTG GTT GGG GCG TCA C-3') was synthesized by the
phosphoramidite method by Syntol company (Moscow,
Russia). The aptamer was diluted to 2 μM in 20 mM Tris-
HCl buffer (pH 7.4) with 5 mM potassium chloride. This
solution was heated for 5 min at 90 °C, then slowly cooled
down, and stored at 20 °C overnight in order to induce folding.
The correct folding of the aptamer was verified by recording
CD spectra and UV-melting. CD spectra were recorded in the
range from 240 to 360 nm in a 1-cm cuvette using a spectrom-
eter (Chirascan, Applied Photophysics Ltd, UK) equipped
with a thermoelectric controller. UV spectra were recorded
in a 10-mm 400-μl quartz cuvette (Hellma, Germany) using
a two-beam U-2900 UV/visible spectrophotometer (Hitachi,
Japan).

Small-angle X-ray scattering

RE31 samples (300 μl) in Tris-HCl buffer (pH 7.4) at concen-
trations of 33, 16, and 6.2 mg ml−1 were consecutively placed
in a 5-cm-long, 2-mm-diameter, cylindrical capillary and used
for SAXS. X-ray synchrotron radiation scattering data was
collected at the DICSY station (Kurchatov synchrotron radia-
tion source) at an incident radiation energy of 7.65 keV (λ =
1.62 Å) using a DECTRIS Pilatus 1M detector (beam size of
0.6 × 0.4 mm). Instrument calibration was performed just
before the experiments using a silver behenate sample with
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an exposure of 60 s. The sample-to-detector distance was
300 mm that provided a scattering vector range from 0.03 to
3.5 nm−1. The data were normalized to the intensity of the
transmitted beam and radially averaged. The scattering of
the blank solvent was subtracted and the SAXS curve for the
DNA aptamer was combined from two concentrations using
the PRIMUS program of the ATSAS software suite [34].

Molecular structure restoration

The molecular modeling of RE31 aptamer was carried out
according to the sequence, on the basis of SAXS experi-
mental data using the Avogadro program. The resulting
atomic structure in all three projections was compared
with the experimental model obtained from small-angle
scattering [35]. Geometry of the aptamer structure was
optimized by a semi-empirical quantum chemical method
based on MOPAC2016 [36].

Accession numbers

The coordinates of the structure have been deposited in the
Protein Data Bank (Code 3QLP).

Results and discussion

First step: SAXS experimental results

Dependencies of X-ray scattering intensities I(s) on the
scattering angle were plotted as shown in Fig. 2. The
peaks at low angles of SAXS curve (Fig. 2, s = 0.5–
1.25 nm−1) at 16 and 33 mg ml−1 indicate the presence
of interparticle interactions of molecules in solution, i.e.,
there is interference in molecules that are close to each
other. Reduced concentrations of 6.2 mg ml−1 were re-
quired. However, measurements at high concentration

Fig. 1 General scheme of finding
3D structure of an aptamer with
SAXS and molecular structure
restoration (MSR). (I) acquiring
SAXS experimental data of an
aptamer in solution, (II) building
a spatial distribution of the
molecule electron density using
SAXS results, (III) constructing a
3D model of the aptamer from its
nucleotide primary sequence and
secondary structure, and (IV)
comparing and refining the
modeled 3D structures with the
experimental SAXS model (red
color, from molecular modeling;
blue color, from SAXS data)
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provided a better signal to noise ratio for the SAXS pro-
file at the high scattering angles. The curve at 6.2 mg ml−1

has a good profile at low angles and delivers useful and
correct information about the size and overall shape of the
molecules (Fig. 3a).

Second step: SAXS modeling

Guinier analysis allows one to estimate the mass distribution
with respect to the center of mass in the molecule. It is the
slope of the linear approximation of the dependency of
scattered radiation intensity ln(I) versus s2 in the range of the

Guinier region smin < s < 1.3/Rg (insert in Fig. 3a). Calculated
by Guinier approximation, the radius of gyration (Rg) was
1.54 nm.

The distance distribution function p(r) calculated by
indirect Fourier transform program GNOM [37] (Fig.
3b) is the SAXS data in real space and displays features
of the molecular shape. The function p(r) is defined by
the equation

p rð Þ ¼ r2

2π2
∫∞0 s

2I sð Þ sin sr
sr

ds

The value of the p(r) equals zero both at r = 0 and r =
Dmax, where Dmax is the maximum dimension of the mol-
ecule. The distance distribution function has various curve
shapes for a ball, disk, and cylinder. The maximum parti-
cle diameter (Dmax) was defined from p(r) as approxi-
mately 5.06 nm.

The RE31 aptamer ab initio structure was constructed
in the DAMMIN program [38] in which the molecular
structure of the oligonucleotide is represented by densely
packed beads placed inside the sphere limited by Dmax.
Every bead is assigned as “1” corresponding to the mol-
ecule electron density or “0” corresponding to the solvent.
The software forms a random bead model, calculates the
scattering pattern of the model using “simulated anneal-
ing”, compares it with experimental data, determines dis-
crepancy, and corrects the model. A low-resolution 3D
model of RE31 was obtained using the iterative selection
of models and minimization of the goal function by the
Monte–Carlo method.

Fig. 3 SAXS fitting. (a) Experimental SAXS data (black) and fitted curve
from GNOM program (red) with inserted Guinier plot. The combined
SAXS profile includes scattering intensity values at low angles (0.02 <
s < 1.3 nm) at the concentration of 6.2 mg ml−1 and signal values at high
angles (1.3 < s < 3.3 nm) at the concentration of 33 mg ml−1. The Guinier

region is defined for approximation as 0.4 < sRg <1.3. (b) Autocorrelation
distance distribution function p(r). Maximum r value for the p(r) function
is the diameter Dmax of the starting spherical volume for ab initio
reconstruction

Fig. 2 Dependencies of X-ray intensity on the scattering angle for RE31
aptamer at different concentrations
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Third step: MSR modeling

The molecular structure restoration modeling of RE31 was
carried out with the Avogadro program [39] according to its
primary sequence and small-angle scattering experimental da-
ta (Fig. 1-II). The primary sequence of RE31 was used to
predict the secondary structure by using the Mfold web server
[40] on the basis of free energy minimization techniques.

The aptamer was divided into three structural parts and their
location in space was varied relative to each other in accordance
with experimental data. The first structural part is a G-quadruplex
with the following sequence GGTTGGTGTGGTTGG. It is a

well-known 15-nt thrombin binding aptamer (15TBA) formed
by two tetrads of four guanines in the classical conformation anti-
syn-anti-syn and a potassium ion located in the center [41, 42].
The X-ray data of the thrombin complex with 15TBA aptamer
has been described previously by the Tulinsky group [43]. The
G-quadruplex consists of two stacked planar G-quartets (G-stem)
that are associated with three lateral loops. Each G-quartet is
connected by eight hydrogen bonds. According to theX-ray data,
15TBA binds to thrombin by embracing the protruding region of
exosite I through their TT loops [44, 45]. The second structural
part of RE31 is a double-stranded part. This is a right-handed B-
type helix. The third structural part consists of four non-

Fig. 4 Comparing RE31 aptamer
structures from different methods.
(A) RE31–thrombin complex by
XRD. (B) Aptamer structures ob-
tained by XRD in green color,
SAXS in turquoise color, MSR in
red color. (C) Comparison of the
structures obtained by different
methods. (D) RE31 structures
from XRD analysis and MSR.
Between them there is RE31 sec-
ondary structure divided into the
three colored parts; red, a B-form
duplex; green, a non-
complementary region; blue, a G-
quadruplex

Four steps for revealing and adjusting the 3D structure of aptamers in solution by small-angle X-ray... 6727



complementary nucleotides T–G and A–Gs (Fig. 1-III). The dis-
sociation constant of RE31–thrombin complex is 0.16 nM [46].

Fourth step: comparison of SAXS and MSR models

In the fourth step, the molecular modeling was carried out
to construct the initial geometry of aptamer molecules in
space. The resulting atomic structure was compared with
an experimental form obtained from small-angle scatter-
ing. At this stage, determining the linear dimensions of
molecules in all three projections was the main goal,
while it was difficult to achieve a perfect match in the
fine details. As DNA is a chiral molecule, different vari-
ants of aptamer local twisting are possible. The largest
difficulty arises in the molecular design of non-
complementary nucleotides, as they have a large number
of possible positions. At first, the model with the basic
nitrogen atoms turned in different directions was built.
However, this structure is not compliant with the experi-
mental volume. In order to make the model fit with the
experimental figure, nucleotides making up the double
chain were twisted, similar to a double helix. Thus, we
achieved the maximum coincidence with the experimental
shape. Therefore, in this step, local twisting of nucleotides
was carried out to obtain the best possible match with
features of the experimental figure (Fig. 1-IV).

The modeled aptamer molecule should match linear
dimensions obtained according to the analysis of the
SAXS curve. For example, the linear dimensions from
SAXS (height 44 Å; width 26, 23, and 25 Å in Fig. 1-
III) match well the linear dimensions of the constructed
3D model (44 Å and 23, 20, and 22 Å, respectively) in
Fig. 1-III. Furthermore, even on the existing linear

dimensions, it is possible to model a large number of
conformations. At the second stage of theoretical model-
ing it is necessary to ensure that the constructed theoret-
ical model takes into account the peculiarities of the “re-
lief” of the experimentally obtained shape (this shape may
have a complex topology). Therefore, in the “fine tuning”
step, we achieved (by minor rotations around sigma
bonds) the most complete fitting of the theoretical model
into the experimental volume. After changing the theoret-
ical geometry of the molecule in accordance with the
shape of the electron density from SAXS, we plotted the
SAXS curve from the theoretical molecule and compared
it with the experimental curve; thus, we checked the con-
sistency of the model with the experiment.

Figure 4 shows the RE31 structure obtained by three dif-
ferent methods. The top image (Fig. 4A) shows the aptamer
binding with thrombin revealed by XRD [47]. Figure 4B
shows the aptamer structure obtained by XRD, SAXS and
MSR. Comparing aptamer conformations obtained by SAXS
in solution with XRD from a crystal form with thrombin and
MSR showed a good match (Fig. 4C). In both cases, the main
difference consists of the quadruplex part of the aptamer, as it
acts as a thrombin-binding site. Previously, it was shown that
RE31 forms a specific complex with thrombin with an appar-
ent dissociation constant of 0.16 nM [46]. The differences
between the aptamer structure before and after addition of
the protein can be interpreted as an induced fit model when
the aptamer changes its shape upon the binding. Figure 4D
shows the RE31 structure constructed from XRD analysis and
MSR. The bonding between terminal nucleotides (G1 and
C31) is flexible. The duplex part and non-complementary re-
gion between the quadruplex and duplex are not static, but
rather flexible.

An atomic model in the PDB format can be converted to
the SAXS profile and compared with the experimental curve
using the CRYSOL program [35]. The program uses spherical
harmonic approximation to calculate the scattering pattern
from atomic structure factors and Gaussian sphere approxima-
tion for each atom’s position in the molecule considering the
hydration layer enveloping it. Figure 5 represents the corre-
spondence between the measured SAXS profile and the scat-
tering profiles from XRD and MSR. A discrepancy χ2 be-
tween experimental SAXS curve and evaluated one from the
XRD model by the program CRYSOL is 5.851; χ2 between
SAXS and the MSR model is 5.279.

The biggest problem is in molecular modeling of non-
complementary nucleotides, as they have a large number of
possible positions. The nucleotides are twisted in the double
chain, similarly to a double-stranded helix and the resulting
model resembles the experimental SAXS results well. Using
the SAXS method, we obtained the structure of RE31 in its
native free state in Tris-HCl buffer in the presence of mono-
valent ions without the target protein at room temperature.

Fig. 5 Fitting SAXS curve with predicted XRD and MSR. The small-
angle scattering evaluation was performed in the CRYSOL program. The
discrepancy χ2 between scattering curve from PDB structure and exper-
imental graph is shown in brackets
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Testing 3D structure by CD

Prior to SAXS experiments, the structure of RE31 was charac-
terized by CD spectroscopy. The spectrum maximum at 294 nm
confirms the presence of the antiparallel G-quadruplex structure
in this molecule (see Electronic Supplementary Material (ESM)
Fig. S1). Its spectrum changes with an increase in temperature:
the maximum intensity at 294 nm decreases, and two isosbestic
points at 250 nm and 230 nm are seen, which indicates the
transformation of two aptamer conformations (folded to unfold-
ed) during the melting process. The presence of a duplex struc-
ture within RE31 (see ESM Fig. S2) was shown using UV-

melting at 260 nm, along with the melting point, which occurred
at 37.5 °С. It was shown that the structure of RE31 consisted of a
G-quadruplex and duplex domain.

We attempted to predict the conformational changes of the
aptamer by molecular modeling of the atomic structure at
increasing temperature. Firstly, we recorded the scattering pat-
terns for RE31 at 25 °C and 40 °C and tried to calculate its
volume, shape, and size. Then we used these SAXSmodels in
molecular modeling for the conformation refinement. The ob-
tained models for 25 °C and 40 °C are shown in Fig. 6a and b;
scattering curves at higher temperatures do not allow one to
construct reasonable models. To compare the proximity of the

Fig. 6 Reconstructed atomic
structures and SAXS profiles of
the RE31 aptamer at different
temperatures. Atomic structures
of RE31 at 25 °C (a) and 40 °C
(b). Experimental SAXS and
MSR simulated scattering curves
at 25 °C (c) and 40 °C (d)
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MSR models to the SAXS, the CRYSOL fits were created for
RE31 at both temperatures (Fig. 6c, d). At 25 °C we can see a
good match of experimental SAXS and MSR simulated scat-
tering curves (χ2 = 4.791). At 40 °C (χ2 = 11.804) a significant
difference at low angles is observed, which can be explained
by high mobility of the molecule at this temperature and the
growth of the peak similar to the particle repulsion peak.

Testing 3D structure by SAXS at different
temperatures

Folding of biomolecules can be qualitatively assessed by a
Kratky plot. This representation makes folded and unfolded
structures more evident. Characteristic bell-shaped curves at 8
and 25 °C RE31 correspond to a folded structure of RE31 (see
ESM Fig. S3b). At 40 °C the peak shifts downward suggest-
ing that the aptamer is only partially folded. When the tem-
perature reaches 50 °C the curve lacks the peak, has a plateau,
and increases at larger values representing the unfolded
aptamer. When heated, SAXS profiles are compressed at me-
dium angles and increased at low angles (see ESM Fig. S3a).
It supports CD data that the melting temperature of the
aptamer is 37.5 °C. More MSR and SAXS models at different
temperatures are presented at Fig. 7. Scattering curves at tem-
peratures 5–25 °C are almost the same and reconstructed
shapes of the RE31 electron density (bead models) have dif-
ferences quite likely due to the small amount of collected data
at high angles. At 40 °C and above there are distinctive con-
formational changes indicated by SAXS. The differences in
the structures are due to the aptamer melting temperature. At
37 °C the aptamer unfolds and elongates, and finally at 55 °C
it loses its G-quadruplex structure. The SAXS measurements
at higher temperatures demonstrate the open unfolded struc-
ture of the aptamer. One of the possible melted RE31 spatial
structures is presented in the bottom-right image in Fig. 7.

Conclusions

The purpose of this work is 3Dmolecular structure restoration
of the aptamer from SAXS experiments obtained in solution.
The SAXS method gives the shape of a molecule, but not the
atomic structure of the aptamer. To solve this problemwe used
Avogadro software. The building of a molecule uses bond
lengths and angles between atoms. In the first approximation,
it is reasonable to use the methods of molecular dynamics and/
or semi-empirical methods of quantum chemistry, because
they allow one to obtain the geometry of the molecule in a
reasonable time. Therefore, the PM6 method was used as an
auxiliary method for quickly obtaining the bond lengths and
angles inside the aptamer molecule. Consequently, neither pH
nor other solvent parameters were taken into account (because
our purpose is to get a theoretical 3D model according to
SAXS experiments).

Nevertheless, there are several limitations for SAXS to be
effective. First, a molecule in solution should exist in a single
conformation. Therefore, measuring long oligonucleotides (>
150 nt) could be complicated because of interference of mul-
tiple structures. Before measuring SAXS, it is better to ensure
that the studied molecule forms one configuration with at least
80% probability. To date, several aptamer structures have been
obtained using SAXS [27, 33, 47–51]. Thus far the longest
aptamer studied by SAXS was the 54-nt aptamer SRB2m and
its dimer [42]. Second, SAXS has low resolution around 10 Å
that gives only an overall shape of a molecule. This disadvan-
tage could be overcome by using computer simulations of an
atomic model based on an aptamer nucleotide sequence and
complementary methods such as NMR. The SAXS-based ap-
proach finds 3D structure of aptamers in solution without the
crystallization required for X-ray diffraction, which may not
provide reliable information about the structure in solution of
such flexible molecules as nucleic acids. The success of the
proposed approach is highly dependent on the knowledge

Fig. 7 Comparison of the MSR
and SAXS models at different
temperatures
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about primary DNA structure. In general, the work described
here creates the starting structure for an actual structure deter-
mination using NMR restraints and molecular mechanics, but
without the energy minimization or water molecules. It may
further be applied for finding 3D structures of aptamers,
DNAzymes, and ribozymes, and could supply new opportu-
nities for developing functional nucleic acids.
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