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Aptamers are short, single-stranded DNA or RNA oligonucle-

otide molecules that function as synthetic analogs of antibodies

and bind to a target molecule with high specificity. Aptamer af-

finity entirely depends on its tertiary structure and charge dis-

tribution. Therefore, length and structure optimization are

essential for increasing aptamer specificity and affinity. Here,

we present a general optimization procedure for finding the

most populated atomistic structures of DNA aptamers. Based

on the existed aptamer LC-18 for lung adenocarcinoma, a

new truncated LC-18 (LC-18t) aptamer LC-18t was developed.

A three-dimensional (3D) shape of LC-18t was reported based

on small-angle X-ray scattering (SAXS) experiments and mo-

lecular modeling by fragment molecular orbital or molecular

dynamic methods. Molecular simulations revealed an ensemble

of possible aptamer conformations in solution that were in

close agreement with measured SAXS data. The aptamer

LC-18t had stronger binding to cancerous cells in lung tumor

tissues and shared the binding site with the original larger ap-

tamer. The suggested approach reveals 3D shapes of aptamers

and helps in designing better affinity probes.

INTRODUCTION
Nucleic acids (DNA and RNA) hold key information about human

development, physiology, and evolution.1 Along with the critical

function of encoding proteins, the biological importance of short sin-

gle-stranded (ss)RNA and ssDNA has been widely described.2–6 Short

ss-oligonucleotides can easily form complexes, enabling ribozymes

(small ssRNAs) to catalyze biochemical reactions,7 regulate gene

expression,8 and participate in protein synthesis.9

Recent progress in molecular biology and bionanotechnology has

made ssDNA a useful tool with various applications in biology and

medicine. Long ssDNA structures are created in an approach called

DNA origami,10 which has revolutionized the field and led to break-

throughs inmany areas of biotechnology and sensing, electronics, and

the food and pharmaceutical industry.

An important feature of oligonucleotides is mimicking antibodies.3,11

In vitro evolution of nucleic acid fragments enables aptamers to be

selected from large random-sequence libraries of short ssDNA or

ssRNA.12,13 Similar to antibodies, aptamers bind to their targets

with high affinity and selectivity, because of the ability of oligonucle-

otides to fold into complex 3D shapes,3,14,15 some of which can exhibit

specific binding to their target.

The molecular structure of aptamers determines their function. The

former, in turn, depends on the local molecular environment, temper-

ature, pH, solvated ions, and other factors. Obtaining the structure is

challenging;16–20 however, atomistic computer simulations, such as

molecular dynamics (MD), can generate plausible molecular models

that represent multiple minima that a molecule can adopt in
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solution.21–23 Ranking these structures, that is, predicting which of

them are more probable, is a very difficult computational task because

of the tiny energy differences between these isomers, which necessitates

the use of expensive computational methods for a reliable ranking.

Some methods are available for modeling oligonucleotides.24,25 Based

on simulations, one can predict molecular structure and optimize ex-

isting oligonucleotides for specific purposes.26–30 Having a molecular

structure is needed for molecular docking,31 that is, predicting a bind-

ing site.

Models obtained by theoretical methods can be verified experimen-

tally, for instance, by comparing with structures from X-ray crystal-

lography, which requires crystallizing the sample. Thus far, however,

obtaining crystals of aptamers has been impossible, and obtaining a

crystal structure of their protein complexes is laborious and chal-

lenging.16–18,32

Nuclear magnetic resonance (NMR)20,33 can also be used to obtain

molecular structures of aptamers and their complexes. However,

NMR has certain limitations for molecules larger than 30 kDa,

because the analysis and interpretation of NMR data are chal-

lenging.20,34 Some structures of oligonucleotide-protein complexes

have been successfully obtained experimentally by using X-ray crys-

tallography and NMR.35–38

Small-angle X-ray scattering (SAXS)39 is a powerful biophysical

method for studying the overall shape and structural transitions of bio-

logicalmacromolecules in solution at nanometer resolution. It is awell-

established method for structural investigation of proteins, DNA/

RNA, and their complexes, suitable for characterization of aptamers

in solution.14,40–44 SAXShas several advantages over the othermethods

of structural analysis: it does not require complicated sample prepara-

tion, and it features fast data collection andprocessing.Akey advantage

of this technology is the ability to measure samples in solution under

quasi-physiological conditions, whereas the solution parameters such

as temperature, pH, and buffer composition are easily adjustable.45

The promising approach to determine aptamers’ shape in solution is a

combination of SAXS data together with MD simulations. Applica-

bility of such an approach was successfully demonstrated in several

papers for both proteins46,47 and nucleic acids.48 Simulations were

used to sample possible conformations that molecules adopt in the so-

lution, and ensembles of such structures were re-weighted to fit into

the SAXS experimental curves.

Aptamer LC-18 can bind to lung adenocarcinoma cells,49 tissues,50

and blood plasma51with high specificity. LC-18 is made of a sequence

of 80 nucleotides, including two constant 20-nucleotide primers on

each side (Figure 1A). There is a strong need to reduce the size of

this aptamer for enhancing its binding properties and making it

Figure 1. Aptamer optimization

(A) Sequences of LC-18 and LC-18t aptamers, schematic secondary (1) and tertiary (2) structures of LC-18 (B), and LC-18t (C) aptamers. Replacement analyses

demonstrating that the long and short aptamers have the same binding site. Flow cytometry binding histogram where the blue curve corresponds to the long FAM-labeled

LC-18 aptamer binding to patient-derived cells of adenocarcinoma tissues at the 100-nM concentration; the pink, green, orange, purple, and light-blue curves indicate the

portion of cells bound with non-labeled LC-18 after incubation with 2-, 5-, 10-, 100-, and 1,000-fold excess of LC-18t. The red curve describes intact lung adenocarcinoma

cells (D).
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cheaper to synthesize. In this work, a much-truncated LC-18 (LC-18t)

is proposed, demonstrating binding properties alike to those of its

predecessor LC-18. To obtain the molecular structure, a combination

of theoretical methods, namely, DNA folding tools, quantum-chem-

ical calculations, and MD simulations, is used. The simulated struc-

tures are compared with the experimental SAXS shape. In addition,

the efficacy of the new aptamer is verified experimentally for

cancerous cells.

RESULTS
Improvement of the previously developed aptamer

The length of the LC-18 aptamer selected from the ssDNA library is 80

nucleotides, including primer regions for amplification. Smaller pat-

terns are usuallymore specific to the target and are easier to synthesize.

The long LC-18 aptamer was truncated to 35 nucleotides in accor-

dance with the predicted secondary and tertiary structures (Figures

1B and 1C). Aptamer LC-18 has the sequence 50-CTCCTCTGACTG-

TAACCACGTGCCCGAACGCGAGTTGAGTTCCGAGAGCTCC-

GACTTCTTGCATAGGTAGTCCAGAAGCC-30, whereas LC-18t

has the sequence 50-CGAACGCGAGTTGAGTTCCGAGAGCTCC-

GACTTCT-30 (Figure 1A).

Binding properties of the new truncated aptamer

To demonstrate that both aptamers LC-18t and LC-18 have the same

binding site, replacement analyses were performed. The assay was

made by using flow cytometry. Lung cancer cells derived from a pa-

tient with lung adenocarcinoma were preincubated with masking

RNA and then with 100 nM of the original aptamer LC-18. Applying

a higher concentration of the truncated aptamer replaced the original

long aptamer in a dose-dependent manner (Figure 1D). Low concen-

trations (200 and 500 nM) of LC-18t did not replace the parent ap-

tamer (bound with cells at 100 nM concentration). Only 1 mM (a

10-times excess) of LC-18t replaced 58% of LC-18 bound with the

cells after preincubation with LC-18t at a concentration of 100 nM.

Increasing the concentration of the truncated aptamer to 10 mM re-

sulted in a 68% replacement and to 100 mM in an almost complete

replacement of LC-18. The dissociation constant (KD) value for LC-

18t appeared to be much lower (19.4 nM) than for LC-18

(149.2 nM) (Figure S5). This means that the binding energy for the

LC-18t aptamer is much higher than for LC-18. Therefore, a high

concentration of the LC-18 aptamer was needed to replace the LC-

18t aptamer (Figure 1D). To demonstrate that the truncated aptamer

binds directly to cancer cells in a patient’s tissues in the same manner

Figure 2. LC-18t recognition of the lung cancer cells

Verification of LC-18t targeting lung cancer cells by histological analyses (A) and flow cytometry (B). (A1) Laser-scanning imaging of lung cancer tissue sections stained with

hematoxylin and eosin. (A2 and A3) A co-stained adjacent tissue section with Alexa Fluor 405-labeled anti-CEA antibodies (A2) and Cy-5-labeled aptamer LC-18t (A3). (A4)

An overlay of (A2) and (A3). (A5) A 3D representation (A6). (B) Histograms of fluorescence intensity with a 40� magnification. Flow cytometry histograms indicate binding of

FAM-labeled LC-18t to lung adenocarcinoma cells (the purple curve), cells from the lung with inflammation (red curve), and relatively healthy lung cells (the blue curve). The

black curve corresponds to reference intact cells. Binding of lung tumor cells with the control (AG)40 oligonucleotide is shown in brown.
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as its ancestor aptamer LC-18, thin paraffin sections of lung adeno-

carcinoma tissues (Figure 2A1) were stained. Microscopic analyses

revealed a co-localization of LC-18t (Figures 2A3 and 2A4) with

anti-carcinoembryonic antigen (CEA) antibodies that are used to

stain lung tumor cells (Figure 2A2). Antibodies and aptamers stain

the same cells with similar fluorescence intensity (Figures 2A5 and

2A6) but with slightly different localization. Flow cytometry demon-

strates that LC-18t binds to patient-derived lung tumor cells but does

not bind with healthy lung and inflammation tissues. Oligonucleotide

(AG)40, taken as a non-specific control, did not bind to lung cancer

cells (Figure 2B).

Ab initio SAXS modeling

The size-exclusion chromatography (SEC) with SAXS (SEC-SAXS)

data clearly indicates a monodisperse solution without any signs of

aggregates or oligomeric constituents (see Figure S4). The data were

processed for the aptamer LC-18t, and the geometrical parameters

were derived. The radius of gyration (Rg) = 2.06 ± 0.04 nm was ob-

tained from the slope of the linear approximation of the Guinier

region.39

The maximum dimension (Dmax) = 6.7 nm was found as the largest

value r with the nonzero value of the pair distance distribution

(p(r)) function, which represents the maximum size of the molecule

(Figure 3A). Figure 3B shows the most probable 3D molecular shape

based on the obtained p(r) function according to DAMMIN.

Molecular modeling

The aptamer LC-18t consists of 35 nucleotides (Figure 4A). To

predict the initial structure of LC-18t, OligoAnalyzer25 and

MFold24,52,53 were used. Simulations were carried out under the con-

ditions of the SAXS experiments: in the presence of ions Na+

146 mM and Mg2+ 0.5 mM at 5�C and 20�C. At 5�C, MFold yielded

7 possible models, whereas 17 different conformers were predicted at

the same temperature by the OligoAnalyzer server. The MFold and

OligoAnalyzer results at 20�C for the LC-18t aptamer include 5 and

11 models, respectively. Further refinement is needed for a reliable

determination of the structure in simulations. To this end, four

models were chosen (Figure 4B). Model1, Model2, and Model3 are

proposed by both OligoAnalyzer and MFold as very probable sec-

ondary structures at 5�C, and Model1 has the lowest energy. In addi-

tion, Model1 and Model3 are in the top 5 thermodynamically stable

structures predicted at 20�C. Model4 is included in the top 10 sug-

gested structures at 5�C and 20�C. The corresponding tertiary struc-

tures of Model1, Model2, Model3, and Model4 were prepared by us-

ing the Avogadro program and optimized with the fragment

molecular orbital (FMO)-density-functional tight-binding (DFTB)

3/polarizable continuum model (PCM) method (Figure 4C). The

ranking of structures according to their energy based on the FMO

method combined with DFTB is different from the MFold and Oli-

goAnalyzer results. According to FMO, the lowest structure is

Model4, and the order of structures is Model4 (most probable,

lowest energy), Model1, Model3, and Model2 (least probable, high-

est energy).

Molecular structures obtained from MD simulations are shown in

Figures S1 and 4D for selected clusters numbered 1–3 in parentheses

(a cluster means a distinct conformer within the sameMD trajectory).

Model1 and Model2 with a ss segment at the 30 end are similar to the

models predicted by OligoAnalyzer and MFold as probable struc-

tures. The structure relaxation inMD resulted in significant structural

changes in single strands for both Model1 andModel2, because single

strands of the aptamers are very flexible, whereas the double-helical

chains of aptamers are quite rigid. Although some changes took place

in MD in the structures of Model1 and Model2, the secondary struc-

ture remained the same.

In contrast to Model1 and Model2, Model3 lacks long ss parts, and its

structure can be represented as two hairpins at the 30 and 50 ends con-

nected by C19 and G20 nucleotides (Figure 4B). As shown in Figures

4C and 4D, Model3 did not change much in the MD simulations.

Model3 features preservation of the secondary structure in the 50

end hairpin (Figure 4D), whereas the 30 end hairpin shows some vari-

ation in it.

Specifically, in Model3 a shifting of the nucleotides relative to each

other in the 30 end hairpin (Figure S2) is observed. This shifting re-

sults in a decrease in the number of complementary base pairs, but

at the same time, a large number of hydrogen bonds are formed be-

tween new pairs of nucleotides.

For Model4, substantial changes in molecule geometry after MD are

caused by the presence of the bulge and internal loop in the middle

part of the stem. FMO optimization predicts that this part has a linear

structure, but in MD, it is bent.

SAXS validation of the obtained models

The three most commonly used programs CRYSOL, WAXSiS, and

PEPSI-SAXS were applied to the models obtained in the FMO and

Figure 3. Determination of the aptamer shape based on the small-angle X-

ray scattering (SAXS)

(A) Pair distance distribution (p(r)) function. Maximum r value for the p(r). (B) Bead

molecular model obtained from the p(r).
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MD simulations in order to independently validate them against the

SAXS data. The values of the c2 deviations between experimental and

simulated SAXS profiles are summarized in Table 1.

A comparison of the SAXS bead model with LC-18t structures ob-

tained in the FMO optimization and MD simulations is presented

in Figure 5. According to Table 1, Model4 after FMO optimization

has the best fit with the SAXS bead model (the deviations are the

smallest), followed by Model3. In MD, Model1/MD(2) and

Model3/MD(3) have the best c2 values. Note that the labeling of

the FMO and MD structures as Modeli may be to some extent

misleading because it means only that the particular model was

used as a starting structure, and optimization and MD can actually

lead to another model (in particular, Model1 and Model2 changed

substantially in MD). A detailed comparison of Model3/MD(3)

with SAXS is shown in Figure 6.

None of the theoreticalmodels fills the whole SAXS volume (Figure 5).

In the real solution, the solvated aptamer molecules are present in

multiple conformational states occupying a whole ensemble of

conformations, with the relative population ratio governed by the

minimum of thermodynamical free energy. A SAXS experiment

thus corresponds to an average model over all the possible conforma-

tions in solution.

Figure 4. Molecular modeling of the aptamer structure

(A) Sequences of LC18 and LC18t aptamers, (B) schematic structures of LC-18t aptamer models, (C) molecular structures after geometry optimizations with FMO-DFTB3/

PCM, and (D) molecular structures after molecular dynamics (MD) simulations (the number in parentheses identifies the cluster). The 30 end is in purple and pink, the central

part is dark blue, and the 50 end is in cyan and green.
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In all calculations in this work, a single conformation is used. In FMO,

there is just 1 solute molecule, whereas in MD, there is an infinite set

of molecules under periodic boundary conditions; but all solute mole-

cule images are in the same conformation (at a given time).

The most plausible rationalization is that several conformers

(models) are relevant; that is, they have a similar energy and occur

with a comparable probability. Clearly, one conformer should

describe the bulge (the central, thick part in the SAXS volume),

whereas another must stretch sideways to the full length. It is physi-

cally impossible for 1 conformer to do both (assuming that the SAXS

profile is to be trusted). However, it is conceivable that some volume

appearing empty for models in Figure 5 may be partially occupied by

minor deviations in the structure of the same conformer caused by a

local rotation of flexible groups.

Under the assumption that multiple isomers are relevant to fill the

SAXS volume, the c2 values for individual conformers are not very

meaningful. However, one can clearly rule out some models. For

example, Model2 sticks out of the volume, especially for FMO. A

mixture of Model1, Model2, and Model3 could fill the whole SAXS

volume. Assigning weights to models is possible by using Boltzmann

factors, but it requires a very accurate estimate of the energy to be

meaningful.

DISCUSSION
Aptamers are used as clinical reagents for targeted therapeutics and

drug delivery, diagnostics and biosensing, and environmental sensors

for food and water analysis.4 Successful development of aptamer-

based approaches requires information about the aptamer spatial

structure. In this work, a new aptamer, LC-18t, has been designed

with a much smaller size than its predecessor, LC-18. The new trun-

cated aptamer has been demonstrated to be as efficient as the original

one. Histological analyses and flow cytometry analyses have been

conducted on lung cancer tissue.

The rational design of highly efficient aptamers depends on knowing

their molecular structure. In this work, it is shown that molecular sim-

ulations can predict structures from SAXS experiments. OligoAna-

lyzer andMFold tools have been used to generate a set of several likely

models. However, as further atomistic MD and FMO simulations

have shown, these models do not accurately predict the relative occu-

pation probability of the conformers in solution.

It has been shown that both geometry optimizations with a quantum-

mechanical method and MD with force fields deliver structures that

have small deviations from the experimental SAXS curves. With the

use of these methods, one can obtain a reliable set of molecular struc-

tures. By comparing the calculated and experimentally measured mo-

lecular shapes, it has become clear that no single atomistic model can

physically fill the bead shape perfectly: When the central bulge is

formed, the remaining tails are too short (a crouching pose), leaving

empty space at the ends; when tails are widespread, there is no bulge

(a stretching pose).

It has been hypothesized that at least several conformers (molecular

models) coexist in solution in some ratio so that a scan in SAXS re-

veals them in an averaged way. Nevertheless, some single calculated

models show very good agreement with SAXS, validating the theo-

retical methods. The best agreement is found for Model3/MD(3).

To compare the SAXS curve obtained from simulations with the

experimental data, three commonly used programs, CRYSOL,

WAXSIS, and PEPSI-SAXS, were applied. Even though all three

programs identified Model3 as the closest to the SAXS bead model,

the PEPSI-SAXS results differ considerably from the other two

programs.

On the basis of presented results for atomistic modeling of aptamer

structures, the following protocol is suggested: (1) use SAXS to deter-

mine the shape of the aptamer in an experiment, (2) do the initial

design of molecular models by using OligoAnalyzer or MFold, (3)

perform molecular modeling by using computational methods such

as FMO or MD, and (4) compare atomic structure from simulations

with the measured SAXS curve using CRYSOL orWAXSIS programs.

Although the proposed procedure to determine the structure is

applied to an aptamer in this work, it could also be employed for ap-

tamer-target complexes in future works. And by obtaining a reliable

atomistic structure from simulations, one can rationalize the binding

of an aptamer to a target, such as a protein. This can be very helpful in

designing new, more efficient aptamers based on insight gained from

molecular simulations.

Table 1. Deviations of c2 of the experimental SAXS curve for LC-18t from

the simulated curves based on FMO and MD calculations

LC-18t modela CRYSOL WAXSiS PEPSI-SAXS

Model1/FMO 20.05 23.18 22.26

Model1/MD(1) 17.56 20.21 18.79

Model1/MD(2) 3.28 3.14 3.29

Model2/FMO 132.13 160.20 108.18

Model2/MD(1) 17.85 24.08 25.38

Model2/MD(2) 17.90 27.22 4.70

Model2/MD(3) 8.47 15.12 7.82

Model2/MD(4) 19.08 35.77 15.76

Model3/FMO 2.59 5.99 10.63

Model3/MD(1) 7.04 10.23 8.26

Model3/MD(2) 7.51 4.51 14.11

Model3/MD(3) 2.62 3.50 4.47

Model3/MD(4) 7.06 9.37 1.78

Model3/MD(5) 9.46 11.94 5.77

Model4/FMO 2.11 4.15 5.59

Model4/MD(1) 25.32 29.8 13.12

Model4/MD(2) 29.25 30.17 28.78

aThe number after MD identifies the cluster (a group of structures).
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MATERIALS AND METHODS
Aptamers LC-18 50-CTCCTCTGACTGTAACCACGTGCCCGAAC

GCGAGTTGAGTTCCGAGAGCTCCGACTTCTTGCATAGGTA

GTCCAGAAGCC-30, LC-18t 50-CGAACGCGAGTTGAGTTCCGA

GAGCTCCGACTTCT-30, and non-specific oligonucleotide (AG)40
50-CTCCTCTGACTGTAACCACG(AG)40GCATAGGTAGTCCAG

AAGCC-30 were synthesized, labeled, and purified by Integrated

DNA Technologies (USA). Aptamers were ordered unlabeled and

labeled with Cy-5 or FAM fluorophores.

Flow cytometry

All experiments with human tissues were carried out in accordance

with the approved guidelines and principles expressed in the Declara-

tion of Helsinki. The study was approved by the Local Committee on

Ethics of the Krasnoyarsk Regional Clinical Cancer Center, named af-

ter A. I. Kryzhanovsky No. 6 from March 22, 2016, in Krasnoyarsk,

Russia. The patients in this study signed their consent.

Tumor tissues were collected from the patients with lung adenocarci-

noma during the complete surgical resection of their tumor. The

tissues were immediately placed in ice-cold DMEM (Capricorn Scien-

tific, Germany). Flow cytometry experiments were performed within

2–3 h of tissue collection. Lung cancer tissues, lung inflammation tis-

sues, and relatively healthy tissues distant from the tumorwerewashed

withDulbecco’s phosphate-buffered saline (DPBS),minced by a blade,

pipetted, and filtered through 70 mm filters to obtain a homogeneous

solution. The cell suspension was washed three times with DPBS by

centrifugation at 3,000� g for 5min. Cells (0.5million in each sample)

were preincubated on a shaker with yeast RNA (1 ng mL�1) for 30min

and then with 100 nM of FAM-labeled aptamer LC-18t, LC-18, or

(AG)40 oligonucleotide as a control for 30 min at 25�C.

The binding level was measured on an FC-500 Flow Cytometer

(Beckman Coulter, USA). Replacement analyses were performed to

prove that aptamers share the same binding site. Higher concentra-

tions of LC-18t (0.2, 0.5, 1, 10, and 100 mM) were used to replace

LC-18 from the cells.

Determination of KDs of aptamers

Apparent KDs for the aptamers LC-18 or LC-18t were determined us-

ing flow cytometry. Patient-derived lung cancer cells were incubated

with 2 nN, 6 nM, 10 nN, 20 nM, 30 nN, 60 nN, 80 nM, 100 nN, 150

nN, and 300 nN of FAM-labeled aptamers. The data were analyzed

with Kaluza 1.2 software. Apparent KDs for the aptamers LC-18 or

LC-18t were determined from the regression affinity curves corre-

sponding to the percentage of bound lung cancer cells versus aptamer

concentrations as half from maximum binding.

In accordance with the Michaelis-Menten equation, under conditions

of excess aptamer concentration:

½RLinf �=½R0� = ½L0�=ð½L0� + KdÞ;

where [R0] is LC cell concentration, [L0] is aptamer concentration;

[RLinf] is the steady-state equilibrium concentration of the LC cells

and aptamer complex; Kd is aptamer’s KD; and [RLinf]/[R0] is the

steady fraction of bound cells.

A hyperbolic regressionmodelwas plotted in accordancewith the equa-

tion F ([L0]) = [L0]/([L0]+KD) from the dataset of serialmeasurements

[RLinf]/[R0] depending on the value [L0] to determine the KD value.

Histological tissue staining

Lung cancer tissue pieces were frozen in liquid nitrogen and sliced

into 5 mm sections by a MicromHM525 Cryostat and placed on poly-

lysine-coated glass slides. Tissue sections were incubated with 10%

bovine serum albumin (Sigma-Aldrich, USA) for 30 min, followed

by incubation with a primary anti-CEA antibody (2 ng mL�1) in a

Figure 5. Fitting of possible aptamer conformations with experimental SAXS data

Comparison of the SAXS model from the experiment (gray beads) with structures of LC-18t (colored) obtained with FMO optimizations and MD simulations (the number in

parentheses identifies the cluster number), for clusters with a small deviation c2.
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humidified atmosphere for 1 h and then with a secondary antibody

labeled with Alexa Fluor 405 (2 ng mL�1) in a humidified atmosphere

for 1 h and then washed three times with DPBS.

Nonspecific binding of the aptamers was blocked by yeast RNA

(1 ng mL�1; Sigma-Aldrich, USA) incubated for 30 min. Then

50 nM of Cy-5-labeled LC-18t aptamer was added. The mixture

was incubated for 30 min in a humidified atmosphere and washed

three times with DPBS. The Bio Mount mounting medium (Bio-

Optica, Italy) was used to fix the sections. The tissue sections

were analyzed by laser-scanning fluorescence microscopy using a

Carl Zeiss LSM800 system.

SAXS

SAXSmeasurements were performed at the P12 BioSAXS beamline of

the European Molecular Biology Laboratory (EMBL) at the Petra III

storage ring (German Synchrotron Research Centre [DESY],

Hamburg, Germany).54 The data were collected on a photon-count-

ing Pilatus-6M detector at a sample-to-detector distance of 3.0 m

and a wavelength l of 0.12 nm covering the momentum vector range

0.2 < s < 7.8 nm�1 (s = 4psinq/l, where 2q is the scattering angle).

The measurements were performed in two regimes: (1) a high-

throughput “batch” mode using a robotic sample changer at several

concentration points for a further extrapolation to infinite dilution

and (2) a combined in-line use of SEC-SAXS. The latter allows one

to address on stream the sample monodispersity as well as conforma-

tional heterogeneity.

In the batch mode, the scattering patterns from the dilution

series were collected at four different concentrations: 8, 4, 2, and

1 mg/mL, each in a volume of 50 mL. The extrapolation of the scat-

tering signal to zero concentration allows one to minimize the influ-

ence of interparticle interactions at low angles, thus effectively elim-

inating the impact of the structure factor. Strictly speaking, this

regime does not guarantee the monodispersity of the solution,

and the data should be treated cautiously. However, if a single bio-

logically relevant model fits the SAXS data, it may indicate the

monodispersity of the sample and confirm the feasibility of the

derived SAXS parameters.

The SEC-SAXS mode allows one to directly validate the monodisper-

sity of the solution and, for example, to collect the SAXS data from

different oligomeric states separately.55 The largest available on-site

column Superdex 75 Increase 10/300 GL was utilized to confirm

the sample monodispersity. The flow rate 0.4 mL/min with an expo-

sition period of 1 frame per second was used, resulting in profiles of a

total of 3,600 individual SAXS items.

The initial SEC-SAXS data-processing steps were done in CHRO-

MIXS.56 The obtained 1D data were processed by using standard

procedures.45,57,58 The program PRIMUS from the ATSAS pack-

age59 was used to derive the overall SAXS parameters: the Rg, intra-

particle Dmax, and Porod volume (Vp). The p(r) function was calcu-

lated by using the indirect Fourier transform by GNOM.60 The p(r)

function represents a histogram of distances between all possible

pairs of atoms within a particle, weighted by their individual scat-

tering contrasts. The molecular mass of the solute was calculated

by comparison of the forward scattering intensity (I(0)) of the sam-

ple with that of the scattering from a reference bovine serum albu-

min solution and also from the excluded solute volume calculated

with DATPOROD.

The spatial shape of the biomolecule was obtained by an ab initio

method ofmolecular envelope determination using theDAMMINpro-

gram.61 In the case of ab initio reconstruction, the scattering particle is

approximated by uniformly scattering “dummy” pseudo atoms in order

to reconstruct the overallmolecular envelope.61 Since SAXS is an intrin-

sically ambiguous method, multiple models were reconstructed and

cross validated to choose the most representative one for further anal-

ysis.62 This model was used as a guide for molecular modeling

calculations.

The scattering from the obtained atomistic models was simulated and

back validated against the experimental data by CRYSOL,63 WAX-

SiS,64 and PEPSI-SAXS.65 CRYSOL uses a multipole expansion of

the scattering amplitudes to calculate the spherically averaged scat-

tering pattern and approximates the hydration shell by a border layer

of a given thickness and density. WAXSiS is based on explicit-solvent,

all-atom MD simulations providing a realistic model for both the hy-

dration layer and the excluded solvent. PEPSI-SAXS is also based on a

multipole expansion principle, whereas its run time is reduced even

more than that of CRYSOL because of the introduction of several

additional speed-up features. The SAXS dataset is available at the

SASBDB;66 accession code: SASDK36.

Figure 6. Comparison of experimental and theoretical SAXS curves

Experimental (black) and theoretical SAXS curves based on the bead model

structure (red) andMD simulations for Model3/MD(3) (green), with the deviation c2 =

2.615. The Guinier plot is inserted, demonstrating the calculated gyration radius of

the molecule and linearity of the Guinier region, which indicates the monodispersity

of the solution.
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Secondary structure prediction

Based on the sequence, the secondary structure of the LC-18t aptamer

was predicted by using the online software OligoAnalyzer25 3.1 and

MFold.24,52,53 The simulations were done with 146 mM Na+ and

0.5 mM Mg2+ at 5�C and 20�C.

Details of theoretical calculations

Two kinds of computational methods were used to make separate

predictions of the structures of aptamers: (1) geometry optimizations

using a quantum-mechanical method, third-order DFTB3 with the

3ob-3-1 set of parameters67 and (2) MD with force fields. A compar-

ison of the DFTB and MD structures with SAXS experiments reveals

deviations for each method.

To accelerate the DFTB calculations, they were combined with the

FMO method68,69 at the two-body level FMO2, whereas the solvent

(water) was described by a PCM.70. In FMO, each nucleotide in

LC-18t was treated as a fragment (35 fragments total); the frag-

mentation was performed by using the Facio71 program. The

modeling of the aptamers was performed with Avogadro72 and

fully optimized with FMO-DFTB/PCM using the GAMESS

program.73

MD simulations were conducted by using GROMACS 2019.8 soft-

ware.74 The aptamer was solvated in a 10 � 10 � 10-nm periodic

cubic box of water. Then the whole system was neutralized with

Na+ ions, and additional Na+ and Cl� ions were added up to total

0.1 M concentration of salt. The Amber14sb75 force field for the

aptamer and counterions as well as the TIP3P model76 for water

was used. MD simulations of 200 ns were performed with the

NPT (at constant number of particles N, pressure P, and temper-

ature T) ensemble at 310 K and 1 atmosphere (atm) using the ve-

locity-rescaling thermostat with a 1-ps time constant77 and at 1 bar

pressure using the Parrinello-Rahman barostat with a 5-ps time

constant78 and 4.5 � 10�5 bar�1 compressibility. Hydrogen-con-

taining bond lengths were constrained to their equilibrium values

in the force field by using the LINCS method,79 which permitted

using a 2-fs time step for the trajectory integration. A particle

mesh Ewald (PME) method80 was used to sum periodic electro-

static interactions with a real-space cutoff of 1.2 nm, and Le-

nard-Jones interactions were treated by using a cut-off scheme

with the same 1.2-nm threshold. In addition, MD simulations

with the same set-up were performed but using an Amber14sb_

parmbsc181 set of force-field parameters for the aptamer, which

is specifically tuned for DNA simulations. However, it shows

much less conformational flexibility for the aptamers (see Fig-

ure S6). Thus, we considered only Amber14sb trajectories in the

clustering.

Clusters of structures and their centers were computed by using the

quality threshold algorithm82 implemented in VMD.83 Root-mean-

square deviation (RMSD) of phosphorus atoms was used as a metric

function with a cutoff of 0.4 nm. At most, five clusters were extracted

for each aptamer.

Computation of scattering curves from molecular simulations

Scattering curves can be computed by using molecular structures ob-

tained in simulations and validated against experimental SAXS

curves. Historically, the first and the most straightforward approach

to generate SAXS patterns from a given model is to explicitly compute

the scattering contributions from all atoms of a model using the De-

bye equation.84Although it gives a mathematically exact solution, this

approach has two main drawbacks: (1) the hydration layer is difficult

to model explicitly, and thus it is hard to get its scattering contribu-

tion, and (2) use of the Debye formula requires significant computa-

tional resources for big molecules. Therefore, we employed several

popular approaches that work around these problems utilizing spher-

ical harmonics expansion along with other performance improve-

ments. Specifically, we used three programs: CRYSOL,62 WAXSiS,63

and PEPSI-SAXS.64

In CRYSOL, the parameters were maximum angle = 3 nm�1, number

of points = 256, solvent density = 334 e/nm3, hydration shell

contrast = 0.03 e/A3, maximum order of harmonics = 25, and order

of the Fibonacci grid = 17. In WAXSiS the parameters were maximal

angle = 3 nm�1, number of points = 101, solvent density = 334 e/nm3,

and envelope distance = 0.7 nm. In PEPSI-SAXS, the parameters were

hydration shell = 5%, use of explicit hydrogens, no smearing, and

automatic background.
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