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ABSTRACT: A 36-mer guanine (G)-rich DNA aptamer (OBA36) is
able to distinguish one atomic difference between ochratoxin analogues A
(OTA) and B (OTB), showing prominent recognition specificity and
affinity among hundreds of aptamers for small molecules. Why OBA36
has >100-fold higher binding affinity to OTA than OTB remains a long-
standing question due to the lack of high-resolution structure. Here we
report the solution NMR structure of the aptamer−OTA complex. It was
found that OTA binding induces the aptamer to fold into a well-defined
unique duplex−quadruplex structural scaffold stabilized by Mg2+ and Na+

ions. OTA does not directly interact with the G-quadruplex, but
specifically binds at the junction between the double helix and G-
quadruplex through π−π stacking, halogen bonding (X-bond), and
hydrophobic interaction. OTB has the same binding site as OTA but
lacks the X-bond. The strong X-bond formed between the chlorine atom of OTA and the aromatic ring of C5 is the key to
discriminating the strong binding toward OTA. The present research contributes to a deeper insight of aptamer molecular
recognition, reveals structural basis of the high-affinity binding of aptamers, and provides a foundation for further aptamer
engineering and applications.

■ INTRODUCTION

Aptamers are short single-stranded oligonucleotides that are
generated via the SELEX method (Systematic Evolution of
Ligands by EXponential enrichment) to bind various targets
from small molecules to protein, and even whole cells, with
high affinity and specificity. Aptamers have diverse and
increasing applications in biosensors, disease diagnosis, affinity
separation, therapeutics, and drug delivery.1−10 To date,
aptamers have become powerful tools to analyze and detect
small molecules, as hundreds of aptamers have been isolated
for a number of small-molecule targets, such as biomarkers,
drugs, pollutants, cofactors, toxins, and metabolites.3,4,11−17

Ochratoxin A (OTA) (Figure 1), a derivative of isocumarin
linked via a peptide bond with L-phenylalanine, is a widespread
food-contaminating small-molecule mycotoxin mainly pro-
duced by fungal species Aspergillus ochraceus and Penicillium
verrucosum. OTA poses a serious health threat to both humans
and animals due to its nephrotoxicity and carcinogenicity,18−20

which makes the detection of OTA important for food safety,
environment monitoring, and risk assessment.
The discovery of OTA aptamers allows for aptamer-based

biosensors, assays, and affinity extractions for OTA, over-
coming limitations of immunoantibodies.4,21−23 A 36-mer
guanine (G)-rich OTA-binding DNA aptamer (OBA36) with
the sequence 5′-GATCGGGTGTGGGTGGCGTAAA-

GGGAGCATCGGACA-3′, selected by Cruz-Aguado et al.24

in 2008, is one of the prominent aptamers among hundreds of
aptamers for small molecules due to its great binding
performances, drawing increasing and intense attention.4,21,22

OBA36 is able to distinguish one atomic difference between
OTA and OTB, which is a nonchlorinated structural analogue
of OTA (the chlorine in the isocoumarin ring of OTA is a
hydrogen in OTB). OBA36 binds OTA with a dissociation
constant (Kd) down to ∼50 nM (the Kd value may slightly vary
depending on buffer conditions and analytical methods used),
but binds OTB with more than 100-fold reduced affinity
compared to OTA.24,25 Why OBA36 has superior binding
affinity and specificity is a long-standing question in the
aptamer research field.
Low-resolution circular dichroism (CD) spectroscopy shows

the aptamer folds into an antiparallel G-quadruplex (GQ)
structure in the absence and presence of OTA.26 GQ topology
structure was further determined by the method in which
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fluorescent nucleobase analogue 8-thienyl-2′-deoxyguanosine
(ThdG) was inserted into various G sites of the aptamer, and
OTA was thought to insert between the G-tetrad residues.27,28

In addition, metal ions play crucial roles in the binding of OTA
to the aptamer because both the aptamer and OTA are
negatively charged, and the direct interaction between them is
difficult. The binding of OTA to the aptamer highly depends
on the presence of divalent cations whose removal causes the
loss of binding affinity, whereas the removal of Na+ and K+ just
induces a 20-fold decrease of binding affinity.24,25 However, it
is still not clear about the structural basis for high-affinity and
-specificity binding of this aptamer and the detailed functions
of these metal ions in aptamer−OTA binding.
Determination of high-resolution structure is an effective

way to answer these questions. Herein, we solved the high-
resolution solution structures of an OTA-bound high-affinity
aptamer by NMR spectroscopy and revealed the molecular
mechanism of high-affinity and -specificity recognition of OTA
by aptamers and detailed ion function. The study will really
contribute to the design and improvement of aptamers and
aptamer-based biosensors and the interpretation of the
mechanism of OTA toxicity.

■ MATERIALS AND METHODS
Sample Preparation. Ochratoxins A and B were purchased from

Aladdin (Shanghai, China) and J&K Scientific (Beijing, China),
respectively, and the ochratoxins were dissolved in d6-DMSO as stock
solutions for further use. DNA oligos were synthesized by Sangon
Biotechnology Co., Ltd. (Shanghai, China). NMR samples were
prepared by dissolving the lyophilized DNA powder in either D2O or
9:1 H2O/D2O containing 10 mM Na2HPO4/NaH2PO4, 120 mM
NaCl, 5 mM KCl, and 10 mM MgCl2, pH 7.4, or dissolving DNA in
9:1 H2O/D2O containing 10 mM Tris-HCl with various ions. The
concentration of nucleic acids for NMR samples was 0.05−2 mM.

NMR Spectroscopy. NMR spectra were recorded on Bruker 600,
700, and 850 MHz NMR spectrometers equipped with a CyroProbe,
at 288 and 308 K, respectively. 2D 1H−1H TOCSY (120 ms mixing
time) and DQF-COSY spectra were acquired in D2O with 512
complex points in the t1 dimension and 2048 in the t2 dimension. 2D
1H−1H NOESY spectra were collected in D2O and 10% D2O,
respectively, with mixing times of 120, 300, and 500 ms and 256−512
complex points in the t1 dimension and 2048 in the t2 dimension. 1H
chemical shifts were referenced to 2,2-dimethylsilapentane-5-sulfonic
acid (DSS) at 0 ppm. The 2D JR-HMBC spectrum29 was collected
with 56 complex points along the t1 dimension and 2048 points along
the t2 dimension, with 10K scans at 288 K. Both 2D 31P−1H COSY30

and HSQC31 were recorded at 308 K. 31P chemical shifts were
referenced to an external standard of 85% H3PO4. All NMR spectra
were processed using Bruker TopSpin software and analyzed using the
software Sparky.32

Structure Calculation. The structures of the OBA33−OTA
complex were calculated following the standard protocol33 using
Xplor-NIH 2.47,34,35 as described previously.36 Hydrogen bonding
and NOE distance restraints, dihedral angles restraints including
glycosidic dihedral angles (χ), and sugar backbone dihedral angles β,
γ, and ε were used in the calculation. Distance restraints were mainly
based on NOESY spectra with a mixing time of 120 ms. A total of 200
structures were obtained, and the 10 lowest energy structures were
chosen for further analysis. Structures were analyzed and displayed
using PyMOL Molecular Graphics System, version 0.99rc6,
Schrödinger, LLC.

Fluorescence Polarization Analysis. Fluorescence polarization
(FP) of OTA was measured with a Jasco FP-8300 fluorescence
spectrometer (Japan) at room temperature (298 K) as described
previously.25 The buffer for FP experiments was 10 mM Tris-HCl
(pH 7.5) containing 10 mM MgCl2, 120 mM NaCl, and 5 mM KCl,
containing 10 mM MgCl2 and 120 mM NaCl, or containing 10 mM
MgCl2 and 5 mM KCl, and 0.1% Tween 20. The fixed concentration
of OTA or OTB was 50 nM in a 100 μL quartz cuvette. FP was
measured with excitation at 375 nm and emission at 440 nm and a slit
of 5 nm. Five data points were collected, and the averaged value was
used for data processing.

Isothermal Titration Calorimetry (ITC) Analysis. Character-
ization of affinity binding between aptamers and OTA with ITC was
conducted by using a Microcal PEAQ-ITC microcalorimeter
(Malvern). Aptamers and OTA solutions were prepared in a buffer
of 10 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 120 mM NaCl, 5 mM
KCl, and 2% DMSO. In ITC measurements, 50 μM OTA in the
injection syringe was titrated into 5 μM aptamer in a sample cell at 25
°C. After an initial 60 s equilibration, the experiments started with the
first 0.4 μL of OTA solution and 19 successive 2.0 μL of OTA
solution every 100 s with the syringe stirring speed of 750 rpm. The
reference power was set as 10 μcal/s. By integrating the heat pulse
area of each titration, the titration curves were obtained. Dissociation
constant (Kd), binding stoichiometry (N), enthalpy change (ΔH),
free energy change (ΔG), and entropy change (TΔS) were
determined from the MicroCal PEAQ-ITC analysis software.

Circular Dichroism Spectroscopy. CD samples were prepared
by dissolving 10 μM aptamer in a 10 mM Tris-HCl (pH 7.5) buffer
containing Mg2+/Na+/K+, Mg2+/Na+, or Mg2+/K+ in the presence of
two equivalents of OTA. The concentrations of ions are the same as
that in FP experiments. CD spectra were registered on a Chariscan

Figure 1. 1H NMR spectra of the aptamers. (A) Sequence of
aptamers OBA36 and OBA32 and chemical structure of OTA. The
sequence numbering of OBA36 and OBA32 starts with number 2 for
the consistent numbering of all the constructs in the article. (B, C)
Imino regions of 1H NMR spectra of OBA36 and OBA32 aptamers
titrated with OTA in 10 mM Na2HPO4/KH2PO4 buffer (pH 7.4)
containing 120 mM NaCl, 10 mM KCl, and 10 mM MgCl2, at 288 K,
respectively. The asterisk indicates the peak from the proton of free
OTA.
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circular dichroism photomultiplier (Applied Photophsics Limited.
UK). For the CD spectra, the wavelength was varied from 220 to 320
nm at room temperature. Each trace is the result of a step size of 1
nm, a time per point of 0.5 s, and a bandwidth of 1 nm.

■ RESULTS

Stoichiometry Determination of OBA and OTA
Complexes. Aptamers were selected by SELEX in buffer
containing 120 mM NaCl and 5 mM KCl (high Na+ and low
K+ ion buffer) in the presence of divalent Mg2+ or Ca2+ ions.24

Therefore, we first acquired 1H NMR spectra of OBA36 in
NMR buffer containing 10 mM Na2HPO4/NaH2PO4, 120 mM
NaCl, 5 mM KCl, and 10 mM MgCl2, pH 7.4 (Mg2+/Na+/K+

buffer) (Figure 1). NMR spectra of imino protons of aptamers
are very sensitive to aptamer structure. In the absence of OTA,
the imino protons of free OBA36 display some broad
resonances in the 10−14 ppm range, suggesting that free
OBA36 may form G-quadruplex and duplex conformations,37

but it lacks a defined and stabilized structure. Upon the
addition of OTA, the spectral line widths become obviously
narrowed, and meanwhile several new resonances appear in the
10−14 ppm range, indicating the formation of a well-defined
structure containing G-quadruplex and double-helix conforma-
tions. Compared to the 1H NMR spectrum with one equivalent
of OTA, there is no change when the two equivalents of OTA
were added, suggesting a 1:1 stoichiometry. The consistent
stoichiometry result was also obtained using ITC (Figure S1).
OBA32 (5′-GATCGGGTGTGGGTGGCGTAAAGGGAG-

CATCG-3′), the 3′-end 4-nt truncated aptamer of OBA36, is
the shorter sequence whose affinity binding to OTA was
maintained effectively.24,25 NMR spectra show that OBA32
gave rise to quite similar signals to OBA36 both for the free
aptamers and when bound to OTA (Figure 1), implying that
the 3′-end 4-nt of O36 is negligible for aptamer recognition.
For NMR structure determination, a shorter aptamer sequence
is easier to analyze spectrally due to the decreased number of

signal peaks. Therefore, we determined the solution structures
of the OTA-bound OBA32 aptamer.

Folding Topology of the OBA32−OTA Complex.
Guanine imino (H1) and aromatic (H8) protons of OBA32
were assigned by 15N site-specific low-enrichment labeling
(Figure 2) and through-bond correlations between imino and
H8 protons via 13C at natural abundance (Figure S2). With the
help of these assignments and other NMR experiments (COSY
and TOCSY), the H8/6-H1′ NOE sequential connectivity can
be traced for almost all nucleobases (Figure 2). For
nucleobases missing H8/6-H1′ NOE sequential connectivities,
H8/6-H2′/2″/3′ NOE sequential connectivities were used to
confirm assignments.
The folding topology of OBA32 in the complex was

determined by analyzing the NOEs between the imino (H1)
and other protons (Figure 3). The characteristic imino-H8
proton cyclic NOE connectivity patterns around G-tetrads
(Figure 3A,B) established a two-layered chair-type antiparallel
G-quadruplex structure involving G7·G26·G16·G13 and G8·
G12·G17·G25 tetrads (Figure 3C), consistent with the
previous study.28 The glycosidic conformations of the G-
tetrads are syn·anti·syn·anti and anti·syn·anti·syn, respectively,
which are reflected by H8−H1′ NOE cross-peak intensities of
these residues in NOESY spectra. In the two G-tracts of the G-
tetrad core, G7-G8 and G16-G17 are in one direction and the
other two G-tracts, G12-G13 and G25-G26, are in the opposite
direction. The structure has three edgewise loops, i.e., the first
3-nt loop T9-G10-T11, the second 2-nt loop G14-T15, and the
third 7-nt loop C18-G19-T20-A21-A22-A23-G24. The G·G·C
triple forms between the G10 in the first loop and the G24 and
C18 in the third loop, which is supported by the strong NOEs
G10H1/G24H8 and G24H1/C18H41 (Figure 3A,B). The
reversed Hoogsteen A·T base pair as shown in Figure 3B forms
between the T11 in the first loop and the A23 in the third loop,
which is supported by the strong NOEs T11H3/A23H8
(Figure 3A).

Figure 2. Assignments of the OBA32−OTA complex. (A) Imino proton spectra of the OBA32−OTA complex. Imino protons were assigned from
15N-filtered spectra of samples, 2.5% 15N site-specific-labeled at indicated positions. (B) NOESY spectrum of the OBA32−OTA complex in H2O
(mixing time, 300 ms), showing the H8/6-H1′ sequential connectivities. Intraresidue H8/6-H1′ cross-peaks are labeled with residue numbers.
Missing connectivities are marked with asterisks.
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The bases G2-A3-T4 and A30-T31-C32 form a duplex
structure by canonical G·C and A·T Watson−Crick pairing
(G2·C32, A3·T31, T4·A30 pairs), which are supported by the
strong NOEs between the imino proton of the G base and the
amino protons of the C base and between the imino proton of
the T base and the H2 proton of the A base (Figure 3). The
base G6 forms a reversed wobble G·T pair with T15, as shown
in Figure 3B, which is supported by strong NOEs G6H1/
T15H3. The terminal G33 base does not pair.
Following the unambiguous assignment of proton reso-

nances of OBA32 and OTA, we also identified the
intermolecular NOEs between the protons of OTA and T4,
T15, A27, G28, C29, and A30, indicating that OTA binds in
the pocket composed of these nucleotides and does not
directly bind to the G-quadruplex region. Figure 3C shows the
schematic structure of the OBA32−OTA complex satisfying

the above NMR-determined NOE connectivities, from which
it can be deduced that the 3′-end 4 nt of OBA36 does not pair
to form a structure or directly participate in binding to OTA,
explaining why OBA32 and OBA36 exhibit similar NMR
spectroscopy and binding affinities.

Solution Structure of the OBA33−OTA Complex. As
shown in Figure 3C, the terminal G33 base lacks a
complementary base in the OBA32−OTA complex, which
likely reduces the binding affinity of the aptamer to OTA
according to our previous research.36 Therefore, we tried to
add a C to the 5′-terminus of OBA32 to generate a new
OBA33 aptamer with one more G·C pair compared to OBA32
to enhance the stem stability. We then employed fluorescence
polarization to determine the binding affinity to OTA in the
presence of Mg2+ (Figure S3, Table S1). OBA33 shows a
slightly improved affinity (54 ± 2 nM) compared to OBA32

Figure 3. Global topology of the OBA32−OTA complex deduced from NOESY spectra. (A) Expanded NOESY spectrum (mixing time, 300 ms) of
the OBA32−OTA complex in H2O buffer at 288 K, correlating NOEs between the imino protons and the amino and base protons. The
arrangements of G-tetrads were identified from framed cross-peaks with the residue number of imino protons labeled in the first position and that
of H8 protons in the second position. (B) Schematic representation of G-tetrads, G·G·C triple, and reversed wobble G·T, A·T reversed Hoogsteen
base pairs observed in the NOESY spectrum of the OBA32−OTA complex. Characteristic guanine imino-H8 proton NOE connectivity patterns
around G-tetrads are shown in the magenta row. (C) Schematic structure of the OBA32−OTA complex satisfying the NOE connectivities. Anti
and syn guanines in G-tetrads are colored blue and cyan, respectively. OTA is shown as the pink ellipse.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c00478
J. Am. Chem. Soc. 2022, 144, 7731−7740

7734

https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00478/suppl_file/ja2c00478_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00478/suppl_file/ja2c00478_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c00478?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c00478?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c00478?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c00478?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c00478?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(67 ± 3 nM) (Table S1). Due to the superior spectral quality
of OBA33, which helps identify some ambiguous assignments
in the OBA32−OTA complex, we recorded a series of NMR
spectra of the OBA33−OTA complex and determined the
solution high-resolution structure of the OBA33−OTA
complex. The proton resonances of the OBA33−OTA
complex were assigned in a similar way to the OBA32−OTA
complex (Table S2). Figure S4 shows the H8/6-H1′ sequential
connectivities and the correlation of imino protons with
amino/base protons of the OBA33−OTA complex, respec-
tively.
The solution structure of the OBA33−OTA complex was

calculated using NMR restraints including intramolecular and
intermolecular NOEs, hydrogen bonds, and dihedral angles
(Table S3). The lowest-energy refined structures of the
complex are presented in Figure 4. The structures are well-
defined with the average pairwise RMSD value of 0.57 ± 0.14
Å for all heavy atoms of the entire complex (Table S3).

Like the OBA32−OTA complex, the OBA33−OTA
complex forms a duplex−quadruplex structural scaffold
(Figures 4 and 5). The G10·G24·C18 triple and noncanonical
A23·T11 pair between two loops (the first loop: T9-G10-T11

3-nt loop; the third loop: C18-G19-T20-A21-A22-A23-G24 7-
nt loop) stack well with the G-quadruplex core, helping to
stabilize the G-quadruplex fold. We also observed the
formation of the G19·A22 pair in the 7-nt loop, although the
hydrogen bond restraints between them were not used in
structure calculations due to the fact that the resonances of the
NH2 group of G19 and A22 were not observed in the NMR
spectra. The G19·A22 pair is likely to help stabilize the third
loop and further G-quadruplex structure.

Binding Pocket Architecture. OTA binds at the junction
between the duplex and G-quadruplex of the complex (Figure
6). OTA does not directly interact with the G-quadruplex,
which is not consistent with the previous prediction.28 The
residues C5, G6, T15, A27, G28, and C29, which form the
base quartet G6·T15·A27·C29 and triplet C5·T15·G28 by
hydrogen bonding (Figure 6A,B), the residue G14, which
forms hydrogen bonds by its H1 and NH2 with phosphate
oxygens O1P of C5 and phosphodiester oxygens O3′ of T4,
respectively (Figure 6B), and the residues T4 and A30, which
form a T4·A30 Watson−Crick pair, building the OTA binding
pocket. OTA is anchored mainly by the stacking of the
isocoumarin ring of OTA between the T4·A30 base pair and
the G28 base (Figure 6C), the halogen bonds between the
chlorine atom of OTA and aromatic ring of the C5 base
(Figure 6D), and the hydrophobic interactions between the
methyl group of OTA and C29 and between the benzene ring
of OTA and sugar rings of A27 and G28 (Figure 6E).
The halogen bond (X-bond) plays an important role in the

recognition of the aptamer by OTA. A halogen bond is a
directional noncovalent interaction between a halogen atom
and electron donor.38,39 The electron density donors are
usually represented by electronegative atoms such as oxygen,
nitrogen, or sulfur and also by aromatic rings or conjugated π-
systems. Nucleic acids are prospective X-bond acceptors
because they are naturally rich in electronegative atoms.
Herein the potential X-bonds between the chlorine atom of
OTA and aptamer were searched according to the criteria that
the distance between the halogen and electronegative atoms
(O, N, P) is shorter than 4.2 Å and the angle R−X···O/N/P is
higher than 120°, or the perpendicular distance between the
halogen atom and the aromatic ring plane is shorter than 4.2 Å
and the angle between the R−X bond and plane normal vector
is smaller than 60°. It was found that the strong halogen bond
forms between the chlorine atom of OTA and aromatic ring of

Figure 4. Solution structure of the OBA33−OTA complex. (A) Ten
superimposed refined structures. (B) Cartoon view of a representative
refined structure. Guanines are colored blue; cytosines, green;
adenines, cyan; thymines, yellow; backbone and sugars, gray; OTA,
red.

Figure 5. Expanded view of an antiparallel G-quadruplex in one representative OBA33−OTA complex structure. (A, B) Side (A) and top (B) view
of the G13·G7·G26·G16 tetrad, G12·G17·G25·G8 tetrad, G10·G24·C18 triple, and A23·T11 pair between two loops (T9-G10-T11 3-nt loop and
C18-G19-T20-A21-A22-A23-G24 7-nt loop) and G19·A22 pair in the 7-nt loop segment in the antiparallel G-quadruplex. Cytosines are colored
green; adenines, cyan; thymines, yellow; backbone and sugars, gray. Anti and syn guanines are colored blue and magenta, respectively. (C)
Hydrogen-bonding alignments of the G19·A22 pair. Oxygen, nitrogen, carbon, and hydrogen atoms are depicted in red, blue, green, and gray,
respectively.
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the C5 base with the statistic mean distance of 3.2 Å and angle
of 26° for 10 computed structures (Figure 6D). The chlorine
atom of OTA attacks the nucleobases from above the aromatic
ring of C5; such an X-bond with superb geometric character-
istics is rare in nucleic acid complexes, and the geometry also
suggests that the interaction of the halogen contributes
strongly to the complex stability.
Upon complex formation, C29 does not stack with other

bases, but forms the base quartet G6·T15·A27·C29 via its NH2
group by twisting down the base (Figure 6A,B). The
hydrophobic side (at positions 5 and 6 of the cytosine) of
C29 turns away from the water solvent toward the molecule’s
interior, and the hydrophilic side moves toward the outside,
which are supported by many NOEs between C29 and A27/
G28/OTA (for instance, the NOEs between the methyl group
of OTA and H2′/H2″/H3′/H5/H6 of C29 shown in Table
S4). This special location of C29 not only contributes to its
interaction with the methyl group of the isocoumarin ring of
OTA by hydrophobicity but also benefits to close the binding
pocket (Figure 6E).
In addition, the benzene ring of OTA also interacts by a

hydrophobic effect with sugar rings of A27 and G28. We
observed a series of NOEs between the benzene ring of OTA
and the sugar rings of A27 and G28 and H8 of G28 (Figure
6E). Especially, H8 and H1′ protons of G28, which are
positioned below the benzene ring of OTA, exhibit unusually
upfield-shifted resonances (δH8 5.74 ppm and δH1′ 4.54 ppm
shown in Table S2) due to the shielding effect of the benzene
ring of OTA.
The base quartet G6·T15·A27·C29 and triplet C5·T15·G28

provide important structural components to the architecture of
the binding pocket. The base quartet/triplet alignments make
these bases effectively fixed in the right position, respectively,
greatly facilitating the stacking of the G28 base and
isocoumarin ring of OTA, halogen bond formation between

the aromatic ring of the C5 base and the chlorine atom of
OTA, and the hydrophobic interaction between the sugar rings
of A27 and G28 and the aromatic ring of OTA and between
C29 and the methyl group of OTA.

Structural Insights into Discriminatory Recognition.
OTA and OTB can be discriminately recognized by aptamers,
although the only difference between OTA and OTB is that
the chlorine in the isocoumarin ring of OTA is a hydrogen in
OTB.24 As shown in Figure S5, the 1D 1H NMR spectra show
that all imino protons in the OBA33−OTB complex gave rise
to almost the same resonances to corresponding protons of the
OBA33−OTA complex except the imino proton of G28 in the
binding pocket and the NH proton of bound OTB. The
NOESY spectra indicate that the intermolecular NOEs
between OTB and OBA33 are also almost identical to those
between OTA and OBA33, although the chemical shifts of
protons from residues T4, C5, and G28 in the binding pocket
shift compared to the OBA33−OTA complex (Figure S5 and
Tables S4 and S5). These data indicate that OTA and OTB
possess almost identical binding pockets when bound to
aptamers but have remarkably different affinities. The only
reasonable explanation is the formation of halogen bonds
between the chlorine atom of OTA and the aptamer. The
binding affinity of OBA33 is 54 nM for OTA and 17 μM for
OTB (Figure S5), and the free energy of binding is −9.9 and
−7.2 kcal mol−1, respectively, meaning that the halogen bonds
contribute 34% of the favorable free energy. The results
suggest that the halogen bonds play a vital role in the aptamer
discriminatory recognition of OTA and OTB.

■ DISCUSSION

Base Pair, Triple, and Quartet Alignment and the
OBA−OTA Complex. The OBA33/OBA32−OTA complex
structures are mainly composed of a double helix formed by

Figure 6. Structural details of the OTA binding site in one representative OBA33−OTA complex structure. (A) Side view showing the OTA
binding pocket. (B) Hydrogen-bonding alignments of the bases within the binding pocket. (C) Side and top view showing the stacking of the
isocoumarin ring of OTA between the A30·T4 base pair and G28 base. (D) Halogen bond between OTA and the C5 base. The distance stands for
the perpendicular distance from the chlorine atom to the aromatic ring. (E) Side view showing the hydrophobic interaction between the benzene
ring of OTA and sugar ring of A27 and G28 and between the methyl group of the isocoumarin ring of OTA and the sugar ring of C29. The
hydrogen and halogen bonds are shown as dashed lines. Oxygen, nitrogen, chlorine, and hydrogen atoms are depicted in red, blue, cyan, and gray,
respectively.
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Watson−Crick pairs, a G-quadruplex formed by Hoogsteen
pairs, and the OTA binding pocket containing base triple and
quartet alignment. Most of base pair/triple/quartet in complex
structures are formed by the participation of the G base
because OBA33/OBA32 aptamers are G-rich. Therefore, we
investigated the effect of the deletion of hydrogen bonds
formed by the NH2-2 group of the G base on the OBA32−
OTA complex structure by the replacement of G with inosine
(Figure S6 and Table S6). The imino 1H NMR spectra
indicate that the replacements of G10 and G28 cause a
pronounced impact on the formation of the complex. The
replacement of G10 with inosine results in the resonances of
the G-quadruplex region significantly broadening, while the
double-helix region is hardly affected, suggesting that the
replacement seriously affects the stability of the G-quadruplex
structure and further affects the binding to OTA. In the
OBA32−OTA complex structures, G10 in the first 3-nt loop
forms a G10·G24·C18 triple through its NH and NH2-2
groups with N7 and the O6 carbonyl of the G24-C18
Watson−Crick pair in the third 7-nt loop, respectively (Figure
3), and thus the above observation also explains the important
role of the G10·G24·C18 triple between two loops in
stabilizing the G-quadruplex. The replacement of G28 with
inosine induces an obvious increase in the number of
resonance peaks, suggesting that the replacement seriously
decreases the stability of the complex structure and probably
leads to the coexistence of not less than two conformations. In
the OBA32−OTA complex structures, G28 forms a G28·T15·
C5 base triple through its NH and NH2-2 groups with the O2
carbonyl of T15 and C5, respectively, which is deduced from
the high-resolution OBA33−OTA complex structure. The
triple alignment makes G28 fixed in the right position easy for
the stacking of OTA. The removal of the NH2-2 group
destabilizes the G28·T15·C5 base triple and thus directly
affects the binding of OTA.
In the OBA33−OTA 3D structure, the base quartet G6·T15·

A27·C29 formed via hydrogen bonds is the important
structural component of the ligand-binding pocket. The
importance of this base quartet structure was also verified by
base mutations. We replaced A27 with its isomer 2-
aminopurine (2AP) (OBA33-27-AP), which will destroy the
hydrogen bonds between the A27 base and the G6 and C29
bases due to exchanging the position of the NH2 group. FP
results indicate seriously decreased binding affinity (Kd: 1053
± 48 nM) (Table S1 and Figure S3). We also replaced C29
with 5-methylcytosine (5mC) (OBA33-29-5mC), which
probably impedes the forming of a hydrogen bond or
destabilizes the ydrogen bond between NH2 of C29 and N3
of A27 due to the steric effect of a methyl group to decrease
the ligand-binding affinity, and meanwhile the hydrophobic
interaction between OTA and C29 may enhance and thus
increase the ligand-binding affinity. FP results also show the
decreased binding affinity (Kd: 472 ± 17 nM) (Table S1 and
Figure S3), suggesting the importance of the base quartet on
complex formation.
We also investigated the effect of the duplex structure

component on the OBA33 aptamer binding affinity to OTA by
base mutations (Figure S3 and Table S1). We mutated A3·T31
to C3·G31 base pairs (OBA33-C3), and FP affinity
determination shows the mutation hardly affects the binding
to OTA (Kd: 61 ± 2 nM). However, the further mutation of
T4·A30 to G4·C30 base pairs based on OBA33-C3 (OBA33-
C3G4) results in remarkably decreased binding affinity to

OTA (Kd: 1736 ± 63 nM), which is probably due to the fact
that the T4·A30 base pair directly interacts with the
isocoumarin ring of OTA by the π−π stacking, and the G·C
base pair does not stack well with OTA compared to the T·A
base pair. Meanwhile, the hydrophobic interaction of methyl
group of T4 with H9 of the isocoumarin ring of OTA, which
was supported by strong NOE cross-peaks between methyl and
H9 protons (Table S4), possibly contributes to the binding of
aptamer to OTA. The hydrophobic interaction was destroyed
due to the mutation of T4·A30 to G4·C30 base pairs, and thus
the binding affinity decreased. The above observation indicates
the important contribution of the T4·A30 stacking interaction
with OTA to the strong binding affinity of the aptamer.
We have previously shown that stabilization of the OBA18

terminus by adding a GC base pair increased its binding
affinity to OTA.36 We wonder how the extension or truncation
of a G−C base pair to the terminus of OBA33-C3 (OBA35)
affects its affinity to OTA (Figure S3 and Table S1). FP data
indicate OBA35 has a slightly increased affinity (Kd: 35 ± 4
nM). By contrast, the truncation of one G−C base pair on the
terminus of OBA33 (OBA31) decreased the affinity (Kd: 141
± 7 nM), and OBA29 with one more G−C base pair truncated
in the duplex had greatly reduced affinity (Kd: 11.3 ± 0.6 μM)
(Figure S3 and Table S1), in agreement with a previous
report,25 indicating that the stabilization of the duplex
structure is important for the aptamer to maintain strong
binding affinity.

Role of Metal Ions in Aptamer Recognition. In Mg2+/
Na+/K+ ternary ion buffer (Mg2+: 10 mM, Na+: 120 mM, and
K+: 5 mM), the aptamer forms an antiparallel G-quadruplex
and duplex structure. In order to elucidate which of these ions
stabilizes the structure of the aptamer, we acquired 1H NMR
spectra of OBA33 in buffer with different ions (Figure S7). It
was found that the imino protons of OBA33 in Mg2+/Na+/K+

ternary ion buffer gave rise to the same NMR spectra as that in
Mg2+/Na+ binary ion buffer (Mg2+: 10 mM and Na+: 120
mM), different from the NMR spectra in Mg2+/K+ binary ion
buffer (Mg2+: 10 mM and K+: 5 mM) and Mg2+ buffer (Mg2+:
10 mM), both for free and bound aptamer (Figure S7A),
suggesting that both Mg2+ and Na+ ions in ternary ion buffer
play an important role in stabilizing the structure of both free
and bound aptamers. FP affinity assays show that Mg2+/K+

binary ions can also induce significant binding of OBA33, and
the Kd is 77 ± 5 nM, a little bit larger than that in Mg2+/Na+

buffer (46 ± 2 nM) (Figure S7B), meaning K+ and Na+ have a
similar function in aptamer binding with OTA and only one is
needed in buffer. CD spectra in the absence of OTA confirm
the existence of an antiparallel G-quadruplex conformation of
OBA33 in Mg2+/K+ buffer or Mg2+/Na+ buffer, showing both
K+ and Na+ help to stabilize the G-quadruplex, which is
consistent with a previous report.40 However, in the presence
of OTA, OBA33 has a relatively more stable conformation in
Mg2+/Na+ buffer and Mg2+/Na+/K+ buffer than in Mg2+/K+

buffer (Figure S7C). In Mg2+/Na+/K+ buffer, Na+ (120 mM)
has a much higher concentration than K+ (5 mM), and Na+

becomes a major component for structure stabilization. In
addition, it was also found that the OBA33 aptamer at high
concentrations (>0.3 mM) precipitates easily in the presence
of OTA in Mg2+/K+ binary ion buffer, indicating that the
aptamer is less stable in Mg2+/K+ than Mg2+/Na+ binary ion
buffer.
The OBA33−OTA complex structure indicates that the

negatively charged carboxyl and dissociated Ph-OH of OTA
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are close to the negatively charged phosphate group of C29
and A30 within the binding pocket, and the high negative
charge density is extremely unfavorable to the stability of the
complex (Figure S8). Moreover, OTA prefers to form a Mg2+-
OTA complex with Mg2+ by Mg2+ binding to the oxygen atoms
or to the aromatic rings.41 We speculated that Mg2+ ions affect
the binding of OTA to the aptamer mainly by directly
influencing the form of the binding pocket. Therefore, we
investigated the effect of Mg2+ on the imino protons of OBA33
by NMR titration experiment in the presence of OTA in buffer
containing 120 mM NaCl (pH 7.5) at 288 K (Figure S9). We
observed that the resonances of imino protons of T4, T15, and
G28 bases from the binding pocket and NH proton from
bound OTA shift with the increase of Mg2+ concentration,
demonstrating the coordination of Mg2+ exists in the aptamer−
OTA complex, which plays a crucial role in stabilizing the
complex structure.
In short, Mg2+ and Na+ ions induce the aptamer to form a

flexible and less well-defined duplex and antiparallel G-
quadruplex structures, providing a structural scaffold for the
binding of OTA. In the presence of OTA, the aptamer is
induced to form a compact binding pocket by halogen
bonding, π−π stacking, and hydrophobic interactions, which
makes a tightly stacked and stable overall structure of the
aptamer−OTA complex form.
Structure Comparison. We have previously solved the

solution high-resolution structure of OTA bound to the 19-
mer aptamer (OBA3−OTA complex) with weak affinity at the
μM level.36 The determination of the high-resolution structure
of the OBA33−OTA complex offers us the opportunity to
compare these two aptamers with distinct affinities to OTA.
The OBA3−OTA complex forms a hairpin structure
containing an intramolecular triple helix, and the OTA inserts
between the G5·C11 base pair and G12·G4·C16 triple to form
a sandwich structure, mainly interacting by stacking with bases
and halogen bonding (Figure S10). While the OBA33−OTA
complex folds into a duplex−quadruplex structural scaffold, the
OTA is surrounded by the A30·T4 base pair and the bases C5,
G28, C29, and T15, interacting by stacking with bases, a
halogen bond, and a hydrophobic effect, to form a pocket-like
structure, which provides more surface area contact than the
OTA binding site in OBA3. The strength of the halogen bond
depends not only on the chemical donor−acceptor combina-
tion but also on the bond lengths and bond angles. The
halogen bonds between G5 N7/N9/O6 atoms and the
chlorine of OTA are weak within the binding pocket of the
OBA3−OTA complex, and the mean distances and angles are
3.9 Å/135°, 3.95 Å/112°, and 4.19 Å/111°, respectively. While
the relatively strong halogen bond formation between the
chlorine atom of OTA and the aromatic ring of C5 within the
binding pocket of the OBA33−OTA complex, the statistical
mean perpendicular distance between the halogen atom and
the aromatic ring plane and the mean angle between the R−X
bond and plane normal vector are 3.2 Å and 26° for 10
computed structures, respectively. The differences above are
probably the major reason that OBA33 has a relatively high
binding affinity compared to OBA3.
We note that many small-molecule DNA/RNA complexes

fold into duplex−quadruplex structures,42 such as quadruplex−
duplex junction−ligand complexes,43−46 and fluorogenic RNA
aptamer−ligand complexes.47−53 However, the interaction
mode between DNA/RNA and the ligand in these complexes
is different from that in the OBA33−OTA complex. G-

Quadruplexes in these complexes are directly involved in the
DNA/RNA−ligand interaction through the stacking inter-
action between the ligand and the G-quartet layer. However,
OTA especially binds to the junction region between the
double helix and G-quadruplex through halogen bonds, π−π
stacking, and hydrophobic interactions and lacks direct
contacts with the G-quadruplex in the OBA33−OTA complex,
which provides a new aptamer-binding motif.

■ CONCLUSION
In conclusion, we determined the high-resolution structure of
OTA bound to the high-affinity 33-mer aptamer (OBA33−
OTA complex) by solution NMR spectroscopy, by which we
reveal the specific molecular recognition mechanism of the
widely used G-rich OTA aptamer OBA36 and its truncated
aptamers. The aptamer folds into a less well-defined duplex−
G-quadruplex structure scaffold similar to a ligand-bound
complex in the presence of Mg2+ and Na+ ions. The insertion
of OTA induces binding pocket formation and thus the tightly
stacked well-defined overall structure of complex forms. OTA
does not directly contact the G-quadruplex, whereas it binds at
the junction between the double helix and G-quadruplex
through stacking, halogen bonding, and hydrophobic inter-
actions. The halogen bonds between OTA and the aptamer
base play a key role in target discriminating and strong binding.
Our work contributes to the deep understanding of a specific
OTA aptamer recognition mechanism for high affinity binding
and also provides a basis for design and improvement of the
OTA aptamer and aptamer-based biosensor.
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