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ABSTRACT:Multivalent interaction is often used in molecular
design and leads to engineered multivalent ligands with increased
binding avidities toward target molecules. The resulting binding
avidity relies critically on the rigid scaffold that joins multiple ligands
as the scaffold controls the relative spatial positions and orientations
toward target molecules. Currently, no general design rules exist to
construct a simple and rigid DNA scaffold for properly joining multiple
ligands. Herein, we report a crystal structure-guided strategy for the
rational design of a rigid bivalent aptamer with precise control over
spatial separation and orientation. Such a pre-organization allows the
two aptamer moieties simultaneously to bind to the target protein at
their native conformations. The bivalent aptamer binding has been
extensively characterized, and an enhanced binding has been clearly
observed. This strategy, we believe, could potentially be generally
applicable to design multivalent aptamers.

■INTRODUCTION
Aptamers can specifically recognize cognate ligands and provide
alternatives to antibodies for molecular recognition.1,2Com-
pared with antibodies, aptamers have many desirable advan-
tages. They are chemically synthesized, rendering their
productions to be inexpensive, batch-to-batch consistent, and
in large quantity. Aptamers are also chemically and structurally
stable. They can be stored for long time and do not lose their
activities because of thermal denaturation. Because of these
advantages, aptamers promise a great range of applications
including biosensing, disease diagnosis and treatment, and drug
delivery.3−9However, aptamers generally have substantially
lower binding affinities than antibodies have.10,11This intrinsic
problem for aptamers is due to the limited chemical scope of
nucleic acids (only four unique components: A, G, T/U, and C).
In contrast, antibodies have 20 different types of residues.
Improving the aptamer affinity is critically needed for realizing
their full potentials.
One straightforward approach to increase the binding avidity
isviamultivalency.12,13This strategy is commonly observed in
biological systems, such as cell−cell interactions.13−15It is also
exploited in engineering systems.16−19For example, a trivalent
D-Ala−D-Ala/vancomycin interaction could reach aKdvalue of
10−15M, while an individualD-Ala−D-Ala/vancomycin inter-
action only has a weak binding (Kd:∼10

−5M).17The key to the
great success is pre-organization.20(i) Multiple interactions are
linked in such a way that each individual interaction can be
satisfied without spatial/orientational stress, thus no enthalpy
loss. (ii) The multivalent binding partners have no dramatic

conformational change during binding, thus only minimal
entropy loss. In previous studies, people applied the multi-
valency concept to improve the binding affinity of aptamers, for
example, the thrombin aptamer.21−31However, those designs
can be further improved. When the linkers are tooflexible (such
as single-stranded DNA linkers), the two aptamer moieties in
the bivalent aptamer can randomly move (translationally and
rotationally) relative to each other. Upon binding to the ligand,
those motions are lost, leading to a significant loss in entropy. In
other cases, the orientations/separations of the two aptamers are
not optimized to simultaneously bind to the ligand. There is a
significant stress in the complex, leading to a significant loss in
enthalpy. In either case, the benefit of multivalency is not fully
realized.
Herein, we report a rational design of a pre-organized, bivalent
thrombin aptamer (bApt) based on the crystal structures of two
orthogonal aptamer−thrombin (T) complexes and structural
DNA nanotechnology. Two different types of DNA aptamers,
HD2232,33and RE31,34−36bind to two distinct sites of thrombin
and do not interfere with each other. The crystal structures of
both aptamer−thrombin complexes was available.33,36Based on
the crystal structures, we hypothesize that if using a rigid DNA
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linker to link the two aptamers together while maintaining the

location and orientation of the two aptamers relative to

thrombin, we would get a high-avidity, bivalent aptamer.

■RESULTS AND DISCUSSION
Figure 1shows the design process (Scheme S1):

(1) We start with the crystal structures of two individual
aptamer−thrombin (T) complexes, HD22-T complex
(PDB ID: 4i7y,Figure 1a) and RE31-T complex (PDB
ID: 5cmx,Figure 1b).33,36RE31 is a variation of the
commonly known thrombin aptamer TBA15.37In
addition to the TBA15 portion, RE31 has a short duplex
stem that facilitates the design of the bivalent aptamer
(Figure 1g).34

(2) In Coot,38a computer software of biomacromolecule
modeling, the two crystal structures are aligned together
by superimposing thrombin (Figure 1c).

(3) In the aligned structure, the two aptamers are separated
from each other by thrombin. It is impossible to directly
connect the two aptamers by a simple, rigid DNA duplex

because of the steric hindrance of thrombin. To make the
connection, ideal B-form DNA duplex models are
generated by Coot and then aligned to HD22 to elongate
the duplex region of HD22. Another ideal B-form DNA
duplex of adequate length is visually translated and
rotated in Pymol to dock for potential strand connections.
Excess regions of the two duplex models are trimmed and
the strands are reconnected. Thefinal design of the
bivalent aptamer is bridged from HD22 to RE31 by three
DNA duplex domains of 13, 26, and 5 base pairs (bps)
(Figure 1d,e andS1−S3).

(4) The DNA linker has two sharp turns, which is achieved by
two additional elements. (i) At the lower left corner, a 5-
nucleotide (nt)-long, single-stranded DNA (ssDNA)
loop is introduced. Such a loop can bend DNA duplexes
by roughly 60−90°.39,40(ii) At the lower right corner, one
strand is broken and two single-stranded, oligo-adenine
tails (A2 or A4) are introduced to the DNA ends. Those
ssDNA tails prevent the twoflanking duplexes from
stacking onto each other and allow the DNA duplexes to
bend here.

The designed bivalent aptamer is dubbed as 0/0A2/0A4.The
three numbers indicate the length differences (bps) of the three
helical domains (left, central, and right) from the designed
lengths shown inFigure 1f. All bApt control molecules (will be
discussed later) are named according to such differences.
Subscripted Anfollowing the second and the third numbers
indicate the oligo-adenine tails on the central and right helical
domains, respectively. 0/0A2/0A4still has a certain desirable
degree offlexibility, which may correct some minor modeling
errors and position the aptamers to the optimal positions/
orientations. Overall, in the designed bivalent aptamer, the two
individual aptamer moieties (HD22 and RE31) are linked by a
semi-rigid DNA bridge, and each aptamer binds to thrombin at
its native conformation. A rigid complementarity between the
bivalent aptamer and thrombin in terms of both shape and
binding site is expected. Because of the pre-organization of the
aptamer moieties, the overall conformation of the bivalent
aptamer would not significantly change upon binding to
thrombin. Thus, a high binding avidity would be expected.
We thoroughly examined the designed bivalent aptamer, 0/
0A2/0A4,usingnativepolyacrylamide gel electrophoresis
(nPAGE), atomic force microscopy (AFM), isothermal titration
calorimetry (ITC), and light scattering spectra (Figure 2). In the
characterization,five control aptamers (Figure 1g−k) were used
for comparison. HD22 and TBA15 are two extensively studied,
monovalent aptamers. Two bivalent aptamers (bApt 1 and bApt
2) are reported in the literature. In bApt 1, aflexible T5 linker
was used to match the distance between the two binding sites on
thrombin.30bApt 2 was evolved in an in vitro selection.31bApt 3
mimics 0/0A2/0A4except for containing aflexible, ssDNA linker
instead of a semi-rigid, duplex DNA linker. Wefirst analyzed the
aptamer−thrombin binding by nPAGE (Figure 2a). A short
hairpin was used as a loading control, which corresponded to the
bands at the bottom of the gel. All aptamers appeared as sharp
bands with migration mobilities expected as their respective
molecular weights. When incubated with thrombin under our
experimental condition, however, the aptamers behaved very
differently. All aptamers associated with thrombin to form
aptamer−T complexes. Both monovalent aptamers (HD22 or
TBA15) show a fuzzy band corresponding to Apt−T complexes
with low intensities, indicating that the monovalent Apt−T

Figure 1.Design of a pre-organized, bApt: 0/0A2/0A4. Crystal structures
of a thrombin (T) complex with (a) HD22 and (b) RE31. The
thrombin is shown in the same orientation in (a) and (b). (c) Aligning
the two crystal structures according to thrombin. (d) Designing a semi-
rigid, DNA linker to join the two aptamers. The model (e) and
secondary structure (f) of the designed bivalent aptamer, 0/0A2/0A4.
Secondary structures of aptamers (g) RE31, (h) HD22, two previously
reported bivalent aptamers (i) bApt 1 and (j) bApt 2, and (k) another
control bivalent aptamer bApt 3 with an ssDNA linker. The red circle in
(g) is aptamer TBA15.
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complexes were not stable and dissociated during electro-
phoresis as continuous smears. In contrast, all the four bApts

show strong complex bands, suggesting that the bApt−T
complexes are stable.

Figure 2.Characterization of the designed bivalent aptamer 0/0A2/0A4. (a) Native polyacrylamide gel (6%) electrophoretic analysis of the binding
between DNA aptamers (Apt) and thrombin (T). (b−e) Atomic force microscopy visualization of bApt−T complexes (samples incubated at a molar
ratio of 1:1). Each is shown with a pair of AFM images at two different magnifications. (f) Dissociation constants (Kd) of the Apt−T complexes were
determined by isothermal titration calorimetry. Each measurement has been repeated three times. Real-time light scattering spectra of afibrinogen
solution treated with 3 nM thrombin (g) plus 3 nM different aptamers, or (h) plus different concentrations of 0/0A2/0A4.
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One surprising observation is that the four bApt−T
complexes exhibited very different electrophoretic patterns
(Figure 2a). The 0/0A2/0A4−T complex had a sharp, strong
band with moderately slower mobility than 0/0A2/0A4itself,
indicating the formation of a stable 1:1 complex, 0/0A2/0A4−T.
In contrast, the three control bApt−T complexes show fuzzy,
multiple bands with much slower mobilities in comparison with
either bApts themselves or the 0/0A2/0A4−Tcomplex,
suggesting those that control bApt−T complexes are not
conformationally stable and contain multiple copies of bApts
and thrombin. Such a compositional difference was further
confirmed by AFM imaging (Figures 2b−e andS4−S7). The 0/
0A2/0A4−T complex contained only one single protein (the
bright, tall object), consistent with the nPAGE data: the 0/0A2/
0A4−T complex is a 1:1 complex. The three control bApt−T
complexes all contain multiple proteins. The complexes bApt 1−
T, bApt 2−T, and bApt 3−T contained three, two, and two
proteins, respectively. Thus, the three control bApt−T
complexes were 3:3, 2:2, and 2:2 complexes for bApt 1, bApt
2, and bApt 3, respectively. (Note that the Apt−T complexes
were partially dissociated during the AFM sample preparation.)
The unexpected results for the three control bApts are
presumably due to the improper lengths and conformations of
the linkers (Figure S8). (i) For bApt 1, the linker is a 5-nt-long
ssDNA that can be stretched to 3.35 nm (assuming 0.67 nm/
nt).41When two aptamers (TBA15 and HD22) bind to a
thrombin, the shortest, straight-line distance between the DNA
strand ends of the two aptamers is 6.1 nm (Figure S8a). Clearly,
the ssDNA linker is too short in bApt 1 to allow the two aptamer
moieties of bApt 1 to simultaneously reach and bind to the same
thrombin protein. To satisfy both aptamer moieties to bind to
thrombin, an alternative, 3:3 complex, (bApt 1−T)3(instead of
a 1:1 complex) forms in that each bApt 1 can bind to two copies
of the protein, and each protein can bind to two copies of bApt 1.
(ii) For bApt 3, the linker is a 35-nt-long ssDNA, which is, in
principle, long enough when stretched to reach the separation.
However,flexible ssDNA chains tend to contract to form
random coils due to entropic force. To stretch the ssDNA costs
extra energy. A 2:2 complex, (bApt 3−T)2, avoids such an extra
energy, thus becoming the preferred structure. (iii) For bApt 2,
the conformation of the semi-rigid linker (mostly DNA duplex),
likely, does not properly orient the two aptamer moieties to
simultaneously bind to the same protein; instead, they bound to
different proteins to form a 2:2 [(bApt 2−T)2] or 3:3 complex
[(bApt 2−T)3].
We have further used ITC to quantitatively measure the
binding affinity of these aptamers. Indeed, the rationally
designed 0/0A2/0A4 exhibits excellent binding capability
(Figures 2f,S9 and Table S1). Its apparent affinity (Kd: 2.8
nM) is higher than the control bApts (Kd: 14.2, 7.8 nM, 60.8 nM
for bApt 1, bApt 2, and bApt 3, respectively) and far higher than
monovalent aptamers (Kd: 555 and 155 nM for TBA15 and
HD22, respectively) under our experimental conditions.
Furthermore, the designed bivalent aptamer has an enhanced
capability to inhibit thrombin as shown by an enzyme assay
(Figure 2g,h). Thrombin is a protease and can convert
fibrinogen intofibrin to formfibers, leading to strong light
scattering intensity. By real-time monitoring the light scattering
spectra, thrombin activity can be measured. While all aptamers
inhibit thrombin, the bivalent aptamers are more efficient than
monovalent aptamers. Particularly, the designed 0/0A2/0A4
substantially outperforms the controls, bApt 1 and bApt 2
(Figure 2g). The inhibition degree is proportional to the

aptamer concentration (Figure 2h). When bApt 0/0A2/0A4is in
excess (by two times) to thrombin, the thrombin activity
decreased by 93%.
All the above characterizations prove that 0/0A2/0A4
efficiently binds to thrombin and inhibits its enzymatic activity.
The key to designing this efficient bivalent aptamer is proper
pre-organization. For 0/0A2/0A4, there are several important
structural elements. Any small variation to them would
dramatically change the behavior of the bivalent aptamer.
Single-Stranded, Oligo-Adenine Tails (An) at the

Lower Right Corner (Figures 3andS10).In the designed
bApt, the two aptamer moieties are connected via a duplex with
two sharp turns. The left sharp turn is realized by a 5-nucleotide
(nt) long single-stranded loop, and the right turn is realized by
single-stranded Antails. To demonstrate the importance of the
Antails, we have prepared three control bApts: 0/0/0 with no
Antail, 0/0A2/0 with one A2tail, and 0/0A2/0A2with two A2tails.
(i) When there is no Antail (in 0/0/0), the two helical domains
will stack onto each other at the nick position to form a pseudo-
continuous, straight helix (Figure 3b). In this undesired bApt
conformation, the two aptamer moieties are separated far away
from each other and thus, cannot bind to the same thrombin
protein to form a 1:1 complex bApt−T instead to form a 2:2
complex (bApt−T)2. (ii) When there are two Antails (in 0/0A2/
0A2and 0/0A2/0A4), the two Antails electrostatically repel each
other and prevent the two helical domainsflanking the nick
position from stacking onto each other. Thus, the two helical
domains can easily rotate relative to each other and allow the
helix to bend at this position (Figure 3b). Consequently, the two
aptamer moieties can bind to the same thrombin protein to form
a 1:1 complex bApt−T. (iii) When there is only one Antail (0/
0A2/0), a mixture of a 1:1 complex bApt−T and 2:2 complex
(bApt−T)2forms. Coarse grain simulation by OxDNA,

42,43a
DNA simulation software, reveals the local conformations of the
lower right corners of the bApts (Figure 3b). The formation of
the different complexes is confirmed by both nPAGE (Figure
3c) and AFM visualization (Figure 3d−f).
Lengths of the Three Helical Domains.In the designed

bivalent aptamer 0/0A2/0A4, the two aptamer moieties are not
only spatially separated to match the separation of the two
binding sites of thrombin but also properly oriented to face the
binding sites of the thrombin. A change in the length of any
helical domain would simultaneously change both the spatial
separation between the two aptamer moieties and the aptamer
orientations due to the helical nature of the DNA duplexes. They
would introduce stresses to prevent the two aptamer moieties
from simultaneously binding to the same thrombin, resulting in
either lower binding efficiencies or an incapability to form a 1:1
complex bApt−T.
To examine the impact of the left helical domain, we have
prepared three control bApt molecules. Compared with 0/0A2/
0A4, the only change in the control molecules is that the left
helical domain lengths are either shortened by 2 bps, (−2/0A2/
0A4) or elongated by 2 bps (2/0A2/0A4) or 4 bps (4/0A2/0A4).
Both nPAGE and AFM imaging show that this subtle variation
dramatically changes the bApt−thrombin interaction (Figures 4
andS11).−2/0A2/0A4 forms a 1:1 complex bApt−T with
thrombin but at a slightly lower binding efficiency than 0/0A2/
0A4. Both 2/0A2/0A4and 4/0A2/0A4bind to thrombin and form a
mixture of 1:1 (bApt−T) and 2:2 [(bApt−T)2] complexes.
Similarly, we have demonstrated the impact of the lengths of
the middle and right helical domains (Figures 5,S12 and S13)by
using two sets of control bApt molecules. One set (0/−2A2/0A4,
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0/2A2/0A4, and 0/4A2/0A4) is for studying the middle helical
domain, and the other (0/0A2/2A4, 0/0A2/4A4, and 0/0A2/6A4)is
for the right helical domain. While the middle helix only has a
minor influence (Figures 5a andS12), the right helix influences
quite substantially (Figures 5b andS13). When elongating the
right helical domain by 2 bps, the resulting bApt−T complex will
change from 1:1 (bApt−T) to 2:2 [(bApt−T)2].
This strategy is potentially a generally applicable strategy as
long as one molecule has multiple binding events and the
corresponding structural information is available. To demon-
strate this point, we apply this strategy to another system (Figure
6). An RNA aptamer, Corn, can bind to thioflavin T (ThT) and
greatly enhance thefluorescence of ThT. A crystallography
study reveals that Corn RNA forms homodimers and ThT binds
to the interface of the Corn dimer.45One ThT molecule
simultaneously contacts two copies of the Corn RNA aptamer.
Based on this structural information, we hypothesize that we can

Figure 3.Impact of the single-stranded, oligo-adenine tails at the lower
right corner on bApt binding to thrombin. (a) bApt structure with the
lower right corner circled. (b) Structural variations of the right lower
corner, circled in (a), and their simulated 3D conformations. (c)
nPAGE (6%) analysis of binding of bApts and thrombin. The
percentages of 1:1 (first number) and 2:2 (second number) complexes
formed were calculated from band intensities and listed below the gel
image. (d−f) AFM visualization of bApt−thrombin complexes
(samples incubated at ratio 1:1).

Figure 4.Impact of the length of the left helical domain on bApt
binding to thrombin. (a) nPAGE (6%) analysis. (b−d) AFM
visualization of bApt−T complexes.

Figure 5.nPAGE (6%) analysis of the impact on the lengths of the
middle (a) and right (b) helical domains on bApt binding to thrombin.

Figure 6.Bivalent Corn RNA aptamer. (a) Crystal structure of the
Corn RNA aptamer−Thioflavin (ThT) complex. (b) Simplified
representation of the Corn RNA homodimer prepared by Tiamat.44

(c) An RNA duplex domain is designed to covalently join the two
copies of original Corn RNAs into a stable bivalent Corn RNA aptamer
(bCorn). (d) Secondary structure of the designed bCorn. Each shaded
rectangle represents an original Corn moiety. (e) Binding curves of
original Corn (black) and bCorn (red) against ThT.
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engineer a stable bivalent Corn RNA aptamer (bCorn) by
linking the original Corn aptamers to a stable RNA duplex of a
proper length. In the designed bCorn, the two Corn moieties are
positioned in such a way as to bind to ThT at the position and
orientation mimicking those in the crystal. A higher binding
affinity is expected for bCorn than for original Corn. The
dissociation constant (Kd) values were experimentally deter-
mined to be 1.9 and 5.2μM for bCorn and the original Corn,
respectively (Figure 6e), confirming that bCorn has a higher
affinity than original Corn does.

■CONCLUSIONS
Herein, we have developed a structure-guided strategy to
rationally design bApts with pre-organized interactions. It
simultaneously maximizes the enthalpy gain and minimizes
the entropic loss. The resulting bApt can efficiently bind to
thrombin and inhibit its enzymatic activity. This study
demonstrates that multivalency is not just simply linking
multiple interactions together. Instead, these interactions need
to be properly organized in both spatial separation and relative
orientation to achieve complementarity between two multi-
valent binding partners.30,33Such aspects are often not
implemented. We believe that this could potentially become a
general strategy for improving aptamer binding affinity. Many
proteins have multiple aptamers and some proteins form homo-
oligomers. They all provide chances for the current strategy.
One current limitation is that the structural information of the
individual binding event is required. Though it is not always
available now, rapid methodology development in structural
characterization (e.g., CryoEM imaging) and structure
prediction (e.g., AlphaFold from DeepMind) would quickly
acquire such information.
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