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ABSTRACT

Despite their great success in recognizing small
molecules in vitro, nucleic acid aptamers are rarely
used in clinical settings. This is partially due to the
lack of structure-based mechanistic information. In
this work, atomistic molecular dynamics simulations
are used to study the static and dynamic supramolec-
ular structures relevant to the process of the wild-
type (wt) nucleic acid aptamer recognition and bind-
ing of ATP. The effects brought about by mutation
of key residues in the recognition site are also ex-
plored. The simulations reveal that the aptamer dis-
plays a high degree of rigidity and is structurally
very little affected by the binding of ATP. Interac-
tion energy decomposition shows that dispersion
forces from �-stacking between ATP and the G6 and
A23 nucleobases in the aptamer binding site plays a
more important role in stabilizing the supramolecu-
lar complex, compared to hydrogen-bond interaction
between ATP and G22. Moreover, metadynamics sim-
ulations show that during the association process,
water molecules act as essential bridges connecting
ATP with G22, which favors the dynamic stability of
the complex. The calculations carried out on three
mutated aptamer structures confirm the crucial role
of the hydrogen bonds and �-stacking interactions
for the binding affinity of the ATP nucleic acid ap-
tamer.

INTRODUCTION

The use of aptamers as hosts to recognize target molecules,
especially low weight molecules (1–6), have come to play an
essential role in the development of biosensors and detec-
tors, and in drug delivery (7–12). The most common method
used to tailor a specific sequence of oligonucleotides or pep-
tides as aptamers is referred to as systematic evolution of

ligands by exponential enrichment (SELEX) (13). However,
in practice aptamer development is significantly harder than
it may appear. Selections can be plagued by a variety of ar-
tifacts and complications, including the fact that environ-
mental factors can influence the aptamer structure and thus
its binding capacity (14). Nucleic acid aptamers that carry
noncanonical tertiary structures has received significant at-
tention in recent years (15–19), as they are thought to ex-
hibit better stability, selectivity and unicity than traditional
antigens.

One such example is the ATP aptamer, that has been
developed and used successfully following the reports of
the first wild-type (wt) AMP2-aptamer complex (Figure 1)
(10,16,17,19,20). It is a 27-mer of single-stranded DNA,
and it was initially believed that a G-quartet structure is
formed in this aptamer (21). A subsequent coarse NMR
structure of the wt aptamer-AMP complex (PDB ID 1AW4)
(22) showed that there are two recognition pockets, one be-
ing composed of G6, G22 and A23, and the other contain-
ing G9, A10 and G19, respectively (Figure 1). Each pocket
can accommodate one AMP molecule. When G22 was mu-
tated to A, C or T, the binding affinity to ATP was either
reduced or disappeared altogether (21). The effects of the
hydrogen bonds between G22 and A of ATP have been ad-
dressed earlier (23), indicating that these are highly signifi-
cant for ATP binding. Our present calculations at the M06-
2X/6-31+G(d,p) (24) level show that the hydrogen-bonding
interaction between A of ATP and G22 is estimated to be
–11.4 kcal mol−1. Mutation studies of key bases in the bind-
ing region showed that the G6A mutation led to a 20–80%
reduction in binding efficiency to ATP (21). Hence, mutant-
type (mt) aptamers will to a certain extent retain their ca-
pacity to capture ATP, but it is apparent from the above
mutation (since G6 does not form hydrogen bonds to ATP)
that also other interactions than hydrogen bonds between
G22 and ATP are essential. From this perspective, model-
ing and analysis of the structural details of ATP binding
to the aptamer will contribute to the understanding of the
recognition mechanism.
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Figure 1. (A) The nucleic acid sequence of the wt aptamer-AMP complex. The binding sites of the two bound AMP molecules (AI and AII) are highlighted
in red and green. (B) NMR structure of the AMP2–aptamer complex, PDB-ID 1AW4 (22).

From the point of supramolecular assembly, guest-host
binding relies on a number of specific interactions between
the two molecules. For the recognition of small organic
molecules, hydrogen bonds and van der Waals interactions
(vdW), generally acting simultaneously, are normally the
most important. Absence of aptamer structure information
strongly hampers our understanding of, and ability to mod-
ulate, the affinity of the aptamer to the targeted molecule on
a microscopic scale. In the current work, the wt aptamer–
AMP complex based on the 27-mer single-strand DNA, as
seen in Figure 1, was used as template. Upon removal of
the AMP molecules, the primary wt aptamer–ATP com-
plex was generated through docking. All-atom MD simu-
lations were used to explore the static and dynamic struc-
tures and energies during the recognition process. As a com-
parison, several mutations of key bases in the active site
of the aptamer were performed to explore sequence spe-
cific effects to the recognition and binding. In order to clar-
ify the potential role of surroundings water molecules, po-
tential of mean force (PMF) calculations were carried out
for the supramolecular complexes based on metadynamics
and adaptive biasing force methods. These results show that
the structure of the active site is essentially unperturbed af-
ter insertion of ATP. Compared to the effects of hydrogen
bonds, �-stacking interactions are found essential for en-
hancing the complex stability, which has not been reported
before. The previously reported role of hydrogen bonds in
the supramolecular complex stabilization are also verified
in the current work, through the studies of the mutated sys-
tems. Bridging water molecules connecting ATP to the ap-
tamer, are noted to play an important role in regulating the
dynamic stability of the complex in the dynamic recognition
and dissociation processes.

The current approach provides additional and valuable
insights into the recognition process of the nucleotide ap-
tamer towards ATP. From the analyses of the binding inter-
actions, effects of mutations, and role of water, the method-
ology presented herein appears well suited to assist in the
optimization of higher affinity aptamers, also including
other substrates, and serve as a tool in the design of new
aptamers with different functionalities.

COMPUTATIONAL METHODS AND DETAILS

The initial wt aptamer-AMP coordinates were extracted
from the NMR structure (PDB ID: 1AW4) (22). After re-
moval of the two AMP molecules, the three mutants G6A
(mt aptamer 1), A23G (mt aptamer 2), and double mu-
tant G6C/A23C (mt aptamer 3), were generated using Py-
mol (25). In order to create the ATP-aptamer complexes,
AutoDock Vina (26,27) was employed.

To explore the recognition mechanism without interfer-
ence from a second ATP moiety (ATP being longer and of
higher negative charge than the experimentally used AMP
molecules), only one active site was used in this study. Thus,
each aptamer (wt and mutants) alone and in complex with
one ATP molecule were immersed in ca. 4000 TIP3P wa-
ter molecules (28), respectively, in order to ensure that the
systems were completely surrounded by water. The system
was neutralized by 0.15 M NaCl to imitate the intracel-
lular environment. For non-bonded interactions, periodic
boundary conditions with a cut-off radius of 12 Å were in-
cluded, and the simulation box size was 43 × 39 × 83 Å.
The particle mesh Ewald (PME) algorithm (29) was used to
handle electrostatic interactions. Bonds to hydrogen atoms
were constrained by the SHAKE algorithm (30). The wa-
ter molecules were initially minimized by 1000 steps of con-
jugate gradient with the solute molecule(s) held fixed, fol-
lowed by 1000 steps of conjugate gradient minimization of
the whole system. After a 500 ps heating process from 0
to 298 K in a canonical ensemble (NVT) with the solute
fixed, a series of harmonic constrained isothermal-isobaric
ensemble (NPT) simulations were performed to enable a
controlled release of the solute degrees of freedom. The scal-
ing used for the constraints was 30, 5 and 1 kcal mol−1 Å2,
respectively. Under each constrained scaling, 500 ps MD
simulation was carried out using an NPT ensemble. Con-
stant temperature was maintained by the Langevin ther-
mostat method (31) and the pressure was maintained by
the Langevin piston Nosé-Hoover method (a combination
of the Nosé-Hoover constant pressure method (32) and
Langevin dynamics (31)). Last, MD simulations of 150 ns
were run for each system in an NPT ensemble with the time
step 2.0 fs. For the mt aptamer 3 – ATP complex, two repli-
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cas were performed (giving very similar results). The total
simulation time in the study is more than 1.3 �s. The trajec-
tory of the last 100 ns of each simulation was used to ana-
lyze and display the results using VMD 1.9.3 (33). All MD
simulations were performed using the NAMD 2.13 package
(34) with the Charmm36 (35) and Charmm36 general force
field (CGenFF) (36).

For insights into the ATP recognition or dissociation
process, free energy simulations were performed using the
meta-eABF (37–39) approach. This method is based on
the extended adaptive biasing force (eABF) framework to-
gether with metadynamics and has been applied success-
fully in DNA simulations (40–43). As initial structures for
the potential of mean force (PMF) or free energy surface
(FES) estimations, the average structures from the MD tra-
jectories were used. Meta-eABF was subsequently run un-
der the NPT ensemble with instantaneous force values ac-
crued in bins 0.1 × 0.1 Å wide. In particular, Gaussian hills
with height 0.1 kJ mol−1 and width 1.2 Å were deposited.
40 ns meta-eABF simulations were carried out for the four
aptamer–ATP complexes.

DFT calculations were performed using Gaussian09 code
(44), to assess the interaction of the non-Watson–Crick type
of hydrogen-bonding base pairs. Geometry optimizations
were performed using the M06-2X/6-31+G(d,p) method
(26). The optimized structures were confirmed by frequency
calculations at the same level of theory to be real minima
with no imaginary vibration frequencies. The M06-2X func-
tional was designed in part to yield more accurate non-
covalent interactions containing significant dispersion con-
tributions, as well as reliable thermochemical data (45). The
interaction energy reported in the study is defined as �Eint
= Ecomplex – (Emonomer 1 + Emonomer 2).

RESULT AND DISCUSSION

Wild-type aptamer and its complex with ATP

After 50 ns equilibration simulation of the wt aptamer, root
mean square deviation (RMSD) (46,47) was used to mon-
itor the deviation of the structure from the initial position
as a measure of system stability. As displayed in Figure 2A,
the wt aptamer displays a slight initial fluctuation, but is es-
sentially stable after ∼20 ns production run. The span of
the RMSD fluctuations in the interval between 20 and 100
ns of the production run reflects the motile nature of DNA
in room temperature (48). G6, G22 and A23 at the active
site of the wt aptamer, and their flanking nucleotides G5
and G21 show only minor RMSD fluctuation around 1.2 Å,
indicating that the structure of the active site is essentially
unperturbed throughout the simulation. In addition, root
mean square fluctuations (RMSF) of each base were also
calculated and are displayed in Supplementary Figure S1,
which shows that the largest fluctuations occur at the termi-
nal bases (1 and 27) and the bases 12–16 in the loop region
of the wt aptamer and its ATP bound complex. The fluctu-
ations of the bases G6, A23 and G22, their flanking bases
G21 and G5, and A of ATP in the active site are around
1.48 ± 0.28 Å.

Experimentally it was discovered that the aptamer con-
formation was dependent on ion concentration, and that

a higher salt concentration (360 mM NaCl) made the ap-
tamer structure more folded than a low salt concentration
(45 mM), which in turn largely promoted the complex for-
mation of the aptamer and ATP. This result illustrates the
concept of conformational selection in recognition of the
aptamer to ATP (49). In the present studies, 0.15 M NaCl
was used to simulate physiological conditions, which hence
would favor the stability of the folded conformation of the
aptamer. Based on the average structure of the wt aptamer,
the wt aptamer–ATP complex structure was generated by
docking ATP into the active site as evidenced from the ex-
perimental aptamer–AMP structure (22). The RMSD of
the MD trajectory of the wt aptamer–ATP complex, shown
in Figure 2B, displays a highly rigid structure which indi-
cates that ATP stabilizes the conformation of DNA. The
active site of the complex is very little influenced by the dy-
namics, and ATP displays an almost static structure. Align-
ing the isolated wt aptamer and the wt aptamer-ATP com-
plex, the two active sites show a good overlap, as displayed
in Figure 3. G22 was used as reference for the alignment.
For both A23 and G6, ATP appears to pull these closer
via �-stacking interaction formed upon the intercalation.
Combined with the RMSD plots of the active site, it can
be concluded that the structure of the binding site is very
rigid, which contributes to the recognition of ATP by the
wt aptamer in a key-in-lock mechanism.

In the binding motif, we observe the two hydrogen
bonds between ATP and G22 (ATP:H61· · · N3: G22 and
ATP:N1· · · H22:G22, defined as H1 and H2, respectively, in
Figure 3), which is consistent with the observations in the
NMR experiments (22). Hence, these hydrogen bonds can
easily be identified as key interactions, and were thought
to be crucial factors for the aptamer binding to ATP (10).
The stability of the hydrogen bonds were analyzed herein
by plotting the length and angle vs MD simulation time. As
shown in Figure 4, the lengths of the two hydrogen bonds
are 2.06 ± 0.16 Å and 2.04 ± 0.13 Å, and the angles are
calculated to be 162.0 ± 9.5◦ and 161.3 ± 9.9◦ (Figure 4A
and B), respectively, and are essentially unchanged through-
out the simulations. A transient hydrogen bond is also seen
between an oxygen of the triphosphate group of ATP and
the NH2 group of G21, that might be assisting during the
association process between ATP and the aptamer. In addi-
tion, the adenine of ATP clearly forms �-stacking interac-
tion with G6 and A23, respectively.

G6 and A23 can be observed to form noncanonical hy-
drogen bonds with G21 and G5, respectively, as displayed
in Figure 5. These interactions were also maintained during
the MD simulations, showing that the positioning of A23
and G6 are well conserved in the wt aptamer structure. For
insights into the molecular details of the binding site, the
�-� interaction arising from the stacking of A23, Adenine
of ATP and G6 were analyzed in terms of the centroid–
centroid distance and the angle of the vectors of the two
adjacent base planes, and are displayed in Figure 4C and
D. For G6 and ATP, the distance between the � domains
of guanine and adenine is 4.09 ± 0.22 Å, and the average
vector angle is 13.4 ± 6.9◦, which shows that the two bases
are almost parallel to each other. In contrast, the � domains
of the adenines of A23 and ATP display a shorter distance
(3.80 ± 0.24 Å) and larger vector angle (22.0 ± 7.8◦).
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Figure 2. RMSD of (A) the wt aptamer and (B) the wt aptamer-ATP complex. ‘Site’ is defined as the ATP intercalating region G5, G6, G21, G22, A23.

Figure 3. Overlap of the average structures from the MD simulations of
the isolated wt aptamer (blue) and its complex with ATP (red). The two
hydrogen bonds H1 and H2 between ATP and G22 are indicated by dashed
lines.

In order to further explore the effects of the non-covalent
interactions on the affinity, an interaction energy decompo-
sition analysis was performed based on the MD simulation
data. As shown in Figure 6a, the average interaction energy
between ATP and the wt aptamer is –28.6 ± 2.9 kcal mol−1.
The contribution from the vdW interaction is –18.1 ± 1.9
kcal mol−1, which is stronger than the electrostatic inter-
action, –10.5 ± 3.3 kcal mol−1. Thus, the vdW interaction
should be the main driving force for the wt aptamer recog-
nition of ATP. In addition, the contribution from each nu-
cleobase in the active site was addressed (Figure 6b). The
vdW energy contribution from the aptamer active site is -
12.2±2.6 kcal mol−1, which arises from the interaction with
G6 and A23 in almost equal contribution. The relative elec-
trostatic energy contribution is +4.5 ± 1.6 kcal mol−1 from
these same bases. These results show that the �−� base
stacking interaction largely contributes to the total vdW en-
ergy (–18.1 ± 1.9 kcal mol−1). Electrostatic interaction be-
tween G22 and A of ATP, that was previously thought of
as a key force to formation of the complex, is –12.7 ± 3.3
kcal mol−1, which is very close to our computed value (–
11.4 kcal mol−1) using the M06-2X/6-31+G(d,p) method.
Hence, we conclude that both vdW and electrostatic energy

contribution from the nucleosides of the active site are driv-
ing forces to stabilize the formed wt aptamer–ATP complex.
We conclude from this analysis that ATP is also stabilized
within the wt aptamer by significant �–� interaction, in ad-
dition to the previously addressed hydrogen bonds.

The interaction energy of the triphosphate unit of ATP
with the wt aptamer was analyzed and is shown in Sup-
plementary Figure S2. As expected, vdW interactions are
negligible for the complex, and the electrostatic interaction
between the wt aptamer and the triphosphate is highly re-
pulsive since they both carry negative charges. However, the
negative charges of the triphosphate unit should be screened
by sodium ions in the solution. From the MD simulations,
there are on average three sodium ions around the triphos-
phate. The interaction energy between the triphosphate to-
gether with three sodium ions and the wt aptamer is –10.9 ±
7.9 kcal mol−1, as shown in Supplementary Figure S2B. In
conclusion, the negative charge of the triphosphate in ATP
is favorable for the association with the DNA aptamer if the
concentration of sodium ions is high enough. In our stud-
ies, the concentration of 0.15 M NaCl was used based on
normal physiological conditions.

The contribution from the sugar unit of ATP to the inter-
action with the aptamer was also analysed (Supplementary
Figure S2C). Again, the contribution is largely electrostatic,
with an energy of ∼–40 kcal/mol.

Analysis of key bases in the mutant systems

Based on the structural and energetic analysis of ATP bind-
ing to the active site of the wt aptamer, G6 and A23 were
identified to play a key role in the binding. Further explo-
ration of the roles of these bases was conducted by analyz-
ing the mutants G6A, A23G and G6C/A23C, referred to as
mt aptamer 1, 2 and 3, respectively. The same simulations as
above were performed for the mt aptamers and their com-
plexes with ATP.

For the unbound mutant aptamers 2 and 3, the RMSD
increase throughout the simulations, but the binding site re-
mains relatively stable for all mutants (Supplementary Fig-
ure S3). The RMSF data for mt aptamers 1 and 2 (Supple-
mentary Figure S1) reveal that besides the large values for
the terminal bases and the loop region as mentioned above,
there are also increased movements of the bases neighbour-
ing the binding site as compared to the wt system. In Figure
7, we show the average structures of mt aptamers 1 and 2
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Figure 4. Data for the hydrogen bonds (A) H1 and (B) H2, of the wt aptamer-ATP complex, respectively. Length in black (left scale) and angle in blue (right
scale). Distance (black, left scale) and vector angle (blue, right scale) between (C) G6 and ATP and (D) ATP and A23. Distances and angles as defined in
the text.

Figure 5. Average structures of the significant non-Watson–Crick base
pairs in the wt aptamer, which preserve the stability of the active site. Hy-
drogen bonds are indicated with dashed lines.

with/without ATP bound from the MD production simu-
lations (Figure 7A and C), and the corresponding RMSD

plots of the mt aptamers 1 and 2 in complex with ATP (Fig-
ure 7B and D). Comparing with the wt aptamer structure
in Figure 3, the average structures of the mt aptamers also
display well defined binding regions. For mt aptamer 1, the
aptamer and its active site are largely inflexible during the
simulation, as reflected in the small fluctuation in RMSD
values. In contrast, the RMSD fluctuation of mt aptamers
2 and, in particular, 3 are larger, albeit the structures of the
binding regions are largely retained (Figure 7 and Supple-
mentary Figure S3). In the binding motifs (Supplementary
Figure S4), A of ATP, G6/A6 and A23/G23 form similar
hydrogen bonds with G22, G21 and G5, respectively, in the
wt aptamer, mt aptamer 1 and mt aptamer 2 complexes with
ATP. In contrast, in the mt aptamer 3 complex with ATP,
A of ATP forms two hydrogen bonds with G21 instead of
G22, and no bases form hydrogen bonds with C6 or C23
providing increased flexibility in this system.

The key structural parameters for the active site and ATP
in the wt and mutant complexes are shown in Table 1. In
the mt aptamer 1-ATP complex (G6A), A6, A23 and A of
ATP keep a perfect �-stacking, as evidenced by the mea-
sured face-to-face distances and intersection angles. The
hydrogen-bonding interaction between G22 and A of ATP,
is, however, slightly weakened as seen in the longer N–H···N
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Figure 6. Total electrostatic and van der Waals interaction energy (A), and contribution of the three active site bases and their individual components to
the binding energy (B), for the wt aptamer–ATP complex.

distances and the smaller bonding angles when compared
to those in the wt aptamer–ATP complex. In the mt ap-
tamer 2–ATP complex (A23G), larger intersection angles
and face-to-face distances are found, but hydrogen bond
H2 is the shortest of all complexes (Table 1). As discussed
above, in the binding state of the mt aptamer 3-ATP com-
plex (G6C/A23C), finally, hydrogen bonds are formed be-
tween G21 and ATP, but not between G22 and ATP. In-
stead, access to G22 is blocked by C23 and only initial �–�
interaction is observed between A of ATP and C6/C23. Al-
though the structure of the mt aptamer 3–ATP complex was
maintained for up to ∼105 and 127 ns of the two MD simu-
lation replicas, the large fluctuation in RMSD values reveals
that this complex is not stable (Supplementary Figure S5).
Even for the most stable of the two simulated complexes,
the �–� interaction between ATP and C23, C6 was only
retained for about 50 and 90 ns, respectively (Supplemen-
tary Figure S6). Loss of the �-� interaction is followed by
influx of water molecules, which contributes to disrupt the
hydrogen bonds between ATP and G21. Thus, bases 6 and
23 seem to play a vital role in ‘pinching’ ATP and thereby
block the influx of water molecules. Upon release of ATP,
the energy of mt aptamer 3 decreases, which again shows
that the binding of mt aptamer 3 to ATP is not preferred
(Supplementary Figure S5). Hence, besides the hydrogen
bonds between G22 and A of ATP, the �–� interaction be-
tween bases 6, 23 and A of ATP appears to be required for
the formation of a stable aptamer–ligand complex.

The binding energy of mt aptamer 1 with ATP is esti-
mated to be –23.1 ± 2.3 kcal mol−1, and –18.9 ± 1.9 kcal
mol−1 for the mt aptamer 2–ATP complex (Table 2). These
are both smaller than that of the wt aptamer–ATP complex
(–28.6 ± 2.9 kcal mol−1). The stability ordering is thus in
good agreement with the experiment results (21). It is worth
noting, however, that the interaction energy of the mt ap-
tamer 1-ATP complex is relatively close to that of the wt
aptamer–ATP complex, which also matches the experimen-
tal results (21).

Binding free energy calculation

Understanding the dynamic process of the wt aptamer affin-
ity to ATP can provide further insights into the recogni-
tion mechanism of the nucleic acid aptamer. To address this
issue, free-energy profiles were computed for the wt and
mt aptamer-ATP complexes using a progressive sampling
algorithm, meta-eABF (37). In short, the center-of-mass
(COM) separation between the ATP molecule and G22 was
considered as a collective variable (CV), which represents
the transition of ATP from the binding cavity to its free
state. Moreover, in order to increase the efficiency of the
sampling, the coordinates of the involved atoms of the ap-
tamer active site and ATP were described by a spherical co-
ordinate system (50) centered on the adenine of ATP. Dur-
ing the dissociation progress, the water molecules in the ac-
tive region are of particular interest.

For the wt system, we examined the free energy surfaces
(FES) for the dissociation process during 1, 5, 10, 20, 25,
30 and 40 ns simulation time, respectively (Supplementary
Figure S7). For simulation times less than 25 ns, the free
energy surfaces were not converging properly. For the tra-
jectory time of 25 ns, the peak relative to a COM separa-
tion of 12 Å shows a free energy barrier of 8.5 kcal mol−1,
which is only slightly higher than the values obtained using
30 or 40 ns trajectories. The FES from the 40 ns simula-
tion is very similar to that of the 30 ns simulation, and we
thus consider the 40 ns simulations as sufficiently converged
to describe the dissociation progress (Supplementary Figure
S8). At the lowest point along the PMF curve ((1) of Figure
8), the wt aptamer and ATP are bound by hydrogen bonds
and �-stacking interactions, and no water molecule is ob-
served in the recognition region. From this point, an energy
barrier 7.4 kcal mol−1 ((2) of Figure 8) must be overcome
to break the hydrogen bond between G22 and ATP; com-
parable to the 8.5 kcal mol−1 barrier obtained from the 25
ns simulation trajectory. At this point, there is one water
molecule forming hydrogen-bonded bridge connecting G22
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Figure 7. (A) Overlap between mt aptamer 1-ATP complex (red) and isolated mt aptamer 1 (blue) after MD simulation. (B) RMSD of the mt aptamer
1-ATP complex. (C) and (D): Same as (A) and (B) for the mt aptamer 2-ATP complex.

Table 1. Key structural parameters (distances in Å and angles in degrees) of all complexes studied. Standard deviations given in parenthesis

H-bonds �-stacking

H1 H2 ATP & base 6 ATP & base 23

Complex system Length Angle Length Angle Distance Angle Distance Angle

wt apt. 2.07 162.0 2.03 161.4 4.09 13.4 3.80 22.0
(±0.16) (±9.5) (±0.13) (±9.9) (±0.22) (±6.9) (±0.24) (±7.8)

mt apt. 1 (G6A) 2.12 154.9 2.15 151.0) 3.75 7.2 3.69 6.5
(±0.18) (±11.9) (±0.39) (±19.3) (±0.18) (±5.4) (±0.19) (±5.3)

mt apt. 2 (A23G) 2.11 159.4 1.84 172.6 4.68 20.2 4.05 22.2
(±0.15) (±10.5) (±0.15) (±8.6) (±0.21) (±7.5) (±0.19) (±4.7)

mt apt. 3a (G6C/A23C) / / / / 4.04 13.3 3.79 10.9
(±0.18) (±5.4) (±0.38) (±7.4)

aData for replicate 1 shown here, prior to dissociation. Similar values were seen in replicate 2.

Table 2. Binding energy decomposition analysis (kcal mol−1) for the contributions from the key bases in the mutant complexes 1 and 2. Standard deviations
given in parenthesis

mt aptamer 1 (G6A) mt aptamer 2 (A23G)

Interaction energy A6 A23 G22 Aptamer G6 G23 G22 Aptamer

Elec 5.9 − 1.3 − 14.1 − 8.5 − 0.9 0.5 − 14.1 − 10.6
(±1.4) (±1.1) (±2.7) (±2.9) (±1.5) (±2.0) (±1.3) (±2.5)

VdW − 7.4 − 8.0 − 0.8 − 14.6 − 3.1 − 7.4 1.4 − 8.3
(±0.83) (±0.7) (±1.3) (±1.8) (±0.7) (±1.4) (±0.6) (±1.7)

Total − 1.5 − 9.3 − 14.9 − 23.1 − 4.0 − 6.9 − 12.7 − 18.9
(±1.4) (±1.4) (±2.0) (±2.3) (±1.3) (±1.4) (±1.4) (±1.9)



6478 Nucleic Acids Research, 2020, Vol. 48, No. 12

Figure 8. Binding free energetic profile of the wt aptamer - ATP complex. Snapshots illustrate the main structural changes of ATP (yellow) and wt
aptamer (blue) during the 40 ns meta-eABF simulation.

with ATP. The �-stacking between ATP, G6 and A23 is re-
tained during the process.

After breaking the hydrogen bonds, a small basin ((3) in
Figure 8) is found in the FES. As the COM distance in-
creases, a second water enters between ATP and G22 with
a very small barrier of 1.0 kcal mol−1 (point (4) in Figure
8), which further weakens the interaction between ATP and
the aptamer. As an increasing number of water molecules
penetrate into the binding cavity, ATP dissociates from the
active region, the �-stacking is completely broken, and the
PMF curve levels out at point (6) in Figure 8. From this
point, further changes in interaction between ATP and the
wt aptamer are negligible. The binding free energy of the
wild-type aptamer to ATP is –5.4 kcal mol−1, which is con-
sistent with the –6.7 kcal mol−1 reported from previous ex-
periments (19).

Compared to the dissociation/recognition process of
the wt aptamer-ATP complex, the mutated aptamer 1
and 2 systems perform very similarly. However, the bar-
rier heights from breaking the hydrogen bonds between
the G22 and ATP are notably smaller than in the wt
aptamer-ATP complex (Supplementary Figure S9), in par-
ticular for the G6A mutant (mt aptamer 1). Moreover,
the basin (5) of Figure 8 in the wt aptamer–ATP com-
plex shows that water molecules in the active region signifi-
cantly influence the dynamic stability of the complex in the
dissociation/recognition processes. A corresponding nar-
row and shallow basin before the complete dissociation is
found in the mt aptamer 1–ATP system, which reflects high
dynamic instability. In relative terms, the mt aptamer 2-ATP
system displays higher dynamic stability than the mt ap-
tamer 1–ATP system. The two mt aptamer–ATP complexes
have almost the same binding free energies, –4.5 and –3.4
kcal mol−1, respectively, which is slightly smaller than that
of the wt aptamer. Taken together, the present MD studies
provide clear picture of the stronger interactions provided
by the wt aptamer in recognizing and binding to ATP, in
agreement with the experimental results (19,21).

CONCLUSION

Based on the current MD simulations of the wt and mt nu-
cleic acid aptamers of the biologically important molecule
ATP, a binding mechanism is proposed. The vdW energy
between the wt aptamer and ATP is clearly larger than the
electrostatic interaction, showing that the vdW energy plays
a more prominent role than previously described, and have
an at least as important role as the hydrogen bonds formed
to G22. Additional calculations show that G6 and A23 en-
gage in �-� interaction with the adenine ring system in ATP,
which provides a large contribution to the total vdW ener-
gies. By extensive MD simulations based on the meta-eABF
method, the binding free energy is estimated to be –5.4 kcal
mol−1 for the wt aptamer–ATP complex, which is consis-
tent with the experimental value –6.7 kcal mol−1 (19). In the
dissociation/ recognition process of the complex, bridging
water molecules connecting ATP with the aptamer are seen
to regulate the dynamic stability of the complex. Three mu-
tant aptamers are introduced to highlight the role of the G6
and A23 bases involved in �−� interactions to ATP. From
the present computations it can be concluded that the �-
stacking between G6, A23 and A of ATP is very important
for the stability of the wt aptamer–ATP complex, in addi-
tion to the hydrogen bonds to G22. Based on the association
and recognition mechanisms of the nucleic acid aptamer to
ATP, the present study can form a starting point to optimize
the design of new ATP aptamers with higher affinity, or to
tailor nucleotide aptamers for other substrates.
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