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Fuel-responsive allosteric DNA-based aptamers for the transient
release of ATP and cocaine”

Erica Del Grosso,' Giulio Ragazzon,? Leonard Prins,?” Francesco Ricci"”

Abstract: Allostery is generally considered as a thermodynamic  signals.
equilibrium phenomenon. In contrast to this, we show here that this To this aim, we turned n to aptamers, which are
mechanism offers a key strategy to rationally design out-of-  in-vitro selected DNA and RNA se able to bind a variety
equilibrium synthetic devices. We demonstrate this by engineering  of targets ranging fro i cules, proteins, to
allosteric DNA-based nanodevices for the transient load and release  \yhole live cells, vi : ith high affinity and
of small organic molecules. To demonstrate the versatility and
generality of our approach we have employed two model DNA-
based aptamers that bind ATP and cocaine through a target-induced
conformational change. We have rationally re-engineered these
aptamers so that their affinity towards their specific target is
controlled by a DNA sequence acting as an allosteric inhibitor. The
use of an enzyme that specifically cleaves the inhibitor only when it
is bound to the aptamer generates a transient allosteric control that
leads to the temporal release of ATP or cocaine from the aptamers.
Our approach confirms how the programmability and predictability of ~ characteristi or this kind of process (Figure 1c)
nucleic acids make synthetic DNA/RNA the perfect candidate  shows that after equilibriurh has been reached the addition of
material to re-engineer synthetic receptors that can undergo  more fuel 70 effect, because all cargo has already been

eported and rationally-
designed aptame tems.”**4 However, to
the best of our kno steric aptamers operate
under straigh control (Figure 1a, top):
i.e. the affinity s a specific ligand is shifted
towards higher d concentrations (Figure 1b) upon the

chemical fuel-triggered release of different kinds of small molecule
cargoes (ATP and cocaine) and to rationally design non-equilibrium
systems. Moreover, our study illustrates the potential of transient
allosteric regulation as a tool to control the functions of synthetic
dissipative devices.

We d®honstrate here that transient allosteric regulation
e achieved if the allosteric inhibitor (fuel) is specifically
ed once bound to the aptamer, for example through the
f an enzyme that is present in the system (see Figure
his case the aptamer will work “under dissipative
nd can restore its original ligand affinity in a time-
dependent Yashion (Figure 1d) with an entirely different kinetic
profile (Figure 1e). Importantly, after consumption of the effector,
the aptamer returns to the original state and the addition of new
fuelfgn initiate a new cycle.

Life is a non-equilibrium phenomenon. Indeed, Nature
exploits chemical energy to drive and regulate reactio

leading to adaptive systems that can be temporall

controlled. Although synthetic systems for tra . . Py -

formation,”"'¥ signal generation,!®'® and carg o R S .
been developed, allosteric receptors that displa Inhibitor 5 g, =
behavior have so far received limited attention.*'*? e - g E e
marks a strong contrast with the central role played by alloste B — " e o g0 LR
in all living systems.?" Allostery, often referred as the “se L figand] f )
secret of life”,”* is in fact a widesprea "&4 ,/A/'n d ‘EnzymelTime © i

Nature to control the activity of bj Liga:d o Eneyme ¢ 777 §‘°° C.
proteins and enzymes, in a highly c ]l +YA g 2

allostery being generally studied as = §O 8 | Veenyme &
equilibrium phenomenon, here will show that t i e Time -

offers a key strategy for the ral regulation of chemical
Figure 1. The affinity of an allosterically regulated receptor for its specific

ligand can be shifted towards higher concentrations through the binding of an
B~ allosteric inhibitor (or fuel) to a site distal from the ligand’s binding site (a-b). At
a fixed ligand concentration, the allosteric effect of the inhibitor causes a
conformational switch of the receptor from the high-affinity state (left) to the
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sequence into two functional units connected by an 18-base
linker strand which served as the allosteric site (Figures 2a, S1).
As the allosteric inhibitor we designed an 18-base DNA-strand
that, upon binding to the linker domain, causes a conformational
change that negatively affects the affinity of the aptamer for ATP
(Figure 2a). Of note, the linker strand and the inhibitor strand are
designed to form a ds-DNA sequence specifically recognized by
the enzyme Nt.BsmAl. This enzyme is thus able to bind to this
sequence and selectively promote the cleavage of the DNA
allosteric inhibitor, which restores the original affinity of the ATP-
binding aptamer (Figure 2a). In order to follow the ATP
loading/release we have labeled the aptamer ends with a
fluorophore/quencher-pair.

To verify the functionality of our system, we started with
binding studies that revealed the capability of the re-engineered
aptamer to bind ATP (Kq atp =2.2 £ 0.1 x 10™* M). This affinity is,
as expected for a split aptamer, slightly poorer than that reported
for the original aptamer (K4 = 1.6 + 0.1 x 10”° M) (Figure 2b,
black curve). Importantly, upon binding of the DNA inhibitor
complementary to the linker domain, the aptamer undergoes a
conformational change that causes a 20-fold decrease in the
apparent affinity for ATP (K atpsinnibior = 4.6 = 0.9 x 10° M)
(Figure 2b, red curve). The same binding study performed on a
sample exposed to the nickase Nt.BsmAl revealed that after
inhibitor cleavage the original affinity of the receptor is nearly
completely restored (Ky atprenzyme = 5 * 1 x 10™* M) (Figure 2b,
green curve). This system seems therefore adequate for the
transient release of ATP from the receptor upon addition of an
inhibitor strand under dissipative conditions. The behavior
indeed confirmed with time-course experiments. In the abs
of the enzyme a significant signal increase is observed updn the
addition of the DNA-inhibitor complementary to the  linker
portion, indicating the opening of the
consequently, the release of ATP (Figure S2). Ins
presence of the nickase, the signal increase, as
ATP release, is followed by a gradual decreas,
value, indicating the re-loading of ATP (Figure
The dissipative behavior is confiirmed by a n
electrophoresis experiment that shows the capability
nickase to selectively hydrolyze the DNA-inhibitor sequence a
to restore the original affinity of the receptor for ATP (Figure,S3).
Importantly, the enzyme acts on the DNA inhibitor only whenji
bound to the ATP-aptamer, implying inhibitor consu
is intimately connected to the form
(Figure S4).

ATP without the observation
2c, red curve).

To demonstrate this we
time-course experiments in which a
NA inhibitor (1.5 x 10 M) was added
concentrations of Nt.BsmAl (Figure
d ATP decreased from 100 to 20
minutes upon increasing entration of the Nt.BsmAlI from
30 to 150 U/ml (Figure S5). In a similar experiment we kept a
constant amount of nickase enzyme and added different
concentrations of the inhibitor strand. The half-life of the

enzyme and inhi
have first perform
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released ATP increased from 12 to 37 minutes upon increasing
the inhibitor concentration from 5 x 10° to 40 x 10° M (Figure
S6).
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Figure 2. (a) A split ATP-binding aptamer (grey/blue strand) is used here as
the receptor. The,DNA inhibitor (blue strand) acts as an allosteric inhibitor that
gers the rel of ATP. In the presence of Nt.BsmAl, the inhibitor bound
electively hydrolyzed leading to the re-loading of ATP to the
ding curves of the receptor/ATP interaction in the absence
and presence (red) of equimolar concentration of the inhibitor strand
the concomitant presence of both inhibitor and Nt.BsmAl enzyme
(c) Addition of the inhibitor in the presence of the specific enzyme
leads to a transient release of ATP (black curve). The same
rformed in the presence of a non-specific nuclease enzyme

Nt.BsmAl. Ex@¥eriments shown in this figure have been obtained in 50 mM
potassium acetate, 20 mM Tris acetate, 10 mM magnesium acetate, 100
ug/mL BSA, pH 7.9, at 45°C. Solid lines in panel d represent the data fitting
(see text and S| for more details). Error bars represent standard deviation

o gain further insight in the transient phenomena, a
mal kinetic model was used to fit the experimental data at
rying enzyme and inhibitor concentration. The system can be
escribed by two coupled equilibria that involve the receptor
binding to ATP or the DNA inhibitor, and a third enzymatic
reaction in which the inhibitor is nicked with a Michaelis-Menten
kinetics only when bound to the receptor; overall the enzyme
cleaves the inhibitor while restoring the free receptor (Figures
S7-9, see the Sl section for more details on the model). This
minimal model is able to reproduce the experimental
observations (Figure 2d, solid lines). In particular, the kinetic
constants for ATP release, inhibitor binding and enzymatic
activity were optimized. Use of the mean optimized parameters
allows to reproduce the experimental data under different
experimental conditions semi-quantitatively. Moreover, it is worth
noting that it was not necessary to take waste interference into
account. The high tolerance of the system to the presence of
waste products originates from the multivalent nature of duplex
formation and is indeed one of the attractive features of using
DNA for developing dissipative systems.

An analysis of the sensitivity of the mean kinetic trace to
changing parameters (Figures S10-12) shows that the model
operates in a regime in which the double strand of DNA binds to
Nt.BsmAl and the inhibitor is rapidly cleaved afterwards. This
step regulates the signal decrease. The initial rise of the signal is
dictated by the dissociation of ATP from the aptamer. Although
this minimal model can effectively describe the observations, it
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cannot be excluded that binding of the inhibitor and ATP release
occur in a concerted manner.

The reversibility of the transient load-release of ATP was
demonstrated by performing multiple load-release cycles
through the repetitive additions of a constant amount of inhibitor
(1.5 x 10 M, Figure 3). It is noted that the kinetics of ATP re-
loading slightly slow down after each cycle, which likely
originates from the limited stability of the enzyme over time
(Figure S13). The slight increase in signal change for each new
cycle is consistent with the fact that the enzyme activity
gradually decreases after each cycle (see sensitivity analysis in
Figure S11).
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Figure 3. Kinetic traces showing the reversible dissipative release of ATP (5 x
10* M) from the receptor (5 x 10 M) after sequential addition of the inhibj
strand (1.5 x 10 M) in the presence of Nt.BsmAl (100 U/mL). Experi
shown in this figure have been obtained in 50 mM potassium acetate,
Tris acetate, 10 mM magnesium acetate, 100 ug/mL BSA, pH 7.9, at 45°C.

this approach can be easily extended to achieve tl
release of other small molecules, simply by,

As the inhibitor strand we designed
complementary to the allosteric site.

the receptor to bind th
aptamer was labeled with

in the presence of Nt.BsmAl, it is
se followed by a gradual signal
decrease due to the restored capability of the aptamer to re-load
cocaine (Figure 4b, black curve). Such a decrease in signal was
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not observed when the experiment was repeated using the non-
specific enzyme RNase-H (Figure 4b, red curve).

Also this new design displays an excellent reversibility and
specificity. Multiple load-release cycles, through the repetitive
additions of the inhibitor DNA-stra 0® M) in the presence of
a fixed concentration of the inhibi uming unit (i.e. the
enzyme), demonstrated the possibility to, ible release and
load cocaine (Figure 4c).

&

Inhibitor
a Inhibitor b . '}. +Nt.BsmAl
nv / r e >
o _\L> 3 : s
l «— s101 % ¢
Fl- 5 K%
g :
\ / 5 20 v +RNase H
AN A
( 0 10 20 30 40
Cocaine Enzyme Time (min)
J + M
- l \
o [©
. Inhibitor Load
0 i l l ,(’.fc,
= 1 . |
Sq0{ - £ //'. s
& L A A
§20{ = & - i . I
2 - F -
i a 7 1
+ e 2
0 75 30 45 60 75 &
T mir) elease

A modified cocaine-binding aptamer (grey/blue strand) is used
tor. The DNA inhibitor (blue strand) acts as an allosteric
effector th ers the release of cocaine. In the presence of Nt.BsmAl, the
inhibitor bouny to the receptor is selectively hydrolyzed leading to the re-
loading of cocaine to the receptor. (b) Kinetic traces showing the dissipative
release of cocaine from the receptor (10'7 M) after addition of the inhibitor
strand (10'8 M) and in the presence of a fixed concentration of cocaine (5 x10™
of the specific (Nt.BsmAl, 500 U/mL) and non-specific (RNase-H, 25
nzyme. (c) Multiple cycles showing the dissipative release of cocaine
e receptor in a reversible way. Experiments shown in this figure have
obtained in 25 mM potassium acetate, 10 mM Tris acetate, 5 mM
nesium acetate, 50 pg/mL BSA, pH 7.9, at 45°C.

In summary, we have demonstrated the rational design of
allosteric DNA nanodevices that can transiently release ATP and
cocaine upon the addition of a chemical trigger under dissipative
conditions. Numerous papers have been reported to date that
contain aptamer-based allosteric systems.?**?! However, to the
best of our knowledge, these allosteric aptamers operate under
straightforward thermodynamic control. Several related aptamer-
systems were also recently described which exploit enzymes.
36371 Although similar at first sight to our transient aptamers,
these systems operate in a different way as they achieve
switching between two thermodynamic states (binding and non-
binding) by sequential additions of fuel and enzyme, respectively.
The novelty of the systems described in our manuscript is that
displacement experiments are carried out under dissipative
conditions.?"! This implies that the allosteric effector is gradually
consumed by an enzyme that is present in the system.
Importantly, after consumption of the added effector, the
aptamer returns to the original state and the addition of a new
allosteric effector can initiate a new cycle. Contrary to the other
allosteric systems described so far, the return to the initial state
is spontaneous. Our approach thus allows transient allosteric
control over a receptor, which is not possible using the
analogous systems reported previously. We believe that this
strategy will turn out to be essential for the selective, transient
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activation of signaling pathways in synthetic mixtures by specific
chemical cues.

The possibility to control small molecules expands the
scope of dissipative DNA-based systems beyond nucleic
acids."” The obtained results demonstrate how the versatility,
programmability and predictability of nucleic acid recognition
make synthetic DNA/RNA the perfect material for designing non-
equilibrium nanoscale systems that can recognize different
molecular ligands. An additional advantage is the high tolerance
against waste products, which permits high reversibility over
several cycles without significant loss of efficiency. Moreover,
the present work demonstrates the complete selectivity towards
enzymatic cleavage. This provides a way to obtain selective
transient allosteric control over a receptor, which is an important
prerequisite for the selective activation of signaling pathways in
synthetic mixtures with a complexity similar to that observed in
nature.

Experimental Section
Experimental details in supporting information.

Keywords: DNA nanotechnology - Aptamers - DNA devices -
Dissipative Self-assembly - Supramolecular chemistry: Temporal control
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