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of Chemistry Here, we exploit a small biomolecule — ATP - to gain temporal control over chemical reactivity in
a synthetic system composed of small self-assembling molecules and reactants. The approach relies on
the capacity of ATP to template the formation of amphiphile-based assemblies. The presence of the
enzyme alkaline phosphatase causes a gradual decrease in the ATP-concentration in time and,
consequently, a spontaneous dissociation of the assemblies. The uptake of apolar reactants in the
hydrophobic domain of the assemblies leads to an enhancement of the reaction rate. It is shown that
ATP-triggered self-assembly causes the selective upregulation of one out of two hydrazone-bond

formation reactions that take place concurrently in the system. This leads to an inversion in the product
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Accepted 17th Decernber 2019 ratio, which, however, is transient in nature because the upregulated reaction spontaneously reverts to

its basal low reaction rate once the ATP has been consumed by the enzyme. Overall, the results

DOI: 10.1039/c95c05188k demonstrate the potential of chemically-fuelled self-assembly under dissipative conditions to gain
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Introduction

The bioregulatory system is mediated by small molecules,
which can efficiently up- or downregulate biochemical pathways
through allosterism." The high selectivity of the interactions
between these molecules and their biochemical targets permits
control over reactivity in a chemically highly complex mixture.
The transient availability of small molecules provides temporal
control and ensures that the system returns to a basal state once
the trigger has disappeared.> Only recently, chemists have
started to appreciate chemically-fuelled dissipative processes as
a tool to actively control the properties of synthetic systems.*”
Within a short time span experimental studies have already
demonstrated that the obtained materials, catalysts, and
molecular machinery have unique properties when compared to
analogous systems that operate under equilibrium condi-
tions.** One important novelty is that the functional properties
of a system can be temporally controlled by regulating the
concentration of chemical fuel, just as in nature. This implies
that the time domain has now become accessible as a design
parameter for the development of functional chemical
systems."** Whereas the majority of these studies have been
dedicated to the development of materials and a study of their
properties, the exploitation of chemically-fuelled driven self-
assembly for the purpose of controlling chemical reactivity
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temporal control over reactivity in complex chemical systems.

has received much less attention.'>?* Here, we exploit adeno-
sine triphosphate (ATP)-fuelled self-assembly®**2 to control
the reaction kinetics in a reaction mixture in which two reac-
tions take place concurrently (Fig. 1). We demonstrate that the
addition of ATP causes the selective transient upregulation of
one of the two chemical reactions, which translates in
a temporary inversion of the product ratio in the system as long
as the chemical fuel is present.

Results
Synthesis and characterisation

We synthesized the new amphiphile C;,TACN, which contains the
same 1,4,7-triazacyclononane (TACN) head group as the amphi-
phile C;¢sTACN used in previous studies but attached to a shorter
apolar chain (Cy, vs. Cye) (Fig. 1)."** We expected that the lower
intrinsic stability of the resulting assemblies would lead to a larger
difference in critical aggregation concentration (CAC) in the pres-
ence and absence of templates. This would allow us to work at
higher amphiphile-concentrations without having to worry about
spontaneous, non-templated self-assembly. This difference was
indeed confirmed by self-assembly studies carried out
by titrating C;,TACN-Zn>', the Zn®*"-complex of Cy,TACN, to
a solution of an apolar fluorophore, such as DPH (1,6-diphenyl-
1,3,5-hexatriene) or laurdan dye, in aqueous buffer ((HEPES] =
5 mM, pH = 7.0). These probes are insoluble in the solution, but
spontaneously partition in the apolar domain of structures formed
by self-assembly of the amphiphiles causing an increase in fluo-
rescence intensity. The onset of fluorescence intensity is thus an
indicator for the CAC. For C;,TACN-Zn*' the fluorescence

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic representation of the ATP-templated assembly of
C12TACN-Zn?* into spherical assemblies. It is noted that throughout
the paper we use vesicle-like structures to represent the assembled
state. Although the data indicate that the assemblies have a similar
nature as those reported before,** we could not contain conclusive
evidence that indeed vesicles are formed. A disassembly pathway is
installed in the presence of the ATP-cleaving enzyme alkaline phos-
phatase. In the unassembled state the reaction between 2 and A
occurs at a higher rate compared to the reaction between 1 and A. In
the assembled state the situation is reversed and the reaction between
1 and A is the faster one.

intensity of DPH started to increase slightly only at a concentration
of around 5 mM, indicating that the CAC lies around this
concentration (Fig. 2a). This marks a strong difference with the
CAC of around 100 uM previously determined for C;sTACN-Zn>*
(Fig. 2a).* This result was confirmed by surface tension measure-
ments (Fig. 2a).

We then studied the effect of ATP (adenosine triphosphate)
on the CAC of C;,TACN-Zn>" by repeating the titrations in the
presence of different amounts of ATP (20-100 uM) (Fig. 2b).
In all cases the fluorescence intensity started to increase at
a C;,TACN-Zn>"-concentration of around 30 pM indicating that
ATP templated the formation of assemblies at concentrations
well below the CAC. All curves exhibited a maximum which
implied that at elevated concentrations of C;,TACN-Zn>" the
amount of ATP is not sufficient to stabilize the assemblies. The
ATP-templated formation of assemblies with nanometer-sized
dimensions was confirmed by dynamic light scattering (DLS),
transmission electron microscopy (TEM) and laser scanning
confocal microscopy (LSCM) measurements (Fig. 2c and d). The
presence of an aqueous inner phase in these structures, as
evidenced from the possibility to encapsulate the water-soluble
cationic dye rhodamine 6G (Fig. S3, ESIf), suggests that the
assemblies have a vesicular structure similar to those observed
previously for C;¢TACN-Zn>*.1%% Altogether, the data show that
ATP templates the self-assembly of C;,TACN-Zn>" in spherical
assemblies. Similar to previous studies,'®** transient assembly
formation was observed under dissipative conditions installed
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Fig. 2 (a) Fluorescence intensity (FI) at 428 nm (filled squares) and
surface tension (empty circles) as a function of the concentration of
C12TACN-Zn?* (red) and C;6TACN-Zn?* (blue) in the presence of DPH
(2.5 uM). (b) Fluorescence intensity (FI) at 428 nm as a function of the
concentration of ClzTACN~Zr12+ in the presence of different
concentrations of ATP (20, 50, 100 uM). The black trace indicates the
fluorescence response of a sample without ATP present, whereas the
blue trace indicates the response in the presence of adenosine (200
uM) and Pi (600 puM). (c) Hydrodynamic diameter of assemblies formed
in the presence of 50 uM ATP as measured by DLS. (d) TEM and LSCM
images of aggregates with [C;2TACN-Zn?*] = 100 pM and [ATP] = 50
uM. TEM images are stained with 2% uranyl acetate solution. (e)
Fluorescence intensity (FI) at 472 nm following repetitive additions of
ATP (50 uM) to a solution of C;,TACN-Zn?* (100 pM) and laurdan dye
(2 puM) in the presence of alkaline phosphatase (0.5 U). General
experimental conditions: [HEPES] = 5 mM, pH 7.0, T = 25 °C.

by the presence of the enzyme alkaline phosphatase (Fig. 2e).
The waste products (adenosine and inorganic phosphate) ob-
tained from enzymatic hydrolysis of ATP are unable to stabilize
the assemblies (Fig. 2b) and spontaneous dissociation takes
place after enzymatic ATP hydrolysis. Full reversibility of this
process was demonstrated by an experiment in which the same
solution was fuelled with a second batch of ATP (50 pM)
(Fig. 2e).

Transient regulation of chemical reactivity

Previously we have shown that transiently stable vesicular
nanoreactors can upregulate a nucleophilic aromatic substitu-
tion reaction by concentrating the apolar reactants in the
hydrophobic bilayer."* We were interested in expanding the
reaction scope to hydrazone-bond formation, because this
reaction is widely applied for the development of molecular
receptors, materials and catalysts.**> Furthermore, we wanted
to demonstrate that a chemical trigger can be used to selectively
and transiently upregulate one chemical reaction in a system of
higher complexity.

Chem. Sci., 2020, 1, 1518-1522 | 1519
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After a preliminary screening of a set of hydrazides and
aldehydes, we selected aldehydes 1 (trans-cinnamaldehyde)
and 2 (2-pyridinecarboxaldehyde) and hydrazide A
(3-hydroxy-2-napthoic hydrazide) for a detailed study (Fig. 1
and 3a). The formation of hydrazone 1A from 1 and A could
be conveniently detected using UV-vis spectroscopy because
the conjugated structure of 1A gives rise to a new absorption
band with a maximum at 332 nm in aqueous buffer (Fig. S18,
ESIt). The identity of the product and the kinetics of product
formation were independently confirmed by LC-MS (Fig. S20-
S257%). In aqueous buffer the formation of 1A after mixing 1 (5
uM) and A (20 pM) is slow and just trace amounts of product
are observed after several hours (Fig. 3b). Performing the
reaction in the presence of just C;,TACN-Zn>" (100 uM)
caused a minor 3-fold increase in initial rate from 6.1 x 10>
to 1.8 x 10~* uM min~" (Fig. 3b). On the other hand,
when the reagents were added to a solution containing both
C1,TACN-Zn** (100 pM) and ATP (200 uM) the reaction rate
proceeded at a 25-fold higher rate (1.5 x 10™° uM min™")
(Fig. 3b). TEM images confirmed that the presence of the
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Fig. 3 (a) Schematic representation of the reactions between 1, 2 and

A to give hydrazones 1A and 2A in the unassembled and assembled
state. (b) Concentration of 1A as a function of time as determined by
HPLC when 1 (20 uM) and A (5 pM) were added to aqueous buffer at pH
7.0 (grey), a solution of C;,TACN-Zn?* (100 pM) (empty red circles) or
a solution of C;,TACN-Zn?* (100 uM) and ATP (200 uM) (filled red
circles). (c) Concentration of 1A as a function of time as determined by
HPLC when 1 and A (20 pM) were added to a solution of Cj,-
TACN-Zn?* (100 pM) and to which ATP (200 uM) was added after 900
minutes. (d) Concentration of 2A as a function of time when 2 (20 uM)
and A (5 uM) were added to aqueous buffer at pH 7.0 (grey), a solution
of C1,TACN-Zn?* (100 uM) (empty blue circles) or a solution of Cy,-
TACN-Zn?* (100 uM) and ATP (200 pM) (filled blue circles). (e and f).
Concentration of 1A (e)/2A (f) as a function of time when 1 (e)/2 (f) (20
pM) and A (20 uM) were reacted together in the presence of Ci,-
TACN-Zn?* (100 pM), ATP (200 pM) and increasing concentrations of
alkaline phosphatase (0-2 U). General experimental conditions:
[HEPES] =5 mM, pH 7.0, T = 25 °C.
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reagents did not affect the assembly process (Fig. S19, ESIf).
A direct visualization of the correlation between the forma-
tion of ATP-templated assemblies and the increase in reac-
tion rate was obtained from a control experiment in which
ATP was added 12 hours after mixing C;,TACN-Zn*" and
reagents 1 and A (Fig. 3c). While the reaction proceeded
slowly in the absence of ATP, the addition of ATP caused an
immediate strong increase in reaction rate. A control exper-
iment in which ATP was added to a solution of the reactants
in buffer in the absence of C;,TACN-Zn>*" did not result in
any rate increase (Fig. S25, ESIY).

On the other hand, the reaction between aldehyde 2 and
hydrazide A to form hydrazone 2A was not affected by the
presence of either C;,TACN-Zn>" or ATP-templated assemblies
(Fig. 3d). In aqueous buffer, the reaction proceeds with
a significant rate (7.9 x 10~* pM min "), attributed to the
higher reactivity of the aldehyde-moiety in 2 compared to 1
caused by the pyridine-moiety.**** Similar rates were
observed in the presence of either C;,TACN-Zn>" (100 uM) or
C1,TACN-Zn** (100 uM) and ATP (200 uM) (v, = 9.9 x 10~ * and
6.4 x 10°* uM, respectively). The slight decrease in rate
observed in the presence of assemblies is tentatively ascribed to
an uptake of hydrazide A in the hydrophobic part of the
assemblies, which reduces its concentration in the aqueous
medium.

The fact that the reaction between 1 and A is mediated by the
assemblies creates - from a kinetic point of view —an interesting
difference with the same reaction carried out in bulk. Although
ATP does not participate in the reaction, its concentration
enters in the rate equation because it determines the availability
of reactor volume. Indeed, kinetic studies revealed that the
reaction rate was of order 0.9 in the concentration of ATP
(Fig. S21, ESIf). The order in ATP indicates the efficiency at
which ATP creates an apolar reaction environment in the
system. Interestingly, it was observed that the addition of ATP
under dissipative conditions, i.e. in the presence of enzyme,
caused an increase in rate, but only for a limited amount of time
depending on the enzyme concentration (Fig. 3e). The final
concentrations of 1A (at ¢ = 800 min) were inversely related to
the enzyme concentration. This is caused by the reduction in
life time of the assemblies upon an increase in enzyme
concentration which provides less time for the reactions to
occur. Importantly, for the experiments that will be described
below, the formation of product 2A was not affected by the
presence of enzyme (Fig. 3f). The transientness of ATP-induced
upregulation emerged from an experiment in which 3 batches
of ATP (50 uM) were repetitively added to a solution of reactants
and C;,TACN-Zn”* in the presence of enzyme (0.5 U). For 1 and
A each addition of ATP resulted in a rapid increase in rate which
gradually levelled off as ATP was hydrolysed, whereas for 1 and
B the addition of ATP had no effect on the reaction rate
(Fig. 526, ESIY).

Regulation of chemical reactivity in the time domain

The different dependence of the two reactions on the presence
of templated assemblies prompted us to investigate reactivity

This journal is © The Royal Society of Chemistry 2020
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in a system in which both reactions take place simulta-
neously (Fig. 4a). In line with the observations reported above,
in a solution containing all reactants 1, 2, and A and just
C1,TACN-Zn** the reaction producing 2A occurred at
a significantly higher rate and after 350 minutes hydrazone 2A
was the dominant product in the reaction mixture (Fig. 4b).
However, the product distribution in the system changed
completely after the addition of ATP (200 puM). The ATP-
templated formation of assemblies led to a strong accelera-
tion of the reaction leading to 1A, without significantly
affecting the rate of formation of 2A. Consequently, the
concentration of 1A started to increase rapidly resulting in an
equimolar concentration of hydrazones 1A and 2A at around
300 minutes after addition of ATP. After that time, hydrazone
1A became the dominant product in the reaction mixture. A
similar inversion of product composition was observed when
C1,TACN-Zn*" was added to a reaction mixture which initially
contained the reactants and just ATP (Fig. S27, ESI¥).

Finally, temporal control over the product distribution in the
system could be obtained exploiting the fact that the upregu-
lation of 1A formation is controlled by ATP. This is illustrated by

a) +000
) dominant
w- = \a ! ;
—e ~o ——-01
R/ .
+ 1‘,, jominant
743 4 reaction
-
Q9
Q
b) +000 c) +000 (50) + 000 (100)
20 400
= VNZAZ o 3.0 4 o
S1s p Se 9 e o8t 3005
[ ' .. ~N
ey o8 ® 2T 20 d® N
®N10 ®e 8 S °,° 2003
5 o £ © 38e? 3
=) o g o i, =
=05 ’ o e £z 10 ’3 i “ub 1002
] o =
Sooheo®? 00 — 0
0 500 1000 0 100 200 300 400 500
t (min) t (min)
+ 000 +000
d e
) ) .
= v 2 =1
g g2
[T g a &5
ga £2 E4
5 U o So
s 3 B
— e e
0 500 1000 0 100 200 300 400
t (min) t (min)

Fig. 4 (a) Schematic representation of the change in dominant
reaction as the system transits between the unassembled and the
assembled state under dissipative conditions. (b) Increase in the
concentration of 1A and 2A over time when a mixture of 1, 2 and A (20
uM) were added to a solution of C;,TACN-Zn?* (100 pM) and to which
ATP (200 uM) was added after 350 minutes. (c) Increase in the
concentration of 1A and 2A over time when a mixture of 1 (20 uM), 2
(20 pM) and A (40 uM) were added to a solution of C;,TACN-Zn?* (100
uM) and alkaline phosphatase (0.5 U) and to which ATP (50 uM) was
added at t = 80 min and a new batch (100 uM) at t = 300 min. Overlaid
on the same graph is the change in Fl at 472 nm over time upon the
addition of the same amounts of ATP to a solution containing Cj,-
TACN-Zn?* (100 uM) and laurdan dye (2 uM) under the same experi-
mental conditions. General experimental conditions: [HEPES] = 5 mM,
pH 7.0, T = 25 °C. (d) Simulation of the experiment described in (b)
usmg a kinetic model (ESIT). (e) Simulation of the experiment described
n (c) (first cycle) using a k|net|c model (ESIT).
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the following experiment in which ATP was added to a solution
containing reagents 1, 2, and A, C;,TACN-Zn”" and the enzyme
alkaline phosphatase under optimized conditions in terms of
concentrations. The formation of reaction product was moni-
tored by UPLC, which revealed a higher rate of formation of 2A
prior to addition of ATP (50 uM), as expected based on the
results described above (Fig. 4c and S28, ESIT). The addition of
ATP at ¢ = 80 min resulted in a rapid increase in rate of
formation of 1A and at ¢ = 100 min hydrazone 1A became the
dominant product in the mixture. However, under the dissipa-
tive conditions installed by the presence of enzyme, the
assemblies have a limited lifetime, which could be determined
independently by monitoring the fluorescence intensity of the
apolar probe laurdan dye under the same experimental condi-
tions. It was observed that after a rapid rise the FI dropped
rapidly over the time course of around 200 minutes. Impor-
tantly, in the same time interval the increase in concentration of
1A slowed down significantly reaching a nearly complete stop in
concomitance with completion of the disassembly process.
However, over this period the concentration of 2A continued to
increase steadily because this reaction is not affected by the
presence — or absence - of the assemblies. As a result, from ¢ =
200 min onwards, hydrazone 2A became again the dominant
product in the reaction mixture. To unequivocally demonstrate
that the product composition can be temporally controlled by
ATP, we added a new batch of ATP (100 uM) at ¢ = 300 min to
start a new cycle. A rapid increase in concentration of 1A was
again observed and from ¢ = 400 min onwards hydrazone 1A
became again the major product in the mixture.

A kinetic model was developed to improve the under-
standing how the different processes occurring in the system -
self-assembly, reactivity, energy dissipation - affect the output
(ESIt). The model includes the reaction rates for the formation
of hydrazones 1A and 2A in the absence and presence of
assemblies, ATP-induced assembly formation, and the enzyme-
catalysed degradation of ATP. The simulated addition of ATP to
a mixture in the absence of enzyme indeed leads to the exper-
imentally observed inversion of product selectivity (compare
Fig. 4d to b) and under dissipative conditions the calculated
trace for the increase in concentration of 1A compares well to
the experimentally observed data. The model is thus able to
capture the essential kinetic features of the system in the correct
time frame. The possibility to capture the system in a relatively
simple kinetic scheme will facilitate the design of systems of
higher complexity.

Conclusions

In conclusion, we have shown that chemically-fuelled self-
assembly under dissipative conditions permits the transient
upregulation of a chemical reaction. This changes the product
selectivity in the reaction mixture for a limited amount of time
depending on the availability of ATP. Kinetic reaction profiles of
the kind demonstrated here are not possible to obtain using
conventional approaches. Overall, the results indicate a novel
way of controlling chemical reactivity in reaction mixtures,

Chem. Sci., 2020, 1, 1518-1522 | 1521
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which will serve to program reaction pathways in systems of
higher complexity.*
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