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ATP Drives the Formation of a Catalytic Hydrazone through an

Energy Ratchet Mechanism

Tommaso Marchetti, Diego Frezzato, Luca Gabrielli, and Leonard J. Prins*

Abstract: An energy ratchet mechanism is exploited for
the synthesis of a molecule. In the presence of adenosine
triphosphate (ATP), hydrazone-bond formation be-
tween an aldehyde and hydrazide is accelerated and the
composition at thermodynamic equilibrium is shifted
towards the hydrazone. Enzymatic hydrolysis of ATP
installs a kinetically stable state, at which hydrazone is
present at a higher concentration compared to the
composition at thermodynamic equilibrium in the pres-
ence of the degradation products of ATP. It is shown
that the kinetic state has an enhanced catalytic activity
in the hydrolysis of an RNA-model compound. )

The development of synthetic matter endowed with life-
like properties requires the ability to rationally design
systems that operate away from thermodynamic equilibrium
at the expense of energy.l'>*# Great strides have been made
in the development of synthetic molecular machinery able to
convert energy in the form of light, electricity, or chemicals
into work.”®”! Theoretical and experimental studies have
revealed that energy and information ratchet mechanisms
play an essential role in driving molecular devices to a non-
equilibrium state characterized by directional motion or by
the population of a kinetic state in a self-assembly
process.**1*!11 Dissipative materials have been developed
that rely on energy input to maintain structural integrity and
display emerging properties.>*!41] Tt has been postulated
that non-equilibrium self-assembly relies on the same
ratchet mechanisms that drive molecular machines.!®!7151]
Experimental observations such as catastrophic collapse in
supramolecular fibers,” oscillations™? and cooperative
catalysis™?* in the assembled state indeed suggest that
ratchet mechanisms are embedded in these systems. Yet,
unequivocal proof for their presence is hampered by the
complexity of these systems which complicates a detailed
kinetic and thermodynamic analysis of all occurring
processes.['7>?l For that reason we turned our attention to
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the study of simple systems that are well-defined at the
molecular level (Figure 1). Previously, Lehn and co-workers
have shown that macrocyclic imines with high-strain energy
can be prepared through an energy ratchet mechanism.?”
The approach relied on metal-ion templated cyclization
followed by thermodynamically driven demetallation to
yield a kinetically stable macrocycle. Here, we show that an
energy consumption process can be used to shift a reaction
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Figure 1. Equilibrium reaction between hydrazide 1, aldehyde 2 and
hydrazone 3. The energy ratchet (green arrow) is composed of two
steps: A—addition of ATP lowers the energy barrier for hydrazone
formation and stabilizes the ground state of the product (3) more than
that of the reactants (1+2), B—enzymatic hydrolysis of ATP reinstalls
a high energy barrier for equilibration and eliminates the difference in
ground-state energy. The kinetically stable mixture enriched in 3 can be
converted into the equilibrium composition upon heating (step C). The
same thermodynamically stable mixture can be obtained directly by
equilibrating 1 and 2 in the presence of the phosphate mixture (A+3
P) (red arrow). Note that the chemical structure of the complex 3-ATP
is just a representation and that the energy diagrams represent the
relative changes in free energy between the reactants and product of
the equilibrium reaction.
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away from the composition at equilibrium (Figure 1). The
involved equilibrium reaction regards the formation of a
hydrazone between an aldehyde and hydrazide. This reac-
tion falls into the class of imine-type dynamic covalent bond
formation, which is one of the most applied reactions for the
development of supramolecular systems.?#**31 An energy
ratchet mechanism is exploited in which in the first step a
chemical trigger, ATP, is used to accelerate the reaction and
to stabilize the hydrazone. In the second step, enzymatic
degradation of ATP installs a kinetically stable state in
which the hydrazone concentration is higher than the one at
equilibrium. We show that the system in the non-equilibrium
state has a higher catalytic activity in the hydrolysis of an
RNA-model compound compared to the equilibrium state.
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We synthesized hydrazide 1 and aldehyde 2, which are
both equipped with a 1,4,7-triazacyclononane (TACN)-Zn"-
complex (Figure 1). Hydrazone formation was studied by
mixing 1 and 2 in an equimolar ratio (0.5 mM) in water
buffered at pH 7.0 and monitoring changes in the 'H NMR
spectrum as a function of time at 25°C (Figure 2a—blue
trace and Figure 2b, Figure S2). Hydrazone formation was
confirmed by a gradual decrease of the aldehyde signal at
9.91 ppm and a gradual increase of the signals at 8.39 and
8.67 ppm corresponding to the E- and Z-isomers of
hydrazone 3, respectively (Figure 2b-II and Figure S1).1*”
However, hydrazone formation was extraordinary slow
(ki3=4.840.7x102M™" min™") and even after 2 weeks at
25°C equilibrium had not yet been reached. Carrying out
the reaction at higher concentrations resulted in higher rates
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Figure 2. a) Changes in concentrations over time as determined by 'H NMR spectroscopy (squares: aldehyde 2, circles: hydrazone 3). Symbols A-C
refer to the events shown in Figure 1. In section A, formation of hydrazone 3 is reported for mixing 1 and 2 (blue trace), mixing 1 and 2 in the
presence of ATP (red trace) and mixing 1 and 2 in the presence of the phosphate mixture (adenosine+3 P, green trace). At t=313 h, the enzyme
alkaline phosphatase was added to the sample containing ATP (section B). After 12 h the sample was heated to 50°C for equilibration (section C).
b) Parts of the "H NMR spectra containing characteristic signals for 2 and 3 of a 1:1 mixture of 1 and 2 (at 0.5 mM each) corresponding to the
blue trace in Figure 2a at t=0h (I) and t=313 h (l1). c) Parts of the '"H NMR spectra containing characteristic signals for 2 and 3 at various stages
of the kinetics reported in Figure 2a (red trace): t=0h (1), t=313 h (ll), t=325 h (Il—12 hours after addition of the enzyme), t=510h (IV—180 h
after heating the sample at 50°C). Figure 2c-V reports parts of the'H NMR spectrum of a mixture containing 1 and 2 at 0.5 mM each equilibrated
in the presence of the phosphate mixture at 25°C. d) Change in the chemical shift (normalized) of signals of 1, 2, and 3 upon the addition of ATP
toa1:1:1 mixture of 1, 2, and 3 (0.5 mM each). e) Parts of the *'P NMR spectrum of the reaction mixture before (I) and 12 h after (II) the addition

of enzyme.
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and an equilibrium constant for the reaction could be
determined (K=1.7x10* M, Figure S3). This value corre-
sponds to an equilibrium composition at which hydrazone 3
is present for 35 % for [1],=[2],=0.5 mM. Reactivity studies
using structurally related hydrazides and aldehydes but
lacking the TACN-Zn"-complex revealed that the particu-
larly slow reaction rate is related to the presence of the
TACN-Zn"-complexes (Figure S17). The presence of just
one TACN-Zn"-complex led to a 2- or 3-fold increase in rate
of formation depending on whether the TACN-Zn"-complex
was present on the aldehyde or hydrazide. A 5-fold increase
in rate was observed when neither one of the components
contained a TACN-Zn"-complex. Based on these observa-
tions, we hypothesized that the negative effect of the
TACN-Zn"-complexes on the rate of hydrazone-formation
could possibly originate from their positive charge. If so, we
argued that this effect could potentially be mitigated by
adding adenosine triphosphate (ATP) as a strongly coordi-
nating counter-anion for TACN-Zn".) NMR binding
studies between ATP and either 1 or 2 (0.5 mM) showed
that both compounds have a very high affinity for ATP
(K;>10°M™; K,=1.1(£0.1)x10* M) (Supporting Infor-
mation—section 2.11). This implies that complexes 1- ATP
and 2-ATP are practically quantitatively formed in the
presence of 1 equivalent of ATP. Hydrazone-bond forma-
tion between 1 and 2 was then repeated using an equimolar
mixture of 1, 2 and ATP (0.5 mM each) implying that
sufficient ATP was present to bind half of the available
TACN-Zn"-complexes (Figure S5). An impressive 23-fold
increase in the rate of formation of 3 was observed (k3 s1p=
1.240.1 M 'min™) (Figure 2a—red trace). Importantly, the
presence of ATP not only affected the reaction kinetics, but
also caused a shift in the equilibrium composition towards
hydrazone 3. At equilibrium, hydrazone 3 now accounted
for 87 % instead of the 35 % calculated in the absence of
ATP (Karp=1.4x10°M™, with standard reaction free en-
ergy AG®=-29.3 kJ.mol ', Figure 2c-1I). The effect of ATP
on the equilibrium composition was confirmed in an
independent experiment in which 1 equivalent of ATP was
added to a pre-equilibrated mixture of 1, 2 and 3 (Fig-
ure S10). The shift in the equilibrium composition suggested
that the intrinsic stability of the 3- ATP complex is likely the
most important feature to explain the shift in composition.
The higher stability of 3- ATP was indeed confirmed by an
NMR titration experiment in which increasing amounts of
ATP were added to an equimolar mixture of 1, 2 and 3
(each at 0.5 mM). The titration was conducted on a time-
scale at which the condensation reaction does not take place.
Up to 0.5 mM of ATP—that is, 1 equivalent compared to
the available TACN-Zn" complexes—shifts in the 'H NMR
spectrum were mainly observed for 3 (Figure 2d and Fig-
ure S33). Signals of 1 and 2 started to shift significantly only
when larger amounts of ATP were added (Figure 2d). In an
alternative experiment, increasing amounts of a 1:1 mixture
of 1 and 2 were added to complex 3-ATP (0.5 mM) and
changes in the 'H NMR spectrum were monitored (Fig-
ure S31). Treating 1 and 2 as a fictitious species (1/2) yielded
an apparent equilibrium constant of 6.7x107* between
3-ATP and (1/2)-ATP indicating again a much higher
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affinity of ATP for 3 compared to the reactants. In
summary, the reaction kinetics and binding studies show
that ATP stabilizes both the transition state of the equili-
brium reaction between 142 and 3 and the ground state of
the product (3) compared to the reactants (1+2) (Figure 1).
The strong interaction between 3 and ATP does not come as
a surprise considering that it is well-known that ATP has a
high affinity for multivalent systems decorated with multiple
TACN-Zn" complexes.'** To study to which extent multi-
valency plays a role in this system we studied the effect on
the equilibrium reaction of a mixture composed of 3
equivalents of inorganic phosphate, P;, and 1 equivalent of
adenosine. The choice for this particular mixture was not
coincidental because it can be chemically derived from ATP
upon treatment with the enzyme alkaline phosphatase.l!
We observed that also this phosphate mixture—at the
concentration at which it would be obtained from 0.5 mM
ATP—had a positive effect on both the reaction kinetics
and thermodynamics, but to a much lesser extent compared
to ATP (Figure 2a—green trace, Figure S7). A rate accel-
eration of just 4-fold was observed (k;p;=021M "' min')
and at equilibrium hydrazone 3 accounted for just 47 %
(Kpi=3.9x10° M ") (Figure 2a—green trace and Figure 2c-
V). Thus, compared to ATP, the phosphate mixture
stabilizes the transition state to a lower extent and has a
much lower capacity to shift the equilibrium towards 3
(Figure 1).

The energy landscape corresponding to the phosphate
mixture can be accessed from the ATP energy landscape by
treating the ATP-system with the enzyme alkaline
phosphatase.”’?® Starting from the equilibrium mixture with
ATP (3 at 87%), we added 100 U.ml™' of the enzyme
alkaline phosphatase and confirmed with *P NMR that after
12 hours ATP had been completely converted into the
phosphate mixture (Figure 2e). Importantly, during this
period 'H NMR showed only a minor change in the
concentration of hydrazone 3 which still accounted for 83 %
(Figure 2a—area B, Figure 2c—III and Figures S14 and
S15). This implies that after ATP hydrolysis the system
resided in a kinetically stable state enriched in hydrazone 3
(3 =83 %, 3iem=47 %). The population of this state is
possible because the rate of ATP hydrolysis is higher than
the rate of hydrazone hydrolysis. Evidence for the presence
of a kinetically stable state came from the observation that
heating the sample to 50°C caused a gradual decrease in the
concentration of 3 (Figure 2a—area C) eventually reaching
the concentration (Figure 2¢c-IV) corresponding to the one
observed at equilibrium in the presence of the phosphate
mixture (Figure 2c-V and Figure S16). We verified that
heating did not significantly shift the equilibrium composi-
tion in the presence of the phosphate mixture (Figure S8).

In the kinetically stable non-equilibrium state, the
system owns an amount of “stored” Gibbs free energy which
can be potentially exploited to perform work during the
relaxation to equilibrium at constant pressure and temper-
ature. In the limit of dilute solutions, the stored free energy
per unit of volume can be computed as shown in section 4 of
the Supporting Information. The resulting expression corre-
sponds to the one used by Credi and co-workers to
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determine the free energy density stored in the self-assembly
steps of a supramolecular pump at the non-equilibrium
steady state.® It is noted that the system studied in that
work differs from the present one because here solvent
participates in the reaction. With the concentrations at
equilibrium and in the kinetically stable state, we estimate a
stored free energy of 0.49 J/L.

Shifting a system towards a non-equilibrium composition
becomes attractive when this leads to an enhancement of
function.”! Considering the well-known enhanced catalytic
activity of clusters of TACN-Zn"-complexes™*! in the
transphosphorylation of 2-hydroxypropyl p-nitrophenyl-
phosphate (HPNPP)—a model compound used for studying
RNA hydrolysis—we studied the catalytic activity of the
TACN-Zn"-containing molecules 1, 2 and 3 at the various
stages of the process (Figure 3a and Supporting Information
Section 3). First of all, we verified that hydrazone-formation
led to an increase in catalytic activity. Hydrazone 3
converted HPNPP (2 mM) into cyclic phosphate and p-
nitrophenol with an initial rate of 2.20x10™° M.min™" (Fig-
ure 3b - red trace) which is indeed 1.78-fold higher than the
rate observed for a mixture of 1 and 2 at the same
concentration of TACN-Zn" (Figure 3b—blue trace).
Although not large, the difference in activity is significant
and sufficient enough to verify whether population of the
kinetic state through the energy ratchet provides a means to
enhance catalytic activity. As shown above, ATP-templated
hydrazone formation leads to a mixture strongly enriched in
3. This mixture is catalytically inactive because ATP is a
strong inhibitor and blocks access of HPNPP to the catalytic
site (Figure 3b—grey trace). Enzymatic hydrolysis of ATP in
this mixture produces the kinetically stable state with an
enhanced concentration of hydrazone 3. This mixture is
catalytically active because of the lower affinity of the
phosphate mixture for 3 and an initial rate of 1.98x
10~ M.min " was determined (Figure 3b—green trace). This
value is a bit lower than the rate observed for pure
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Figure 3. a) Catalysed transphosphorylation of HPNPP. b) Change in
the concentration of p-NP as a function of time for different catalyst
mixtures. Each measurement was carried out in triplicate; the average
value is provided. The color codes correspond to those used in the
histogram reported in Figure 3d. c) Absolute and relative initial rates
for the different catalyst mixtures. d) Histogram containing the initial
reaction rates for the different catalyst mixtures.
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hydrazone 3 because of the presence of the weak phosphate
inhibitors. Importantly though, the measured activity is
higher than the activity measured for the identical mixture
at thermodynamic equilibrium (v;;=1.72x10"° M.min "/,
Figure 3b—purple trace). The p-value of 0.048 calculated
using the Student’s t-test shows that the difference is
statistically significant (Supporting Information—Section 3).
Compelling evidence for the enhanced activity of the system
at the kinetic state was obtained by showing that conversion
to the thermodynamic composition by heating at 50°C for
180 hours caused a reduction of the catalytic activity (v, =
1.74x107° M.min ') corresponding to that of the mixture at
thermodynamic equilibrium (Figure 3b—orange trace).

In conclusion, we have used an energy ratchet mecha-
nism to drive a dynamic covalent reaction away from
equilibrium. The addition of ATP both accelerates the
reaction and stabilizes the product. The successive enzy-
matic degradation of ATP reinstalls high energy barriers for
the equilibrium reaction and reduces the ground state
stabilization of the product. Consequently, it brings the
system into a kinetically stable state with a higher concen-
tration of hydrazone compared to that at equilibrium.
Exploiting ratchet mechanisms for the synthesis of mole-
cules will be important for obtaining an understanding at the
molecular level of how energy stored in kinetically stable,
but thermodynamically activated molecules,*! such as ATP,
can be exploited to drive structure formation. Such detailed
information is hard, if not impossible, to obtain for multi-
valent systems. From a practical point of view, the reported
system displays evidently very slow reaction kinetics. We are
well aware that imine-type bond formation can be acceler-
ated using catalysts,*! but here we have avoided their use to
keep the number of interacting species as small as possible.
In general, the use of energy ratchet mechanisms for
dynamic covalent bond formation appears to be an attrac-
tive strategy for the development of new classes of
supramolecular materials, catalysts, and sensors, that do not
reside at thermodynamic equilibrium.
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