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ABSTRACT: Enzymes accelerate chemical reactions by forming cooperative interactions using precisely positioned functional
groups. This has inspired the construction of artificial catalysts by the attachment of functional groups onto molecular scaffolds or
solid supports to induce synergistic interactions. Herein, the transphosphorylation reaction is used as a model to demonstrate that
cooperativity can also occur intermolecularly between multiple functional groups within self-assembled vesicular structures. We
demonstrate that the modular and dynamic nature of such systems allow for triggered reorganization, and the up- or down-
regulation of catalytic activity. Such concepts have potential to be used in the design of synergistic catalysts and their incorporation

into responsive catalytic systems in water.

Cooperative interactions between precisely positioned func-
tional groups in an active site are one of the hallmarks of natu-
ral enzymes.! The simultaneous activation of a reactant by
proximal functional groups decreases the energy of a transition
state to a much greater degree than the sum of each functional
group acting independently. Taking this queue from biological
systems, chemists have devised numerous strategies for the
pre-organization of functional groups to allow the formation of
multiple contacts with a bound substrate.? Examples include
the covalent attachment of functional groups onto molecular
scaffolds,® within polymers,* and the immobilization of func-
tional groups onto dendrimers® or nanoparticles.® The majority
of these studies are based on the idea that an enzyme acts as an
“entropy trap”, where rate acceleration is achieved by the pre-
cise positioning of catalytic units and the restriction of rotation
of a substrate within the catalytic site.!® However, as few su-
pramolecular catalysts have progressed to become synthetical-
ly useful, it has been suggested that “the fear of entropy has
taken supramolecular chemists too far in the direction of rigid-
ity and preorganization.”'® Moreover, it is now generally ac-
cepted that enzymes are highly dynamic and conformationally
diverse structures that flex and mold in response to the chemi-
cal environment.'®’

This inspired us to examine the use of hydrophobic inter-
actions to induce the formation of cooperative catalysts in an
intermolecular fashion.® Work by the groups of Ulijn, Das and
others show how reversible cooperativity within assembled
systems can be utilized to exhibit switchable or transient ca-
talysis by controlling the self-assembly process.’ In these sys-
tems, the advantage of utilizing dynamic assembly versus co-
valently-linked scaffolds is clearly evident, offering the poten-
tial to create artificial systems with life-like characteristics.'*!!

We recently demonstrated an artificial system where the
substrate of a chemical reaction induced the formation of a
catalyst from inactive precursors.®!? The precursor employed
was amphiphilic C1sTACN-Zn*" (1-Zn?*"), which terminated

with a Zn*"-complexed 1,4,7-triazacyclononane (TACN) head
group (Figure 1). Systems featuring the TACN-Zn>* moiety
have been shown to efficiently catalyze the transphosphoryla-
tion of 2-hydroxypropyl-4-nitrophenol phosphate (HPNPP),
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Figure 1. General representations of a) a cooperative catalyst
formed by covalent linkage onto a molecular scaffold or a solid
support and b) a multi-component cooperative catalyst formed by
self-assembly. The modular nature of the self-assembled catalyst
system enables rapid screening of pre-catalyst ratios. The dynamic
nature allows for in situ modulation of catalytic rates. M?>* = Zn?*
or Cu?".



which is a model substrate for RNA hydrolysis.!* Importantly,
this transphosphorylation reaction is known to require two
metal ions acting cooperatively to achieve efficient reactivi-
ty.!* In our studies, we observed that the introduction of sub-
stratte. HPNPP into the reaction medium induced the self-
assembly of 1:Zn?" amphiphiles into vesicular assemblies. The
negatively charged phosphate of HPNPP interacts strongly
with the headgroup of the amphiphile, significantly decreasing
the critical assembly concentration (CAC) of 1-Zn*" in solu-
tion. Importantly, TACN-Zn*" units in the non-assembled
form are not catalytically active and the formation of vesicular
structures was essential for the TACN-Zn*" headgroups to
form catalytic pockets.'”” Herein, we demonstrate that such
self-assembled systems are amenable to the formation of mul-
ticomponent synergistic catalysts. The modularity of these
systems allows for the rapid screening of catalyst ratios, where
varying degrees of synergism are observed. Their dynamic
nature also permits the in situ reorganization of one catalyst
system into another, allowing for the up- and down-regulation
of catalytic activity.

With the aim of incorporating additional functional groups
into our catalytic system containing 1-Zn*", we examined the
literature and were inspired by reports of artificial phos-
phodiesterases that featured guanidinium units acting coopera-
tively.®!® The guanidinium group, present in many enzyme
active sites as the amino acid arginine, is known to interact
strongly with phosphates via a two-point hydrogen bonding
motif.!” Artificial phosphodiesterases have also been synthe-
sized that exhibit cooperativity between guanidinium units and
metal-bound ligands.'® The guanidinium unit is believed to
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Scheme 1. Synthesis of the amphiphile Cis-guanidinium 2 and
the control molecule Cs-guanidinium 6.
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complement the catalytic activity of the metal ions by aiding
with substrate binding and activation, as well as transition
state stabilization.!®® Existing examples feature guanidinium
and metal-binding units linked together covalently to reinforce
their ability to act cooperatively. As an example, Salvio and
co-workers reported the attachment of guanidinium units and
TACN onto the upper ring of cone-calix[4]arenes to generate
hetero-bifunctional catalysts. 34

We started by investigating the ability of amphiphiles con-
taining a guanidinium headgroup to form vesicular assemblies
in the presence of HPNPP. Cjs-guanidinium 2 was synthe-
sized using a sequence adapted from a procedure reported by
Salvio et al.'® The route began with the coupling of hexadec-
ylamine (3) with an electrophilic source of guanidine (1,3-di-
Boc-2-(trifluoromethylsulfonyl)guanidine 4), to form guani-
dine Sa (Scheme 1). Removal of the Boc protecting groups
using hydrochloric acid afforded the desired amphiphilic pre-
catalyst 2, containing a Cis-chain. An analogous guanidinium-
based pre-catalyst (6) with a Cs-alkyl chain was also
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Figure 2. Examining the ability of Cis-guanidinium 2 to act as a cooperative catalyst for phosphodiesterase activity. a) Ci¢-guanidinium 2
in a non-assembled state; b) self-assembly of Cie-guanidinium 2 into vesicular structures, aided by binding to the HPNPP substrate, which
decreases the CAC; c) initial rates of HPNPP hydrolysis at increasing concentrations of Cie-guanidinium 2, C4-guanidinium 6 and CTAB,
aqueous buffer pH = 9.1 ([CHES] = 5 mM), [HPNPP] = 500 pM, 40 °C); d) emission intensity profiles for Nile red (2 uM, Lex = 570 nm,
Aem = 635 nm) at increasing Cis-guanidinium 2 concentrations; e) representative TEM images of Cis-guanidinium 2 (70 uM) in aqueous
buffer pH =9.1 ([CHES] = 5 mM), [HPNPP] = 500 uM.
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Figure 3. Representation of C1sTACN-Cu?" (1-:Cu?’, red) and Ci6-guanidinium 2 (blue) a) mixing to form heterogeneous vesicular assem-
blies and b) self-sorting to form homogenous vesicular assemblies consisting of only 1-Cu?* and only Cis-guanidinium 2.

synthesized to act as a control molecule for subsequent exper-
iments. The ability of Cs-guanidinium 2 to act as a catalyst for
the cleavage of the phosphodiester bond (Figure 2b) was first
investigated in a number of different pH’s in aqueous buffer
(see Supporting Information, S4a for details). With HPNPP as
the substrate, the transphosphorylation reaction results in the
formation of a cyclic phosphate (¢P) and the release of p-
nitrophenolate (PNP), which allows the reaction to be deter-
mined spectrophotometrically by measuring the absorbance at
410 nm (Figure 2b). Figure 2¢ shows a plot of the initial rates
of reaction with increasing concentrations of Cis-guanidinium
2 (0—120 uM) at pH 9.1 ([CHES] = 5 mM) and HPNPP (500
uM). The transphosphorylation rate can be observed to slowly
increase at amphiphile concentrations up to 40 uM, with the
reaction rate rapidly increasing above 60 uM of Ci¢-
guanidinium 2. The observed change in slope occurs at ~55
uM, which closely matched the CAC (62 pM) as determined
by fluorescence titration with Nile red, suggesting that struc-
ture formation is important for catalytic activity (Figure 2d,
see Supporting Information, S4b for details). The presence of
assembled structures was confirmed by dynamic light scatter-
ing (DLS) measurements (in the presence of a model substrate
that is not cleaved) and observed to have an average hydrody-
namic diameter of ~100 nm (Figure S2). These structures were
also visualized using transmission electron microscopy
(TEM), which supported the presence of vesicular assemblies
(Figure 2e). It is important to note that the presence of
HPNPP induces the self-assembly of Cj¢-guanidinium 2 into
vesicular structures, effectively forming the catalyst that caus-
es its own degradation. This is evidenced by a decrease in the
CAC of Cjs-guanidinium 2 at increasing HPNPP concentra-
tions (Figure S5).

To demonstrate that self-assembly is required for catalysis,
the catalytic activity of C4-guanidinium 6, containing a shorter
alkyl chain, was also measured (Figure 2c, green circles). Low
catalytic activity was observed with amphiphile 6 which is
likely due to the inability to form vesicular structures under
the conditions examined. To demonstrate that catalytic activity
was not simply due to local changes in pH induced by high
local concentrations of positive ions, the rate of HPNPP
cleavage was also measured at increasing concentrations of the
cationic ~ amphiphile  cetyltrimethylammonium  bromide
(CTAB, Figure 2c, grey circles). Low catalytic activity was
observed in the presence of CTAB, comparable to the rates
observed with control amphiphile 6.

In this and our previous examples,® only a single pre-
catalytic unit was used for the assembly of the catalytic sys-
tem. In an attempt to generate a multi-component catalyst, we
proceeded to mix CisTACN-Cu®" (1-Cu*") together with Cjs-
guanidinium 2. The use of Cu?' instead of Zn?" as the metal
ion was motivated by previous reports describing positive
cooperation between TACN-Cu?" and guanidinium units.'#&"
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Figure 4. Examination of cooperativity between 1-Cu?" and Cis-
guanidinium 2. a) Initial rates of HPNPP cleavage at different
proportions of 1-Cu?* to Cis-guanidinium 2, [1-Cu?'] + [2] = 200
uM, pH = 9.1 ([CHES] = 5 mM), [HPNPP] = 500 uM, 40 °C; b)
initial rates of HPNPP cleavage in different DMSO/water solvent
mixtures, [1-Cu?*] = [2] = 100 uM, [NEtPr2] = 1 mM), [HPNPP]
=500 uM, 40 °C, control is in the absence of catalyst; c) initial
rates of HPNPP cleavage at different ratios of 1-Cu?" and Cie-
guanidinium 2, ([1-:Cu?"] + [2] = 200 pM, [NEtPr2] = 1 mM, 20%
DMSO in water), 20 °C. Control is using Cs-guanidinium 6 in-
stead of Cis-guanidinium 2 (error bars depict the standard devia-
tion).



However, the mixing of our two pre-catalysts is complicated
by the uncertainty of whether heterogeneous assembly or self-
sorted homogenous assembly of the amphiphiles would occur
(Figure 3). We hoped to answer this question by measuring the
catalytic activity of a mixture of the two amphiphiles in an
attempt to detect any hint of synergism between the two func-
tional groups — resulting in catalytic activity higher than each
of the pre-catalysts on their own.

Figure 4a shows the catalytic activity of mixtures contain-
ing different ratios of 1-Cu** and Cie-guanidinium 2 in aque-
ous buffer. The total concentration of catalysts in each exper-
iment was maintained at 200 pM, which was well above the
CAC of 1-Cu®* (20 uM) and C¢-guanidinium 2 (62 pM) under
these conditions.'” It can be seen from Figure 4a that the rate
of reaction in the presence of only 1-Cu?*" was 7.2 x 10" mol
L' s!' (far left), while the reaction rate with only Cis-
guanidinium 2 was 4.0 x 10® mol L' s! (far right). The reac-
tion rate at different proportions of 1-Cu®* to Cis-guanidinium
2 was observed to fall always between these two values, with
no evidence of an enhancement in activity from the heterodi-
meric combination of these catalyst precursors. We therefore
concluded that there was no evidence of cooperation between
1-Cu?* and C¢-guanidinium 2 under these conditions.

While initially disappointed, we were buoyed by studies
which showed that binding interactions between guanidinium
and phosphate groups could be increased in less aqueous sol-
vent mixtures.?’ For this reason, the activity of several artifi-
cial phosphodiesterases have been examined in water/DMSO
mixtures, which can also be used to simulate the less aqueous
environment of an enzyme pocket.'®?! We therefore studied
the catalytic activity of a 1:1 mixture of 1-Cu®/Cis-
guanidinium 2 in different water/DMSO solvent mixtures
(Figure 4b). In mixtures of 80:20 and 60:40 DMSO:H,O (v/v),
the catalytic activity of 1:1 1-:Cu**/2 (black circles) was rela-
tively low and approximately the sum of the catalytic activity
of 1-Cu?* (blue circles) and Cis-guanidinium 2 (red circles)
measured separately. However, at 30:70 DMSO:H,0, the cata-
lytic activity of 1:1 1-Cu?**/2 was significantly higher than the
sum of the catalytic activity in the presence of only 1-Cu?" and
only 2, suggesting the presence of a synergistic effect between
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1-Cu?" and 2. This effect was even more pronounced at 20:80
DMSO:H,0, with the catalytic activity of 1:1 1-Cu®*/2 4.5
times faster than with only 2 and 15 times faster than with
1-Cu* only. At low proportions of DMSO (10%), this syner-
gistic effect is lower and in the absence of DMSO, the catalyt-
ic activity of 1:1 1-Cu?'/2 is approximately equal to the sum of
the catalytic activities of 1-Cu*and 2 on their own. The modu-
larity of this system allowed the facile examination of catalytic
activity at different ratios of 1-Cu?* and Cje-guanidinium 2.
Subsequent  experiments were performed in  20%
DMSO/water, where the observed synergism between these
two functional groups was the most pronounced. Taking 1:1
1:Cu*"/2 as a reference point, we found that increasing the
ratio of 1-Cu®* to Cis-guanidium 2 resulted in a steady de-
crease in catalytic activity (Figure 4c), which reinforced the
idea that cooperative interactions between 1:Cu*" and 2 is
advantageous for catalysis. Interestingly, increasing the pro-
portion of Cjs-guanidinium 2 resulted in an increase in reac-
tion rate, peaking at ~1:3 1-Cu®"/2, before the reaction rate
decreased at even higher proportions of 2. Crucially, control
experiments performed in the presence of 1-Cu?** and Cs-
guanidinium 6 did not demonstrate this synergistic effect (Fig-
ure 4c, grey circles) and reinforces the notion that formation of
vesicular structures and the resulting cooperativity is essential
for catalytic activity.

These co-assembled systems were also examined using
DLS and TEM to confirm that self-assembled structures were
present in the less polar solvent mixture of 20% DMSO in
water. Small angle neutron scattering (SANS) experiments
were performed on the 1:3 1-Cu?'/2 system and the data ob-
tained could be satisfactorily modelled as unilamellar vesicles
with a bilayer thickness of 30 A and a vesicle radius in the
range 600-2000 A (see SI, S4m for details).

To gain further insight into the catalytic systems generated
at different ratios of 1:Cu?" to Cj¢-guanidinium 2, the initial
rates of reaction for three systems (1:1, 1:2 and 1:3 ratios of
1-Cu?*/2) were measured at increasing concentrations of
HPNPP substrate (Figure 5a). Fitting of the saturation profiles
to the Michaelis-Menten equation yielded a significantly lower
Ky value of 1.3 £ 0.1 mM for the 1:3 1-Cu?*/2 system, which
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Figure 5. a) Examination of the catalytic efficiencies of three self-assembled systems, featuring 1:1, 1:2 and 1:3 ratios of 1-Cu?"/Cis.
guanidinium 2. The graph shows the initial rate of HPNPP cleavage at increasing HPNPP concentrations and fixed catalyst concentrations
([1-Cu?*] + [2] = 200 pM, [NEtPr2] = 1 mM), 20% DMSO in water). The solid lines are the data fits for a Michaelis-Menten mechanism.
b) Demonstration of up-regulation. The graph shows absorbance as a function of time for a 4:1 1-Cu?*/2 system, to which at 4 min is added
2 to form a 1:3 1-Cu?'/2 system (green line). The yellow line follows the progress of a 4:1 system without the addition of 2. ¢) Absorbance
as a function of time for a 1:3 1-Cu®*/2 system, to which at 3 min is added 1-Cu?* to form a 4:1 1-Cu®*/2 system (yellow line). The green

line follows the progress of a 1:3 system without the addition of 1-Cu?*.



suggests stronger binding interactions with the HPNPP sub-
strate under these conditions. This value was approximately
half of the Km measured for the 1:2 (2.5 £ 0.6 mM) and 1:1
(2.8 £ 0.3 mM) 1-Cu*"/2 systems. Interestingly, the Vs de-
termined for the 1:2 system (7.3 + 1.1 x 107 M s') was no-
ticeably higher than both the 1:1 (5.3 £ 0.4 x 107 M s!) and
1:3 (52 £ 0.3 x 107 M s) 1-Cu?*/2 systems, suggesting in-
trinsic differences exist between the catalytic pockets in the
formed assemblies. Re-examination of the catalytic activity at
higher concentrations of HPNPP (3 mM) showed that the
catalytic activity of the 1:2 1-Cu**/2 system was indeed the
highest when working above the Ky (see SI, Figure S4j). The
kear obtained for these three systems were 2.65 = 0.2 x 107 s°!
(1:1 1-Cu?/2 system), 3.65 £ 0.6 x 103 s (1:2 1-Cu?/2) and
2.60 + 0.2 x10° s (1:3 1-Cu*7/2), which compare well to co-
valently-linked systems reported by Salvio and Spiccia.'® For
example, our 1:1 1-Cu?*/2 system is 2 times faster than a relat-
ed 1:1 covalently linked system!®* and our 1:2 1-Cu?*/2 system
is 2 orders of magnitude faster than a related 1:2 covalently-
linked system.'® The k., of natural nucleases is in the order of
100 s, so there is still room for improvement.”?> These com-
parisons have been made with the caveat that different reac-
tion conditions are used in each system, but demonstrates that
highly efficient catalytic systems can be formed by synergic
effects between self-assembled catalytic units.

To demonstrate the dynamic nature of this catalyst system,
we performed experiments to modify the ratio of the function-
al units in situ, which enabled up- and down-regulation of
catalytic activity. Beginning with a 4:1 1-Cu*/2 system
(where the catalytic activity is low, see Figure 4c), enough
Cis-guanidinium 2 was added into the reaction medium to give
a 1:3 ratio of 1-:Cu?*/2, which we have shown possesses much
higher catalytic activity.”® Figure 5b tracks the cleavage of
HPNPP over time in a 4:1 1-Cu®*/2 mixture (yellow line) and
compares it to a system where a 4:1 1-Cu®"/2 system is
switched to a 1:3 1-Cu?'/2 system (green line) after 4 minutes.
The reaction rate was observed to immediately increase, indi-
cating that the system is able to rapidly reorganize to form a
new catalyst system. Figure 5c¢ shows that the reverse is also
possible, where a 1:3 1-Cu®*/2 catalyst system is modified in
situ to form a 4:1 1-Cu**/2 system, resulting in the down-
regulation of catalytic activity (yellow line). The responsive-
ness of these systems was possible due to the dynamic and
modular nature of the self-assembled structures. These results
suggest that even more complex systems can be generated in
the future by introducing more pre-catalysts containing differ-
ent functional groups. It also opens up the possibility for the
self-selection of a synergistic catalyst from a library of pre-
catalysts by use of a transition-state-analogue. '>**

In conclusion, we have demonstrated the formation of a
multi-component synergistic catalyst within a dynamic assem-
bly. Such systems offer the ability to modify the ratio of cata-
lytic components to optimize catalytic activity, which is not
possible when catalytic units are joined by covalent bonding
or immobilized onto solid supports. In the current system,
synergism is observed between two different amphiphiles,
such that the catalytic activity observed is higher than what is
achievable with each of the amphiphiles on its own. Varying
the ratio of the two amphiphiles gave rise to catalyst systems
possessing different Ky and Viax parameters, and suggest key
differences exists in the catalytic pockets formed in the differ-
ent systems. We show that catalyst formation is a highly dy-
namic process that allows for triggered reorganization and the

up- and down-regulation of catalytic activity. Current efforts
are aimed at developing this system for the generation of new
synergistic catalysts and utilizing the dynamic nature of these
systems for the design of stimuli-responsive catalysts in water.
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SYNOPSIS TOC.
Cooperativity between functional groups in a self-assembled system allows for the easy generation of numerous catalyst sys-
tems. Such systems are highly dynamic, allowing for triggered re-organization and the up- and down-regulation of catalytic

activity.
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