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Synthetic supramolecular polymers are used as dynamic nano-
scaffolds for the activation of the apoptotic signalling enzyme
caspase-9. Recruitment of caspase-9 to the nanoscaffold results
in an increase in enzymatic activity due to enhanced proximity, with a
bell-shaped response as a function of nanoscaffold concentration.
The modularity of the system allows for dynamic regulation of enzyme
activity through variation of the recruitment-motif density along the
supramolecular polymer.

Spatial and temporal coordination of biomolecular components
are of key importance for efficient intracellular communication
and faithful signal transduction.” Stable organization of func-
tionally related components occurs on the microscale through
vesicle-based compartmentalization,® or on the nanoscale using
dedicated scaffold proteins that assemble enzymes into signalling
cascades.” Transient organization of components based on non-
covalent interactions allows the living cell to finely tune regulatory
behaviours with examples including rapidly exchanging membra-
neless organelles,™® open-ended receptor clustering on lipid
membranes,”® and dynamic rearrangement of cytoskeletal
polymers.’

Synthetic supramolecular polymers are similarly based on
non-covalent interactions and could therefore be used to mimic
specific features of transient cellular organization in a controlled
setting."®™* Examples include the assembly of quasi-one-
dimensional fibrillar aggregates with tunable kinetic charac-
teristics, hierarchical assemblies, and branched networks such
as hydrogels and coacervates."*™** In addition, supramolecular
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polymers can be used as modular templates for the assembly
of various biomolecules, including nanoparticles,'®'” nucleic
acids,'®'® and proteins.>***

Recent work has revealed that intracellular signalling pathways
heavily rely on the dynamic assembly of higher-order fibril-like
aggregates that are structurally well-defined but open-ended and
sometimes quasi-infinite.>**> As such, these assemblies function
as platforms for the transient recruitment of signalling proteins
that undergo proximity-induced activation,”®*” and subsequently
elicit immune or inflammatory responses, or apoptosis. The
nature of the non-covalent interactions involved in these
assemblies allows for nucleated growth resulting in signal
amplification,®® the appearance of threshold concentrations
and cooperative incorporation of other enzymes.*® Pathway
inhibition can be dynamically regulated by co-assembly
of non-functional fiber monomers.”® Bottom-up construction
of synthetic systems mimicking these natural systems has
remained very difficult, especially because of the combined
need for synthetically accessible systems with physical chemical
properties, regarding assembly and dynamics, matching the
biological systems at hand.

Here, we present a supramolecular polymeric nanoscaffold
as a synthetic model system for the dynamic recruitment,
organization and activation of the signalling enzyme caspase-
9 (cysteine-dependent aspartic protease) as model system. The
synthetic recruitment nanoscaffold consists of amphiphilic
monomers made of bis-pyridine-based C;-symmetrical mole-
cules decorated with single-stranded DNA handles (DNA-Disc,
Fig. 1a)."® The hybrid DNA-decorated monomers self-assemble
in water into columnar assemblies, displaying multiple copies
of DNA recruitment handles (Fig. 1b).>° The handles are
accessible for interacting through DNA-duplex formation with
complementary DNA anti-handle strands located at the enzyme
of interest, in our case caspase-9 (Fig. 1b). Full-length caspase-9
consists of a catalytic domain responsible for its protease
activity, and a caspase recruitment domain (CARD) that, by inter-
acting with the apoptosome, brings multiple caspases together to
initiate proximity-induced activation.** In the present system,
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Fig.1 (a) Chemical structure of DNA-decorated discotic monomers (DNA-Disc) and unmodified discotics (Inert-Disc). (b) Self-assembly of the

monomers in water results in columnar stacks, effectively displaying DNA handle strands. In the cartoon, DNA handles were partially omitted for clarity.
(c) Hybridization between the DNA handles on the nanoscaffold and complementary DNA anti-handle strands located at the caspase-9, result in the
recruitment of multiple caspases on the nanoscaffold, enhancing caspase-9 activity due to increased inter-enzyme proximity. While the natural substrate
for caspase-9 is caspase-3, enzymatic activity is typically examined by use of the synthetic fluorogenic substrate Ac-LEHD-AFC (N-acetyl-Leu-Glu-His-
Asp-7-amino-4-(trifluoromethyl)coumarin) that becomes fluorescent upon enzymatic cleavage.®* (d) The modularity of the system allows easy tuning of
the nanoscaffold composition by the addition of Inert-Disc that intermixes with the DNA-Disc, resulting in stacks with varying DNA handle densities. This
variation in handle density allows the supramolecular regulation of enzymatic activity by the increase in distance between enzymes.

the CARD domain has been replaced by a DNA strand, that recruits
caspase-9 onto the nanoscaffold through DNA-duplex formation.>*
The catalytic domain was expressed with an N-terminal non-
canonical amino acid (p-azidophenylalanine), introduced by using
amber codon suppression in E. coli, in order to site-specifically
decorate the protein with the DNA anti-handle (ESIT).** The DNA
contains a 5’-end nucleotide linker between the enzyme and the
recruitment recognition sequence (anti-handle) in order to avoid
undesired interactions with the nanoscaffold. A detailed quantita-
tive analysis has previously demonstrated that the kinetic charac-
teristics of the caspase-9 enzyme-DNA conjugate is similar to
wildtype caspase-9.>

The modularity and dynamic nature of monomer intermixing
in the supramolecular nanoscaffold allows straightforward tuning
of the nanoscaffold characteristics, such as the systematic varia-
tion of the recruiter handle density in the nanoscaffold (Fig. 1c
and d), which potentially regulates enzymatic activity through the
variation of inter-enzyme distances, as seen in natural systems.

First, the ability of the supramolecular nanoscaffold to recruit
caspase-9 was characterized. A series of control experiments were
carried out to rule out possible unspecific interactions between
the components in the system. A constant concentration of
caspase-9 (25 nM, well below its dimerization affinity®*) was
incubated with non-DNA-functionalized monomers (Inert-Disc)
at different concentrations (Fig. S1, ESIt). Upon the addition of
Ac-LEHD-AFC substrate, the fluorescence intensity of the sam-
ples was monitored over time and the enzymatic activity was
calculated using the initial slope of the fluorescence curves
(monitored between the first 20 to 60 minutes after addition of
the fluorogenic substrate, unless stated otherwise). The enzy-
matic activity (Fig. S1, ESIT) exhibited similar background levels
when the experiment was performed in the presence and
absence of the Inert-Disc, indicating the lack of interference
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between the supramolecular nanoscaffold and the substrate or
caspase-9.

Next, the active assembly to the supramolecular nano-
scaffold and resultant proximity-induced caspase-9 activation
was analysed. Therefore, nanoscaffolds were assembled using a
series of concentrations of DNA-Disc ranging from 0 to 500 nM,
and subsequently incubating with caspase-9 for 2 hours at 4 °C,
after which substrate was added to the sample. Fluorescence
intensity traces at the different DNA-Disc concentrations are
shown in Fig. S2 (ESIt), revealing that the presence of supra-
molecular recruitment nanoscaffold effectively enhances pro-
teolytic cleavage, in comparison with the background activity of
non-scaffolded enzymes. The enzymatic activities derived from
the intensity traces for the entire concentration range (see
Fig. 2a) showed a step-wise enhancement in enzyme activity
with increasing concentration of DNA-Disc. Optimal enzyme
activity was reached at equimolar amounts of both caspase-9
and DNA-Disc. Importantly, the nearly 5-fold increase in
enzyme activity seen at 20 nM of DNA-Disc agrees with the
enhancement seen in previous studies where caspase-9 was
dimerized on a DNA origami-based nanoscaffold at roughly the
same caspase-9 concentration,® or with other in vitro systems
that typically do not reach the activity of apoptosome activated
caspase-9,3173%:3%

A further increase in DNA-Disc concentration, beyond the
optimum, diminished enzyme activity (Fig. 2a), which can be
attributed to combinatorial inhibition.***” That is, suprastoi-
chiometric levels of DNA-decorated supramolecular monomers
promote sequestration of caspase-9 on the nanoscaffold in the
inactive monomeric state, and therefore reduce proximity-
induced formation of enzymatically active dimers. Note that full
suppression of the activity to background levels was not observed,
even at high DNA-Disc concentrations (500 nM). The intrinsic

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Effect of nanoscaffold concentration on the enzymatic activity
of caspase-9. Enzymatic activity increases with DNA-Disc concentration
up to a 5-fold at equimolar concentrations of enzyme and DNA-Disc.
At high nanoscaffold densities, combinatorial inhibition leads to a decrease
in enzymatic activity. Experiments were conducted with supramolecular
nanoscaffolds containing 100% DNA-Disc. In the cartoon, DNA handles
were partially omitted for clarity. (b) Effect on caspase-9 activity of the
variation in DNA handle density displayed by the nanoscaffold. Varying
DNA handle densities is achieved by keeping the total concentration of
DNA-Disc at 25 nM, and adding varying amounts of Inert-Disc, resulting in
nanoscaffolds in which the DNA handle density varies between 100 and
0%. In both graphs, the enzyme activity is based on the initial slope of the
kinetic traces (Fig. S2 and S3, ESIf). The error bars represent the standard
deviation of the measurements performed in triplicates.

affinity between caspase-9 monomers (Kp of dimerization of
around 50 uM)*® in combination with a high effective concen-
tration on the nanoscaffold could lead to a stabilization of the
active caspase-9 dimer complex and therefore explain the
enhanced enzymatic activity at high DNA-Disc concentrations.

Next, we evaluated the effect of changing the DNA handle
density on the nanoscaffold on enzymatic activity. This can
be achieved in a straightforward fashion by co-assembly of
Inert-Disc and DNA-Disc, which results in homogeneous inter-
mixing of both monomers along the supramolecular polymer,
as previously shown.' To this end, DNA-Disc at a constant
concentration of 25 nM was co-assembled with varying con-
centrations of Inert-Disc (from 0 to 500 nM), leading to nano-
scaffolds with handle densities ranging from 100 to 5%
(Fig. 2b). The samples were incubated for one hour to ensure
full co-assembly, followed by incubation with 25 nM of caspase-
9 at 4 °C for 2 hours. After addition of enzyme substrate, the
fluorescence was monitored over time (Fig. S3, ESIT) and the
activity was determined. The control experiment with non-
scaffolded caspase-9 showed typical values for background
activity (0% DNA-Disc, Fig. 2b).

The samples featuring DNA handles at different densities
showed a non-linear variation of enzymatic activity. A decrease
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from 100 to 50% in handle density did not have a significant
effect on activity, however, activity gradually diminished between
50 to 10%, and dropped sharply to background activity levels after
10% (Fig. 2b). To gain insights into these results, it is useful to
estimate the expected distance between DNA handles for a given
DNA handle density. The distance between the monomer cores
forming the supramolecular nanoscaffold has been estimated to
be 0.34 nm.*’ Assuming homogeneous co-assembly of Inert-Disc
and DNA-Disc, the distance between DNA handles is <3.4 nm for
nanoscaffolds containing >10% DNA-Disc. Given previous work
that demonstrated markedly enhanced activity at a DNA handle
separation of 6 nm,** we conclude that the handle density is
sufficiently high to enable efficient caspase-9 dimerization across
the range of nanoscaffolds containing >20% DNA-Disc, explain-
ing the constant enzyme activity in the first part of the graph in
Fig. 2b. In nanoscaffolds with 5% DNA-Disc the average inter-
handle distance is 6.8 nm, which does not result in enzymatic
activity. An explanation can be that, compared to the DNA
origami-based system which employs a fixed two-dimensional
scaffold, the columnar supramolecular nanoscaffold displays
DNA handles in three dimensions, and therefore might lower
effective caspase-9 dimerization at this DNA-Disc concentration.
These experiments demonstrate that co-assembly with high
concentrations of Inert-Disc affect enzymatic activity by lowering
the DNA handle density on the supramolecular nanoscaffold.

Finally, we explored dynamic regulation of enzymatic activity
by addition of Inert-Disc after equilibration of DNA-functionalized
nanoscaffolds. The enzyme activity of an equimolar solution at
25 nM of DNA-Disc and caspase-9 was followed over time in the
presence of substrate (Fig. 3a). After approximately 60 minutes, a
solution of Inert-Disc was added to a final concentration of 10 pM.
Note that the instant increase of the fluorescence for both the
non-scaffolded and scaffolded caspase-9 (Fig. 3a, green and
orange curves) is a consequence of the characteristic absorption
peak at 350 nm and emission peak at 520 nm of the nanoscaffold
in the aggregated state, which does not affect the slope of the
curve (enzyme activity). The histogram in Fig. 3b represents
the enzymatic activity extracted from Fig. 3a before and after the
addition of the Inert-Disc. The addition of Inert-Disc to the non-
scaffolded caspase-9 showed a negligible effect on the enzyme
activity. In contrast, the scaffolded version displayed a decrease in
enzyme activity of roughly 35%. The intrinsic affinity between
caspase-9 monomers could explain the residual enzymatic activity
after the addition of Inert-Disc, similar to the observations in
Fig. 2. These results indicate the potential of dynamic supra-
molecular polymers to regulate enzymatic activity by simple
addition of a non-functional monomer, which results in an
increased distance between the individual enzymes and a
concomitant decrease in proximity-induced dimerization.

In this communication, we mimic proximity-induced activa-
tion of enzymes with a fully synthetic and programmable nano-
scaffold, making use of DNA-decorated supramolecular polymers
and engineered signalling proteins (caspase-9). Tethering of
enzymes on the nanoscaffold via hybridization between their
complementary DNA handle strands resulted in their activation
due to proximity-induced dimerization. The extent of enzyme
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Fig. 3 Supramolecular regulation of caspase activity. (a) Schematic repre-
sentation of the supramolecular regulation of caspase activity through the
segregation of the enzymes along the supramolecular nanoscaffolds by
addition of Inert-Disc. First, the supramolecular nanoscaffold (DNA-Disc at
25 nM) was incubated with equimolar amounts of caspase-9 for 2 hours
at 4 °C. (i) After equilibration, 167 uM of Ac-LEHD-AFC substrate was
added to the mixture and the fluorescence was recorded over time. The
increasing fluorescence upon substrate cleavage was measured every
30 seconds, exciting the sample at lox = 400 nm, and recording at
Jem = 505 nm. (ii) Approximately after one hour, Inert-Disc was added
to the sample reaching a final concentration of 10 puM. (iii) The addition of
Inert-Disc enlarged the distance between enzymes regulating their activity
via the supramolecular element (for color coding see (b)). (b) Enzyme
activity extracted from (a). The slopes are determined from the 20 minutes
before (plain columns) and after addition (dashed columns) of Inert-Disc.
The presence of the components for each experiment is represented
with a (+).
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activity could be modulated by varying the concentration of DNA-
functionalized monomers, resulting in a bell-shaped activity
response with a 500% increase in activity at optimal equimolar
concentrations of enzyme and supramolecular monomer. More-
over, the enzymatic activity could be inhibited by decreasing the
average density of DNA handles displayed on the nanoscaffold,
achieved by co-assembly of non-functionalized monomers either
a priori or dynamically after equilibration.

Taken together, these results provide insights into the
potential of the implementation of supramolecular polymers
as general recruitment nanoscaffolds for the distance-dependent
activation of signalling proteins. The modularity of the supra-
molecular polymer and the DNA element, together with their
befitting assembly characteristics, opens many possibilities for
the recruitment of other proteins of interest and the development
of programmable enzyme assembling systems.
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