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ABSTRACT:Modulating enzyme function with small-mole-
cule activators, as opposed to inhibitors, offers new opportu-
nities for drug discovery and allosteric regulation. We
previously identified a compound, called 1541, from a high-
throughput screen (HTS) that stimulates activation of a
proenzyme, procaspase-3, to generate mature caspase-3. Here
we further investigate the mechanism of activation and report
the surprising finding that 1541 self-assembles into nanofibrils
exceeding 1 μm in length. These particles are an unanticipated
outcome from an HTS that have properties distinct from
standard globular protein aggregators. Moreover, 1541 nanofi-
brils function as a unique biocatalytic material that activates
procaspase-3 via induced proximity. These studies demonstrate
a novel approach for proenzyme activation through binding to
fibrils, which may mimic how procaspases are naturally pro-
cessed on protein scaffolds.

Many proteases are expressed in dormant forms, known as
zymogens, that are activated in response to diverse stimuli.

Activation of these latent enzymes is often catalyzed by processing
from upstream proteases and, in some cases, via autoproteoylsis.1

These transitions can be promoted by binding cofactors, sequestering
cellular inhibitors, or interacting with signaling complexes.2 Cysteine
aspartyl proteases (caspases) are expressed as such inactive precursors,
or procaspases, which become activated in fate-determining transfor-
mations as diverse as cell death, innate immune responses, and
differentiation.3 Further mechanistic insight into the processes that
facilitate procaspase activation will foster the design of novel chemical
probes to study the sufficiency of caspases for these phenotypes.4,5

Procaspases are typically activated upon cleavage by upstream
proteases or binding to protein scaffolds in response to intrinsic
or extrinsic cellular signals.6 For example, the apoptosome
recruits procaspase-9, the death-inducing signaling complex
(DISC) interacts with procaspase-8, and the various inflamma-
some complexes associate with procaspase-1 to stimulate
activity.3,7 Procaspases bind to these signaling platforms, which
triggers clustering, oligomerization and/or a conformation
change, and proteolytic processing. Removal of an N-terminal
prodomain and an additional cleavage to yield a large and small
subunit generate the mature enzyme.8 While procaspase-3 self-
activation is normally restricted under physiological conditions,
autoproteolysis can occur.9

In an earlier investigation, we identified a synthetic small
molecule, termed 1541 (Chart 1), that promotes autoactivation of
procaspase-3.10 After a lag phase, the compound induces a burst in
activity due to the formation of processed caspase-3. These results plus

additional characterization suggest that the compounds work through
an allosteric mechanism to promote autoproteolysis. In this study, we
show that 1541 and related analogues spontaneously assemble into
highly ordered nanofibrils. Procaspase-3 becomes immobilized on the
surface of the fibrils and generates active caspase-3. It is conceivable
that these “amyloid-like” fibrils mimic natural protein scaffolds for
activating procaspases.

Globular aggregates of small molecules that inhibit enzyme activity
have been described previously.11�13 These aggregates are readily
identified by diagnostic experiments, including detergent sensitivity,
β-lactamase inhibition, and sensitivity to bovine serum albumin
(BSA).14�16 Furthermore, others have reported that detergent-
sensitive molecules in screening libraries can also promote enzyme
activity.17 We performed these diagnostic tests on 1541 with mixed
results. For example, common detergents such as Triton or CHAPS
did not disrupt procaspase-3 activation, and 1541 did not inhibit
β-lactamase (Figures S1 and S2 in the Supporting Information).
Unexpectedly, the addition of BSA protected against procaspase-3
activation (Figure S3). This result alone is not definitive, since BSA
contains hydrophobic patches that can bind soluble small molecules.

Because of these inconclusive results, we investigated the
solubility of 1541 by centrifugation.18 Surprisingly, 1541 pelleted
from solution at 16100gwith a solubility constant (Ksp) of 1�2μM,
concentrations close to the concentration of half-maximal activa-
tion (AC50) of procaspase-3 by 1541 (Figure 1A and Figure S1).
Interestingly, both active and inactive analogues pelleted upon
centrifugation, suggesting that the particles may not necessarily
be responsible for the observed activity (Figure S4).

Wenext evaluatedwhether procaspase-3 could directly interact with
the particulates. We used procaspase-3 (C163A), an inactive/catalyti-
cally dead variant, to analyze the binding directly without the complica-
tion of processing. Varying concentrations of 1541 and 1541B were
added to 200 nM procaspase-3 (C163A). The solutions were
immediately centrifuged, and the amounts of procaspase-3 in the pellet
were assayed by gel electrophoresis and quantified by densitometry
(Figure S4). We observed cosedimentation of the C163A enzyme for
both1541 and 1541B at concentrations that correlated to their AC50

values (Figure 1B and Figure S5). Furthermore, enzyme

Chart 1. Compound 1541 and Analogues
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sedimentation was not observed with the inactive analogue 1541D,
even though compound sedimentation occurred. These data pro-
vide evidence that procaspase-3 binds to the high-molecular-weight
particulates of the active compounds. While the data suggest a
mechanism dependent on particles, both soluble small molecules
and larger particles were present in the activation assay.

We performed a dialysis experiment to establish the relevant
activating species. Procaspase-3 was placed inside a dialysis
chamber with a 12�14 kDa molecular weight cutoff (∼2 nm
radius of gyration), and 10 μM 1541 or 1541B was placed in
buffer outside the membrane. After a 12 h incubation, no
activation or processing of the proenzyme was observed
(Figure 1C and Figure S6). In contrast, when the compounds
were placed both inside and outside of the dialysis membrane, we
saw dramatic activation and complete processing of procaspase-
3. This suggests that particulates larger than roughly 4 nm are
responsible for the activation effects.

We subsequently analyzed if 1541 and 1541B particles exhibit
saturation behavior to assess whether the compounds provide a fixed
number of binding sites to accommodate the enzyme or promote
nonspecific aggregation of procaspase-3. We set the concentration of
the active analogues at 20 μM, 10-fold above their Ksp values, and
titrated them with procaspase-3 (C163A) to investigate binding
saturation directly. The mixtures were centrifuged, and the amounts
of enzyme in the pellets were measured. The particulates from both
compounds showed clear saturation behavior, yet with varying
affinities for procaspase-3 (Figure 2A and Figure S7). Furthermore,
when monitoring the rates of procaspase-3 activation by 1541 and
1541B, we found that the binding affinity and activation rate were
coincident (Figure 2B). This suggests that procaspase-3 is

immobilized by the particles with specific and saturable sites of
interaction that impact the activity.

While the particles of 1541 and 1541B seemed to account for
procaspase-3 activation, they were resistant to standard tests of small-
molecule aggregation. Thus, we determined whether compounds that
are known to form aggregates could activate procaspase-3.11,16 Six
aggregators that are well-known for promiscuous enzyme inhibition
were incapable of activating procaspase-3 (Figure S8).We did see that
one of the promiscuous compounds, Congo red, inhibited mature
caspase-3. As expected, the inhibition of caspase-3 by the aggregator
was detergent-sensitive (Figure S8). This demonstrated a functional
interaction between Congo red and caspase-3, but no activation of
procaspase-3 was observed. In contrast, 1541 particles appear to be
responsible for procaspase-3 activation and behave differently from
standard aggregators. Because of the discrepancies in behavior, we
sought to characterize further the physical properties of 1541 to
establish whether it exhibits novel properties of known colloidal
aggregators or assembles into unique particles that promote procas-
pase-3 activity.

As with the centrifugation experiments, dynamic light scatter-
ing (DLS) studies demonstrated the presence of particles at
room temperature for 10 μM 1541 and 1541B. Remarkably,
these particles showed characteristics distinct from standard
aggregators (Table 1 and Figure S9). Common properties of
aggregators have been previously published, with 30,300,50,
500-tetraiodophenolphthalein (TIPT) repeated here for direct com-
parison.15,19 The intensities of scattered light (IDLS) for 1541 and
1541B were 10�20-fold lower than for TIPT [270.2, 170.1, and
3903.5 kilocounts/s (kcps), respectively]. Conversely, the radii
determined by DLS (rDLS) for 1541 and 1541B particles (1112.8
and 910.7 nm) were >10-fold greater than that of TIPT
(71.1 nm). The inactive analogue 1541D had properties similar
to TIPT (IDLS = 3317.0 kcps, rDLS = 164.1 nm). These results
suggest that 1541 and 1541B form particles that are different
from 1541D and other standard colloidal aggregates.

The distinct properties of 1541 and 1541B were further
characterized by particle flow cytometry.18 Notably, the Ksp

values determined for 1541 and 1541B closely matched the
AC50 values for self-activation of procaspase-3 (Table 1). The
particle counts increased linearly with concentration until reach-
ing maximum values at 4 μM for 1541 and 5 μM for 1541B
(Figure S10). Increasing the concentration beyond this point
generated only larger particle sizes and not larger numbers of
particles. Once nucleated, 1541 and 1541B particles appear to
favor recruitment of additional small molecules to grow in size.
Conversely, TIPT and 1541D appear to maintain a constant size
but increase the particle count with increasing concentration

Figure 1. 1541 forms particles that are required for binding and activation of procaspase-3. (A) The amounts of 1541 in the pellet (solid black bars) and
the supernatant (open bars) were analyzed after centrifugation. (B) (i) Samples of procaspase-3 (C163A) with varying concentrations of 1541 were
centrifuged, and the amount of procaspase-3 in the pellet was determined (hatched bars). (ii) The activity of wild-type procaspase-3 with 1541 was
determined (filled green bars). (C) In a preincubation control sample, procaspase-3 was added to 10 μM 1541 (or 1541B) inside a dialysis membrane
(filled green bars). In the test sample, only procaspase-3 was inside the dialysis chamber, with 1541 (or 1541B) outside the chamber (hatched green
bars). After 12 h at 37 �C, the activity of each sample was measured.

Figure 2. 1541 and 1541B particles have different affinities for procaspase-
3 that correlate to distinct rates of activation. (A) 1541, 1541B, or 1541D
(20 μM) was incubated with a dilution series of procaspase-3 (C163A).
After centrifugation, the pellet was examined for procaspase-3. (B) 1541 or
1541B (5 μM) was added to wild-type procaspase-3, and activities were
plotted versus time. An apparent t1/2 value incorporating the lag phase and
the actual t1/2 value were calculated for each compound. Notably, the
distinct lag phases drive the difference in the apparent t1/2 values.
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(Figure S10). These results further depict unique features of
1541 and 1541B in comparison with standard aggregators.

Since procaspase-3 self-activation assays are performed at
37 �C, we studied the properties of 1541 and 1541B particles
after agitation at this temperature. Interestingly, the IDLS and rDLS
values for 1541 and 1541B particles decreased to buffer values for
these conditions (Table 1). Because the particle flow cytometer
also uses light scattering to detect particles, shifts inKsp to 10 and
20 μM at 37 �C were similarly observed for both 1541 and
1541B, respectively. Nonetheless, incubation and centrifugation
of 1541 and 1541B at 37 �C still resulted in pelleting of the
compound (Figure S11). These results indicate that the particles
were still present at increased temperatures but were significantly
altered and became undetectable by light scattering. Notably,
temperature had minimal impact on the properties of both TIPT
and 1541D.

Given the strong evidence that the particles of 1541 and 1541B
are distinct from promiscuous inhibitors, we investigated the
molecular structure of 1541 relative to a colloidal aggregator, TIPT,
by transmission electronmicroscopy (TEM). TEM images of TIPT
showed the typical globular structures of known aggregators (Figure
S12). In dramatic contrast, 1541 produced long thin fibrils extend-
ing to over 1 μm in length (Figure 3). The fibrils tended to cluster
into braided bundles, but individual strands were as thin as 2.6 nm,
perhaps only a few molecules thick (Figure S12). At 37 �C, 1541
tended to form thicker fibrils and typically appeared as single strands
rather than the larger tangles observed at room temperature.
Consistent with the tangles breaking apart at higher temperatures,
we observed delayed centrifugation of 1541 particles after a 1 h
incubation at 37 �C (compared with room temperature) (Figure
S13). Disrupting the clusters at 37 �Cmay allow a greater extent of
the fibril surface to be accessible to the procaspase to facilitate
activation. However, additional experiments are necessary to eluci-
date the temperature effects.

We subsequently examined whether binding of procaspase-3
to 1541 fibrils could be observed by TEM. We incubated 50 μM
1541 with 500 nM procaspase-3 (C163A) at 37 �C and also at
25 �C. At both temperatures, the edges of the nanofibrils no
longer looked crisp but appeared to be decorated with protein
particles, suggesting that procaspase-3 lined the length of the

fibrils (Figure 3 and Figure S12). The nanofibrils also appeared to
be wider, consistent with the enzyme being bound to the surface.

Our results show that 1541 and 1541B spontaneously assem-
ble into nanofibrils that can activate procaspase-3. These particles
have properties distinct from those of standard aggregators
identified in high-throughput screening, which typically lead to
enzyme inhibition.11We propose that these fibrils act as a scaffold to
concentrate procaspase-3 where it can be processed by other
enzymes in close proximity (Figure 4). In this regard, these synthetic
fibrils mimic signaling platforms, such as the inflammosomes, the
apoptosome, and the DISC, which facilitate procaspase activa-
tion.3,7,20 Alternatively, the fibrils may alter the conformation of
the proenzyme topromote intramolecular processing. Further studies
are underway to distinguish between cis versus trans activation
promoted by the fibrils.

Intriguingly, 1541 particles appear structurally similar to the
fibrous β-sheet aggregates formed by amyloid-β proteins (Aβ).
Aβ proteins have been shown to facilitate proenzyme activation,

Figure 3. TEM images of 1541 nanofibrils with and without procas-
pase-3. (A) Negatively stained 1541 at 25 �C shows bundles of very thin
and flexible fibrils. (B) In contrast, 1541 at 37 �C consists mainly of
larger, less flexible fibrils. (C, D) 1541 fibrils decorated with procaspase-
3 at (C) 25 �C and (D) 37 �C. The procaspase-3 molecules decorating
the surface are indicated by arrowheads. Scale bars = 100 nm.

Figure 4. Model of procaspase-3 activation by 1541 nanofibrils. 1541
and analogues spontaneously self-assemble into nanofibrils. The fibrils
bind directly to procaspase-3 to promote increased local concentration
of the enzyme. Upon recruitment to the fibrils, procaspase-3 is activated
to generate mature caspase-3.

Table 1. Unique Properties of 1541 and Related Analogues
Compared with Standard Aggregators

samplea T (�C) IDLS (kcps) rDLS (nm) Ksp (μM)b AC50 (μM)c

control 25 19.7 ( 1.3 1.0 ( 0.3 no particles NA

control 37 20.8 ( 1.2 1.3 ( 0.3 no particles NA

1541 25 270.2 ( 77.9 1112.8 ( 86.6 1.3 ( 0.3 >50

1541 37 17.5 ( 1.4 0.5 ( 0.1 10 ( 5 3.0 ( 0.6

1541B 25 170.1 ( 44.7 910.7 ( 66.7 1.6 ( 0.4 3.1 ( 0.5d

1541B 37 15.8 ( 0.9 0.4 ( 0.1 20 ( 5 1.8 ( 0.1

1541D 25 3317.0 ( 854.0e 164.1 ( 7.7 7.5 ( 0.5 NA

1541D 37 3071.9 ( 465.1e 186.4 ( 21.6 7.5 ( 0.5 NA

TIPT 25 3903.5 ( 1423.0 71.1 ( 8.6 � NA

TIPT 37 3933.2 ( 1369.0 76.7 ( 7.8 � NA
aControl samples contained no aggregator. The concentrations of 1541,
1541B, and 1541D in DLS measurements were 10 μM. The concentra-
tion of TIPT was 50 μM. bDetermined using particle flow cytometry.
cActivity measurements were performed at t = 8 h. NA = no activation.
dThe maximum percent activation for 1541B was 8% at 25 �C vs 60% at
37 �C. e 1541D samples were run at 25% laser power.
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such as the conversion of prekallikrein to kallikrein of the plasma
kinin-forming cascade as well as the conversion of plasminogen into
the active protease plasmin by the tissue-type plasminogen activator
(tPA).21,22 Furthermore, several cellular proteins assemble into an
amyloid fold, such as fibrin and Pmel17, to facilitate natural
processes, including proenzyme activation.23�25 Filamentous struc-
tures within the cell have even been shown to associate directly with
caspase-3.26 In this regard, 1541 fibrils appear to mimic endogenous
and possibly disease-related fibrous structures on which the procas-
pases can become concentrated and activated.

To evaluate whether such physiologically relevant fibrils can
interact with procaspase-3, we generated fibrils from Aβ (1�40)
by agitation of the peptide at 37 �C in a caspase activity buffer
(Figure 5A). The Aβ fibrils were subsequently serially diluted and
incubated with procaspase-3. Similar to our small-molecule fibrils,
addition of these peptide fibrils to procaspase-3 stimulated activation
(Figure 5B). This result has potential implications for Alzheimer’s
disease, where Aβ aggregates have been linked to caspase-dependent
neurotoxicity.27 Moreover, we previously described the apoptotic
activity induced by 1541 and 1541B.10 We are now exploring how
these nanofibrils promote cell death. Such a mechanism is certainly
intriguing and nonstandard from a drug discovery perspective.

For bioprocessing applications, enzyme immobilization on na-
nostructures offers an exciting alternative to traditional approaches
for manipulating enzyme functionality, such as genetic and chemical
engineering.28,29 1541 represents a first-in-class, self-assembling,
small-molecule nanofibril that acts as a catalyst for procaspase-3
activation. Future studies aim to elucidate the specific structural
properties of the molecule that drive fibril assembly as well as those
that facilitate procaspase-3 activation. It may be possible to use this
scaffold for the design of other proenzyme activators or to discover
novel fibril-forming small molecules that activate proenzymes.
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Figure 5. Aβ fibrils activate procaspase-3. (A) Aβ peptide (1�40) was
agitated at 37 �C in a caspase activity buffer to form fibrils. Fibril
formation was monitored over time by an increase in thioflavin T
fluorescence. (B) Aβ peptide (1�40) samples were taken at 3 h (black
arrow), serially diluted, and incubated with procaspase-3 for 6 h. Percent
activity is shown.


