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Abstract

Self-assembly of short de novo designed peptides gives rise to catalytic amyloids capable of
facilitating multiple chemical transformations. We show that catalytic amyloids can efficiently
hydrolyze paraoxon, a widely used, highly toxic organophosphate pesticide. Moreover, these
robust and inexpensive metal-containing materials can be easily deposited on various surfaces
producing catalytic flow devices. Finally, functional promiscuity of catalytic amyloids promotes
tandem hydrolysis/oxidation reactions. High efficiency discovered in a very small library of
peptides suggests an enormous potential for further improvement of catalytic properties both in
terms of catalytic efficiency and substrate scope.
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Self-assembly of short peptides presents a facile method of producing a large number of
extremely functionally and structurally diverse amyloid-like assemblies.1 =11 Recently we
have shown that self-assembly of de novo designed peptides in the presence of metal ions
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produces catalytic amyloids capable of efficient catalysts of a number of hydrolytic and
redox chemical transformations.12-14 The catalytic efficiency of these nanoassemblies in
model reactions is higher than that of some enzymes by weight and can be further improved
by synergistic interactions observed in mixtures of peptides with different sequences. The
resulting fibrils are extremely homogeneous, can function under high pressure,1® and exhibit
moderate substrate preference.1® Moreover, catalytic metalloamyloids with diverse sets of
primary sequences!’~19 and metal ions?? have been reported.

Given the exciting possibilities in catalysis provided by amyloid assemblies we aimed to
embark beyond simple model substrates and determine whether catalytic amyloids can be
successfully employed to hydrolyze paraoxon, a widely used, highly toxic organophosphate
pesticide (Scheme 1), that contributes to estimated three million organophosphate
poisonings a year worldwide.?! Moreover, chemical similarity of paraoxon to toxic nerve
agents, makes it a useful test system to develop efficient and practical strategies for chemical
weapons remediation. Paraoxon is a challenging substrate for hydrolysis (background
hydrolysis kyncat = 7.97 x 1077 min~1 at pH 7.8),22 thus this pesticide persists in the
environment for a prolonged period of time. While a number of highly efficient
paraoxonases have been already developed using directed evolution of related proteins,23
catalytic amyloids offer a number of practical advantages such as robustness, low cost and
ease of modification.

Hydrolysis of paraoxon is often facilitated by metalloco-factors, Cu'! being one of the most
reactive ones.24 Given the established ability of catalytic amyloids to bind this metal
ion13-14 we have tested the ability of several previously synthesized peptides to catalyze
paraoxon hydrolysis in the presence of copper.

The results of the screening (Fig. S1, Supporting Information) show that catalytic amyloids
can provide substantial acceleration of paraoxon hydrolysis over the background rate.
Peptide 71Y (Ac-IHIHIYI-NH>) showed very high activity in the initial screen, thus we
chose it for in depth characterization. Interestingly, several peptides with very minor
differences in primary sequences as compared to 71Y showed activity that is somewhat
lower than that of free copper ions, consistent with unproductive binding of the metal ion to
peptide.

71Y forms amyloid-like fibrils in the presence of copper as evidenced by atomic force
microscopy (AFM), circular dichroism (CD) and thioflavin T (ThT) fluorescence data (Fig.
la-b, Fig. S2, Supporting Information). Interestingly ThT fluorescence in the presence of
copper fibrils is much diminished when compared to fibrils that do not contain the metal.
This is consistent with fluorescence quenching by paramagnetic copper ions. The fibrils
show well-defined block morphology, with most probable thickness of ~2.5 A consistent
with a single bilayer of cross-beta oriented peptides (Fig. S3, Supporting Information) in
agreement with previous SAXS!8 and ssNMR25 studies.

Formation of the fibrils is quite rapid — incubation of the peptides for 24 hours does not
result in significant additional fibrillization (Fig. S2, Supporting Information). The
dependence of the initial rate of hydrolysis as a function of substrate concentration (Fig. 1c)
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can be fit to the Michaelis-Menten equation to yield kinetic parameters of kgt = 4.8 £ 0.9 x
1073 min7, Kpy = 2.9 + 0.8 mM and Kea/Kpy = 1.7 + 0.6 M~Imin~L. The pH profile of the
activity (Fig. S4, Supporting Information) is consistent with a single water deprotonation
step with an effective pK, of 8.3. While the resulting Keai/Kuncat ratio of 3.5 x 103 at pH 8.0
is inferior to those observed for engineered enzymes,23 26-28 it js on par with catalytic
antibodies?2 29 and small molecule catalysts. 30-32 It compares well to many polymer-based
heterogeneous catalysts albeit it is difficult to draw direct comparison as experimental
conditions vary widely (Table S1, Supporting Information).

71Y reaches its maximum activity at ca. 1 equiv of copper (Fig. S5, Supporting

Information). EPR spectrum of Cu'-bound 71Y shows a typical Type 11 copper similar to the
one observed in other catalytic amyloid peptides (Fig. S6, Supporting Information). The gj,
g1, and A parameters are very similar to the ones observed for 71Q suggesting nearly
identical metal coordination sphere.13 The lack of a charge transfer band corresponding to
copper-phenolate interaction suggests that Tyr6 is not directly involved in copper
coordination.

The comparison of the rates of paraoxon hydrolysis with those of the p-nitrophenylacetate
(ONPA) is instructive. Consistent with the previous study18 71'Y shows very high efficiency
in hydrolyzing pNPA in the presence of zinc (Keat/Kn = 5888 + 195 M~Imin~1). However,
the rate of 71'Y-promoted pNPA hydrolysis in the presence of copper, while still quite
significant, is much slower (Kea/Kyv = 806 + 100 M~Imin™1). The reverse trend is true for
phosphoesters as copper-containing fibrils are more efficient in paraoxon hydrolysis (Fig.
S7, Supporting Information).

Catalytic amyloids being heterogeneous catalysts provide a very significant degree of
molecular control akin to that found in homogeneous catalysts. In order to explore
practicality of use of catalytic amyloids we have created a flow catalyst. Catalytic amyloids
prepared by addition of copper ions to 71Y were filtered through a 0.22 um polyethersulfone
(PES) filter (Fig. 2). Once amyloids are formed and filtered through the PES support, very
little peptide was observed in the filtrate (Fig. S8, Supporting Information). The resulting
filter can be immediately used as a heterogeneous catalyst for hydrolysis of paraoxon in a
flow system (Fig. 2). While the overall activity of the amyloids deposited on the filter is
somewhat diminished as compared to the original suspension, multiple passes of the
substrate solution can be done to facilitate paraoxon hydrolysis in a continuous manner. The
simplicity of the catalyst deposition onto unfunctionalized filter support will greatly aid in
practical applications that require easy catalyst separation and recycling.

Encouraged by high chemical versatility of catalytic amyloids we set out to explore whether
they can simultaneously promote multiple reactions at the same time. High hydrolytic
activity of copper-containing catalytic amyloids together with their ability to activate
oxygen!3 prompted us to explore whether they can facilitate cascade reactions that include
hydrolytic and redox components. Cascade (also referred to as tandem) reactions are multi-
step sequential chemical transformations that require formation of the first product for the
initiation of the next step.33 As a test substrate for cascade reactions we have chosen a well-
established substrate - 2”,7”-dichlorofluorescin diacetate (DCFH-DA) that normally
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undergoes hydrolysis to produce 2,7’ -dichlorofluorescin (DCFH), which is in turn gets
oxidized to yield highly fluorescent 2,7’ -dichlorofluorescein (DCF), Scheme 1.34
Alternatively, DCFH-DA can get first oxidized to DCF-DA followed by hydrolysis to
produce DCF, although the overall rate of this path is slower.3® The formation of product can
be followed by fluorescence and/or appearance of the absorption band at 504 nm (Fig. S9,
Supporting Information). The heterogeneous nature of copper-containing amyloids is
expected to provide an additional kinetic advantage — the product of hydrolysis can associate
with the catalytic amyloids for some degree (as evidenced by relatively low Ky, values
observed for a variety of substrates), thus creating a higher effective concentration for the
oxidation step giving an overall boost in the observed kinetics.

We have tested ability of 71Y to catalyze hydrolysis and oxidation of DCFH-DA. The results
of kinetic experiments are shown in Table 1 and Fig. S10, Supporting Information. 71Y
simultaneously catalyzes hydrolysis and oxidation of DCFH-DA in buffer at pH 8.0 with the
effective second order rate constants of 61 = 9 M~1 min~1; the background rate of the
reaction under these conditions is essentially negligible (Table S2, Supporting Information).
In order to gain mechanistic insight into this transformation we have measured the rate of
oxidation of DCFH as well as the rate of hydrolysis of DCF-DA, a substitute for DCFH-DA
as hydrolysis of DCFH-DA does not produce a convenient fluoro- or chromophore (Scheme
1).

The rate of the hydrolysis step is about 10-fold slower than the rate of oxidation in both
cases, making it rate limiting. Interestingly, the rate of DCF-DA hydrolysis is about 2-fold
lower than the overall rate of DCHF-DA conversion to DCF, meaning that the combined
reaction rate is faster than the rate-limiting step.

This can be explained by either contribution of the alternative path (oxidation followed by
hydrolysis) to the increase of overall rate or by a difference in the hydrolysis rate of DCF-
DA compared to that of DCFH-DA. In order to test these hypotheses we tested the reactivity
of a closely related peptide 71Q (Ac-IHIHIQI-NHy), that has previously shown superior
activity in redox catalysis,13 in DCFH-DA hydrolysis and oxidation. Despite very similar
activities of 71Q and 71Y in DCF-DA hydrolysis and DCFH oxidation, the overall
conversion of DCFH-DA to DCF is almost 2-fold higher for 71Q (97 £ 7 M~1 min™1) than
that of 71'Y. This observation essentially eliminates the possibility that DCF-DA is a poor
substitute for DCFH-DA for kinetic studies and is consistent with multiple pathways for
oxidation and hydrolysis simultaneously available for catalytic amyloids that result in the
overall rate acceleration.

In summary, we have shown that catalytic amyloids are capable of facilitating hydrolysis of
paraoxon, a challenging substrate of practical importance, by more than three orders of
magnitude (Keat/Kuncat)- We have also demonstrated that catalytic amyloids can be easily
utilized in flow cells. We have shown for the first time that promiscuity of catalytic amyloids
allows them to facilitate tandem transformations. High activity of catalytic amyloids seen in
a very limited library of short peptides suggests an incredible potential for further
improvement of catalytic properties both in terms of catalytic efficiency and substrate scope.
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Figure 1.
71Y forms amyloid-like fibrils that catalyze paraoxon hydrolysis. a) AFM images of the

fibrils formed by 71Y in the presence of Cu'!; peptides were incubated for 15-30 min prior

to deposition onto mica; b) CD spectra of 71Y under various conditions ([71Y] = [Cu'!]= 25
UM, 5 mM HEPES, pH 8.0); ¢) dependence of initial rate of paraoxon hydrolysis catalyzed

by 71Y on the substrate concentration; peptides were incubated at 37 °C for 30 min prior to
addition of substrate to ensure fibril formation.
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Figure 2.
Hydrolysis of paraoxon facilitated by multiple passes of the substrate solution through a

flow device at 1 mL/min (a) prepared by a deposition of copper-containing fibrils on PES
support (b).
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Scheme 1.
Hydrolysis of paraoxon and tandem reactions catalyzed by catalytic amyloids.
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Kinetic parameters for hydrolysis and/or oxidation of various fluorescein derivatives.

Table 1

Substrate  Product Catalyst Kz, M~ min
DCFH-DA DCF 7y 61.2+9.6
DCFH-DA DCF 71Q 97.2+6.6
DCFH DCF 7nyY 288.6 +20.4
DCFH DCF 71Q 291.0+234
DCF-DA DCF 7y 33.6%3
DCF-DA DCF 71Q 30.0+0.6
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