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Herein, we report the catalytic potential of short peptide based
cross-f§ amyloid nanotubes with surface exposed histidine capable
of binding hemin and showing facile cascade reactions, playing the
dual roles of hydrolases and peroxidases, two of the most important
classes of enzymes in extant biology. The activity of these simple
systems exceeded those of modern and larger proteins like cyto-
chrome C and hemoglobin. Further, evidence suggested that these
self-assembled nanotubes foreshadow the process of intermediate
channeling, a feature seen in the case of advanced enzymes.

Millions of years ago, inside Darwin’s warm pond rich in nutrients,
the origins of chemical evolution demanded the presence of a
diverse chemical inventory and chemical networks."”> Computer
simulation studies of these networks have argued for reaction
diffusion models and supported the notion of diffusion differences
to channel reaction substrates.® Reactions such as oxidation of fuels
achieved through a sequence of cascade reactions must have helped
in the emergence of more complex products from simple
precursors, thus enriching the inventory further." These chemical
networks could indeed become mutually connected, eventually
leading to stochastic innovation, best exemplified in Darwinian
evolution.” Chemical gradients and diffusion differences of reaction
substrates are exploited in extant biology to master the art of single
pot reactions in metabolic pathways. Enzymatic cascade reactions
are carried out using proximally aligned biocatalysts where non-
covalent associations and spatial co-localizations allow the product
of one enzyme to act as a substrate for the other in the complex.®
Hence, this intermediate can channel to the adjacent active sites,
resulting in enhancement of rates. This process is known as
substrate channeling, which is advantageous in the context of
minimizing, if not completely removing the expenses of reaching
equilibrium with the bulk.

We asked whether a minimal system based on short peptide
based assemblies can show cascade catalysis and benefit from
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such channeling as observed in modern enzymes.*® Many
research laboratories including ours have reported the remark-
able binding capabilities of short amyloid-forming peptides for
diverse guests.*™* Amyloid peptides and their assembly under
prebiotic conditions have been shown recently by Riek and
coworkers.*®"’ Amyloid assemblies have also been elegantly
scored for enzyme like activities and the results argue the
evolution of enzymes from short assembling folds.'*'> We
propose that exposed arrays of active site residues of amyloid
assemblies coupled with their binding capabilities to attract
co-factors/prosthetic groups can help amyloid to perform catalytic
roles of multiple enzymes. Further, binding surfaces enriched with
catalytic sites might promote channeling of cascade intermediates
among the proximal sites (Fig. 1).

We used a short peptide fragment ("’LVFFA®') from the
nucleating core of an Ap (1-42) amyloid, an extensively studied
sequence seen in the fibrillar deposits of Alzheimer’s disease.” >
This pentapeptide is known to access distinct morphologies with
acute responsiveness to environmental switches.”** Ac-HLVFFAL-
CONH, (HL) was synthesized which assembles to form homo-
genous nanotubes with diameters of 35 + 4 nm at pH 3
(Fig. 1a and c; Fig. S1-S3, ESIt). To investigate the exposure
of histidines on their surfaces, the assemblies were incubated
with negatively charged gold nanoparticles (Neg-AuNPs, Fig. 2
and Fig. S4, ESI;} for details of the pH effects on binding see
Fig. S5A, ESIt). Homogenous tubular morphologies of similar
dimensions with ordered arrays of AuNPs were observed under
TEM and SEM (Fig. 2a-c, ESIt). A control experiment with cationic
AuNPs did not yield any specific binding (Fig. S5B, ESIt), thus
suggesting the presence of surface exposed histidines.

To probe the binding capability of these nanotubes, the
hydrophobic fluorescent dye coumarin 343 was used as a model
guest. Under a confocal fluorescence microscope (CLSM), fluores-
cent tubular structures were observed (Fig. 2d, controls in Fig. S6,
ESIt). Blue shift in absorbance spectra was also observed upon
binding (Fig. S7, ESIT). We expected that the nanotubes should
also bind other small molecules like hemin - the prosthetic
group of peroxidases and many metalloproteins. To create
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Fig. 1 Scheme showing cascade reaction on nanotube surface, and chemical
structures of amyloid, MPA, MP and the oxidation product. TEM and SEM
images of self-assembled HL (a and c) and KL (b and d) respectively.

hemin bound assemblies, varying concentrations of hemin were
mixed with 1 mM HL. The mole ratio varied in the range of ca.
1:150 of hemin: peptide with half of the peptide buried in the
bilayer structure (Fig. S8A, ESIt).® TEM showed no change in
HL morphology after interaction with hemin (Fig. 2e). UV-Vis
spectra show that unbound hemin had a Soret peak at 395 nm
at pH 3 with a lower intensity peak at 365 nm, which is similar
to the spectrum observed in water (Fig. S9, ESIT)."®'” These two
major peaks suggested the presence of a dimer of hemin (p-oxo
bihemin) along with hemin-hydroxide (haematin) respectively.
The 640 nm peak suggested the Q band value of the dimer.'®*"”
In the presence of HL (pH 3), the Soret band of bound hemin
significantly shifted to 404 nm with a shoulder of the hemin
at 365 nm. The red shifted Soret peak suggested the formation
of a hemin-histidine complex and lesser extent of hemin
aggregation.'®”'” Circular dichroism (CD) showed an induced
negative Cotton effect due to the achiral hemin, thus suggesting
binding to the chiral surface of the nanotube (Fig. 2g). However,
a crossover point at 404 nm suggested exciton coupling and
hence indicated some dimerization.'”” The peroxidase-like
activity of these hemin-HL assemblies was then investigated.
We used 2-methoxy phenol (MP, Fig. 1), a widely used substrate
for monitoring peroxidase activity. Hemin-HL showed peroxidase
like activity with k. = 14.5 & 0.9 min~ " (Table S1; Fig. S10, ESL;}
kinetic measurements were done at a fixed H,O, concentration
(30 mM); Fig. S11 (ESIY) for the effect of H,O, concentration on
the oxidation of MP).

For tandem catalysis, the substrate undergoes consecutive
reactions without the need for isolation of intermediates.
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Fig. 2 (a) TEM image of negative-AuNPs bound with HL and (b) an enlarged
TEM image of a negative-AuNP bound with HL. (c) SEM image of AuUNP—-HL
nanotubes. (d) CLSM image (ex = 488 nm) of Coumarin 343 dye bound to
HL. (e) TEM image of hemin—HL. (f) Normalized UV-Vis spectra of free
hemin, and hemin in the presence of HL, KL, and HE at pH 3. (g) CD spectra
of hemin bound HL, KL, and HE. (h) CD spectra of HFIP treated HL after
90 min and 15 days.

Hence, MP was acetylated to form 2-methoxy phenyl acetate
(MPA, Fig. 1) with the expectation that the hemin-HL nano-
tubes will first hydrolyze the ester to create the intermediate
phenol MP which can be subsequently oxidized. The rate of
oxidation will imply the rate of the tandem reaction. When hemin
(0.01 mM) bound HL nanotubes were used for the acetylated
phenol (MPA), rapid oxidation was observed (k. = 7.7 +
0.7 min~ ', Fig. 3a; see the ESIt for detailed kinetic treatment;
Fig. S12 and Table S1; and see Fig. S13 (ESIt) for the effect of
H,0, concentration on the oxidation of MPA) at pH 3.'® From the
pH rate profile, HL-hemin showed the highest activity at pH 3
(Fig. S11, ESIf). The reason for this could be attributed to the
bundling of the HL nanotubes at higher pH as observed in
TEM and scattering experiments (Fig. S14, ESIt). Varying hemin
concentrations showed the highest activity at 0.01 mM hemin
(Fig. S8B, ESIf). For controls, first Ac-KLVFFAL-CONH, (KL,
Fig. 1 and Fig. 15, ESI}) was synthesized.””** KL formed morpho-
logically indistinguishable nanotubes (diameters of 36 + 4 nm,
Fig. 1b and d) and bound to Neg-AuNPs in a similar fashion to
HL, suggesting the exposure of lysines on its nanosurface (Fig. S16,
ESIT). Also, hemin binding was indicated by CD and UV-Vis
spectra (Fig. 2f and g). Hemin bound lysine nanotubes showed
low peroxidase activity with MP (k. = 0.5 4 0.03 min " at pH 3,
Table S1, ESIT) but substantially higher activity in the presence
of histidine (1 mM, k. = 11.5 & 0.8 min ') as histidine is known
to augment hemin activity (Table S1, ESIt).'*® However, when
the tandem reaction was monitored with acetylated phenol MPA
as a substrate, hemin-KL nanotubes showed meagre activity of
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Fig. 3 (a) Tandem activity with MPA. TEM images of (b) HE nanofibers and
(c) bundled HL. [Hemin] = 0.01 mM, [peptide] = 1 mM, [H,O,] = 30 mM,
[MPA] = 5 to 30 mM. Results are reported in triplicates.

0.08 + 0.01 min~" (Fig. 3 and Table S1, ESIf). Addition of 1 mM
histidine to hemin-KL did not result in any notable increase of
activity (k. = 0.21 #+ 0.02 min~", Table S1 and Fig. S17, ESI¥).
This significant decrease of ca. 37 fold in hemin-KL-histidine
with respect to hemin-HL underpinned the importance of
exposed histidines for tandem catalysis. Notably, despite the
similar oxidation rates for MP by the hemin-HL and hemin-
KL-histidine systems, the substantially lower rates for the
tandem reaction suggest the importance of the hydrolysis step
in the cascade process. Extant proteins like cytochrome C (CytC)
and hemoglobin (Hb) showed high peroxidase activity with MP
with k. values of 49.1 + 5.3 min~ ' and 12 + 1.3 min~'. However,
with MPA as a substrate, both proteins showed substantially
decreased tandem rates of k. = 1.13 + 0.09 min ' and
0.84 4 0.01 min ™, respectively, despite the presence of multiple
histidines in their respective sequences. Remarkably, this
hemin-short peptide-based system had 6.8 fold higher cascade
activity than CytC, despite the oxidation rate being more than
3 times lower (Fig. 4a).

To check the role of morphologies, we disassembled HL
nanotubes with hexafluoroisopropanol (HFIP) as monitored
from the loss of CD signals and TEM structures (Fig. 2h and
Fig. S18, ESIT). With these disassembled HL nanotubes, hemin
showed similar UV-Vis spectra to that observed for unbound
hemin (Fig. S19, ESIt). The disassembled system showed
40 times lower activity (Fig. 3a). The terminal leucine of HL was
mutated to form Ac-HLVFFAE-CONH, (HE) which assembled to
form nanofibers having diameters of 11 + 2 nm (Fig. 3b and
Fig. S20 and S21, ESIt). Hemin-HE showed a Soret peak at
404 nm, indicating histidine-hemin interaction, while CD did
not show any induced peak (Fig. 2f and g). Hemin-HE showed
decent peroxidase activity with MP (k. of 7.22 + 0.65 min *,
Table S1, ESIt) but the tandem activity with MPA was sub-
stantially lower (k. = 0.14 + 0.01 min~", Fig. 3a and Table S1,
ESIt). Addition of one more histidine residue at the N-terminus
(Ac-HHLVFFAL-CONH,, HHL) resulted in nanofibrillar assembly
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Fig. 4 (a) Ratios of the rates of HL to KL—histidine systems and HL to CytC
for hydrolysis, oxidation and cascade reactions. Residual activities of
(b) free hemin—histidine and hemin—HL systems challenged by inhibitor
NiBr», (c) delayed addition of H,O5 to the free histidine hemin and hemin—HL
systems, (d) percentage change in activity when MPA was added to HL or
only histidine without hemin, and after 10 min delay, hemin was added.
[Hemin] = 0.01 mM, [HL] = 1 mM, [histidine] = 1 mM, [H,O,] = 30 mM.

(Fig. S22 and S23, ESIt) but still had 11 fold lower activity than
HL (Fig. 3a and Table S1, ESIf). This result suggested the
importance of a nanotubular morphology for cascade catalysis.
To further investigate the role of nanosurfaces, Na,SO, was added
to induce bundling of nanotubes where the activity decreased to
1.32 + 0.12 min~" (Fig. 3¢).® Control experiments performed with
free hemin-histidine systems in the presence of sodium sulfate
did not show any decrease of activity, thus underpinning the role
of the nanotubes for efficient cascade.

To probe the substantially faster cascade rates observed in
the case of HL over the KL-histidine system (ca. 38 fold) and
even enzymes such as CytC (ca. 6.8 fold), we compared the rates
for hydrolysis reaction of MPA (Fig. 4a and Fig. S24-S26, ESIf).
Interestingly, the ratios of the hydrolysis rates of HL to
KL-histidine and CytC were found to be moderate (1.3 and 2 fold
respectively). Hence, the reason for this significantly higher
activation for cascade could be due to channeling in the histidine
exposed HL nanotubes. To probe channeling, the cascade reaction
was challenged by a reaction in the bulk environment.®> This
method involved the addition of an inhibitor for the oxidation
step (Fig. 4b)."™ If intermediate channeling occurs, hemin-HL will
show a lesser extent of inhibition compared to a reaction which
happens in a freely diffusing bulk state. We used a combination of
unbound hemin and free histidine as our freely diffusing model
system which showed low but measurable rates with MPA
(1.35 £ 0.11 min~", Fig. S27, ESI{) only at higher pH 8, due
to the nucleophilic hydrolytic and intrinsic peroxidase activities
of histidine and hemin respectively.'”? Ni*" ions, a known
inhibitor for the oxidation step of peroxidases, were added as
a premixed solution with H,O, to both the freely diffusing and
hemin-HL systems." In the case of MP, the residual activity
slumped down to almost 50% and 30% for the HL-hemin and
freely diffusing systems, respectively (Fig. S28, ESIT), whereas for the
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cascade reaction with MPA, the activity of the freely diffusing system
plummeted to 15% of the initial activity (Fig. 4b). However, for MPA
with hemin-HL, the residual activity was still 85%, suggesting
channeling in the nanotubes (Fig. 4b). Since H,0, oxidizes MP, in
a separate experiment we delayed H,0O, addition to allow the
leakage of intermediate phenol, which is the substrate for hemin
and hence would impede channeling. For the bulk, delayed
addition of H,0, did not have any effect on the tandem activity
(Fig. 4c). Interestingly, for hemin-HL, the activity decreased
significantly with time, suggesting the leakage of the cascade
intermediate MP after hydrolysis (Fig. 4c). To investigate further,
we induced the leakage of the intermediate by also delaying the
association between hemin and HL. For this purpose, we added
the substrate MPA to nanotubes without hemin, and after ca.
10 min delay for leaking, we added hemin. The cascade activity
for this system decreased to 12 fold. However, a similar experiment
with the freely diffusing system registered a slight increase in activity
(Fig. 4d).

In summary, we have reported a short peptide-based amyloid
with arrays of active site residues capable of binding prosthetic
groups and displaying the catalytic potential of cascade reactions.
With distances of ca. 1 nm between the residues,® these peptide
based short amyloid assemblies foreshadow the concept of
intermediate channeling, which is observed in modern enzyme
complexes. The system has some limitations in terms of pH.
Current efforts are intended to develop systems with a greater
substrate scope and higher pH tolerance.
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