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Cross-§ Amyloid Nanohybrids Loaded With Cytochrome C Exhibit

Superactivity in Organic Solvents**

Nidhi Kapil, Ashmeet Singh, and Dibyendu Das*

Abstract: The present study reports the development of
a unique class of Cytochrome C (CytC)-loaded cross-beta
amyloid nanohybrids. The peroxidase activity of the bound
CytC increased up to two orders of magnitude in organic
solvents compared to the activity of unbound CytC in water.
The amyloid sequences used in the study feature the nucleating
core "LVFF? of the beta amyloid (Af), which assembled to
form homogenous fibers and nanotubes. The morphology and
exposed surface of the amyloid nanohydrids critically modu-
lated the CytC activity. A CytC-Ac-KLVFFAE-NH, hybrid
featuring nanofiber morphology showed 308-fold higher
activity than unbound CytC in water, which increased to 450-
fold with the nanotube morphology of CytC—Ac-KLVFFAL-
NH,. Notably, activity declined substantially when the exposed
surface charge was detuned by replacing lysine with histidine,
thus underpinning the importance of surface charge. This
enzyme—amyloid nanohybrid system could facilitate the tech-
nological application of enzymes.

Deposits of cross-p protein fibers (named for the cross-
shaped pattern they produce under X-ray diffraction) accu-
mulate in many neurodegenerative diseases, with Alzheimer’s
disease (AD) being one of the most studied.! AD is
associated with the formation of these plaques in the brain,
and homogenous fibrillar tangles are observed when imaged
under a microscope.! The self-assembled robust nanostruc-
tures are held together by weak noncovalent forces and in-
depth studies have provided insight into their modes of
interaction."™? The wildtype beta amyloid AP (1-42) has
been explored in detail and its various segments have been
probed for their self-assembly efficacies.!"” These studies have
resulted in the discovery of specific nicks in the amphiphilic
sequence that can act as nucleating cores, and this knowledge
has substantially helped in deciphering the rules of self-
assembly governing the formation of these stacks of 3 sheets
inside living systems.'®?% These investigations have also
contributed to the design of novel amyloid-based functional
materials.”! Reports have shown that the introduction of
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mutations through rational design can create remarkably
homogenous nanostructured materials with advanced func-
tions.’*** Another exciting facet of these soluble structures is
their capability to noncovalently bind molecules of diverse
nature and dimensions, from small molecules such as Congo
Red and Thioflavin T to macromolecules such as proteins and
nucleic acid oligomers."™*! For instance, small peptide amphi-
philes were explored to immobilize and activate proteins in
organic solvents in some elegant studies by Xu and co-
workers!* ™. They further observed that proteins have
excellent stability when immobilized in molecular gels of
peptide nanostructures.*™ The capability of amyloid nano-
structures to bind diverse molecular architectures in a precise
order arises from the multitude of interaction sites displayed
on their surfaces. The diagnostic apple-green birefringence
observed upon the addition of Congo Red is due to specific
molecular alignment onto these amphiphilic nanosurfaces,
which offer hydrophobic and ionic interactions.

We envisaged that the propensity of amyloid nanostruc-
tures to noncovalently bind proteins and small molecules,
combined with the amphiphilicity of these soluble nano-
phases, could increase enzyme activity under non-aqueous
conditions by augmenting the mass transport of substrates/
products (Figure 1 A). In the present study, a unique class of
CytC-loaded amyloid nanohybrids (Figure 1) was discovered,
for which the activity of the CytC peroxidase was improved by
two orders of magnitude in organic solvents compared to the
activity of unbound enzyme in water. The [3-amyloid sequen-
ces containing "LVFF* nucleating core were judiciously
altered to understand the role of exposed surface and
morphology on the superactivity of CytC.

The soluble amyloid nanostructures were initially added
exogenously during CytC activity measurements. We started
with the self-assembling motif of Ac-KLVFFAE-NH, (Fig-
ure 1B), from residues 16-22 of wildtype AP. Ac-KLVFFAE-
NH, exhibited characteristic antiparallel -sheet secondary
structure signatures (Figure S1 in the Supporting Informa-
tion). Amyloid nanofibers of approximately 15 nm diameter
with lengths reaching several micrometers (Figure 1 C) could
be observed by transmission electron microscopy (TEM). For
enzyme activity measurements, 15puL of free CytC
(83.3mgmL"" in water) was added to a round-bottomed
flask followed by 7.7 uL of a 2.5 mm stock of Ac-KLVFFAE-
NH, (see the Supporting Information). After approximately
30 min incubation, toluene (25 mL) was added followed by
addition of the substrate pyrogallol (final concentration 10
mM) and different concentrations of H,0,. This model
reaction was chosen because of hydrophilic nature of
pyrogallol (log P 0.294) and the hydrophobic product purpur-
ogallin (log P 2.416) which has similar hydrophobicity to the
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Figure 1. A) Schematic representation of the activity of CytC—amyloid
nanohybrids in organic solvent. B) Structures of the amyloid peptides.
C—H) TEM micrographs of self-assembled nanofibers of Ac-KLVFFAE-
NH, without CytC (C) and with CytC (D), nanotubes of Ac-KLVFFAL-
NH, without CytC (E) and with CytC (F), and nanotubes of Ac-
HLVFFAL-NH, without CytC (G) and with CytC (H).

solvent toluene (logP 2.678). This should enhance the
catalytic process by facilitating diffusion."™° The progress
of the reaction was monitored from the formation of
purpurogallin and the bimolecular rate equation depends on
the concentration of CytC and H,O, (see Equation S1 and
Figure S2 in the Supporting Information).”! Interestingly, in
presence of Ac-KLVFFAE-NH,, the activity of CytC showed
a nine-fold improvement compared to free CytC in water
(0.11 pms™ g™ for 60 mm H,0,; under the same experimen-
tal conditions, the activity of free CytC in water was
0.0126 ums ' ug™"). To investigate the role of morphology,
the glutamic acid residue in Ac-KLVFFAE-NH, was mutated
to a leucine residue to form Ac-KLVFFAL-NH,,” which
assembles into homogenous nanotubes of diameter d =35+
8.0 nm (Figure 1E). In the presence of Ac-KLVFFAL-NH,
nanotubes, the activity of CytC was 0.143 ums ™' pg~!, which is
12-fold higher than its activity in water (Figure S3). Although
minor, this activation is significant since no measurable
activity was observed over more than 2 h in control experi-
ments with unbound CytC in toluene without amyloid
nanostructures, thus underpinning the importance of the
amyloid in the possible augmentation of mass transport.

At this point, we thought that instead of using amyloid
nanostructures as additives, it would be intriguing to inves-
tigate their activating role when CytC is exclusively loaded
onto their surfaces. To obtain CytC-loaded amyloid nano-
hybrids, CytC (40 mgmL~') and amyloid nanostructures
(2.5 mm) were mixed in aqueous solution and incubated for
30 min and then centrifuged, which produced a red pellet. To
remove unbound protein, the pellet was washed twice
through a process of redispersion and centrifugation and the
nanohybrids were found to retain their morphology
(Figure 1). Interestingly, brighter regions were observed
throughout the nanofibers of Ac-KLVFFAE-NH, (Fig-
ure 1D). In the case of Ac-KLVFFAL-NH, nanotubes,
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unstained globular bright regions could be observed on the
surface (Figure 1F), thus indicating the formation of CytC-
bound amyloid nanohybrids. To estimate protein loading, the
supernatant was subjected to Bradford Assay (see the
Supporting Information). For Ac-KLVFFAE-NH, fibers
and Ac-KLVFFAL-NH, tubes, 478 +21 pg and 512 +25 pg
of CytC was found to be loaded, respectively (Table S1 and
Figure S4).

Strikingly, CytC-Ac-KLVFFAE-NH,  nanohybrids
showed CytC activity of 3.69 ums ' pg~', which is 308-fold
higher than the activity shown by unbound CytC in water
(Figure 2 and Table S2). The activity of CytC in the nano-
hybrids containing Ac-KLVFFAL-NH, nanotubes further
increased to 5.4 pms 'pg !, which is up to 450-fold higher
than that for unbound CytC (Figure?2, Figure S5, and
Table S3 for activity in different solvents).!
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Figure 2. Activation in toluene (relative to that of unbound CytC in
water) of CytC bound to Ac-KLVFFAE-NH, nanofibers (1), Ac-KLVFFAL-
NH, nanotubes (2), bundled Ac-KLVFFAL-NH, nanotubes treated with
Na,SO, (3), Ac-HLVFFAL-NH, nanotubes (4), and Ac-KLVFFAL-NH,
nanotubes with benzaldehyde treatment (5). [Pyrogallol=10 mmy];
[H,0,]=60 mm. Experimental errors were within +5-15%.

To investigate this remarkable activation seen with the
Ac-KLVFFAL-NH, nanotubes, the nanohybrids were further
characterized by atomic force microscopy (AFM; Figure 3).
Without CytC, nanotubes of approximately 10-11nm in
height could be seen, while in presence of CytC, distinct
globular structures were observed on the surface of nanotubes
(Figure 3A,B). Line analysis showed that in sections con-
taining the globular structures, the height increased from
10.9 nm to 17.6 nm (Figure 3C). However, some irregular
structures were also observed in nanotubes without CytC
(Figure 3A). Hence, to confirm that CytC is indeed loaded
onto the nanotubes, the protein was tagged with a fluoro-
phore. CytC was covalently conjugated to fluorescein iso-
thiocyanate (FITC) and purified over a Sephadex G-25M
column. CytC-FITC-Ac-KLVFFAL-NH, was prepared by
following a similar protocol to that used previously (see the
Supporting Information) and the hybrids retained the nano-
tube morphology (Figure 4 A). Fluorescent tubular structures
were observed when these nanohybrids were imaged by

www.angewandte.de

6593


http://www.angewandte.de

Angewandte
Zuschriften

6594

Height (nm)
Los o

100 200 300 400 500
Length of scan (nm)

3

- s N
S

Losoina

Without
CytC

Height (nm)

0 100 200 300 400 500

Length of scan (nm)
Figure 3. A-C) Ac-KLVFFAL-NH,: AFM images are shown for the self-
assembled nanotubes without (A) and with (B) CytC, and a line scan
reveals the heights of the tubes with and without CytC (C). D-F) Ac-
HLVFFAL-NH,: AFM images are shown for the self-assembled nano-
tubes without (D) and with (E) CytC, and a line scan reveals the
heights of the tubes with and without CytC (F). Insets show AFM
images color-coded for height.
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Figure 4. A) TEM image of Ac-KLVFFAL-NH, loaded with CytC—FITC.
B, C) Fluorescence microscopy images (excited at 495 nm) of Ac-
KLVFFAL-NH, nanotubes loaded with CytC—FITC (B) and Ac-KLVFFAL-
NH, alone (C). D) TEM image of CytC-Ac-KLVFFAL-NH, nanohybrids
bundled with Na,SO,, with arrows indicating bundles of nanotubes.

fluorescence microscopy (Figure 4B). No such structures
were observed in the control tubes without CytC-FITC
(Figure 4C). The fluorescence microscopy results thus con-
firmed the formation of protein-loaded amyloid nanohybrids.

The remarkably increased CytC activity observed in the
nanohybrids could be due to enhanced mass transfer facili-
tated by the amyloid nanostructures.®” In this context,
substrate/product transport would critically depend on the
solvent-exposed surface of dispersed amyloid nanohybrids,
particularly the surface area and the exposed charge. To
confirm the importance of surface area of dispersed nano-
tubes, Na,SO, was added to protein amyloid nanohybrids to
bundle the nanotubes.”! Indeed, TEM showed bundles of
CytC-Ac-KLVFFAL-NH, nanohybrids (Figure 4D). The
activity of CytC in the bundled nanohybrids decreased from
5.4 umMs ' ug ! to 1.68 ums~'ug ! (Figure 2). The lower activ-
ity in bundled tubes illustrates the importance of exposed
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surface. Based on a similar argument, the higher activation
effects observed in case of Ac-KLVFFAL-NH, nanotubes in
comparison to Ac-KLVFFAE-NH, fibers could be attributed
to the higher charge density of the nanotubes. The sequence
Ac-KLVFFAE-NH, self-assembles in antiparallel in-regis-
ter®! cross-p fibers (Figure S1A,B), which results in the
exposure of two kinds of solvent-facing surfaces over four
facets. Out of these four facets, two have charged surfaces
made from saturated salt bridges between lysine and glutamic
acid residues, while the other two facets have side chains
exposed to the solvents.™ In Ac-KLVFFAL-NH, on the
other hand, the mutation of glutamic acid to leucine means
that the formed nanotubes have out-of-register bilayer
structures with cationic lysine residues coating the inner and
outer surfaces.” This enhanced cationic charge density in
Ac-KLVFFAL-NH, might facilitate the exit of hydrophobic
Purpurogallin. To further support this argument, the cationic
charge of Ac-KLVFFAL-NH, was detuned through mutation
of the lysine residue to the less basic histidine, which has
a substantially lower hydropathy index (—3.2 for histidine vs
—3.9 for lysine).”! Ac-HLVFFAL-NH, forms cross-f nano-
tubes (Figure 1G, Figure 3D, and Figure S1) and the CytC
hybrids were characterized by TEM and AFM (Figure 1H,
Figure 3E,F). The decreased charge was indeed important
since CytC—Ac-HLVFFAL-NH, hybrids showed substantially
lower activity (2.04 ums 'pg™') than CytC-Ac-KLVFFAL-
NH,; however the activity was still 170-fold higher than that
for unbound CytC in water (Figure2). To support the
significance of free lysine residues on activation, benzalde-
hyde was added to condense the free lysine residues to their
corresponding Schiff bases, which would result in reduction of
the surface charge (see the Supporting Information). The
activity of benzaldehyde-functionalized Ac-KLVFFAL-NH,
nanohybrids plummeted to 0.14 ums ' pg™!, a mere 2.6% of
the activity shown in absence of benzaldehyde. Benzaldehyde
had no effect on the activity of unbound CytC. These results
underpin the importance of charged lysine on amyloid
nanosurface for CytC activation. The role of C-terminal
hydrophobicity was investigated through mutation of the
leucine to a glycine residue to form Ac-KLVFFAG-NH,,
which also forms nanotubes (Figure S6). The activity of
CytC-Ac-KLVFFAG-NH, was found to be 4.6 ums 'pg™,
which is approximately 85 % of the activity observed with Ac-
KLVFFAL-NH, (Table S2). Although the activity is slightly
lower, the change is not as drastic as the change with mutation
of the N-terminal lysine to a histidine residue. Apart from
facilitated mass transport, the mode of CytC interaction with
the amyloid nanosurface might also play an important role.
Since both CytC (isoelectric point (pI)=10.5) and the
amyloid nanosurface are cationic, it is most probable that
hydrophobic interactions dominate this binding.!'! Notably,
hydrophobic peptide segments of CytC from residues 81-85
have previously been reported to interact with hydrophobic
surfaces."”! This hydrophobic patch might be responsible for
binding to the amphiphilic amyloid nanosurface, which also
offers hydrophobic binding pockets.” Interestingly, the
nature of this binding might cause the heme crevice, which
features a ring of lysine residues (positions 8, 13, 27, and
79),1 to face away from the cationic nanosurface and thus
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show better accessibility to substrates.'*!!) Finally, bound
CytC was stable for up to 3 days at pH 7 (see Figures S7,S8
for a study in which the pH values were varied).

This study therefore shows the development of a unique
class of remarkably active and soluble amyloid-protein
nanohybrids in organic solvents. These nanohybrids could
have potential practical applications given the small amount
of amyloid nanostructures required. Furthermore, the sim-
plicity of the preparation of these protein—amyloid hybrids,
coupled with the design flexibility of the peptide hosts, make
the present method adaptable for industrial applications.

Keywords: amyloids - cytochrome C - enzyme activity -
immobilization - peroxidase
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