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Abstract: Understanding protein amyloidogenesis is an impor-
tant topic in protein science, fueled by the role of amyloid
aggregates, especially oligomers, in the etiology of a number of
devastating human degenerative diseases. However, the mech-
anisms that determine the formation of amyloid oligomers
remain elusive due to the high complexity of the amyloido-
genesis process. For instance, gold nanoparticles promote or
inhibit amyloid fibrillation. We have functionalized gold
nanorods with a metal-chelating group to selectively immobi-
lize soluble RepA-WH1, a model synthetic bacterial prionoid,
using a hexa-histidine tag (H6). H6-RepA-WHI undergoes
stable amyloid oligomerization in the presence of catalytic
concentrations of anisotropic nanoparticles. Then, in a physi-
cally separated event, such oligomers promote the growth of
amyloid fibers of untagged RepA-WHI. SERS spectral
changes of H6-RepA-WHI on spherical citrate-AuNP sub-
strates provide evidence for structural modifications in the
protein, which are compatible with a gradual increase in f3-
sheet structure, as expected in amyloid oligomerization.

P rotein amyloidoses such as Alzheimer’s, Parkinson’s, and
prion-related diseases are the focus of intense research due to
their deep impact on human health.!!. Amyloidogenesis is
a nearly universal process for the conformational conversion
between the native and aggregated states of proteins, with
implications for essential physiological processes.”) Among
the distinct association states that any protein transits from
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the native and soluble states to the fully aggregated amyloid
condition, that is, small oligomeric assemblies, large oligo-
mers, and fibers, the first are the most toxic and thus disease-
relevant species.”!

Among the experimental techniques used to characterize
amyloidogenesis in vitro, spectroscopy occupies a central
position. Namely, UV/Vis absorption spectroscopy has been
used to study the binding of the amyloidotropic stain Congo
red, often detected as green birefringence under a polarized
light microscope.!! Fluorescence spectroscopy is also used to
investigate amyloidogenesis through the binding of extrinsic
fluorophores, which increase and/or shift their fluorescence
emission upon intercalation between the f-sheets that
constitute the characteristic amyloid cross-p fold.F! For
these techniques, a rather mature fibrillar or prefibrillar
form is required to achieve sufficient binding of the probes.
These molecules are thus not efficient for the investigation of
early amyloidogenic oligomers.[']

Surface-enhanced Raman scattering (SERS) spectrosco-
py has emerged as a useful technique for sensing amyloid
proteins at the surface of plasmonic gold nanoparticles
(AuNPs)," since the chemical nature and 3D arrangement
of the proteins determine a unique and enhanced Raman
vibrational fingerprint.” Analogously to other organic and
inorganic nanomaterials,® AuNPs features, such as the size,
charge, and shape, can either promote!” or inhibit'” the
templating ability of amyloids due to metal-protein inter-
actions. Although these investigations focused mainly on the
formation of fibrillar and prefibrillar amyloids,'! the direct
observation of AuNP-induced nucleation of amyloid oligo-
mers at the early stages of amyloidogenesis by SERS has not
been reported.

The synthetic prionoid RepA-WHI1, the N-terminal
domain of the bacterial plasmid replication protein
RepA,” is an attractive model system to explore the
nucleation of amyloid oligomers. Similarly to the mammalian
prion PrP,"” and besides the protein-to-protein templating of
the amyloid conformation, nucleic acids (dsDNA) and acidic
phospholipids promote the amyloidosis of RepA-WH1, both
in vitro and in vivo.I"” This protein undergoes a substantial
conformational change from soluble stable dimers to meta-
stable aggregation-prone monomers that then assemble into
amyloid fibers.'"¥! RepA-WHI, in particular its hyper-amyloi-
dogenic mutant variant A31V, H6-RepA-WHI1(A31V),
causes in bacteria a type of amyloidosis that shares many
features with mammalian neurodegenerative diseases,!
while remaining bio-safe for humans.

Herein, we describe the formation of amyloid oligomers
with different molecular weights, induced by gold nanorods
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(AuNRs) functionalized with the H6-RepA-WHI1(A31V)
prionoid. Furthermore, we used such oligomers to trigger
the growth of amyloid fibril superstructures (Scheme 1).
AuNRs were chosen over the more commonly-used spherical
AuNPs due to their higher sensitivity to small changes in their
dielectric environments, combined with a high reactivity,
which facilitates molecular functionalization.!
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AuNRs functionalized with ANTA-Co
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Scheme 1. Outline of the nucleation of RepA-WH1 amyloidogenesis by
prionoid-functionalized AuNRs. Pre-amyloidogenic RepA-WH1 mono-
mers (stars) are generated on the AuNR surface from the initial RepA-
WH1 dimers (cubes)."** Such functionalization induces the formation
of oligomers that can be used as seeds for amyloid fibrillation.

AuNRs were first functionalized with thiolated polyeth-
ylene glycol to provide colloidal stability in buffer media and
co-functionalized with lipoic acid (see the Supporting Infor-
mation).l'”? Immobilization of H6-RepA-WHI1(A31V) was
achieved after the specific modification of the AuNR surface
with  the lipoic amide-nitrilotriacetic-Co"  complex
(ANTACo)."™® This chemical functionality specifically reacts
with the H6 hexa-histidine chain (Scheme 1), avoiding
undesired coupling to any of the multiple free amine groups
in the protein. The ANTACo-functionalized AuNRs were
incubated at 1:10° and 1:50 AuNR:H6-RepA-WHI1(A31V)
molar ratios, with protein concentrations of 20 and 0.1 uM,
respectively. This protein forms a stable dimer in solution
under a broad range of conditions (Scheme 1).[%*!41] How-
ever, the observed 5 nm red shift of the AuNRs’ longitudinal
localized surface plasmon resonance (LSPR) at both molar
ratios, indicates the absence of AuNR self-assembly in
solution (Figure 1A, see the Supporting Information).?”!
This might be expected from the presence of two oppositely
anchored H6 groups on the H6-RepA-WH1(A31V) dimers
(Scheme 1). These results point to the immobilization of the
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Figure 1. A) UV/Vis spectra of AuNRs in the absence (solid line) and
presence (dash line) of H6-RepA-WH1(A31V) after 24 h of incubation
(1:10° AuNR:H6-RepA-WH1(A31V) molar ratio with 20 um of protein).
The inset shows a detail of the 5 nm red shift observed under
incubation. B) iEM of AuNRs incubated with H6-RepA-WHT(A31V) in
(A) and the primary antibody (anti-WH1), attached to secondary Au-
conjugated antibody clusters. C) SDS-PAGE plus western-blotting
(anti-WHT) of the AuNRs in (B). B tracks: boiled samples; NB tracks:
not boiled. The protein undergoes oligomerization on the particles,
indicating the transition to a pre-amyloidogenic state.

protein in its pre-amyloidogenic monomeric state on the
metal surface, which is a necessary intermediate step in the
ligand-promoted assembly of the protein as amyloids.!**1%1
The same incubation experiments were performed with
spherical AuNPs of comparable (ca. 2 x 10° nm?) and larger
(ca. 1.1 x10* nm?) surface areas. Non-significant changes of
the LSPRs were observed (see the Supporting Information),
showing the convenience of using AuNRs for monitoring the
protein functionalization process.

After 24 h, the mixture at the 1:10° AuNR:H6-RepA-
WH1(A31V) molar ratio was centrifuged to separate the
precipitate formed during the incubation, containing AuNRs
and protein aggregates, from the soluble H6-RepA-WHI1-
(A31V). No precipitation of the protein was observed under
the same conditions in the absence of AuNRs. Finally, the
pellet was redispersed in buffer. To verify the coating of
AuNRs by H6-RepA-WH1(A31V), immunoelectron micros-
copy (iIEM) was carried out using a polyclonal anti-WH1
antibody (see the Supporting Information).* Secondary
antibodies conjugated to the spherical AuNPs (10 nm @) were
consistently found around the AuNRs (7:1), although some
unattached protein aggregated in the background (1:1) (Fig-
ure 1B, see the Supporting Information). When the mixture
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was stored for long periods of time (up to 4 weeks) at 4°C,
several oligomeric species of H6-RepA-WH1(A31V) were
identified by means of denaturing gel electrophoresis (SDS-
PAGE). The presence of a ladder with progressively higher
molecular weights (Figure 1 C) reveals protein complexes that
persisted under the extreme denaturing conditions (detergent
plus boiling) of the electrophoresis (see the Supporting
Information), consistent with the high stability of amy-
loids.'™® This result suggests a dynamic process in which,
over time, amorphous pre-amyloidogenic aggregates are
converted into amyloid oligomers.

Immunoblotting with B3h7, an antibody specific for an
oligomeric and pre-amyloidogenic form of H6-RepA-WHI1-
(A31V),3 yielded more intense binding to a protein sample
stored for 22 days than to the native protein, even at the
highest dilution of the antigen (Figure 2 A, see the Supporting
Information). However, the conformation-unspecific anti-
WHI1 antibody recognized both samples equally well at their
full range of concentrations. This experiment clearly demon-
strates that the oligomers nucleated by AuNRs are amyloi-
dogenic in nature. When such oligomers were used as seeds
(that is, polymerization-nucleating agents) in incubations with
soluble and untagged RepA-WHI1(A31V), characteristic
amyloid straight and unbranched fibers with 24.6 £0.7 nm
cross-sectional thickness were grown, as observed by TEM

A) 6ng 1/2 1/4 1/8 1/16
H6-RepAWH1 @ @ & @
oa-WH1
AUNR-RepAWH1I @ & @ @ =
H6-RepA-WH1 @ @
' B3h7
AUNRRepAWHT @ @ & @& o

B

—

Figure 2. A) The dot-blot assay with B3h7, an antibody specific for
amyloidogenic RepA-WH1 oligomers, reveals that the H6-RepA-
WH1(A31V) protein assemblies around the AuNRs (even rows) are
amyloids, whereas the soluble protein molecules (odd rows) are not.
B) Mature AuNRs incubated with H6-RepA-WH1(A31V) (indicated by
arrows) nucleate the growth of RepA-WH1(A31V) amyloid fibers.
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analysis (Figure 2B)."**Y Analogous experiments showed
that occasional and less-structured fibers were formed in the
presence of non-functionalized AuNRs (see the Supporting
Information), which highlight the importance of the prionoid
functionalization in the fibrillation.

Additionally, we used SERS spectroscopy to explore the
transition from a-helix to 3-sheet conformation (a signature
for amyloidogenesis) in the oligomers obtained after the
incubation of H6-RepA-WHI1(A31V) with AuNRs. The
SERS spectra of the native proteins and their oligomers
were obtained using citrate-coated AuNPs (60 nm @) (Fig-
ure 3 A, see the Supporting Information), because of their
high performance and plasmonic efficiency in SERS when
aggregated on a substrate.”!) SERS spectra were collected
using 785 nm laser light as the excitation source, at low
intensity (1.4 pW cm?) to avoid damaging the samples. Under
such conditions, the typical band broadening characteristic of
the Raman spectra of proteins was observed.””! SERS spectra
were obtained for the native protein and at the initial (1 day)
and final (22 days) stages of oligomerization. Incubation of
H6-RepA-WHI1(A31V) with AuNRs induced variations in
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Figure 3. A) SERS spectra of the native protein dimers (bottom) and
amyloid oligomers of low (middle) and high molecular weights (top),
excited at 785 nm. B,C) Magnification of the amide Il and | regions,
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the full range of the SERS spectrum, as compared to the
native protein (Figure 3, see Table1 in the Supporting
Information). Non-significant changes in the positions of the
Raman signals were observed at different stages of the
oligomerization, but line broadening resulted as the molec-
ular weight of the oligomers increased.

Information about modifications in the tertiary structure
of the oligomers can be extracted from changes at the low
wavenumber region of the SERS spectra. This is the case for
the two new intense bands at 1357 and 1399 cm™', associated
with the C—C stretching, C—H deformation, and backbone
vibrations (Figure 3 A). Although it is not possible to directly
relate these bands to the amyloid conformation, their
presence in the oligomers, but not in the native protein,
clearly indicates a rearrangement in H6-RepA-WH1(A31V)
when amyloidogenesis occurs.

Regarding the amyloid structure, the interactions between
the backbone amide and carbonyl groups through hydrogen
bonding, such as those responsible for the f3-sheet structure in
the amyloid fold, present nine vibrational modes, of which
amides III and I are highly sensitive to changes in the
secondary structure. The former ranges from 1220 and
1300 cm ! (Figure 3B), while the latter occurs between 1600
and 1700 cm™! (Figure 3C).>'! The amide IIT region of the
native conformation is dominated by bands at 1222 and
1265 cm™!, which are linked to aromatic residues and
a random structure, whereas amide I does not show any
Raman signal. On the other hand, we can observe two new
bands at 1242 and 1290 cm ', attributed to the formation of f-
sheets and the deformation of a-helices, respectively.’”) The
latter might reflect the formation of a f-solenoid, a helical
arrangement of f3-strands common to some amyloid pro-
teins.”” This observation is also supported by two new bands
at 1648 and 1670 cm ' in the amide I region, which corre-
spond to the o-helix and [-sheet secondary structures,
respectively.

In summary, we have provided evidence for the feasibility
of using prionoid-functionalized AuNRs as nucleating agents
for controlled protein amyloidosis in vitro. The proposed
mechanism of AuNR-mediated amyloid nucleation is based
on a conformational change from the dimer protein precursor
to the immobilized pre-amyloidogenic monomer at the
nanoparticle surface, which promotes efficient amyloid oli-
gomerization and fibrillation. Our results show the potential
of using prionoid-functionalized AuNRs to understand amy-
loid oligomer formation and the disadvantage of such strategy
to achieve early detection of amyloid diseases in vitro and
in vivo, considering that the presence of the AuNPs can itself
be amyloidogenic. We are currently exploring the possibility
of using this system as a controlled model to understand
protein amyloidogenesis in vivo.
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