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Amyloid fibrils form remarkable, multi-layered chiral supramolecular
architectures. The proximity of interacting oscillators in the chiral
fibril supramolecules is responsible for the unusual sensitivity of
vibrational circular dichroism (VCD) for fibril formation. Surprisingly,
up to now, such characteristics have not been shown for ROA,
although it displays the same vibrational markers of fibrils as VCD,
including the amide | band. Here, we report an exceptionally large
enhancement of the ROA signal detected for mature amyloid fibrils
and their prefibrillar states. Remarkably, the same ROA signal has
been obtained for fibrils of homologous lysozymes and the dissimilar
protein, insulin, indicating a possible common enhanced ROA spec-
trum, analogous to that for VCD for all amyloid fibrils investigated to
date. The ROA signal is observed at earlier stages of fibril formation
than VCD and provides access to a considerably broader range of
vibrations. Further studies are necessary to verify the applicability of
ROA for the analysis of amyloid fibrils.

The process of formation of amyloid fibrils has a characteristic
sigmoidal kinetics and starts from the lag phase corresponding
to the assembly of the peptide chains into small nuclei, growing
into oligomers with ordered, typically B-sheet structures, that
finally reorganize into mature fibrils." Mature amyloid fibrils
show several levels of chiral ordering, including the secondary
protein arrangement as well as intra- and inter protofilament
organization.” Exciton coupling of interacting oscillators in
highly ordered supramolecular fibril architectures results in
unusually strong VCD.> However, for VCD, the spectra are
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practically limited to the amide I band region, derived from
the excitonically coupled C=O0 stretching vibrations. The sign of
the couplet is attributed to the protofilament twist and can be
reversed by the application of some factors, including pH*™®
and, as recently shown, agitation.”

Although ROA of amyloid fibrils and their prefibrillar states
has been reported, the signal enhancement was not observed®®
(the discussion regarding this point is given in the ESLt see
also Fig. S1), although the coupling of the C—=O oscillators
providing enhanced VCD could be also expected to lead to
enhanced ROA, that is, like VCD, very sensitive to supramole-
cular chirality.

To account for this inconsistency, ie., the unexpected
insensitivity of ROA on fibril formation, we have undertaken
a systematic study on amyloid formation pathways for two
lysozymes, ie., hen egg white lysozyme (HEWL) and human
lysozyme (HL) and, additionally, confirmed the same enhanced
ROA spectrum for insulin fibrils. For all three proteins, sig-
nificant enhancement of VCD was previously reported.”

We decided to explore and directly compare the ROA with
VCD, electron circular dichroism (ECD) and transmission electron
microscopy (TEM) data to control and characterize the amyloid
fibril formation. The experimental details are given in the ESL7
briefly, the fibrils were prepared under the previously reported
conditions, ie., at pH of 2.0 and at the elevated temperature of
60 °C.>” The lysozyme fibrils were obtained using agitation at 1400
rpm, resulting in the formation of thicker (HEWL, HL) and shorter
(HEWL) fibrils compared with non-agitated samples,” presumably
increasing the signal intensity and minimizing the anisotropy that
could lead to artifacts in the ROA spectra. For both homologous
lysozymes, ROA was measured at various time points from the
onset of protein fibrilization. Separate fibril samples were used for
different time points keeping the temperature of the fibrilization
constant (details in the ESIt). At the same time points, ECD and
VCD were recorded to account for different levels of fibril archi-
tectures, ie., the secondary protein structures and protofilaments,
respectively. For the selected time points, TEM was also used to
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image the morphology of the samples. The exceptional enhance-
ment of the ROA spectra of the prefibrillar state for HEWL and
fibrils for HEWL and HL was observed (Fig. 1 and 2, respectively),
particularly for the amide I band at ca. 1673 cm™*. The HEWL signal
recorded after 3 h of incubation is attributed to the prefibrillar state
rather than developed fibrils based on the parallel ECD, VCD and
TEM data (vide infra). According to the ECD spectra, we also
distinguish early-stage (4-8 h) and mature fibrils (10-12 h), which
we elaborate further on. For HEWL, the ROA intensity increases
with time, and initially the signal is positive (3-8 h of incubation)
and for longer incubation times (10-12 h), negative. For HL also,
both positive and negative ROA is observed, although the evolution
of the signal with time is considerably more complicated. Overall,
the circular intensity difference (CID), ie., the ROA to Raman
intensity ratio of the amide I band at ca. 1673 cm ' is up to 0.5 x
107>-1.5 x 10" (Table S1, ESI%), and slightly smaller for insulin
fibrils (—8.6 x 10~°) and prefibrillar states of HEWL (—1.5 x 10~°).
The lysozyme enhancement value is ca. 100-1000-fold for early-stage/
mature fibrils compared to the typical native protein ROA. This level
of enhancement has not been reported for ROA to date.

The comparison with the VCD spectra measured for
the same stages of samples’ oligomerization and fibrilization
(Fig. 1 and 2) reveals that the ROA precedes the VCD signal, i.e.,
the enhanced ROA appears after 3-4 h of the onset of the
incubation, at the time when VCD is not enhanced. Addition-
ally, the VCD is an exciton couplet at significantly lower wave-
numbers, ~1620 cm ™', compared to the ROA, that appears at
ca. 1674 cm™ !, where vibrations due to B-sheets and B-turns are
observed.>"" Such assignment is confirmed by the analysis of
the ECD spectra. As HEWL and HL are natively rich in the o-
helix structure, the o-helix — B-sheet rearrangement is clearly
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Fig. 1 Electronic absorption, ECD, IR, VCD, Raman and ROA spectra of
HEWL prefibrillar states and fibrils. HEWL protofibrils/fibrils were formed
via incubation at 60 °C of the aqueous HEWL solution of the initial
concentration of 60 mg ml™t at pH 2.0 with agitation at 1400 rpm.
Prefibrillar states (—), early-stage (—) and mature (—) fibrils were
obtained from spectra at different incubation times (3, 5 and 11 h,
respectively).
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Fig. 2 Electronic absorption, ECD, IR, VCD, Raman and ROA spectra of
HL fibrils. HL fibrils were formed via incubation at 60 °C of the aqueous HL
solution of the initial concentration of 60 mg ml™ at pH 2.0 with agitation
at 1400 rpm. Fibrils of different structures were obtained from spectra at
different incubation times (4, 6 and 8 h, respectively).

observed in ECD of fibrils obtained after prolonged incubation.
For HEWL, the ECD spectral changes are continuous (direc-
tional), and for the samples incubated for 3 h (prefibrillar states)
only a slight change of the secondary structure from o-helix —
B-sheet is observed. In contrast, the ECD of early-stage fibrils
and mature fibrils clearly differs from the ECD of the protofi-
brillar state. Therefore, the ECD results agree very well with the
ROA spectra, despite the fact that they provide information
about different levels of the fibril organization. The ROA refers
to the higher levels of the fibril architectures as confirmed by its
considerable amplification due to the formation of the supra-
molecular organization of a higher order than the secondary
structure protein motif. TEM images (Fig. S2, ESIt) indicate that
oligomeric structures are formed after 3 and 4 h of incubation for
HL and HEWL, respectively, that subsequently rearrange into
different morphologies. To prove that the spectra are genuine
ROA and not artifacts, we undertook several additional analyses.

For ECD, the cuvette was rotated perpendicularly to the light
beam and linear dichroism (LD) was also measured (Fig. S3,
ESIT), confirming that the analyzed samples are isotropic in the
studied scale and concentration. Additionally, the analysis of
the separate spectral blocks (Fig. S4, ESIt) demonstrates that
the ROA sign does not change for different blocks in the case
of the protofibrils (always positive) and mature fibrils (always
negative). For the fibrils incubated for 7-8 h, the signal inten-
sity shows slightly larger fluctuations, most probably due to
their structural reorganizations. The consistent and repeatable
switch of the ROA sign with the ordering of the HEWL proto-
fibrils into mature fibrils is also a confirmation of the genuine
nature of the ROA, although the interpretation of this very
interesting feature requires further analysis on a significantly
larger number of amyloid fibrils of different proteins.

This journal is © The Royal Society of Chemistry 2023
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The ROA, VCD and ECD spectral evolution recorded at
2-hour intervals is presented for HEWL in Fig. 3 (for HL in
Fig. S5, ESIT). Raman, IR and electronic absorption spectra are
provided in Fig. S6 and S7, ESL{ Although both Raman and IR
spectra show some differences indicating changes of the molecu-
lar structures, and ECD provides data on the secondary structure
rearrangement, the overall sensitivity of these methods on fibril
formation is rather limited. VCD shows indeed unprecedented
sensitivity to fibrilization with the anisotropy factors g (the VCD to
IR ratio) up to 107>-107, i.e., 2-3 orders of magnitude larger than
observed for the native proteins.>®” For ROA, the CIDs are up to
the 10~ '-10" range for fibrils and 10~ for prefibrillar states. This
enormous enhancement of the vibrational optical activity (VOA)
signal is the feature responsible for the potential of VCD and, as
here reported, also ROA for following fibril formation and mod-
ifications. The interpretation of the ROA signal of fibrils is
hindered by the lack of corresponding aggregate systems to
compare. Apart from proteins'>** and nucleic acids,"* ROA spectra
of supramolecular bioassemblies of carotenoid aggregates have
been studied,">™” yet for these systems the amplification is caused
by the resonance enhancement rather than by aggregation itself."”
Comparing the fibril signal with the signal of proteins, it is clear
that fibril ROA, particularly the amide I band, is exceptionally
intense, similar to what is also characteristic for VCD, indicating
that they are both derived from higher order motifs in fibril
architectures. Yet, ROA has a considerable advantage in fibril
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studies, as water is a natural solvent for Raman and ROA
measurements. ROA provides also access to a considerably
broader measurement range, including the low-frequency vibra-
tions. Additionally, our results show that ROA detects earlier
stages of fibril formation than VCD. A very important issue is
the fact that the sign of the ROA changes as a result of
prolonged incubation. Therefore, three types of spectra can be
clearly observed: ROA spectra after 3 h of incubation with
relatively small CID (Fig. 3, in red), ROA with a positive
1674 cm "' band (CIDs ca. 10”2, 3-8 h, in blue) and ROA with
the negative 1674 cm ™" band (CIDs ca. 10”2, 9-12 h, in green).
The three repetitions of the experiment (Fig. S8, ESIt) resulted
in the same sequence of the sign change (positive and negative
for early-stage and mature fibrils, respectively). Between 6-10 h
of incubation, i.e., before and just after the signal reverses, its
intensity decreases. Likewise, the ECD spectra can also be
classified into three groups according to the shape associated
with the protein secondary structure (Table S2, ESIt). The early-
stage fibrils showing a slightly lower level of B-sheet structure
and positive ROA, rearrange with time into the more thermo-
dynamically stable mature fibrils exhibiting negative ROA,
richer in parallel B-sheet structures. The tendency of kinetic
stabilization of the antiparallel B-sheet following their rearran-
gement into parallel B-sheets appears recently a typical feature
of fibril formation.'® Yet, the most apparent alteration, related
with the ROA sign change is the reverse of the handedness at
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Fig. 3 Evolution of the ROA, VCD and ECD spectra during formation of HEWL fibrils. For clarity, the selected ECD spectra are shown in the inset. The
respective Raman, IR and electronic absorption spectra are provided in Fig. S6, ESI.{
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Fig. 4 Comparison of amyloid fibril ROA spectra (A) insulin (O rpm), HEWL
(1400 rpm) and HL (1400 rpm). Respective ROA spectra of native proteins
are given for reference (B).

some level of fibril architectures, that may be accompanied by
the reorganization of the secondary protein structures.

Intense ROA was also recorded for mature insulin fibrils
obtained under quiescent conditions (Fig. 4 and Fig. S9, ESIT),
which are rather thick and short,> but not for considerably
longer and thinner HL fibrils’ formed in the same conditions
(Fig. S10, ESIY). Importantly, comparison of ROA of HEWL, HL
and insulin fibrils shows that although the ROA of native
proteins are considerably different, the enhanced (— — + + —)
ROA pattern (decreasing wavenumber direction, Fig. 4, Raman
spectra in Fig. S11, ESIT) or the opposite is a common feature
for amyloid fibrils (see Fig. S12, ESIt for the lower frequency
range). The observation of the same enhanced ROA spectrum
across three different proteins and different preparation con-
ditions (see ESIt) eliminates the possibility that the enhanced
ROA is an artifact arising for example from fibril alignment
conditions or fluorescence.

The essential general conclusion is that although VCD and
ROA are significantly enhanced for amyloid fibrils, they do not
share the same sensitivity to stages of amyloid supramolecular
chirality development, indicating that they reflect, at least partially,
different levels of chiral fibril architectures. An important overall
observation is the uniformity of the single enhanced ROA spec-
trum (relative intensities) that persists across three different
proteins under various preparation conditions, sign signatures
and time evolution. Of particular interest is the difference in sign
between early and late-stage fibril development for HEWL (Fig. S8,
ESIt) where some level of supramolecular chirality is being
revealed that does not have a counterpart in VCD. These various
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phenomena require further attention. Although implications of
the exceptional sensitivity of ROA for fibril formations are yet
difficult to predict, our research opens new perspectives for
using ROA as an ultrasensitive tool in studies of amyloid fibrils
and prefibrillar states, that is crucial, among others, in light of
amyloidosis diagnostics and prevention.
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